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Bacteria producing S-lactamases have become a major issue in the global public health field. To restrain
the development of drug resistance and reduce the abuse of antibiotics, it is very important to rapidly
identify bacteria producing S-lactamases and put forward a reasonable treatment plan. Here, an inte-
grated microfluidic chip-mass spectrometry system was proposed for rapid screening of fB-lactamase-
producing bacteria and optimization of S-lactamase inhibitor dosing concentration. The concentration
gradient generator followed by an array of bacterial culture chambers, as well as micro-solid-phase ex-
traction columns was designed for sample pretreatment before mass analysis. By using the combina-
tion system, the process of the hydrolysis of antibiotics by B-lactamase-producing bacteria could be an-
alyzed. To validate the feasibility, four antibiotics and two antibiotic inhibitors were investigated using
three strains including negative control, SHV-1 and TEM-1 strains. SHV-1 and TEM-1 strains were suc-
cessfully distinguished as the S-lactamase producing strains. And the acquired optimal concentrations of
B-lactamase inhibitors were in accordance with the results by that obtained from the traditional microdi-
lution broth method. The total analysis time only needed around 2 h, which was faster than conventional
methods that require a few days. The technique presented herein provides an easy and rapid protocol for
B-lactamase resistance related studies, which is important for the inhibition of antimicrobial resistance
development and the reduction of antibiotics abuse.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antimicrobial resistance (AMR) is considered an increasingly se-
rious threat to global public health by the World Health Organiza-
tion [1]. Nowadays, about 700,000 deaths all over the world every
year are due to resistant pathogens [2]. Unfortunately, the devel-
opment of AMR is being accelerated because of the abuse of an-
tibiotics including misuse and overuse by people and animals [3].
Because of the high activities and low side effects of S-lactam an-
tibiotics, they account for about 60% of antibiotic usage [4], which
makes the treatment of bacteria resistant to B-lactam antibiotics
the most significant among resistant pathogens. What's more, in
Gram-negative bacteria, the synthesis of S-lactamases is the major
mechanism of resistance to B-lactam antibiotics [5]. To inhibit the
AMR development of bacteria producing f-lactamases, rapid and

* Corresponding authors.
E-mail addresses: gao.dan@sz.tsinghua.edu.cn (D. Gao),
jmlin@mail.tsinghua.edu.cn (J.-M. Lin).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.107790

precise tools for their AMR analysis containing identification and
antibiotic susceptibility test are in urgent need.

The most common methods used for AMR analysis include plate
culture methods and genotypic tests. As the gold standard, culture-
based methods, like broth microdilution and disk diffusion, deter-
mined the susceptibility of strains according to their growth un-
der antibiotics. However, these methods take 24-48h [6], which is
time-consuming, and not suitable for clinical testing. As for geno-
typic methods such as PCR, although resistance genes could be de-
tected using very few bacteria, new resistance genes couldn’t be
detected and the phenotypic expression of genes may be modified
by other factors [7,8]. Considering the limitations of the existing
methods, it is still necessary to explore novel and rapid methods
for AMR analysis.

Microfluidic chip used for bacteria analysis has shown great
potential to overcome the above problems due to many attrac-
tive features [9], such as high throughput, real-time, fast analysis,
and low consumption of reagents. AMR analysis has already been
carried out on microfluidic-based platforms by characterization of
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the growth [10-13] or morphological changes [14,15] of bacteria.
However, these methods based on morphological changes or the
analysis of bacteria still need more exploration to verify their prac-
tical clinical applications. For bacteria producing B-lactamases, 8-
lactamases could hydrolyze the amide bond of the B-lactam ring,
thereby inactivating B-lactam antibiotics [16]. The hydrolysate of
B-lactam antibiotics could be used as an important marker for
identifying B-lactamase-producing microbial strains and screen-
ing for B-lactamase inhibitors. Based on the above drug resistance
mechanism, mass spectrometry (MS) is an ideal selection for AMR
analysis because of its high sensitivity and high resolution, and can
provide structural information for metabolites analysis. Besides, MS
has already been successfully used for AMR analysis [17-19]. Al-
though the microfluidic chip-mass spectrometry (chip-MS) system
has been widely used for cellular drug metabolism studies [20-22],
the application of AMR analysis based on metabolites of antibiotics
is rarely reported. Only Zhang et al. developed a system based on
the detection of B-lactam antibiotic hydrolysates for the screen-
ing of bacteria producing extended spectrum S-lactamases (ESBLs)
[23], which proved effective for AMR analysis of bacteria produc-
ing ESBLs. However, they lacked the sample pretreatment, which is
generally a necessary procedure to remove undesired compounds
such as salts, and buffers that interfere with MS to obtain highly
sensitive signals. Micro-solid-phase extraction (uSPE) columns are
an important and widely used method in the sample preparation,
pre-concentration, and cleanup interferences from analytical sam-
ples. Up to now, the pSPE columns have been successfully inte-
grated into microfluidic devices for various applications [24,25].

