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Carbapenemase-producing bacteria (CPB) stand as
the most dangerous “superbugs” in the clinic. Rapid point-of-care
(POC) detection of CPB in clinical samples is key to timely and
effective infection management. We herein report the first
ultrasensitive chromogenic probe that allows direct POC detection
of CPB in clinical sputum samples at a sample-to-result time of less
than 1S min. This chromogenic probe is modularly designed by
conjugating the carbapenem core with a benzene derivative bearing
an electronegativity-tunable substituent. Unexpectedly high sensi-
tivity was achieved simply by choosing strong electron-withdrawing
substituents, such as —N*(CH,),, without resorting to complex
molecular design. Through integrating the probes with a portable
paper chip, 24 out of 80 clinical sputum samples from sepsis patients
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with lung infections were quickly diagnosed as CPB-positive, exhibiting 100% clinical sensitivity and specificity. This low-cost paper
chip assay can be readily performed on-site, breaking through the dilemma of rapid CPB detection, especially in resource-limited

settings.
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Antimicrobial resistance has become a major global threat to
public health." The inappropriate use of antibiotics in both
medicine and agriculture has accelerated the spread of
antibiotic-resistant bacteria, causing the emergence of “super-
bugs”.” Among the commonly used antibiotics, carbapenems
are the most potent broad-spectrum antibiotics against both
Gram-positive and Gram-negative bacteria and have thus been
recognized as the last-resort drugs in treating serious bacterial
infections.” Unfortunately, carbapenem resistance in bacteria
has become increasingly prevalent worldwide due to the
emergence and rapid spread of carbapenemases across different
pathogenic species.” Therefore, carbapenemase-producing
bacteria (CPB) have become the leading cause of therapeutic
failure of bacterial infections in both hospital and community
settings.” Effective infection management thus calls for rapid
point-of-care (POC) detection of CPB in clinical samples to
facilitate timely and appropriate prescription and improve
patient outcomes.

Currently, culture-based assays act as the gold standard for
identifying antibiotic-resistant bacteria.’ These assays, how-
ever, are based on bacterial growth that often requires a
minimum of 24 h of sample culture.” In some cases, such as
bacteremia and sepsis, the sample culture requires several days
to weeks.® In clinical practice, clinicians often prescribe a hefty
dose of broad-spectrum antibiotics empirically to treat an
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unknown infection before they obtain the diagnostic results
from culture, leading to overuse and sometimes misuse of
antibiotics.” Other approaches have been developed to shorten
the diagnosis time, such as real-time polymerase chain reaction
(RT-PCR),"° gene sequencing,11 mass spectrornetry,12 optical
detection,"*™*" thermal measurement,>' nanomechanical sens-
ing by cantilevers,”” and plasmonic nanosensors.”’> Most of
these methods require expensive equipment, skilled personnel,
or/and complex sample processing (e.g., cell lysis, nucleic acid
extraction, sample purification, and signal amplification) and
thus cannot be used outside of a laboratory setting. Hence,
developing simple assays for rapid and direct identification of
CPB in real clinically relevant samples is urgently desired but
has not been achieved yet.

Over the past decades, chromogenic probes based on target-
activated color change have been widely used to design POC
assays.”* A classical one is nitrocefin, which can be hydrolyzed
by pf-lactamases to result in a distinct yellow-to-red color
change, allowing rapid detection of f-lactamases by the naked
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eye.”> However, the nitrocefin-based assay is unable to

discriminate subtypes of f-lactamases and thus lacks specificity
to detect carbapenemases. Carba NP testing is the only
carbapenemase-specific chromogenic assay that has been
approved b_?r the Clinical and Laboratory Standards Institute
(CLSI).>**" Although this assay can deliver a result in 2 h
nominally, it suffers from low sensitivity, thus offering false-
negative results.

Herein, we achieved the first ultrasensitive carbapenemase
probe based on the chromogenic carbapenem substrate (CCS)
that could directly readout the presence of CPB in clinical
sputum by a color change in less than 15 min. Different from
previously reported carbapenemase-specific molecular probes
that rely on conjugating the carbag)enem core with a
fluorophore or luminescent reporter,'®™*° the structure of
CCS appears to be simpler—only by extending the -
conjugation of the carbapenem core with a benzene derivative
bearing an electronegativity-tunable substituent. Unexpectedly,
we discovered that the chromogenic property of CCS can be
fine-tuned by the substituent, and its sensitivity is proportional
to the substituent’s electron-withdrawing capability. By
choosing a strongly electron-withdrawing substituent such as
—N*(CH,;);, the detection limits for clinical CPB isolates can
be down to 10* CFU/mL level, 3 orders of magnitude lower
than that of the currently used chromogenic Carba NP assay.
When CCS-N*(CHj,); was integrated with a portable and easy-
to-use paper chip, the CPB in the sputum of lung-infected
patients was quickly detected, without resorting to any
instruments, skilled operators, costly reagents, and complex
procedures. 24 out of 80 cases were diagnosed with
carbapenem-antibiotic resistance, exhibiting 100% clinical
sensitivity and specificity, as validated by RT-PCR and
culture-based assays. Given the simplicity, low cost, high
speed, and high accuracy, the CCS-based assay potentiates
translational implications for POC detection of CPB in diverse
settings.

The production process of the paper chips includes four steps: pattern
design, engraving seal, waxing, and printing. Briefly, we used CAD
software to design a chip by setting a circular hydrophilic zone with 3
mm diameter in the center of a 12 mm X 6 mm hydrophobic wax
layer. Next, a seal with the designed pattern was carved on a high-
temperature resistant plate. Then, the paraffin was melted evenly on
the surfaces of the engraved seal, which was finally transferred to a
Whatman grade filter paper to form a chip with hydrophobic barriers.
5 uL of 2.0 mM of CCS-N*(CH,), dissolved in chloroform was
dropped into a closed round hole and dried at room temperature
overnight prior to use.

Through searching the National Center for Biotechnology Informa-
tion (NCBI) website (https://www.ncbi.nlm.nih.gov/), we obtained
both the genetic and amino acid sequences of 11 J-lactamases,
including S carbapenemases NDM-1, IMP-4, KPC-3, VIM-27, and
OXA-48; 3 extended-spectrum f-lactamases (ESBL) SHV-S, TEM-7,
and CTX-M-3; 2 AmpC f-lactamases (AmpC) MOX-1 and CMY-4;
and 1 broad-spectrum f-lactamase (BSBL) TEM-1. 11 recombinant
Escherichia coli BL21 (DE3) of f-lactamase genes were purchased
from Sangon Biotech (Shanghai) for protein expression. We first
submitted the DNA and protein sequences for codon optimization
and whole-gene synthesis. We then selected the Bamhi and Xhol
restriction sites to introduce the corresponding genes into pET-28a
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(+) plasmid vectors, where the S’ end of target gene was Hisq-tagged.
Finally, the recombinant plasmids were transformed into E. coli BL21
(DE3) by the heat shock method and screened in solid Luria—Bertani
(LB) medium with SO pg/mL kanamycin.

