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A B S T R A C T   

The rapid spread of antibiotic resistance has become a significant threat to global health, yet the development of 
new antibiotics is outpaced by emerging new resistance. To treat multidrug-resistant bacteria and prolong the 
lifetime of existing antibiotics, a productive strategy is to use combinations of antibiotics and/or adjuvants. 
However, evaluating drug combinations is primarily based on end-point checkerboard measurements, which 
provide limited information to study the mechanism of action and the discrepancies in the clinical outcomes. 
Here, single-cell microfluidics is used for rapid evaluation of the efficacy and mode of action of antibiotic 
combinations within 3 h. Focusing on multidrug-resistant Acinetobacter baumannii, the combination between 
berberine hydrochloride (BBH, as an adjuvant) and carbapenems (meropenem, MEM) or β-lactam antibiotic is 
evaluated. Real-time tracking of individual cells to programmable delivered antibiotics reveals multiple phe-
notypes (i.e., susceptible, resistant, and persistent cells) with fidelity. Our study discovers that BBH facilitates the 
accumulation of antibiotics within cells, indicating synergistic effects (FICI = 0.5). For example, the combination 
of 256 mg/L BBH and 16 mg/L MEM has a similar killing effect (i.e., the inhibition rates >90%) as the MIC of 
MEM (64 mg/L). Importantly, the synergistic effect of a combination can diminish if the bacteria are pre-stressed 
with any single drug. Such information is vital for understanding the underlying mechanisms of combinational 
treatments. Overall, our platform provides a promising approach to evaluate the dynamic and heterogenous 
response of a bacterial population to antibiotics, which will facilitate new drug discovery and reduce emerging 
antibiotic resistance.   

1. Introduction 

The rapid spread of antibiotic resistance has become a significant 
crisis in the 21st century. Not only have bacteria become resistant to 
existing antibiotics, but new resistance mechanisms are constantly 
emerging, significantly outpacing new antibiotics’ development. Recent 
surveys have shown that less than ten antibacterial agents have been 
approved by FDA since 2017, none of which is against Gram-negative 
strains [1]. For those in the preclinical pipeline, substantial trans-
lational hurdles have yet to be overcome [2]. These hurdles would only 
lead to an escalated crisis in the post-antibiotic era without immediate 
action [3]. 

Many multidrug-resistant pathogens are sensitive to few or no anti-
biotics. A typical example can be seen in multidrug-resistant Acineto-
bacter baumannii (MDR A. baumannii), which causes most hospital- 
acquired infections and high mortality rates in intensive care units 
[4]. Currently, few options exist to treat MDR A. baumannii-related in-
fections [5]. Carbapenems used to be “last-line” antibiotics until 
recently when carbapenem-resistant A. baumannii escalated globally and 
is on the top list of the WHO priority pathogens [6]. In the absence of 
new-class antibiotics to treat these multidrug-resistant Gram-negative 
infections, combination therapy has been a vital option to treat severe 
cases, especially when monotherapy fails [7]. 

Combinations of existing antibiotics or antibiotics with non- 
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antibiotic adjuvants have already been used in clinics to treat severe 
infections [8,9]. Some defined formulations, such as the streptomy-
cin/penicillin combination, have been verified as a congruous synergism 
to treat enterococcal infections [8]. Antibiotic combinations are usually 
evaluated with the checkerboard method using static antibiotic con-
centrations. However, many in vitro studies are conflicting, and despite 
some combinations showing enhanced efficacy in vitro, their clinical 
outcomes are often contradictory [7,10]. These discrepancies are widely 
recognized and reflect the complexity of the interactions between mul-
tiple compounds regarding their inhibition or killing mechanisms on 
bacteria [11]. 