In this work, we presented an integrated microfluidic system
with three functional parts including a Christmas-tree concen-
tration gradient generator, a bacterial culture chamber, and the
HUSPE columns, which were directly coupled to electrospray ion-
ization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-
MS) (Fig. 1) for AMR analysis. The channel of the Christmas-tree
concentration gradient generator was 100pm wide and 100 pm
long with two inlets and seven outlets for generating seven con-
centration gradients. Meanwhile, the chip for bacteria culture and
drug treatment consisted of seven parallel channels (2 mm wide,
10mm long, and 100pm high). The pSPE columns were 2.5 mm
wide, 18 mm long, and 100um high with 30pum intervals at the
end of micro-column array for the immobilization of SPE parti-
cles. The design layout is shown in Fig. S1 (supporting informa-
tion). Also, the fabrication of chip-MS system is shown in the
Supporting information. Moreover, the three parts could be flex-
ibly connected by polytetrafluoroethylene tubes. For the identifi-
cation of bacteria producing f-lactamases, the bacteria were cul-
tured in the culture chamber and incubated with antibiotics for
a certain time. For the investigation of the optimal S-lactamase
inhibitor dosing concentration, the concentration gradient gener-
ator for the generation of S-lactamase inhibitor concentration gra-
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Fig. 1. Schematic diagram of the microfluidic chip-mass spectrometry system in-
cluding a Christmas-tree concentration gradient generator, a bacteria culture cham-
ber, and micro-solid-phase extraction (uSPE) columns, coupled with ESI-Q-TOF-MS.
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dient was connected with the bacteria culture chamber to incu-
bate with the same concentration of bacteria. When detecting the
hydrolysis product of antibiotics by bacteria, the bacteria culture
chambers were connected with pSPE columns. After elution, the
HUSPE columns were directly coupled to ESI-Q-TOF-MS for online
detection. Our established system constructed an integrated tool
for rapid screening of B-lactamase-producing bacteria and opti-
mization of B-lactamase inhibitors dosing concentration, providing
a new approach to f-lactamase-related research.

Three strains were utilized including the negative control (NC)
strain, SHV-1 strain, and TEM-1 strain. All strains were constructed
with Escherichia coli (E. coli) DH5« as the host strain and the
pET28a(+) plasmid as the vector. NC strain did not produce S-
lactamases, while SHV-1 strain and TEM-1 strain could produce
B-lactamase because they express the SHV-1 gene and the TEM-1
gene separately [26]. The construction of bacterial strains and gene
sequences of SHV-1 and TEM-1 are shown in Supporting informa-
tion. The relationship between bacterial concentrations of the ob-
tained SHV-1 strain and the optical density at 600 nm (ODggg) was
then determined by the dilution plate counting method, and the
fitting formula was y=9.77x, R =0.986 (Fig. S2 in Supporting in-
formation).