The screened E. coli BL21 (DE3) was cultured in 1 L of liquid LB
medium containing 100 pg/mL kanamycin at 37 °C until the optical
density at 600 nm (ODgy,) reached 0.3—0.5. f-Lactamases were
overexpressed by the addition of 0.5 mM isopropyl-6 p-b-
thiogalactopyranoside under shaking at 30 °C overnight. Bacteria
were first collected by centrifugation and resuspended in a lysis buffer
containing 300 mM NaCl, 50 mM Tris—HCl (pH 7.4), 1 mM
phenylmethanesulfonyl fluoride, and 2 mM dithiothreitol. The
resuspended solution was treated using a Biospec MiniBeadBeater-
96 cell disrupter for 10 min and finally centrifuged to remove the cell
debris at 4 °C. The supernatant was filtered through a 0.45 um
hydrophilic membrane, followed by incubating with the Ni-NTA
agarose (Novagen) in the recombinant protein column. To remove
the foreign proteins, the column was progressively rinsed with the
mixtures of 20 mM N-(2-hydroxyethyl)piperazine-N’-(2-ethanesul-
fonic acid) (HEPES) buffer (pH 7.4) and 0.5 M NaCl containing S,
10, and 20 mM imidazole. Subsequently, gradient concentrations
(from 100 mM to 400 mM over 120 min, 3 mL/min) of imidazole
were dissolved in the mixture of 20 mM HEPES buffer (pH 7.4) and
0.5 M NaCl as the eluent to release the target Hiss-tagged proteins
from the column. A rapid detection test strip was used to monitor the
entire protein elution process. The target proteins (3 mL) were
collected at about 80 min under the elution of 300 mM imidazole.
The crude products were dialyzed in 1 L of the mixture of 20 mM
HEPES buffer (pH 7.4) and 0.5 M NaCl for 9 h with a buffer change
every 3 h, followed by concentrating with a 10 kDa protein
concentrator. The concentrates were then resuspended in 1 mL of
the solution containing 20 mM HEPES buffer (pH 7.4) and 0.15 M
NaCl. Ultimately, we employed Sangon Biotech (Shanghai) to further
purify the achieved proteins using gel filtration chromatography. In
short, a Sephadex G-100 column (4—150 kDa, 1.2 X 70 cm) was first
equilibrated with the mixture of 20 mM HEPES buffer (pH 7.4) and
0.25 M NaCl using the PPS—HD protein chromatography system.
Then, 1 mL of the crude target protein was diluted with 9 mL of the
mixture of 20 mM HEPES buffer (pH 7.4) and 0.25 M NaCl. The
resulting solution was filtered and subjected to the gel filtration on the
Sephadex G-100 column at 4 °C. The column was washed with the
same buffer at a flow rate of 2 mL/min. The proteins were measured
at an absorbance of 280 nm and fractionated for collection, while their
sizes were determined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The target proteins were concentrated
using 10 kDa protein concentrators and then resuspended in 1 mL of
the storage buffer containing 20 mM HEPES, 0.15 M NaCl, and 20%
glycerol. Finally, the target recombinant proteins of f-lactamases were
determined by a bicinchoninic acid assay and stored at —80 °C for
further use.

70 uL of double-distilled H,O (ddH,0) was added to the mixture of
20 uL of SDS-loading buffer (6x) and 30 uL of protein sample, which
was heated in a 100 °C water bath for 20 min. After that, the resulting
solution was centrifuged at 8000 r/min for 3 min and the supernatant
was subjected to SDS-PAGE. 20 uL of protein mixture and 5 uL of
color-mixed protein marker (BeyoGel, 15—130 kDa) were added to
BeyoGel SDS-PAGE pregel (Tris—Gly, 15%, 12 wells). The voltage
was set to 120 V, and the electrophoresis time was 20—30 min. The
electrophoresis buffer (Tris—Gly) was prepared by dissolving 3.03 g
of tris(hydroxymethyl)methyl aminomethane THAM (Tris), 18.8 g of
glycine (Gly), and 1 g of SDS into 1 L of ddH,O. After
electrophoresis, the polyacrylamide gel was washed with ddH,0O,
followed by soaking in a Coomassie brilliant blue solution at 25 °C for
2 h, and finally decolorized by the decolorization solution composed
of 30 mL of methanol, 10 mL of acetic acid, and 60 mL of ddH,0.
The Coomassie brilliant blue solution was prepared by dissolving
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0.125 g of Coomassie brilliant blue R-250 in the decolorization
reagent.

A Shimadzu liquid chromatography—mass spectrometry (LC—MS)
system equipped with an LC-20AT gradient pump and an online
diode UV—vis detector was used for determining the molecular
weights. The chromatographic column type used was ShimNex WR
C18, 4.6 X 250 mm, 5 um; the column temperature was 25 °C; the
sample concentration was 1 uM; the injection volume was 50 yL; the
flow rate was 1 mL/min; the detection wavelength was 254 nm;
mobile phases A and B were MeCN and 0.1% trifluoroacetic acid
solution, respectively; and the running time was 40 min.

The crystal structure of NDM-1 (PDB code: 6TGD) was obtained
from the protein data bank (PDB). The structures of five CCSs were
drawn by ChemDraw 19.0. All CCSs are fully flexible in the docking
process, while the active area of NDM-1 is semi-flexible in refinement.
The histidine residues of NDM-1 were protonated based on their
calculated pK, values. The enzyme-HADDOCK allowed CCS
dockings in water equilibration. The docking process went through
three steps: (i) rigid-body docking was used for quick screening for
each assembly; (ii) 200 structures were selected from the 1000 rigid-
body docking complexes for the subsequent semi-flexible refinement;
and (iii) a short molecular dynamics simulation was employed to
refine the docking models in an explicit solvent. Then, a maximum of
200 docking models for each assembly was clustered and analyzed
based on van der Waals forces, electrostatic energy, and desolvation.
The optimal binding pose for each enzyme—CCS system was
obtained from their best cluster. PRODIGY was employed to
calculate the binding affinity of NDM-1 with the five CCSs based
on their optimal docking structures.