One fact contributing to the complexity is the heterogeneity of in-
dividual bacterial cells in a population. These individual differences play 
an important role in bacteria surviving lethal antibiotic stress [12]. 
Different phenotypes, such as resistant cells, persistent cells, and viable 
but non-dividing cells, have all been observed in bacteria isolates, which 
can contribute to antibiotic-treatment failures and the recurrence of 
infections [13–15]. The heterogeneous phenotypes, albeit in small 
numbers in a population, can be triggered by many factors [14,16]. In 
addition, there are links between antibiotic-resistant cells and other 
phenotypes, such as persistent cells [17,18]. However, traditional in 
vitro screening of antibiotic combinations is based on an end-point 
measurement of the minimum inhibitory concentration of a bulk cul-
ture. It thus can’t reveal these keys, hidden heterogeneous responses. 

The advancement of microfluidic technologies has fuelled the rapid 
development of pathophysiological studies and drug discovery [19,20], 
especially, single-cell technology-based research, which enables in situ 
observation of individual cells under well-controlled conditions 
[21–24]. Microfluidic devices, such as mother machine [25], agarose 
microfluidic channels [26] and chemostatic devices [27] have been used 
to immobilize cells on-chip to allow real-time tracking of individual cells 
under imposed stresses. Many phenomena, such as antibiotic-induced 
opportunistic persistence [28], and the evolution of microorganisms 
under antibiotic treatments [29] have been discovered, which signifi-
cantly accelerate our understanding of factors that contribute to the 
failure of antibiotic treatments. 

Here, we demonstrate single-cell microfluidics as a powerful plat-
form for investigating the effectiveness and mechanisms of antibiotic 
combinations. We focus on evaluating the potential of carbapenems 
antibiotics with berberine hydrochloride (BBH, an extract from plants) 
as an adjuvant to treat MDR A. baumannii. Recently, it was found that 
BBH can re-sensitize MDR A. baumannii to some broad-spectrum β-lac-
tam antibiotics that are barely effective due to bacterial resistance [30]. 
By in situ monitoring individual cells over time, we can quantitatively 
measure their growth characteristics (e.g., growth rate and lag time) and 
the heterogeneity of the population. This, coupled with the program-
mable delivery of different drug treatments, allowed us to identify 
different phenotypes (i.e., susceptible, dormant, resistant, and persistent 
cells). Importantly, the time-course delivery of the combination com-
pounds provides vital information to understand interactions between 
the compounds and the mode of action. We show that single-cell ap-
proaches can provide rapid, rich information to guide bulk or in vivo 
testing and enhance our ability to evaluate and predict the efficacy of 
new combination therapy. 

2. Materials and methods 

2.1. Microfluidic platform 

The microfluidic platform was fabricated as described previously 
[31]. In brief, a PDMS replica was made against a silicon mould, and 
then it was bonded to a clean coverslip through oxygen plasma treat-
ment. The platform consists of two parallel channels (50 μm width × 10 
μm height) and eight identical microchambers (200 μm length × 80 μm 
width × 0.74 μm height). A lower height region (about 0.4 μm) served as 
a barrier to block cells in the chamber during the cell loading process. 

2.2. Bacterial strains and antimicrobial agents 

A. baumannii strain MDR-TJ was isolated from a patient’s sputum at 
the Second Hospital of Tianjin Medical University, China [32], and its 
resistance profile showed in Table S1. The strain was stored in LB broth 
with 25% glycerol at − 80 ◦C and was streaked to form a single colony to 
ensure optimal growth and purity before testing. Berberine hydrochlo-
ride, sulbactam, meropenem, and mecillinam were dissolved in steril-
ized deionized water at a final concentration of 2048 mg/L and stocked 
at − 20 ◦C. 

2.3. MIC determination and synergy assays 

A microdilution broth method was used to determine the MICs 
(Minimum Inhibitory Concentrations) recommended by the document 
M100 of the CLSI [33]. The checkerboard assay was used to determine in 
vitro synergistic activity of antibiotic combinations [34]. 