To verify the function of the concentration gradient generator,
ultrapure water and 75 pmol/L sodium fluorescein solution both
containing NC strain with ODggg of 0.5 were pumped into the two
inlets of the chip respectively. Then, the fluorescence intensities at
the outlets of the dilution unit were detected by a fluorescent in-
verted microscope. As shown in Fig. S3 (Supporting information),
the fitting formula was y = 15.3x-20.5, R? = 0.980. Results indicated
the concentration gradient generator could generate a precise con-
centration gradient. Next, different SPE materials filled in the nSPE
columns, compositions of the eluent solvent, formic acid content,
and flow rates of the eluent solvent that had great effects on the
response intensity of the ESI-Q-TOF-MS were optimized. Accord-
ing to the results shown in Fig. S4 (Supporting information), HLB
SPE particles were the ideal SPE material, 80% methanol containing
0.5% formic acid was the optimal elution solvent, and the best flow
rate of the eluent was 15 pL/min. In addition, standard solutions
with 10pg/mL of ampicillin (AMP), cloxacillin (CLO), cephalexin
(LEX) and cefotaxime (CTX) were analyzed to optimize the ESI-Q-
TOF-MS parameters used in the multi reaction monitoring method,
and the parameters were outlined in Table S1 (Supporting infor-
mation).

AMP was chosen as a model drug to identify bacteria produc-
ing B-lactamase because it can be hydrolyzed by almost all 8-
lactamases. The reaction of AMP hydrolysis by B-lactamases was
shown in Fig. 2a. After incubating 10 ug/mL AMP with SHV-1 bac-
teria in a PE tube for 30 min, the medium was pumped into the

@ Yeu o Ny H s
N B hydrolysis N z OH
Z HN
[¢) & Nji(oH Ie) OE o)
o
AMP AMPyyaro
[M+H]" AMP, c 2368 @
(b) 10 368.1288 © ‘urlnw— Ty
o 1.6 SRR <}
8 7 m/z: (+H)324.14
& NHN | O oi
[M+H]" AM . 'A)(\?,u\ \ ot
6 350.1183 = DEamP
X o W
S A o
2 0.84m/z: (+H)106.07
4 | 307.1128
s
2 324.1388 =04
314.0563 | 106.0657 ——
04— L by I T [} | 1 1
300 320 340 360 380 400 100 150 200 250 300 350

m/z m/z

Fig. 2. (a) The hydrolysis reaction of ampicillin (AMP). (b) The mass spectrum of
the hydrolysis reaction of AMP, and (c) the MS/MS spectrum of the hydrolysate of
AMP.
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BSPE columns, and finally analyzed by ESI-Q-TOF-MS. As shown in
Fig. 2b, the protonated AMP ion [AMP+H]* was observed at the
peak of m/z 350.12, and the peak of m/z 368.13 corresponded to
protonated hydrolysate of AMP[AMPY,yqr,+H]*. Moreover, as shown
in Fig. 2c, the ion of [AMPyq,,+H]™ was further analyzed in the
tandem mass spectrometry (MS/MS) mode, and the monitoring
ions of m/z 368.13 and its fragments of m/z 32413 and 106.07
confirmed the presence of [AMPyyqro+H]*. These results were con-
sistent with the previously reported data [27], indicating that the
peak of m/z 368.13 was indeed the hydrolysate of AMP (AMP}yqy,)-

The concentration of bacteria on the microfluidic chip is an
important parameter for AMR analysis, because too few bacteria
would make slower hydrolysis of the antibiotic, resulting longer
analysis time. However, too many bacteria would fail to achieve
detection by ESI-Q-TOF-MS due to a large number of antibiotics
absorbed into bacteria with very little or no antibiotics left in
the culture medium. To optimize this parameter, different con-
centrations of bacterial solution of the SHV-1 strain were loaded
onto the chip and incubated for 30min, and then detected on-
line by ESI-Q-TOF-MS. As shown in Fig. S5 (Supporting informa-
tion), as the bacterial concentration increased, the number of S-
lactamases increased, and thus more AMP was hydrolyzed result-
ing in the decrease of AMP intensity and increase of AMPyqy, in-
tensity. 7.38 x 103 CFU/mL was selected as the optimal bacterial
concentration due to the highest AMPyqy, intensity. 30 min was
adequate for analysis due to none of the AMP remaining, which
was used in subsequent experiments.