Aliquots of CCSs (R = —=N*(CHj,);, —C=N, or —C=CH, 1 uL, 1
mM) were incubated with 100 uL of various concentrations (0, 10,
25, 50, 100, 200, and 300 pM) of carbapenemases (NDM-1, IMP-4,
KPC-3, VIM-27, and OXA-48) in pH 7.4 PBS at 37 °C for 30 min.
The incubation was performed in a sterile 96-well microplate, and the
absorbance at 591 nm (As,,) was monitored during the incubation by
a microplate reader. The Agy, values versus the concentrations of
carbapenemases were fitted to specific calibration curves to obtain the
slopes k. The detection limits of NDM-1, IMP-4, KPC-3, VIM-27,
and OXA-48 were calculated on the basis of 3S/k, where S is the
standard deviation of six parallel blank samples.

Diverse concentrations of CCS-N*(CH;); (0.04, 0.19, 0.37, 0.74,
1.86, 3.71, and 5.57 mg/L) were first dissolved in PBS (pH 7.4).
Then, their absorbance at 417 nm (A,;;) was recorded in a 96-well
microplate at 37 °C. Three separate replications were carried out to
ensure the result reliability. A linear relationship was generated by
graph fitting using the substrate concentration as the X axis and the
absorbance as the Y axis. The molar extinction coefficient of CCS-
N*(CH,;); was calculated according to the Lambert—Beer law: A =
ebc (where b is the optical path length, ¢ is the concentration of the
light-absorbing substance, and ¢ is the extinction coefficient). Three
replicates of parallel samples were tested to offer the standard
deviations.

Aliquots of phenylboronic acid (PBA) or ethylenediaminetetraacetic
acid (EDTA) (1 uL, 1 M) were incubated with S00 uL of
carbapenemases (NDM-1, IMP-4, KPC-3, VIM-27, and OXA-48, 3
nM) in pH 7.4 PBS at 37 °C for 10 min. The mixtures were added
with S00 uL of CCS-N*(CH,;); (20 uM). The resulting solutions
were maintained for 30 min at 37 °C. The absorbance of the solutions
at 591 nm (Ase;) was monitored by a microplate reader during the
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incubation. Three replicates of parallel samples were tested to offer
the standard deviations.

We determined the kinetic data of carbapenemases by the Michaelis—
Menten model. Aliquots of five carbapenemases (0.2 nM), including
NDM-1, IMP-4, KPC-3, VIM-27, and OXA-48, were incubated with 1
mL of serially diluted CCS-N*(CHj;);, whose final concentrations
were set to 0, 0.08, 0.16, 0.32, 0.64, 0.125, 2.5, 5, and 10 uM in pH 7.4
PBS at 37 °C. The Ay, values were determined every 30 s, and the
initial rates (v) were determined by the Michaelis—Menten equation

|4

max

[S]
V= ———
K, +[S]

where V., is the maximal reaction rate at which the carbapenemase is
sufficient to hydrolyze the substrate CCS-N*(CH,); and [S] values
are the substrate concentration. Based on the Michaelis—Menten
equation, five kinetic curves were obtained. To accurately determine
the K., values, five Lineweaver—Burk diagrams were drawn by using
the double reciprocal method, where their K, value was determined
according to the y-axis intercept. Finally, the k., and k/K,, values
were calculated based on the V., and enzyme concentrations (k. =
Vinax/0-2). Three replicates of parallel samples were tested to offer the
standard deviations.

We screened seven strains of carbapenem-resistant and four strains of
non-carbapenem-resistant clinical isolates to evaluate the performance
of CCS-N*(CHj;);. The 11 strains were cultured in 20 mL of LB
medium at 37 °C until the optical density at 600 nm (ODygy,) reached
0.8—0.9. 100 uL of 0.5% Triton X-100 was added to 1 mL of bacterial
solutions and incubated for 10 min, which was quickly frozen in liquid
nitrogen and treated ultrasonically for 2 min. 1 L of each sonicated
bacteria lysate was added to SO uL of CCS-N*(CHj); solution (10
M) in PBS (pH = 7.4) and incubated at 37 °C for S min. To further
study the sensitivity of the probe, the sonicated bacterial lysates were
serially diluted in 96-well plates at final concentrations of 0, 3 X 10% 1
X 10°, 3 X 10°, 1 X 10% 3 X 10% 1 X 107, and 3 X 10’ CFU/mL. For
the sake of comparison, the Carba NP test was carried out. The Carba
NP test solutions A and B were newly prepared according to the CLSI
scheme, in which solution A contains 10 mM zinc sulfate and phenol
red at pH = 7.8; solution B is the mixture of solution A and 3 mg/mL
imipenem. 1 yL of each sonicated bacteria lysate was serially diluted
in 96-well plates with final concentrations of 0, 3 X 10% 1 X 10%, 3 X
105 1 X 107, 3 X 107, 1 X 10%, and 3 X 10° CFU/ml, followed by
incubation with 50 uL of solution A and solution B. The color
changes were recorded by photographing at 15 min and 2 h.

The study was approved by the Ethics Committee of Tianjin First
Center Hospital (no. 21977053). Written informed consent was
obtained for all participants. The sputum samples were collected from
80 patients with sepsis, which were detected by the CCS-N*(CHj;);-
based paper chip. 100 L of 0.5% Triton X-100 was added to 1 mL of
patient sputum for 10 min. The mixtures were vortexed for 30 s. The
resulting sputum samples (20 L) were dropped onto the holes of a
test paper and kept for 5 min to check the color response. We took
pictures of the test paper with a smartphone under the shadowless
lamp. The pictures were then dealt with a color recognizer software to
convert the colors to the Lab color model, finally yielding the
quantifiable a* values. The a* channel was selected because green is
the complementary color of red, the reaction’s endpoint color
(green—red, —128 to 127). At the same time, the Carba NP test was
carried out for comparison. The Carba NP test solutions A and B
were newly prepared according to the CLSI scheme. The same panel
of sputum samples (1 pL) was incubated with SO uL of Carba NP
solution A and solution B, separately. The color response was
recorded with a smartphone at 2 h.
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Figure 1. Rational design of CCS for visual detection of carbapenemases. (A) Schematic illustration of carbapenemase-catalyzed cleavage of the f-
lactam ring of CCS. (B) Solutions of CCS (10 yM) bearing various substituents were added with PBS alone (—) and NDM-1 (3 nM) (+),
respectively. NDM-1 represents one of the most common carbapenemases. (C) UV—vis spectra of solutions in (B). (D) Docking poses of CCS-
N*(CH;); in NDM-1 active site mapped by electrostatic surface potentials. (E) Hydrogen bonding (green dotted line) and electrostatic
interactions (orange dotted line) of NDM-1 with CCS-N*(CH,);. The protein structure is simplified with lines. (F) Hydrophobic interactions
between CCS-N*(CHj,); and the active region of NDM-1 mapped by Hpo and Hpi, that is, hydrophobicity and hydrophilicity, respectively.