2.4. Cell culture and inhibitory tests on chip 

MDR-TJ strain was cultured in cation-adjusted Mueller Hinton broth 
(CAMHB) at 37 ◦C overnight and then re-cultured with a dilution of 1% 
in the same fresh medium to reach an OD600nm of about 0.6–0.8. Cells 
were centrifuged, washed twice with PBS, and then diluted with PBS to 
an OD600nm of about 0.02 as the cell loading solution. The cell solution 
was delivered through the loading channel at a speed of 2 μL/min whilst 
the medium was delivered through the other channel at 0.15 μL/min to 
trap cells in the microchambers. After that, only the medium was 
delivered to both channels and kept at 0.15 μL/min. All on-chip cultures 
were performed at 37 ◦C in a commercial thermos plate (TPi-SQX, Tokai 
Hit Co., Ltd., Japan). A more homogeneous population was found at 
37 ◦C compared to that at room temperature (~25 ◦C) (See Fig. S1). For 
inhibitory tests, the antimicrobials of designed concentrations were 
added to the CAMHB medium, and the CAMHB medium only was used 
as the control. For kinetic studies, the CAMHB medium was used to 
replace the drug-containing solutions whenever needed. 

2.5. Live/dead cell staining 

LIVE/DEAD BacLight Bacterial Viability Kit (L13152, Invitrogen) 
was used for characterising live and dead cells at the end of tests. The 
flow rate of the staining solution (30 μM of propidium iodide and 6 μM 
SYTO 9 in PBS) was maintained at 0.15 μL/min. Fluorescence imaging 
was conducted after ~1.0 h of staining. SYTO 9 (green) was detected 
using 455–495 nm (excitation)/505–555 nm (emission) and propidium 
iodide (red) using 533–558 nm (excitation)/570–640 nm (emission), 
respectively. 

2.6. Image acquisition 

A fluorescence inverted microscope (Zeiss Axio Observer 7) equipped 
with a 40 × /0.6 objective lens or an inverted fluorescence microscope 
(Olympus I×83) equipped with a 60 × /0.70 objective lens was used to 
record bright field and fluorescence images. Time-lapse images were 
acquired at an interval of 20 min or 10 min throughout the experiments. 

2.7. Calculation of the growth parameters μ and λ 

All images were processed with Image J to calculate the specific 
growth rates (μ) and lag time (λ) as previously described (also see 
Fig. S2) [31]. 

2.8. TDtest essay 

The TDtest assay was performed to verify whether MDR-TJ showed 
bacterial tolerance or persistence under the meropenem (MEM) 
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treatment [35]. The procedure contains three steps: 1). 100 μL of bac-
terial suspension (OD600nm = 0.2) was spread onto an MHA plate before 
adding 60 μg of MEM to the centre of this plate to form an inhibition 
zone. 2). 2 mg of glucose was added to the centre of the inhibition zone 
for identifying tolerant or persistent cell growth. 3). The tolerant or 
persistent colony was picked up for inhibition tests following the pro-
cedure in step 1). Tolerance or persistence was confirmed if they shared 
the identical inhibition zone with their parental strain. 

2.9. Statistical analysis 

For each condition, at least two to three independent experiments 
were conducted, and 60–100 single colonies were randomly selected. All 
results were shown as the mean ± standard deviation. Statistical anal-
ysis was carried out with the unpaired one-way analysis of variance 
(ANOVA) by GraphPad Prism 8 software system. Statistical significance 
was determined when the P value < 0.05. 

3. Results 

3.1. Multi-step assay on-chip and real-time monitoring of individual cells 

A multi-layered microfluidic device was fabricated as described 
before (Fig. 1a) [31]. Cells were trapped in the middle chambers to form 
a monolayer cell culture, facilitating in situ imaging. Medium, with or 
without antibiotics, was delivered continuously from the side channels. 
This continuous flow culture removed metabolic waste and maintained 
the nutrients, akin to a chemostat culture. The flow rates in both side 
channels can be easily controlled to achieve the required operations, 
namely 1) cell trapping, 2) rapid exchanging of reagents, 3) removing 
overgrowing cells from the chamber, and 4) collecting targeted cells 
off-chip. These capabilities allow real-time observation of the same cells 

under a series of antibiotic treatment regimens (e.g., single drug, com-
bined drug, in sequential drug treatments), revealing diverse phenom-
ena of dynamical responses of individual cells. Importantly, successive 
assays can be applied to identify rare subpopulations of resistant or 
persistent cells with fidelity and retrieve them off-chip for further 
studies. This function offers unique advantages in linking single-cell 
studies with conventional population methods compared with previ-
ous systems [15]. 