Firstly, four different experimental groups including BC group
with no strains, NC group, SHV-1 strain group, and TEM-1 strain
group were set up to explore whether the established chip-MS
system could rapidly identify bacteria capable of producing S-
lactamases. They were incubated with AMP in the bacteria cul-
ture chamber separately. Then, the chip was incubated at 37 °C
for 30min to make bacteria fully interact with antibiotics. Next,
BSPE columns were used not only for the removal of bacteria, salts,
and other possible interferents but also for the enrichment of an-
tibiotics and their hydrolysates. Finally, antibiotics and their hy-
drolysates were online analyzed by ESI-Q-TOF-MS.

As shown in Fig. 3a, compared with the BC group, the NC group
showed a lower intensity of AMP and almost the same intensity
of AMPy .. The decrease in AMP intensity indicated a portion of
AMP was absorbed into bacteria. However, AMP was almost not
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Fig. 3. The relative intensities of S-lactam antibiotics and their hydrolysates af-
ter 10pg/mL B-lactam antibiotics were incubated without bacteria (BC) and with
7.38 x 108 CFU/mL bacterial solution of the NC, SHV-1, and TEM-1 strains. (a) AMP
and its hydrolysate, (b) cloxacillin and its hydrolysate, (c) cephalexin and its hy-
drolysate, (d) cefotaxime and its hydrolysate.
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hydrolyzed in the NC group because AMPy 4, did not have signifi-
cant change, which indicated that the NC strain was unable to pro-
duce B-lactamase. Meanwhile, the SHV-1 and the TEM-1 groups
had an extremely low intensity of AMP and a much higher inten-
sity of AMPyy .0, suggesting that AMP was completely hydrolyzed.
The results demonstrated that the SHV-1 and TEM-1 strains were
identified as strains producing B-lactamases, and the whole anal-
ysis time was less than 1.5h including 30 min incubation time.
Moreover, as shown in Fig. S6 (Supporting information), results on
the chip-MS system were consistent with traditional experiments
which required 24-48 h.

To broaden the feasibility of the established chip-MS system
for rapid screening of B-lactamase-producing bacteria, the AMP
was replaced by three other S-lactam antibiotics, including CLO (a
penicillin antibiotic stable to penicillinase), LEX (a first-generation
cephalosporin), CTX (a third-generation cephalosporin), and incu-
bated with the four experimental groups for antibiotics and their
metabolites studies. As shown in Figs. 3b-d, the results of the BC
and NC groups are similar to the results when using AMP, fur-
ther indicating the NC strain couldn’t produce any S-lactamase.
As for the SHV-1 group, compared with the NC group, the inten-
sity of CLO slightly decreased and that of the hydrolysate of CLO
(CLOnydro) slightly increased, suggesting that a small portion of CLO
was hydrolyzed. However, the hydrolysates of LEX (LEX}yqr,) and
CTX (CTXpydro) could not be detected, which indicated that neither
LEX nor CTX were hydrolyzed. Similarly, for the TEM-1 group, a
large portion of CLO and a small portion of LEX were hydrolyzed,
while CTX was not hydrolyzed. The above significant results ob-
tained from the SHV-1 and TEM-1 strains showed that the chip-
MS system could further distinguish the strains containing differ-
ent types of S-lactamase, which was useful for future clinical rel-
evant medication guidance.

Next, the established chip-MS system was evaluated to whether
it could be used for rapid screening of suitable concentrations of
inhibitors. To investigate the influence of incubation time, the SHV-
1 strain was incubated with 10ug/mL AMP and 3 pg/mL tazobac-
tam over different times on the microfluidic device, and analyzed
by the chip-MS system. As shown in Fig. S7a (Supporting informa-
tion), the AMP and AMPyq,, intensities were similar during the
incubation time from 30 min to 150 min, indicating the incubation
time of 30 min was sufficient to inhibit bacteria for evaluating the
B-lactam inhibitors.