The 80 sputum samples were cultured on LB media overnight to
produce pure colonies, which were scratched by an inoculated loop.
The colony-carried inoculated loop was washed in 2 mL of Tryptic
soy broth (TSB), which was then cultured overnight. 1 uL of the
cultured colonies was added into another 2 mL of TSB, followed by
mixing for 10—15 s to produce bacterial suspensions. A piece of sterile
paper containing 10 pg of meropenem was immersed into the
bacterial suspension and incubated at 37 °C for 4 h. In parallel, a
suspension of E. coli (ATCC 25922) was prepared with normal saline
at 0.5 Maxwell turbidity. The freshly prepared E. coli suspension was
sprayed on Mueller—Hinton agar solid media within 15 min and dried
for 10 min. After that, the sample-treated sterile papers were attached
to E. coli-covered culture media and incubated at 37 °C for 24 h.
Finally, the diameter of inhibition zones was measured to assess the
antibiotic level.

We first searched the standard sequences of blaypy, blagpp, blagpc,
blayyy, and blagy, 4s from GenBank (https://www.ncbinlm.nih.gov/)
and designed the primers by Primer 6.0 software. The sequences of
the designed primers are shown in Table S3. Then, the primers were
synthesized by Sangon Biotech, a commercial supplier. The bacterial
DNA was extracted by the boiling template method. The sputum
samples from the 80 sepsis patients were smeared on LB solid
medium and cultured for 24 h at 37 °C. Two inoculate ring bacterial
lawns were scraped and added to 150 uL PBS (pH = 7.8), evenly
mixed and boiled for 10 min at 100 °C, and then centrifuged at 12
000 r/min for another 10 min. The supernatants containing bacterial
DNA were collected and stored at —20 °C. Bacterial DNA and
primers were mixed with a SGExcel FastSYBR mixture following the
SGExcel FastSYBR qPCR Mixture instructions (Table S4). RT-PCR
parameters were set according to Table SS and performed by the
LightCycler 96 instrument (Roche, Switzerland).

Three key building blocks, including the carbapenem core
structure, a conjugated benzene derivative, and a terminated
para-substituent, were modularly designed to constitute the
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CCS structure (Figure 1A). First, the carbapenem core acts as
the recognition group of CCSs offering high specificity toward
carbapenemase.'® Second, a benzene derivative is conjugated
to the 3-position of the carbapenem core via a double bond,
producing a chromogenic compound whose absorption
spectrum appears in the 350 to 500 nm region. Lastly, the
chromogenic properties of CCSs and their corresponding
products can be well modulated by further conjugated para-
substituents with different electronegativities. The electro-
negativity of the substituent is highly related to the red shift of
UV—vis absorption and thus the shifting of color.”® We
assumed that CCSs show yellow color in aqueous solutions.
When the f-lactam ring of CCSs is cleaved by carbapenemases,
the amide nitrogen is transformed into a secondary amine,
leading to the resonance change in the extended conjugated
system.”” Consequently, the absorption bands undergo a red
shift in the visible region, accompanied by a striking color
change from yellow to red.

To confirm the above hypothesis, we synthesized five CCS-
bearing substituents with different electronegativities, including
three electron-withdrawing groups [—-N*(CH,);, —C=N, and
—C=CH] and one electron-donating group (—NH,); no
substituent was set as a control. As shown in Scheme S1
(Supporting Information), CCSs were synthesized from the
commercially available meropenem intermediate 1, whose
carboxyl group had already been protected by 4-nitrobenzoic
acid (PNB). The hydroxyl group in 1 was first protected by
tert-butyldimethylsilyl chloride (TBS) to afford compound 2.
After a rhodium-catalyzed ring closure, the ensuing ketone was
transformed into hydroxyl, which was subsequently protected
by trifluoromethanesulfonyl (Tf) to yield compound 3. By
means of a Stille coupling reaction, the Tf-protected hydroxyl
(—OTf) was replaced by a vinyl group, producing the key
intermediate 4. Removal of the protecting group TBS with
NH,,-HF, provided compound 5, followed by removing the
other protecting group PNB through Pt/C catalysis to afford
compound 6. Ultimately, compound 6 was conjugated with
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Figure 2. Analytical features of CCS-N*(CH,), toward carbapenemases. (A) Spectral change of CCS-N*(CH,); (10 #M in PBS, pH 7.4) over time
after incubation with NDM-1 (3 nM). (B) Absorbance change at 591 nm (As,;) of CCS-N*(CHj;); (10 uM in PBS, pH 7.4) over time toward 3
nM of carbapenemases (NDM-1, KPC-3, IMP-4, VIM-27, and OXA-48) and 30 nM of non-carbapenemases (CTX-M-3, MOX-1, and TEM-1).
(C) Agg; of CCS-N*(CHj); in (B) after incubation of selected f-lactamases for 30 min. (D) Agg, of CCS-N*(CHj,); (10 M in PBS, pH 7.4) after
incubation with selected carbapenemases and corresponding inhibitors for 30 min. (E) Age of CCS-N*(CH;); (10 uM in PBS, pH 7.4) after
incubation with various concentrations of selected carbapenemases for 30 min. (F) Michaelis—Menten kinetic plots of selected carbapenemases
toward CCS-N*(CHj,);. The error bars represent the standard deviations of three replicates.

bromobenzenes bearing various substituents via the Heck
coupling reaction under alkaline conditions, affording CCSs
with different yields: CCS-H (54%), CCS-NH, (62%), CCS-
C=CH (47%), CCS-C=N (45%), and CCS-N*(CH,),
(30%). These products and related intermediates were
characterized by NMR and mass spectroscopy (MS), as
shown in Figures S1—S33, Supporting Information.