MDR A. baumannii cells are normally short, rod-shaped and present 
as a pair of two connected cells (Fig. 1b). Typical time-lapse images 
showed that most single colonies started from a single pair that was also 
divided as a pair (Fig. 1b, indicated by red stars) as if they were one 
entity. Since a pair behaved as one entity, the colonies derived from one 
pair can be considered “single-cell” colonies. With the culture medium 
alone, most cells grew, but a few cells did not show any changes over the 
whole duration of on-chip testing (i.e., 2 h), which are termed as 
“dormant cells” (Fig. 1b, indicated by red arrows). 

Colonies originating from these growing individual cells/single pairs 
were analysed from time-lapse images to derive their specific growth 
rates (μ, h− 1) and lag times (λ, h) (i.e., the delay time in the growth phase 
when bacteria adapt to new environments) (Fig. S2) [23]. With these 
rich individual data, we can easily derive the average values of the 
population and the heterogeneity of the population from the correlated 
individual μ− λ distributions [31]. Furthermore, the duration of the lag 
phase can indicate how bacteria cells resist antibiotic stress, and often 
extended lag time offers bacteria survival advantages and promotes 
regrowth upon the removal of antibiotics [36,37]. 

It was found that the average growth rates μ of the population from 
the single-cell on-chip assay (1.61 ± 0.17 h− 1) matched well with that of 
conventional broth culture (1.44 h− 1±0.24 h− 1) at 37 ◦C (Table S2). In 
addition, most of the cells had a short lag time for on-chip culture (~0.1 
h), indicating the excellent ability of MDR A. baumannii to adapt to new 

Fig. 1. (a) The microfluidic device. The side channels were used to deliver cells and medium. A monolayer of cells was trapped in the middle microchamber. (b) 
Typical time-lapse optical images of the MDR A. baumannii in microchambers. 
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environments. 

3.2. Characterize the dynamic inhibition processes by each compound 

To understand the action of a synergistic combination in treating 
multidrug-resistant bacteria, an in-depth evaluation of how each com-
pound inhibits the strain is indispensable. Using the microfluidic device, 
we first tracked the real-time response of the MDR-TJ strain treated by 
either BBH or MEM alone, as detailed below. The morphological vari-
ations and growth characteristics of individual cells under a range of 
concentrations reveal invaluable information about the means deployed 
by the resistant strain to battle the antibiotics. 

BBH has weak antibacterial activity against MDR A. baumannii with a 
MIC value of 1024 mg/L (Table S3). The on-chip study showed that most 
cells kept dividing and hardly changed their morphology, even at 800 
mg/L BBH (Fig. 2a). For these dividing cells, the average growth rate 
was slightly reduced to 1.35 h− 1 with 256 mg/L BBH and to 1.35 h− 1 

with 800 mg/L BBH in comparison with the control without BBH (i.e., 
1.61 h− 1) (Fig. 2d). However, there were no significant effects on the 
cells’ lag time (Fig. 2e). Interestingly, it was found that the percentage of 
dormant cells increased to 6.79% with 256 mg/L BBH and to 25.4% with 
800 mg/L BBH, compared to 1.95% under control (Table S4). Although 
the dormant cells did not divide, live/dead assays revealed that some are 
viable (Fig. 2a, indicated by a white circle). Dormant cells have low 
metabolic activities, which has been an important mechanism for bac-
teria to tolerate antibiotic stress [15]. These results suggested that the 

MDR A. baumannii strain contains a range of heterogeneous phenotypes, 
and BBH could reduce the metabolic activities of cells. 

