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Abstract
The rise of antibiotic resistance as one of the most serious global public health threats has necessitated the timely clinical
diagnosis and precise treatment of deadly bacterial infections. To identify which types and doses of antibiotics remain
effective for fighting against multi-drug-resistant pathogens, the development of rapid and accurate antibiotic-susceptibility
testing (AST) is of primary importance. Conventional methods for AST in well-plate formats with disk diffusion or broth
dilution are both labor-intensive and operationally tedious. The microfluidic chip provides a versatile tool for evaluating
bacterial AST and resistant behaviors. In this paper, we develop an operationally simple, 3D-printed microfluidic chip for
AST which automatically deploys antibiotic concentration gradients and fluorescence intensity-based reporting to ideally
reduce the report time for AST to within 5 h. By harnessing a commercially available, digital light processing (DLP) 3D
printing method that offers a rapid, high-precision microfluidic chip-manufacturing capability, we design and realize the
accurate generation of on-chip antibiotic concentration gradients based on flow resistance and diffusion mechanisms. We
further demonstrate the employment of the microfluidic chip for the AST of E. coli to representative clinical antibiotics of
three classes: ampicillin, chloramphenicol, and kanamycin. The determined minimum inhibitory concentration values are
comparable to those reported by conventional well-plate methods. Our proposed method demonstrates a promising approach
for realizing robust, convenient, and automatable AST of clinical bacterial pathogens.
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Introduction

The invention and medical use of antibiotics have saved
countless lives and extended the human lifespan by approx-
imately 10 years [1]. However, the overuse and abuse of
antibiotics (e.g., as animal-growth promoters) have stimu-
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lated the development and spread of antibiotic resistance in
bacteria [2, 3], leading to increased challenges in treating
deadly human bacterial infections. The World Health Orga-
nization and the United Nations Environment Programme
have repeatedly raised alarms about the antibiotic resistance
of bacteria as one of the largest threats to global health
in the twenty-first century [4]. Optimizing antibiotic usage
(e.g., selection and dosage) in clinical treatments based on a
minimum inhibitory concentration (MIC) determined from
antibiotic-susceptibility testing (AST) is considered of great
importance for lowering mortality rates caused by antibiotic
resistance [2].

Common AST methods based on broth dilution and disk
diffusion identify changes in the turbidity of culture media
by measuring optical density (OD) or the inhibition zones
on agar plates [5, 6]. While these methods have been widely
used in clinical tests, food safety, and environmentalmonitor-
ing, they are often labor-intensive and relatively expensive.
Most importantly, they involve tedious manual operations
and are time consuming (e.g., because of operations such as
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culture plating and dilution). Recently, microfluidic technol-
ogy has beenwidely used in biology to simplify and automate
these processes, enabling the use of a convenient platform
for small-volume, automated, high-throughput, and precise
liquid control [7]. These advantages have spurred efforts to
develop various microfluidic chips for bacteria testing, such
as optical [8], electrochemical [9], and magnetic chips [10].
Specifically for bacterial AST,microfluidic chips provide the
capability of manipulating fluids for the generation of a con-
centration gradient without the tedious dilution steps used in
the standard 96-well plates [11].

For robustAST, it is important to control the fluid to gener-
ate a precisely controlled, antibiotic concentration gradient.
Microfluidics-based methods and devices have considerable
advantages (e.g., easy control and high throughput) for gener-
ating the desired concentration levels [12]. The most widely
used methods include tree-shaped networks, diffusion, and
the microfluidic droplet [13]. Tree-shaped networks based
on mono-phase methods are widely used. Generally, in these
networks, two inlets are designed: one for the reagentwith the
high concentration and the other for the diluted reagent. The
adjacent branch channels combine and mix reagents at each
stage to yield one additional stream with a different concen-
tration based on the splitting ratios [14]. Despite its simple
design, this method is limited by its relatively large device
footprint, its shearing, and its propensity for easy channel
clogging [13, 15]. A diffusion-basedmicrofluidic chip is usu-
ally fabricated with two channels, i.e., a source channel and
a sink channel. The concentration gradient changes gradu-
ally and typically reaches stability within 20 min [16]. Kim
et al. [17] presented a diffusion-based gradient concentra-
tion chip used for rapid AST with optical image acquisition
and analysis. However, the continuous areas along the chan-
nels failed to react independently, which can result in an
inaccurate estimation of the MIC values [16]. Microfluidic
droplets may overcome the aforementioned limitations of
the tree-shaped network and diffusion methods by form-
ing independent droplets to avoid cross-contamination. The
high-throughput generation of droplets encapsulating bacte-
ria employs a flow-focusing microfluidic chip, and a broad
range of the antibiotic concentration gradient is obtained by
adjusting its flow rate [18]. However, yielding stable droplets
hosting the same number of bacterial cells is challenging [8,
19]. Thus, current methods for generating a precisely con-
trolled antibiotic concentration gradient still face one ormore
limitations such as a large footprint, inaccurate concentra-
tion, and complex control.

