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Introduction: The recently developed DOT-MGA (direct-on-target microdroplet growth 
assay) has shown the desirability of direct application of this approach in positive blood 
cultures and its good performance in detection. This study selected 44 Enterobacteriaceae 
strains and implemented a DOT-MGA assay on blood cultures to detect their resistance to 
seven antibiotics. The results of DOT-MGA were compared with the other two antimicrobial 
susceptibility testing (AST) methods to analyze the detection performance of DOT-MGA.
Methods: We adopted the differential centrifugation to process positive blood-culture (BC). 
Processed BC broth was directly used for rapid AST using DOT-MGA. Droplets of 6 µL 
with and without antibiotics at the EUCAST breakpoint concentration were spotted in 
triplicates onto the surface of a MALDI target. The plates were incubated in a wet box for 
4 h before the broth was removed with filter paper. Bruker Biotyper software was used to 
analyze the test results compared with standard database, and the scores were used to 
quantify and determine the results.
Results: DOT-MGA results were compared with the direct-from-BC disk-diffusion method 
and results were reported by broth microdilution method, respectively. The comparison 
demonstrated a 100% growth efficiency in DOT-MGA, a 100% classification consistency 
for ampicillin, ceftriaxone, and gentamicin, and >93% classification consistency for tobra
mycin, aztreonam, trimethoprim-sulfamethoxazole (TMP-SMX), and ceftazidime.
Discussion: These study results have shown that DOT-MGA is suitable for directly identi
fying bacterial resistance to positive blood cultures in clinical microbiology laboratories. 
Furthermore, it is conducive for early diagnosis and treatment of patients with bloodstream 
infection due to its convenience, time efficiency, and good performance in identifying 
multiple antibiotic-insensitive bacteria.
Keywords: MALDI-TOF, DOT-MGA, rapid antimicrobial susceptibility testing, blood 
culture, antibiotic resistance, direct-from-BC disk-diffusion method

Introduction
Bloodstream infection (BSI) is a major public health burden worldwide, with high 
mortality. Delayed therapy critically influences patient outcome, and fast and 
accurate diagnosis decisively improves patients’ care.1 Identification of the patho
genic microorganisms and fast and accurate antimicrobial susceptibility tests have 
improved the treatment of patients with sepsis and enabled early treatment that has 
become particularly important due to increased bacterial resistance to 
antimicrobials.2,3
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Blood culture (BC) remains the gold standard and first- 
line tool for diagnosing BSI and sepsis pathogens.4 As 
a standard reference method, antimicrobial susceptibility 
testing (AST) relies on detecting microbial growth or 
inhibition in the presence of antibiotics; it features uni
versal detection of resistance, irrespective of the resistance 
mechanisms. However, it takes about one day to deliver 
results with currently available standard AST methods, 
excluding the time spent isolating individual colonies 
from positive blood cultures.5 Alternatively, molecular 
detection of bacteria and antimicrobial-resistant genes is 
faster and more sensitive; molecular tests can only detect 
known resistance mechanisms with a narrow detection 
scope and high cost. Therefore, it is challenging to widely 
adopt them in laboratories. Thus, it still takes too much 
time to produce universal antimicrobial susceptibility 
reports presently. Furthermore, antimicrobial susceptibility 
results of patients with sepsis can only be obtained within 
24–72 h after the blood cultures are reported as positive.6 

By then, patients usually die of a lack of timely diagnosis 
and treatment.

In the past few years, we have witnessed a dramatic 
increase in the proportion and absolute number of bacterial 
pathogens resistant to multiple antibiotics. Multi-drug 
resistant bacteria are considered an emergent global issue 
and a major public health problem.7 Although the advent 
of MS has accelerated bacterial identification, it remains 
exceptionally tricky to achieve rapid AST for patients with 
microbial infections. The recently developed DOT-MGA 
allows for rapid universal antimicrobial susceptibility test
ing using matrix-assisted laser desorption/ionization-time 
of flight mass spectrometry (MALDI-TOF MS).5,8–10 

Preliminary tests have shown the desirability of direct 
application of this approach in positive blood cultures 
and its good performance in detection.11–13

The inoculum size of 5 × 105 CFU/mL, recom
mended by the CLSI15 and ISO16 guidelines as initial 
inoculum size for AST, is below the lower detection 
limit by MS. Thus, we used the broth to dilute the 
bacterial suspension to adjust the bacterial concentration 
to the initial inoculum size for AST. Then, we incubated 
the bacteria on a mass spectrometry (MS) target plate to 
achieve higher bacterial concentrations. Hence, success
ful detection was reached when bacterial concentrations 
were above the lower limit of detection by MS.5 

Additionally, we mixed the bacterial suspension with 
antibiotics and incubated the mixture on the target 
plate for 4 h before submitting the samples for MS. 