Meropenem (MEM) is a broad-spectrum carbapenem antibiotic and 
the MDR-TJ strain is resistant to MEM based on the MIC of MEM (i.e., 64 
mg/L) (Table S3). MEM treatments induced obvious morphological 
changes in cells, which also depended on both time and MEM concen-
trations (Fig. 2b). At a lower concentration (i.e., 16 mg/L MEM), most 
individual cells began to swell after 80 min. However, most of the pairs 
kept dividing in the new dumbbell shape (indicated by the red arrows in 
Fig. 2b). Like the effect of 800 mg/L BBH, no significant difference in lag 
time was observed, and the average growth rate reduced to 1.36 h− 1 (i. 
e., 84.5% of the control, P < 0.0001) (Fig. 2d). The distribution of in-
dividual cell growth rates widened significantly. Since MEM mainly 
targets penicillin-binding proteins (PBPs) - the essential enzymes for the 
synthesis of the bacterial cell wall [38], the morphological trans-
formation directly reflects the degree of growth inhibition by the MEM 
stress, which is characterized by substantial heterogeneity in cell re-
sponses at the sub-MIC concentration of 16 mg/L. 

At the MIC of MEM (i.e., 64 mg/L), the swelling of some cells 
occurred much earlier (~40 min) in comparison with MEM at 16 mg/L. 
For the initially growing cells, their growth rates started to decline after 
20 min (i.e., negative gradient) (Fig. 2c), indicating the disintegration of 
cells. Many cells remained unchanged throughout the 2-h treatment and 
were confirmed dead with PI staining (Fig. 2b). These unchanged cells 
were also been lysed in the later stage (indicated by the red circle in 
Fig. 2b). This suggests that high MEM concentrations accelerated the 

Fig. 2. Time-lapse images of MDR A. baumannii under treatments by (a) BBH or (b) MEM alone at different concentrations (unit, mg/L) for 120 min. Live cell staining 
(SYTO9, green colour) and dead cell staining (propidium iodide, red colour) were performed to verify cell status. Images for 800 mg/L BBH are similar to 256 mg/L 
BBH. No live cells were observed for MEM>64 mg/L. The growth curves (c), the specific growth rate (d), and the lag time (e) of MDR A. baumannii at different drug 
concentrations. BBH: berberine hydrochloride; MEM: meropenem. (****p < 0.0001, one-way ANOVA with Tukey’s post hoc comparison). 
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inactivation of PBPs, leading to rapid cell death and, subsequently cell 
lysis. Similar results were observed at the higher MEM concentrations of 
320 mg/L and 512 mg/L (i.e., 5x and 8x of the MIC value) with steeper 
negative gradients of colony growth after 20 min (Fig. 2c), indicating 
faster disintegration of dead cells. These results demonstrated that the 
higher concentration, the faster the inhibition/killing action of MEM. 

It is worth noting that many cells did not show any changes at ≥ MIC 
concentrations. Although most were PI stained as dead cells, few cells 
may survive under these lethal treatments. Previous work showed such 
cells, either as persistent cells or tolerate cells, were commonly found in 
multi-drug resistance bacteria, and contributed to the failure of anti-
biotic treatments [39,40]. To examine their existence, after 5 h of 
treatment with 512 mg/L MEM, a fresh medium was reintroduced to 
culture cells (Fig. 3a). It was found that a few cells resumed their growth 
after a long lag time (about 9.5 h) with a growth rate of 1.91 h− 1 

(Fig. S3), reaching similar initial growth rates to that without antibiotic 
treatment. However, these cells are rare in the population (<0.04%, 
Table S5). Notably, via changing pressure in both side channels, we were 
able to release these regrowing cells from the chip and collect them for 
off-chip culture and additional assays. It was found that their MIC values 
against MEM (64 mg/L) were the same as the original cells (Table S5), 
which resembled previously reported drug-induced persistent cells [14]. 