According to the amino acid homologies, carbapenemases are
classified into A, B, and D f-lactamases.’® To evaluate the
coverage of CCS, we prepared five kinds of carbapenemases,
namely, KPC-3, NDM-1, VIM-27, IMP-4, and OXA-48, whose
corresponding families (KPC, NDM, VIM, IMP, and OXA-48-
like) account for >99% of carbapenemase-producing isolates.
KPC-3 and OXA-48 represent the most clinically prevalent
carbapenemases in classes A and D, respectively, both of which
belong to serine hydrolases; NDM-1, VIM-27, and IMP-4 are
the typical carbapenemases in class B, a kind of Zn-dependent
metallo-f-lactamases. At the same time, six kinds of other f-
lactamases were prepared as negative controls to examine the
selectivity of CCS, including three ESBLs (SHV-S, TEM-7,
and CTX-M-3),>** two AmpC p-lactamases (MOX-1 and
CMY-4),>* and one BSBL (TEM-1).>> These f-lactamases
were synthesized with genetic engineering techniques accord-
ing to their corresponding gene sequences. The yielded fS-
lactamases were purified by HisTrap Ni columns and
characterized by SDS-PAGE (Figures S34—S44).

With CCSs and carbapenemases in hand, we attempted to
investigate their interactions. Upon incubating various CCSs
(10 M) with the typical carbapenemase—NDM-1 (3 nM) in
phosphate-buffered saline (PBS, pH = 7.4) at 37 °C, the
solutions of CCS-N*(CH,);, CCS-C=N, and CCS-C=CH
underwent a color change immediately from pale yellow to red
(Figure 1B). The red degree was positively correlated with the

231

electron-withdrawing ability of the substituents: —N*(CHj); >
—C=N > —C=CH. By contrast, the solutions of CCS-NH,
and CCS-H have no noticeable change, most likely owing to
the poor electronegativity of —NH, and —H. As a control, all
the five CCS solutions remained pale yellow in the presence of
PBS alone, demonstrating their excellent chemical stability.
The naked eye results were confirmed by UV—vis spectra. The
maximal absorption bands (4,,,,,) of all CCSs appear at around
400 nm (Figure 1C, top); after the rupture of the f-lactam
rings, the A, red-shifts in the visible regions, where the
wavelength coincides with the electron-withdrawing capability
of the substituents (Figure 1C, bottom). These experimental
results agree well with the hypothesis described above.

To validate whether CCSs were efliciently cleaved by NDM-
1, the five CCSs and their hydrolysates were purified and
analyzed with LC—MS. As shown in Figures $45—549, the LC
retention time of all the hydrolysates became shorter than that
of the corresponding CCSs, and no other LC peaks were
observed. These results demonstrate that the f-lactam rings in
all CCSs were entirely cleaved, and no intermediates were
produced during the hydrolysis. These compounds were
characterized by MS. Compared with CCSs, the corresponding
hydrolysates showed an expected mass increase of 18 amu for
all the major peaks, indicating the successful hydrolysis of the
amide in the f-lactam ring into —COOH and a secondary
amine. The purified CCS hydrolysates were further analyzed
by '"H NMR and UV—vis spectroscopy. The '"H NMR spectra
show that the peaks of the hydrogens neighboring the f-lactam
ring are obviously different between CCSs and their
corresponding hydrolysates. In particular, a single peak at
around 6.5 ppm was found in all the hydrolysates, which is
assigned to the secondary amine transformed from the 5-amide
nitrogen, directly demonstrating the rupture of the f-lactam
ring. The UV—vis spectra (Figure SS50) of the purified CCS
hydrolysates were found the same as those without purification
(as shown in Figure 1C, bottom), eliminating the influence of
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the co-existing species on the spectra. Because the only
structural difference between the five hydrolysates is the
substituents, the red shift of wavelength can only be ascribed to
their different electron-withdrawing capability. These results
proved that all the five as-prepared CCSs possess high
reactivity with NDM-1. Therefore, the negligible color change
of CCS-NH, and CCS-H before and after structure rupture is
mostly ascribed to their poor chromogenicity other than
reactivity.

After experimental validation, we attempted to reveal the
interactions between CCSs and NDM-1 using molecular
simulations. The optimal docking poses of NDM-1 with the
five CCSs were described using High Ambiguity Driven
protein—protein DOCKing (HADDOCK),*® which shows that
the active cavities of NDM-1 are flexible to accommodate all
the CCSs (Figures 1D and S51). The intermolecular
interactions between CCSs and NDM-1 include electrostatic
forces, van der Waals forces, and hydrophobic interactions.
Ionic bonding and hydrogen bonding represent two typical
electrostatic forces to drive the complexing between NMD-1
and CCSs. The simulation results show that CCS-H, CCS-C=
N, CCS-C=CH, and CCS-N*(CH,); possess different
numbers of hydrogen bonds toward NMD-1. Meanwhile, the
positively charged -N*(CH,); provides a distinct ionic bonding
toward the negatively charged Asp124 in the binding site of
NDM-1 (Figure 1E), resulting in high affinity. In addition,
hydrophobic interactions also contribute to the molecular
binding in the hydrophobic regions of NDM-1 (Figure 1F).
We further calculated the docking parameters of these
complexes to evaluate their overall binding affinities (AG)
(Table S1). PRODIGY was utilized to measure the AG values
of NMD-1 toward the five CCSs based on the optimal docking
complexes.””** The AG values of CCS-NH, and CCS-H
toward NMD-1 were determined to be —7.3 and —8.1 kcal/
mol, respectively. By contrast, the assemblies of NMD-1 with
CCS-C=CH (—9.4 kcal/mol) and CCS-C=N (—8.8 kcal/
mol) show stronger AG values because of their higher
HADDOCK scores and much stronger electrostatic inter-
actions. As anticipated, the complex of NDM-1 with CCS-
N*(CHj,); possesses the highest HADDOCK score (—67.1 +
3.0) and the strongest affinity of —9.9 kcal/mol, which stems
mainly from the solid electrostatic interactions caused by the
electro-positively charged -N*(CHj);. To this end, -N*(CHj),
acts as not only an electron-withdrawing moiety but also a
high-affinity binding site with carbapenemases, contributing
collectively to the high sensitivity of CCS-N*(CHj);.