Thus, antimicrobial resistance was determined based on 
bacterial growth, ie, bacterial identification and AST 
could be completed on the same platform. This study 
selected 44 bacterial strains (including 23 strains of 
E. coli and 21 strains of Klebsiella pneumoniae) that 
played a vital role in BSI and mixed a given volume of 
the bacterial suspension with human blood before inject
ing the mixture into blood-culture bottles. Differential 
centrifugation was adopted to process the positive BCs 
when the blood-culture instrument sounded the alarm. 
The DOT-MGA was then implemented to detect the 
resistance of the 44 bacterial strains to the aforemen
tioned seven antibiotics. The results of this study have 
shown that DOT-MGA is suitable for further develop
ment and application in clinical microbiology labora
tories due to its good performance in resistance 
detection.

Materials and Methods
Bacterial Strains
Forty-four Enterobacteriaceae strains (including 23 E. coli 
and 21 Klebsiella pneumoniae strains) isolated from pre
vious daily work were randomly selected and included in 
this study. All 44 bacterial strains were identified using 
MALDI-TOF MS (BRUKER, Germany). The minimal 
inhibitory concentrations (MICs) of the seven antibiotics 
against all bacterial strains included in this study were 
determined by the broth microdilution method.

Determination of Minimum Inhibitory 
Concentration
Seven antibiotics’ minimum inhibitory concentration 
(MIC) was determined for all isolates using the broth 
microdilution reference method according to CLSI and 
ISO guidelines. In brief, bacterial suspensions were pre
pared in cation-adjusted Mueller-Hinton broth (CA-MHB) 
to contain approximately 5 × 105 cfu/mL as final concen
tration. Ampicillin, ceftriaxone, gentamicin, tobramycin, 
aztreonam and ceftazidime were tested at doubling con
centrations from 0.125 to 128 µg/mL. Trimethoprim- 
sulfamethoxazole (TMP-SMX) was tested in doubling 
concentrations from 1.25 to 1280 µg/mL. The results 
were read after 18 ±2 hours incubation at 35 ±1 °C 
(Appendix Table 1). MIC results were interpreted accord
ing to the EUCAST breakpoints. Reference strain E. coli 
ATCC 25922 was used as quality control (QC).
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Inoculation of Blood-Culture Bottles
Since positive blood-culture specimens were not readily 
available, blood containing tested bacteria was injected 
into blood-culture bottles to simulate actual clinical speci
mens from patients with bacteremia. The blood was col
lected from people who had not been treated with 
antibiotics recently. And the blood was sterile blood dis
carded during routine work. Briefly, bacterial suspension 
with a standard turbidity of 0.5 McFarland was prepared. 
Serial dilutions of the standardized bacterial suspension in 
Mueller–Hinton II broth (cation-adjusted) were performed 
in steps of 1:10 to make a 1:105 dilution. Next, 30 μL of 
bacterial suspension diluted 105-times was mixed with 
3 mL of blood to simulate a bacterial concentration of 
about 10 CFU/mL commonly observed in patients with 
bacteremia.11 The mixture was then injected into blood- 
culture bottles and incubated overnight using the auto
mated blood-culture system (Thermo Fisher Scientific). 
The surface of the blood-culture bottle diaphragm was 
disinfected with 70% ethanol before and after injection.12

Processing of Positive Blood-Culture 
Bottles by Differential Centrifugation
Positive blood-culture bottles were taken from the incuba
tor and immediately processed when the blood-culture 
instrument sounded the alarm. In this study, we adopted 
the differential centrifugation to process positive BCs. 
First, we centrifuged 1.5 mL of positive bacterial culture 
suspension with this approach at 2000 r/min for 5 min 
until the blood cells were precipitated. Then, we trans
ferred 1 mL of supernatant to another test tube and dis
carded the precipitates and remaining supernatant. Next, 
the transferred supernatant was centrifuged at 13,000 rpm/ 
min for 2 min before the obtained supernatant was dis
carded, and the bacterial precipitates were saved. Finally, 
we resuspended the precipitates in a saline solution and 
standardized the inoculum for AST.