To corroborate our findings from the single-cell study, we further 

carried out the population-based TDtest essay as reported [35]. After 
adding glucose to the centre of the inhibition zone, several colonies 
formed in the inhibition zone (Fig. 3b), illustrating the existence of the 
tolerant/persistent cells in the population. These results proved that 
high MEM concentration could induce persistent cells in MDR 
A. baumannii, suggesting the importance of using suitable antibiotic 
dosages in clinical treatments. 

3.3. Phenotypical changes provide insights into the mode of action of 
BBH/MEM combination 

Next, we employed the single-cell platform to investigate the 
response of MDR A. baumannii under the treatment of BBH/MEM com-
binations. Via conventional checkboard assays, we found that the total 
fractional inhibitory concentration index (FICI) of BBH/MEM combi-
nations is 0.5 (Table S3), which indicates a synergistic effect [34]. The 
MIC concentration for the BBH/MEM combination is 256 mg/L BBH 
with 16 mg/L MEM, which reduces the MEM dose to one-quarter of its 
MIC when used alone. To evaluate whether the synergy could be applied 
to similar classes of antibiotics, the antibiotic mecillinam (MEC) that 
inhibits PBP2 proteins was also examined [41]. BBH/MEC combination 
also demonstrates a synergistic effect with its FICI value of 0.5 
(Table S3). 

Fig. 3. (a) Bacterial persistence under a high dosage of MEM. After 5 h of treatment, the MEM solution was replaced with a fresh medium. No changes were observed 
in the first 9 h of culture in a fresh medium (data not shown). The red arrow indicates a persistent cell. (b) The TDtest essay. It was performed to verify bacterial 
tolerance or persistence under a high dosage of MEM treatment. Step 1: the diameter of the inhibition zone = 19 mm (indicated by an open white circle). Step 2: 
colonies indicated with a red circle formed inside the inhibition zone after glucose addition, indicating the tolerant/persistent cells. Step 3: The diameter of the 
inhibition zone (indicated by an open white circle) for the tolerant/persistent cells (originated from the single colony indicated with a red circle in Step 2) is 19 mm, 
the same as its parental strain. MEM: meropenem. 
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On-chip assay of the BBH/MEM and BBH/MEC combinations were 
carried out at their respective MIC values. At the BBH (256 mg/L)-MEM 
(16 mg/L) combination, many cells became swollen within 40 min. After 
2 h, almost all cells were swollen to a certain degree and were stained as 
dead cells, indicating compromised membranes of bacteria (Fig. 4a). 
After 2 h of the treatment, the fresh medium was re-introduced to cul-
ture cells; however, no cells were found to resume growth (Fig. S4). This 
phenomenon was in drastic contrast with single MEM of 16 mg/L, where 
most of the cells kept dividing during the whole period of treatment, and 
only a few cells became swollen (Fig. 2b, red arrow indicated). This early 
transition to the swollen morphology was also observed at the MIC 
concentration of MEM alone (i.e., 64 mg/L) (Fig. 2b), indicating BBH 
may have contributed to the MEM accumulation within cells and 
consequently accelerated the killing process. 

Similarly, when cells were treated with 256 mg/L of MEC alone, cells 
swelled, and continuous cell division was observed -similar to cell 
response at 16 mg/L of MEM (Fig. 4a). This phenotype between MEM 
and MEC is similar since both of them inhibit PBP2 proteins [41]. 
However, at the BBH (256 mg/L)-MEC (256 mg/L) combination, almost 
all cells remained unchanged throughout the whole treatment and were 
characterised as dead cells via live/dead staining (Fig. 4a) or re-culture 
method (Fig. S4). Cell growth rates were also reduced under treatment 
with either MEM/BBH or MEC/BBH (Fig. 4b). These results corroborate 
well with our recent finding that BBH is bound to the AdeB multi-drug 
transporter protein in A. baumannii, which could contribute to reduced 
extrusion of antibiotics by the AdeABC pump [30]. 