Because CCS-N*(CHj;); offers the highest electron-with-
drawing ability and binding affinity with NDM-1, we
conducted the following studies with CCS-N*(CH;);. As
indicated by UV—vis spectra (Figure 2A), CCS-N*(CH;); (10
uM in PBS, pH 7.4) alone shows a single absorption band at
417 nm. With the addition of NDM-1 (3 nM), the pale-yellow
color turned red within several seconds, leading to a gradual
decrease of the absorbance at 417 nm, along with the
emergence of a new absorption band at 591 nm whose
intensity is dependent on the incubation time. It is extremely
impressive that the two bands at 417 and 591 nm can be
completely resolved, without any spectral overlap. Moreover,
the absorbance of CCS-N*(CHj,); at 591 nm is extremely low
(~0.004). After adding NDM-1, over 120-fold enhancement of
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absorbance was achieved in 5 min. Therefore, the change of
absorbance at 591 nm (Asy;) could be employed to report the
presence of carbapenemases sensitively.

We then evaluated the selectivity of CCS-N*(CHj;), toward
the as-prepared carbapenemases (NDM-1, KPC-3, IMP-4,
VIM-27, and OXA-48) over other non-carbapenemase /-
lactamases including CTX-M-3, MOX-1, and TEM-1 that
belong to ESBLs, AmpC, and BSBL, respectively. Upon
incubating CCS-N*(CH,3); (10 uM) with the five carbapene-
mases (3 nM), all the solutions became red immediately, along
with a dramatic enhancement of Agy,. As depicted in Figure
2B, the Agy values for NDM-1 and IMP-4 reached the
maximum within 10 min and remained stable with further
incubation time, while those for KPC-3, VIM-27, and OXA-48
arriving at their plateaus required a longer time, indicating
lower hydrolysis capability. By contrast, the three non-
carbapenemase f-lactamase-treated CCS-N*(CH;); solutions
showed negligible color change even the enzyme concen-
trations were increased to 30 nM, 10-fold higher than that of
the carbapenemases. Accordingly, their Ay, values approached
zero during the whole detection period. By collecting the
absorbance at 30 min, the Ay, values of the CCS-N*(CHj),
solutions added with NDM-1, KPC-3, IMP-4, and VIM-27
were calculated to be ~0.52, >100-fold higher than that of the
CCS-N*(CH,); solutions alone (Figure 2C), while that added
with OXA-48 was enhanced to be ~0.3. It has been reported
that OXA-48 possesses much lower hydrolytic activity than the
other carbapenemases,'®™""* making it difficult to detect with
existing chemical probes. The ability to detect OXA-48 by the
naked eye demonstrates the high sensitivity of CCS-N*(CHs);.
No surprisingly, the Agg, values for the cases of CTX-M-3,
MOX-1, and TEM-1 remained to be approximately zero.
These results confirm that CCS-N*(CH,), possesses excellent
performance to detect various carbapenemases.

To validate the selectivity of CCS-N*(CH;); toward
carbapenemases, we employed inhibition assays to investigate
the effects of PBA (a KPC-specific inhibitor) and EDTA (a
metallo-f-lactamase inhibitor) on the carbapenemase-induced
hydrolysis of CCS-N*(CH;);.***" The results show that PBA
could significantly reduce the enzymatic activity of KPC-3. In
contrast, the activity of NDM-1, IMP-4, VIM-27, and OXA-48
was minimally affected (Figure 2D). On the other hand, the
presence of EDTA could markedly blunt the enzymatic
activities of NDM-1, IMP-4, and VIM-27. However, the
activity of KPC-3 was negligibly impacted. We note that the
addition of EDTA could slightly impair the activity of OXA-48,
which is likely due to the enzymatic deactivation caused by the
increased concentration of ions.*

Sensitivity is another important parameter of a probe
particularly applied in clinical practice. Through incubation
of CCS-N*(CHs;); (10 uM) with various concentrations (0,
10, 25, 50, 100, 200, and 300 pM) of carbapenemases in a 96-
well microplate for 30 min, the absorbance at 591 nm (Agy)
was recorded with a microplate reader. By plotting the Ay,
values versus the concentrations of carbapenemases, five
calibration curves were created at 3S/k (where S is the
standard deviation of the blank sample and k is the slope of the
calibration curve), by which the limits of detection (LODs) for
NDM-1, IMP-4, KPC-3, VIM-27, and OXA-48 were calculated
to be 3.1, 3.3, 4.4, 5.6, and 20.3 pM, respectively (Figure 2E),
with a dynamic linear range from 10 to 300 pM. Though CCS-
C=CH and CCS-C=N show a similar tendency toward the
same panel of carbapenemases, their LODs are a little higher
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than those obtained by CCS-N*(CH,); (Figure S52). To the
best of our knowledge, our CCSs are the first colorimetric
probes that could detect carbapenemases (encompassing
OXA-48 in particular) at picomolar levels without resorting
to signal amplification strategies or/and complex readout
equipment.

To better understand the enzymatic hydrolysis of
carbapenemases toward CCS-N*(CH;);, we measured the
Michaelis—Menten kinetic parameters, including the Michaelis
(K,,) and catalytic constant (K,) by creating Lineweaver—
Burk plots. The results show that CCS-N*(CHj;); could be
rapidly hydrolyzed by the carbapenemases (Figure 2F). The
kinetic efficiencies (K_,/K,,) of NDM-1, IMP-4, KPC-3, and
VIM-27 were estimated to be on the order of 107 M~ s7}
while that of OXA-48 was determined to be 1.94 X 10° M
s™' (Table 1). The K./K, values of the carbapenemases

Table 1. Michaelis—Menten Kinetics for Carbapenemases”

carbapenemase ke (s74) K, (uM) ke/Ky (M1 s71)
NDM-1 2629 + 0.98 1.21 + 0.13 2.17x107
IMP-4 27.65 + 1.07 1.37 £ 0.15 2.01x107
KPC-3 12.66 + 0.22 0.77 + 0.04 1.64x107
VIM-27 9.16 + 0.19 1.01 + 0.06 9.07x10°
OXA-48 1.32 + 0.07 0.68 + 0.09 1.94x10°

“The errors represent the standard deviations of three parallel
samples.

toward CCS-N*(CH,); are comparable to those toward
imipenem and meropenem but higher than those toward the
carbapenem-based fluorogenic probes by 1—2 orders of
magnitude,'”'® confirming the high reactivity of CCS-
N*(CH,);,

Further, the molar extinction coefficient (a parameter to
assess the sensitivity of a dye) of CCS-N*(CH,); was

determined to be 47061 L mol™' cm™' via the Lambert—
Beer law (Figure S53). Besides, the chemical stability of CCS-
N*(CH,); was investigated by testing its background
hydrolysis via a first-order kinetic curve (Figure S54), based
on which the pseudo-first-order rate constant and half-life for
the spontaneous hydrolysis reaction (PBS, pH 7.4) of CCS-
N*(CH;), at room temperature were estimated to be 4.1 X
1075 s7! and 47 h, respectively, outperforming the similar
carbapenemase probe.'”