The Christmas-tree concentration gradient generator was used
to generate concentration gradients of sulbactam and tazobac-
tam against SHV-1 strain. Both water and 15pg/mL sulbactam (or
6 ug/mL tazobactam) solutions containing SHV-1 strain with ODggq
of 0.125 and 10ug/mL AMP were pumped into the two inlets
on the chip respectively, and incubated for 30 min. After incuba-
tion, AMP and AMPy, 4, were detected as the methods mentioned
above. As shown in Fig. 4a, when the concentration of sulbactam
increased from 0pg/mL to 10 ug/mL, the intensity of AMP gradually
increased and the intensity of AMPyqy, gradually decreased. As the
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Fig. 4. The relative intensities of AMP and its hydrolysate after 10 pug/mL AMP and
different concentration of B-lactamase inhibitors was incubated with 7.38 x 108
CFU/mL bacterial solutions of the SHV-1 strain: (a) Sulbactam and (b) tazobactam.
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concentration of sulbactam increased from 10ug/mL to 15pug/mL,
the intensities of AMP and AMPy 4, remained about the same.
The results indicated that the inhibitory effect of sulbactam on the
SHV-1 B-lactamase gradually strengthened as the concentration of
sulbactam increased from Opg/mL to 10 ug/mL. When the concen-
tration exceeded 10 pug/mL, the strongest inhibitory effect of sulbac-
tam was reached and stayed almost the same. Therefore, sulbactam
at 10pg/mL was determined as the optimal dosing concentration
for the SHV-1 strain. Similarly, as shown in Fig. 4b, tazobactam at
5ng/mL was determined as the optimal dosing concentration for
the SHV-1 strain. From the above results, we proposed that the es-
tablished chip-MS system had the potential to determine the opti-
mal dosing concentration of S-lactamase inhibitor, and the whole
analysis time was less than 2.5h including 30 min of incubation
time.

To verify the accuracy of the optimal concentration of B-
lactamase inhibitor measured on the chip-MS system, the tradi-
tional broth microdilution method where the growth of bacte-
ria under different concentrations of antibiotics in 96-well plates
was used for comparison. As shown in Fig. S7b (Supporting in-
formation), the minimum inhibitory concentrations (MICs) of the
SHV-1 strain to AMP were both 4pug/mL under 10pg/mL sulbac-
tam and 5pg/mL tazobactam respectively. According to the Clini-
cal and Laboratory Standards Institute, the results suggested that
the SHV-1 strain was sensitive (MIC < 8pug/mL) to AMP under
10pg/mL sulbactam and 5pg/mL tazobactam respectively. There-
fore, the combinations of 10pg/mL AMP and 10pug/mL sulbac-
tam, as well as 10pug/mL AMP and 5pg/mL tazobactam, were
both effective for the SHV-1 strain. As shown in Figs. S7c and d
(Supporting information), the results demonstrated that MICs of
the SHV-1 strain to sulbactam and tazobactam were respectively
7.5pg/mL and 2pg/mL respectively, and the inhibitory effect of
tazobactam was stronger than sulbactam, which was consistent
with the results obtained on the chip-MS system. However, both
MICs were lower than optimal concentrations obtained from the
chip-MS system. The optimal concentrations measured by the chip-
MS system are more stringent than the MICs, because bacterial
hydrolysis of antibiotics is minimized at the optimal inhibitor con-
centration measured by the chip-MS system. However, the MICs
measured under the conventional method only represent the inhi-
bition of bacterial growth and the degree of antibiotic hydrolysis is
not minimized.

In summary, the established chip-MS system exhibited a power-
ful ability to rapidly screen -lactamase-producing bacteria and as-
sess the optimal dose of S-lactamase inhibitors for antibiotic treat-
ment, which provides a new approach to B-lactamase-related re-
search. The system distinguished two strains capable of producing
B-lactamase successfully and the total analysis time was less than
1.5 h. Besides, the optimal concentrations of two f-lactamase in-
hibitors of sulbactam and tazobactam against SHV-1 strains were
also evaluated with an analysis time of less than 2.5h. And the re-
sults of the chip-MS system were roughly consistent with those
of the conventional method. In conclusion, the chip-MS system
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can provide a powerful tool for rapid screening of bacteria pro-
ducing B-lactamases and its optimal inhibitors dosing, which is of
great significance for the treatment and prevention of infectious
diseases, that may realize technological innovation in assays.
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