Direct-from-BC Disk-Diffusion Method
The updated CLSI M100 S13 document proposed the 
application of preliminary AST to BC; therefore, we 
selected six antibiotic disks, including aztreonam, ceftazi
dime, ceftriaxone, ampicillin (Fisher Scientific), trimetho
prim-sulfamethoxazole (TMP-SMX), and tobramycin 
(Shanghai Guang Rui Biological Technology Co., Ltd) 
specified in the document. With this approach, we used 
20G sterile syringes to draw a well-shaken blood culture 

and placed four drops of blood culture on the MHA plates. 
The four drops of blood-culture suspension were then 
densely streaked with a sterile cotton swab on the surface 
of MHA plates before the corresponding antibiotic disks 
were attached. After 16–18 h of incubation, disk-diffusion 
AST results were reported based on the interpretive stan
dards published in the CLSI M100 document; the inhibi
tion zone diameter breakpoints were also shown (as shown 
in Appendix Table 2). Additionally, we evaluated the con
sistency of results generated by DOT-MGA of gentamicin 
(Fisher Scientific), the broth microdilution method, and 
direct-from-blood-culture disk-diffusion method.14

DOT-MGA
After positive bacterial cultures were processed by differ
ential centrifugation, DOT-MGA was implemented on the 
obtained inoculum for fast AST. Ceftazidime, trimetho
prim-sulfamethoxazole (TMP-SMX), aztreonam, gentami
cin (Shanghai Yuanye Bio-Technology Co., Ltd.), 
ampicillin, ceftriaxone, and tobramycin (Solarbio) were 
prepared as dilutions at a given concentration (concentra
tion of the antibiotic is two times the susceptibility break
point) in CAMHB. Additionally, the bacterial suspension 
with a turbidity of 0.5 McFarland was diluted 100 times in 
CAMHB broth. Next, 100 μL of the prepared antibiotic 
solution was mixed with 100μL bacterial suspension in the 
wells of the microtitration plates. Hence, the final concen
tration of the antibiotic reached the susceptibility break
point that distinguishes susceptible from non-susceptible 
Enterobacteriaceae isolates, and the initial inoculation 
amount of bacteria was 5 × 105 CFU/mL. The suscept
ibility breakpoints (concentrations) of ceftazidime, aztreo
nam, gentamicin, tobramycin, trimethoprim- 
sulfamethoxazole (TMP-SMX), ampicillin, and ceftriax
one were 4μg/mL, 4μg/mL, 4μg/mL, 4μg/mL, 2/38 μg/ 
mL, 8μg/mL, and 1 μg/mL, respectively.

Additionally, 100 μL CAMHB broth was added to 100 μL 
of bacterial suspension in the 96-well microtitration plates as 
growth controls for each specimen in triplicate to determine 
the validity of this experiment. After the aforementioned 
microtitration plate was inoculated, 6μL microdroplets were 
immediately transferred from the wells of the microtitration 
plate to a spot on the disposable MALDI-TOF MS target plate. 
Each specimen containing antibiotics was inoculated into 
three spots, while the other three spots contained the corre
sponding growth control of the specimen. The inoculated 
target plate was then placed inside a plastic transport box 
(Bruker Daltonik) with 4-mL deionized water added to the 
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bottom of the box so that the transport box could be used as 
a wet box. After the wet box was incubated at 35°C ± 1°C for 4 
h, the broth was removed from the target plate with filter paper.

After the target plate was completely dry, the matrix (IVD 
Matrix HCCA-portioned, Bruker Daltonik) was treated with 1 
µL MS samples to overlay the target spots. The MALDI-TOF 
MS spectra were manually collected and evaluated using 
standard MALDI-Biotyper 3 software (Bruker Daltonik). In 
this study, Bruker Biotyper software was used to analyze the 
test results compared with standard database, and the scores 
were used to quantify and determine the results. For the non- 
antibiotic growth controls, the assay was considered effective 
if an identification score ≥1.7 was achieved. For specimens 
containing the tested antibiotics, successful identification 
(score ≥1.7) was interpreted as non-susceptible (intermediate 
or resistant), while no identification (score <1.7) was defined 
as susceptible. In this study, intermediate and resistant strains 
were classified as non-susceptible strains.