Having demonstrated that CCS-N*(CHj); can selectively and
sensitively detect carbapenemases, we investigated its capa-
bility to detect the clinically frequent CPB isolates including E.
coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and
Kiebsiella  pneumoniae (K. pneumoniae). The clinical CPB
isolates were quickly treated with freezing and sonication to
prompt the release of carbapenemases from bacteria. In
addition to E. coli encoded with NDM-1 (strain 1) whose
enzymatic activity has been well tested by CCS-N*(CH;);, we
extended our investigation to another E. coli that produces
NDM-S (a homologue of NDM-1) (strain 2) to confirm the
pan-carbapenemase coverage of this substrate (Figure 3A).
Moreover, we demonstrated that the presence of non-
carbapenemase ESBL (e.g, CTX-M-14) in the NDM-1-
encoded E. coli (strain 3) would not interfere obviously with
the enzymatic activity of NDM-1. As expected, OXA-48-
encoded E. coli (strain 4) can also be well detected by CCS-
N*(CH;);. We further demonstrated that CCS-N*(CH;),
possessed the unique ability to detect P. aeruginosa and K.
pneumoniae expressed with KPC-2 or IMP-2 (strains S—7). By
contrast, CCS-N*(CH;); did not respond to the non-
carbapenemase-producing isolates (strains 8—11) under the
same measurement conditions. Note that the expressions of
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Figure 3. Naked eye detection of the sonicated lysates of clinical CPB isolates. Chromogenic response of (A) CCS-N*(CH;); (10 uM) and (B)
Carba NP solution A and solution B to the sonicated lysates of diverse clinical isolates including seven carbapenemase-encoded strains and three
non-carbapenemase-encoded strains. E. coli without f-lactamase expression was set as a control. Chromogenic response of (C) CCS-N*(CH;); (10
uM) and (D) Carba NP solution B to the seven clinical CPB lysates at varying concentrations. The images for CCS-N*(CH;); and Carba NP were
taken after incubation for 5 min and 2 h, respectively. The asterisks indicate the lowest detectable concentrations of the clinical CPB isolates by the

naked eye.
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Figure 4. Detection of CPB in the clinical sputum samples collected from lung-infected patients. (A) Schematic of visual detection of CPB on a
paper chip, where the color changes can be quantitatively identified by a smartphone installed with a color recognizer software. The a* values
reflecting colors from green to red were recorded in the CIELAB (Lab) color model. (B) 80 culture-free sputum samples detected by the CCS-
N*(CH;);-loading paper chips. (C) Carbapenem-resistant genes in the same culture-free 80 samples analyzed by RT-PCR. Each square
corresponds to the paper block in (B). (D) Carba NP test (solution B) toward the same 80 cultured samples at 2 h (the results of solution A are
provided in Figure SS8). (E) Statistics of the a* values for the naked eye results in (B). (F) ROC curves of the CCS-N*(CH;);-based POC method

and the Carba NP test.

relevant f-lactamase-encoding genes in these isolates had been
well characterized by PCR in the clinic.

The detection results for the sonicated bacteria lysates were
compared with Carba NP test, a commonly used approach for
visual detection of carbapenemases as well as CPB. According
to the CLSI protocol, Carba NP test relies on two solutions:
solution A and solution B. Solution A consists of sodium
hydroxide, phenol red, and zinc sulfate; solution B includes
solution A and imipenem. When the above-mentioned isolates
were incubated with solution B, the #-lactam ring of imipenem
was hydrolyzed by the CPB (strains 1-7) to produce a
carboxylic acid. As a consequence, the pH of the solution was
lowered to cause a color change of phenol red from red to
yellow in 2 h (Figure 3B). At the same time, the non-
carbapenemase-expressed isolates (strains 8—11) could not
change the color of solution B. Solution A was used as quality
control that did not show any positive color change for all the
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11 strains. These results confirm the accuracy of CCS-
N*(CHj); for rapid detection of clinical CPB lysates by the
naked eye.

To determine the sensitivity of our new probe, serial
dilutions of the above clinical CPB lysates (strains 1—7, 1 uL)
were incubated with CCS-N*(CH;); (10 M, 50 uL). With
the increase of CPB concentrations, a gradual color change
from pale yellow to red occurred in a few minutes. The lowest
detectable concentrations varied across 10* to 10° CFU/mL
levels among different strains (Figure 3C). The lowest
detectable concentration for P. aeruginosa (IMP-2, strain 6)
was determined to be 3 X 10* CFU/mL (1500 CFU), while
those for E. coli (NDM-1, strain 1), E. coli (OXA-48, strain 4),
and K. pneumoniae (KPC-2, strain 7) were determined to be 1
X 10° CFU/mL (5000 CFU). With respect to E. coli (NDM-S,
strain 2) and P. aeruginosa (KPC-2, strain S), the lowest
detectable concentrations were determined to be 3 X 10°
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CFU/mL (15000 CFU). E. coli (CTX-M-14 + NDM-1, strain
3) showed the lowest detectable concentration of 1 X 10°
CFU/mL (50000 CFU). As indicated by the asterisks, the
color change at the lowest detectable concentrations of
carbapenemases can be notably discriminated by the naked
eye.

In parallel, the same panel of sonicated bacteria lysates was
detected by the Carba NP test. Strains 1, 2, 4, 6, and 7 were
positively detected within 5 min, with ~10° CFU/mL levels of
detection limits, while strains 3 and S were unresponsive to the
Carba NP test during the same period (Figure SS5). With
prolonged incubation time to 2 h, the detection limits for all
the strains were improved to be ~10” CFU/mL levels (Figure
3D), still higher than that of the CCS-N*(CHj;);-based assay
by 2—3 orders of magnitude. Because the concentrations of
CPB isolates in unprocessed clinical sputum samples are in the
range of 3.5 X 10° to 6.1 X 10’ CFU/mL (Figure S56), the
Carba NP test can only detect the samples whose CPB
concentrations are higher than 1.0 X 10’7 CFU/mL levels. By
contrast, the ultrahigh sensitivity of CCS-N*(CH;); makes it
fully competent for the direct detection of CPB in real clinical
samples.