3.4. Kinetic studies of antibiotic combination on-chip 

The kinetics of an antibiotic in the body (e.g., changes in antibiotic 
concentration) play a vital role in determining the success of treatments 
as well as minimizing the emergence of resistance [42–44]. For an 
antibiotic combination, each compound may have different pharmaco-
kinetics, and not all the compounds can reach the targeted site at the 
same time. To understand whether this time interval between the 
compounds affects the killing efficiency of a combination, we carried out 
a series of kinetic studies, varying the different sequences and intervals 
of delivering MEM or BBH at the MIC concentration of the MEM/BBH 
combination. 

Considering the doubling time of cells on-chip is ~26 min (Table S2), 

we treated cells first with either 16 mg/L BBH or 256 mg/L MEM for 40 
min and followed by the BBH/MEM combination at its MIC value 
(denoted as 16 MEM (40min)-16 MEM/256 BBH (140min) or 256 BBH 
(40min)-16 MEM/256 BBH (140min)). Similar to the phenomena 
observed above (Fig. 4a), most cells were dividing within the first 40 
min but became swollen at 80 min (Fig. 5), indicating the mechanism of 
action of BBH or MEM. Surprisingly, most cells became swollen and 
divided continuously under the subsequent treatment of BBH/MEM. 
This contrast with the effective killing observed when the combination 
drug was delivered together from the onset (Fig. 4a). However, when the 
interval between the sequential mono-treatment in the MEM/BBH 
combination was reduced to 10 min before substantial cell swelling 
occurred (denoted as 256 BBH (10min)-16 MEM/256 BBH (170min)), 
the killing efficiency of the combination was comparable to the 16 
MEM/256 BBH treatment without interval (Fig. 5, Fig. S5). 

To further examine the discoveries from the single-cell approach, 
similar evaluations were conducted with conventional bulk culture, 
where cells were treated with a single compound (either 256 mg/L BBH 
or 16 mg/L MEM) for a series of different durations firstly (i.e., 0.5h, 1h, 
2h, 4h, and 6h) and followed by the BBH/MEM combination treatments. 
In both scenarios, the inhibition rates decreased with increased intervals 
compared to no pre-single combination treatment (i.e., MEM/BBH) 
(Fig. 6). The inhibition rates dropped below 90% in pre-treatments 1 h 
for 16 mg/L MEM and 4 h for 256 mg/L BBH. These results highlighted 
that the dynamic or time-course interaction between compounds could 
eliminate the synergistic effects of combination treatments and induce 
an adverse impact. Therefore, a thorough evaluation of their pharma-
cokinetic/pharmacodynamic (PK/PD) parameters is essential to realize 
their synergistic effects in tackling MDR-bacterial infection. 

4. Discussion 

In the era of increased bacterial resistance to existing antibiotics, 
whilst no new classes of antibiotics for Gram-negative pathogens are 
available in the near future, antibiotic combinations offer an important 
strategy to combat resistant strains (especially those on the WHO pri-
ority list) and prolong the lifetime of clinically validated drugs [8]. An 
ideal combination treatment can improve killing efficacy, suppresses the 
emergence of resistance and minimize toxicity to the host. In addition, 
drug combinations would normally be applied to severe infections 

Fig. 4. (a) Time-lapse images of cells under single/combined drug treatments for 120 min. Dead cells in combinational treatments at the end of testing were stained 
with propidium iodide (PI), represented in red. (b) Correlated growth curves. BBH: berberine hydrochloride; MEM: meropenem; MEC: mecillinam. 
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where causative pathogens often feature multi-resistance and various 
survival modes (e.g., tolerance and heteroresistance) [9,45]. To date, 
the mechanism of action in most empirical antibiotic combinations used 
in clinical is poorly understood [8]. 