Data Analysis
The final results of DOT-MGA were compared with those 
of the direct-from-blood-culture disk-diffusion method and 
the broth microdilution method. The efficiency, sensitivity, 
specificity, and classification consistency of the method 
were calculated, respectively.

Results
The Detection Performance of 
DOT-MGA
In previous target-plate microdroplet growth assays, 6-μL 
droplets have proven conducive to achieving the best detec
tion performance. At the early stage of the study, we con
ducted a preliminary examination on the impact of droplet 
size on the detection results. An excessively large droplet is 
prone to overflow and cross-contamination, while an 

excessively small droplet might lead to poor bacterial 
growth and lower growth efficiency. Meanwhile, we 
explored the impact of incubation time on identification 
results at the early stage of the study and found that after 4 
h of incubation, efficient growth in the control wells and 
high detection performance were achieved. However, 
a longer incubation duration did not significantly enhance 
the detection performance; less than 4 h incubation time 
resulted in lower growth efficiency. Therefore, we used 
a 6-μL droplet volume with 4 h of incubation for assays in 
subsequent studies. This study achieved efficient growth for 
the 44 tested bacterial strains (ie, 100% growth efficiency), 
which indicated that all assays were effective. MALDI-TOF 
MS data were evaluated using a simple algorithm using the 
MALDI-BIOTYPER software. As a result, the susceptible 
isolates could be rapidly and accurately distinguished from 
non-susceptible isolates. Successful species identification 
(score ≥1.7) was interpreted as a non-susceptible result (ie, 
intermediate or resistant), while no identification (score 
<1.7) was defined as susceptible. The final results of DOT- 
MGA are shown in Appendix Table 3.

The broth microdilution method is the gold standard 
for AST, and it can determine the MIC. However, the 
operation of this method is complicated and time- 
consuming, which makes it difficult to apply to routine 
laboratory operations. The classification consistency 
between the broth microdilution method and DOT-MGA 
is above 95%. Based on the broth microdilution method, 
we calculated the specificity and sensitivity of DOT-MGA, 
and the results are shown in Table 1. Direct-from-BC disk- 
diffusion method can directly use the original blood cul
ture samples for AST. However, it takes 16–18 hours, 
which is significantly longer than DOT-MGA. The classi
fication consistency between Direct-from-BC disk- 
diffusion method and DOT-MGA is above 93%. At the 
same time, we calculated the specificity and sensitivity of 

Table 1 Performance of DOT-MGA on Identifying Non-Susceptible Strains with Results Generated Using the Broth Microdilution 
Method as the Benchmark

Antibacterial Agents Efficiency (100%) Sensitivity (100%) Specificity (100%) Classification Consistency (100%)

Ampicillin 100 100 100 100

Ceftriaxone 100 100 100 100
Tobramycin 100 88.9 100 95.5

Ceftazidime 100 100 100 100

Aztreonam 100 100 100 100
TMP-SMX 100 100 91.3 95.5

gentamicin 100 100 100 100
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DOT-MGA based on the Direct-from-BC disc diffusion 
method. The results are shown in Table 2.

Discussion
Over the past decade, MALDI-TOF MS in clinical micro
biology has brought great convenience and notably 
improved accuracy and speed for clinical microbiology 
diagnostics. However, progress brought by MALDI-TOF 
MS is mainly limited to strain identification, and rapid 
AST remains a challenge that needs to be urgently tackled. 
Although the latest report published by CLSI specifies the 
application of direct-from-blood-culture disk-diffusion 
method in rapid AST on BC, it still takes 18 h before 
AST results can be obtained. This means that AST reports 
of patients with bacteremia can only be obtained on 
the second day after the blood cultures are reported as 
positive. This issue will undoubtedly lead to inappropriate 
medication use and delayed therapy.