Sepsis is a systemic inflammatory response syndrome caused
by infections complicated with multiple organ failure, which
leads to high morbidity and mortality.*’ It is estimated that
more than 30 million cases of sepsis are diagnosed every year
worldwide, resulting in about 6 million deaths annually.** Lung
infections are the main cause of sepsis, especially in intensive
care units, and patients who suffer from sepsis with lung
infections have a higher mortality rate than those without lung
infections.*>** CPB has become the most dangerous pathogen
causing lung infections in sepsis patients. Therefore, it is highly
desirable to develop rapid POC assays for CPB in the clinic.

To better conduct the POC testing, we transferred the CPB
detection from aqueous solutions to a paper chip that has been
widely developed for a variety of applications.””*® CCS-
N*(CH;); was loaded in a paper chip for visual detection,
where the results can be quantitatively analyzed via a
smartphone (Figures 4A and SS57). In parallel, we collected
80 sputum samples from patients with sepsis, most of whom
were infected by antibiotic-resistant pathogens (Table S2). 20
UL of each sonicated sputum sample was spotted onto the
CCS-N*(CHj;);-loaded paper chip, where the reaction
proceeded at room temperature. 24 out of 80 cases were
visualized with color changes from pale yellow to red at a
sample-to-result time of less than 1S min (Figure 4B). The
change in color intensity varied among the 24 positive samples.
To validate these results, RT-PCR was employed to detect the
genes that encode NDM, IMP, KPC, VIM, and OXA-48
throughout the 80 sputum samples (Tables S3—S5). It is
observed that only one or two kinds of carbapenemase genes
with different expression signatures were positively detected in
the 24 positive samples with color change (Figure 4C), while
no carbapenemase genes can be detected in the rest 56
samples, fully supporting the visual results. By contrast, only
eight samples (no. 1, 13, 28, 31, 35, 42, 61, and 73) were
positively detected by the Carba NP test (Figures 4D and SS8)
even within 2 h, due to its poor sensitivity.

The visual results can be quantitatively analyzed by
converting the colors into the a* values of CIELAB (Lab)
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with a smartphone installed with a color recognizer software."’

Lab color model includes all the colors that can be seen by the
human eye theoretically. It expresses color as three values: L*
for the lightness from black to white, a* from green to red, and
b* from blue to yellow. Obviously, the a* values are more
suitable than the other two values for quantifying the color
changes of the paper chips. The a* values were directly
reported by a smartphone installed with a color recognizer
software (Figure S59), without resorting to professional
graphics software like Photoshop. With the a* values of all
the 80 clinical samples in hand, a clinical threshold (as
indicated by a horizontal dotted line) was defined to
differentiate the positive and negative samples. As shown in
Figure 4E, the 24 carbapenemase-positive cases are above the
threshold, while those of the rest 56 cases are below the
threshold.

Receiver operating characteristic curves were developed to
evaluate the clinical sensitivity and specificity of our method,
which were compared to that of the Carba NP test.”” The RT-
PCR results were set as the reference. Both the clinical
sensitivity and specificity of our method were found to be
100% (Figure 4F). Meanwhile, the clinical sensitivity for the
Carba NP test was determined to be only 33.3%, along with
100% clinical specificity. The results further confirmed that
CCS-N*(CH,); is advantageous over the Carba NP test in
sensitivity and speed, and over RT-PCR in simplicity, speed,
and cost.

Finally, modified carbapenem inactivation method (mCIM),
a phenotypic assay currently recommended by Performance
Standards for Antimicrobial Susceptibility Testing 2018,>" was
employed to validate the detection results of the CCS-
N*(CHj;);-based POC platform. The mCIM results show that
the sputum-treated meropenem papers inhibited the growth of
E. coli at varying degrees (Figure S60). The bacteriostatic
zones of the 24 CPB-positive samples were less than 19 mm in
diameter (a typical cutoff to differentiate positive and negative
mCIM results®), while the rest of the 56 CPB-negative
samples were above 19 mm (Table S6). These results proved
that the bacteria in the 24 samples are indeed carbapenem-
resistant, indicating the high accuracy of our new-type
chromogenic probes.

We designed and synthesized an ultrasensitive and selective
carbapenemase probe based on CCS for rapid and direct
detection of CPB in clinical sputum by the naked eye. In
contrast to the previously reported carbapenemase-specific
molecular probes, CCS is simple in structure but shows many
superior analytical features (the details are shown in Table S7).
We discovered that the conjugated positively charged
substituent [such as —N*(CH;);] in CCS can not only
boost the red shift of the absorption band but also enhance the
molecular interactions toward carbapenemases, thus dramati-
cally improving the sensitivity of the chromogenic probe. The
yielded CCS-N*(CH;);-based assay matches the clinical
sensitivity and specificity offered by sputum culture that
needs days to complete.

Compared to clinically available assays (e.g, traditional
culturing methods, RT-PCR gene analysis, and Carba NP test)
for CPB, the newly developed CCS-N'(CHj;);-based chip
assay shows several extraordinary analytical features in the
context of simplicity, rapidity, accuracy, and cost (Figure 5).
First, this chromogenic assay is culture-free, does not require
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Figure S. Analytical performance comparison. Three-dimensional
comparison of the CCS-N*(CHj);-based POC chip, Carba NP test,
RT-PCR, and culture-based assays in the context of cost, processing
time, and accuracy rate.

instrument and complex sample pretreatment, and delivers
results in several minutes by the naked eye, much faster than
the other techniques. Second, the detection accuracy of CCS-
N*(CHj); for clinical testing is comparable to those of RT-
PCR and culturing methods, yet much higher than that of the
Carba NP test. Third, each test of the CCS-N*(CH;);-based
paper chip only costs ~US$0.1, equal to the Carba NP test but
much cheaper than RT-PCR (~US$S) and culturing methods
(~US$1). This user-friendly POC assay allowed rapid
identification of CPB in the clinical sputum samples from 80
sepsis patients. To the best of our knowledge, CCS-N*(CHj;),
is the first chemical probe that is able to detect CPB in real
clinical samples with 100% sensitivity and specificity.

The push—pull electronic effect-enhanced molecular design
of CCS can be generalized for visual detection of other species
of interest simply by changing the recognition moiety. Future
work will focus on extending this effective strategy to develop
high-sensitivity chromogenic substrates for other S-lactamases
such as BSBL, ESBL, and AmpC, which will be combined with
CCS-N*(CH;); on a paper chip for rapid discrimination of
antibiotic resistance to aid effective antimicrobial stewardship,
especially in resource-poor settings.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00607.

Experimental procedures; sequences of the f-lactamases
and SDS-PAGE data; molecular simulation details; first-
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