In the past decades, advances in single-cell analysis have signifi-
cantly facilitated the discoveries of mechanisms underlying bacterial 
response to antibiotic stresses [45,46]. For instance, single-cell micro-
fluidics platforms have been developed for rapid antibiotic susceptibility 
testing [47,48] and studying antibiotic resistance mechanisms [49]. 
However, there are limited studies to investigate the dynamics of com-
bination drugs towards the same/historical bacteria in situ observation. 
With our single-cell microfluidic system, morphological changes of 
native cells were recorded in real-time. Since morphological trans-
formation is part of bacteria’s normal life cycle in response to stress 

(such as starvation, and antibiotics) [50], this provides rich information 
to study the mode of action and the resistance mechanisms under 
different drug treatments sequentially. 

By obtaining the growth characteristics of individual cells, we 
revealed the heterogeneous response of MDR A. baumannii under 
different antibiotic treatments (Fig. 2b; Fig. 4a; Fig. 5). The ability of 
programmable delivery of multiple treatments on the same cells enabled 
us to track correlated (or historical) responses of individual cells, 
revealing unprecedented information to study mode of action. We found 
BBH alone had a weak inhibition effect on MDR A. baumannii, while high 
concentrations of MEM alone showed effective killing efficiency; the 
persistence cells also existed. Importantly, with the ability to dynami-
cally exchange reagents, and remove and retrieve cells off-chip for long- 
term investigations, this platform allowed us to study the dynamic 
interaction of the compounds. To date, most in vitro evaluations of drug 
combinations are based on the endpoint and population measurements 
of defined formulations; however, such approaches fail to consider 
different kinetic factors of each compound in vivo (e.g., different 
pharmacodynamics). As we illustrated for the first time, the outcome of 
cells being treated with or without time intervals between the two 
compounds in a combination could be significantly different. For the 
BBH/MEM combination, the initial treatment (i.e., >1 doubling time) of 
the cells with any compound could eliminate the synergistic effect of the 
combination (Figs. 5 and 6). This discovery may illuminate many pre-
vious reports of discrepancies between in vitro and in vivo evaluations 
[51,52], highlighting the importance of evaluating pharmacodynamic 
interactions of drug combinations in vitro or in vivo using traditional 
methods or lab-on-a-chip-based approaches [53]. 

5. Conclusion 

With the single-cell microfluidic approach, various mechanisms 
resisting antibiotic treatments have been discovered, including rare 
persistence cells triggered by high-dose antibiotic treatments. It has 
been found that the efficacy of synergistic combinations could be 
severely reduced if the bacteria were pre-treated by any of the com-
pounds. The discoveries illustrate that understanding the potential 

Fig. 5. Kinetic studies of MEM/BBH combinational treatments for 180 min. The period of cells under each treatment was indicated in the above images. “*” denoted 
the periods where bacteria were treated with the combination of MEM/BBH. Live/dead cell staining was performed at the end of the tests. BBH: berberine hy-
drochloride; MEM: meropenem. 

Fig. 6. BBH/MEM combination tests in 96-well plates. Drugs were added 
together or at different time intervals. Cells were treated with the first drug (the 
one before “/“) for the period indicated in the brackets before the addition of 
the second drug. The total treatment period was fixed at 24 h. Inhibition rate =
[1-(OD600nm drugs + bacteria-OD600nm medium)/(OD600nm medium + bacteria-OD600nm 

medium)] × 100%. The combinational treatments with inhibition rates above 
90% (i.e., the red dotted line) were effective against bacteria. The concentration 
of MEM and BBH are 16 mg/L and 256 mg/L, respectively. BBH: berberine 
hydrochloride; MEM: meropenem. 
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pharmacokinetics of antibiotic combinations is pivotal to predicting 
their clinical utility and reducing the emergence of new resistances. 
Overall, our platform provided unique dynamic information on bacteria 
under different drug treatments and in-depth kinetic analysis for com-
bination treatment in vitro, which may aid in drug discovery or large- 
scale screening for synergistic combinations against MDR-bacterial 
infection. 
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