This study adopted DOT-MGA on blood cultures based 
on the principle of the broth microdilution method. The 
difference is that we incubated the tested bacteria on the 
MS target plate and determined bacterial growth at the 
breakpoint concentration based on MS identification 
scores. Compared with the broth microdilution method, 
DOT-MGA also further eliminates the ambiguity in test 
results caused by the subjectivity of naked-eye observa
tions. At the early stage of the study, we tried spotting the 
bacterial suspension incubated on the microtitration plate 
for 4 h directly on the target plate for identification. 
However, the results were unstable, possibly because too 
much broth residue interfered with the performance of the 
mass spectrometer. Hence, in this study, we gently blotted 
the microdroplets with cheap and easily available 
Cleanroom Wipers (Dongguan Jia Chong Purification 
Technology Co., Ltd) to remove the broth through capil
lary action. However, such gentle “contact” with the 

microdroplets would not remove the bacteria, at least not 
to the degree of interfering with the performance of MS 
analysis. During the incubation process, biofilms were 
possibly formed by bacteria adhered to the surface of the 
MALDI plate,13 which helped in the successful separation 
of broth from the target plate.

After positive blood cultures were treated with differ
ential centrifugation, bacterial resistance was directly 
determined by target-plate microdroplet growth assays. 
With this approach, the specimens were easily handled, 
and AST results were obtained in only 5 h after blood 
cultures were reported as positive. Positive blood cultures 
processed with the lysis centrifugation technique men
tioned in other reports might leave a cleaner background 
on the MS target plate; however, lysing reagents are 
expensive, and the cost of a single assay is high. DOT- 
MGA is notably superior to the broth microdilution 
method and direct-from-blood-culture disk-diffusion 
method in terms of speed and easy operation. The final 
results demonstrated good detection performance of this 
approach, with >93% result consistency generated by 
DOT-MGA and the other two testing methods for all 
seven antibiotics. For the false-positive and false- 
negative results of individual strains, the MIC may be 
too close to the sensitive breakpoint concentration. 
Conclusively, the approach adopted in this study offers 
the advantages of simple and easy operation, high effi
ciency, low cost, and high consistency with reference 
methods. Once the optimal laboratory workflow is con
firmed, AST results can be generated within the same 
working shift in microbiology laboratories and delivered 
to clinicians. This process accelerates the diagnosis and 
treatment of BSI, enables early effective antimicrobial 
treatment that might lower mortality rates, and provides 
considerable support for treatment decision-making and 
patient management.

Table 2 Performance of DOT-MGA on Identifying Non-Susceptible Strains with Results Generated Using Direct-from-Blood-Culture 
Disk-Diffusion Method as the Benchmark

Antibacterial Agents Efficiency (100%) Sensitivity (100%) Specificity (100%) Classification Consistency (100%)

Ampicillin 100 100 100 100

Ceftriaxone 100 100 100 100

Tobramycin 100 88.9 100 95.5
Ceftazidime 100 94.1 100 97.7

Aztreonam 100 94.1 100 97.7

TMP-SMX 100 95.5 90.9 93.2
Gentamicin 100 100 100 100
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Moreover, although the executive standards of the 
direct-from-blood-culture disk-diffusion method for genta
micin are not specified in the CLSI M100 S13 document, 
our study showed a 100% consistency of results generated 
by DOT-MGA, the broth microdilution method, and 
direct-from-blood-culture disk-diffusion methods. Due to 
insufficient energy, we only evaluated the accuracy of 
target-plate microdroplet growth assays on blood cultures 
for the aforementioned seven antibiotics. In addition, we 
only selected and tested E. coli and Klebsiella pneumoniae 
in this study; however, other researchers have suggested 
that this approach also featured high accuracy in the AST 
of Staphylococcus and Pseudomonas aeruginosa.5,12 We 
expect multiple antibiotics to be deposited on the disposa
ble MS target plate in the “lyophilized powder” form so 
AST results can be obtained within several hours after 
a bacterial suspension is applied to the plate. Easy-to-use 
disposable target plates do not require cleaning and can 
prevent contamination of the specimens, which is crucial 
for AST. Notably, this approach integrates bacterial iden
tification and AST into the same platform, which largely 
reduces deviations in AST results caused by different 
operators involved in the two independent tests.

Summarily, this study has proven the feasibility and 
accuracy of DOT-MGA directly on positive blood cultures 
for rapid AST, which is conducive for inhibiting antimi
crobial-resistant microorganisms in clinical practice and 
epidemiology. However, further studies need to be con
ducted to standardize and optimize test conditions and 
evaluation criteria.
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