In contrast to tree-shaped chips, continuous diffusion
chips, and droplet chips, the droplet-trapping system is a
promising method for generating both gradient concentra-
tion and isolated chambers by trapping the liquid based on
two-phase flow [20]. In brief, liquids with an initially high
concentration of reagents are injected which become trapped

in the chambers, followed by the injection of a dilution buffer,
which mixes with the reagent droplets to form different con-
centrations. The number of chambers is adjustable, from
several to hundreds. The generated concentration can also be
controlled by changing the initial concentration. This system
enables flexibly controlled, high-throughput, and indepen-
dent chambers, which represent a platform for AST in a
large dynamic range of gradient concentrations [21, 22].
In this study, we developed a novel, 3D-printed microflu-
idic gradient concentration chip (μGCC) and combined it
with resazurin-based bacterial metabolism assays to realize a
rapid antibiotic-susceptibility test in 5 h (Fig. 1a). Resazurin
is a useful and minimally toxic fluorescent dye for tracing
bacteria cell metabolism and is commonly used for rapid
AST [21]. The employment of digital light processing (DLP)
3D-printing technology which has been widely used for fab-
ricating complex microfluidic chips due to its rapid printing
speed, simple operation, and low equipment cost [23, 24]
provides an efficient fabrication of microfluidic chips, com-
pared with conventional photolithography [25].

This paper reports on (i) the design and fabrication of
a DLP-printed microfluidic chip, (ii) the antibiotic gradient
concentration-generating mechanisms, and (iii) the tech-
niques used for trapping and storing independent droplets,
and optimization for stable and adjustable concentrations of
antibiotics. As a demonstration, we used the DLP-printed
chip for assessing the susceptibility of E. coli MG1655 to
three antibiotics, which allowed for a rapid and accurate
determination of MIC levels comparable to those reported
for the conventional 96-well plating method. The morpho-
logical changes of E. coli cell-size subject to different types
and concentrations of antibiotics were observed and the cell
phenotype changes were examined.

Material andmethods

Preparation of biochemical reagents and antibiotic stocks

Phosphate-buffered saline (PBS, 10 mM, pH 7.4; Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) was used
to prepare the reaction solutions. Bovine serum albumin
(BSA) from Macklin (Shanghai, China) was prepared in
PBS (1.0%, w/v). Ampicillin sodium salt was obtained from
Solarbio (Beijing, China), and kanamycin sulfate and chlo-
ramphenicolwere obtained fromMacklin (Shanghai, China).
Ampicillin (5%, w/w) was prepared in a saturated NaHCO3

solution, kanamycin (5%, w/w) was prepared in deionized
water (18.2 M�·cm, Millipore, MA, USA), and chloram-
phenicol (5%, w/w) was prepared in ethanol. All these
solutions were stored at − 20 °C. The antibiotic stock solu-
tions were stored at 4 °C after sterilization by filtration
(0.2 μm).
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Fig. 1 Schematic showing the design and application of a 3D-printed
microfluidic gradient concentration chip (μGCC) for AST of bacteria.
a 3D printing of the microfluidic chip and the process of AST for bacte-

ria; b the process of generating gradient concentration in the chip—the
top left in each picture represents the enlargement of the chambers in
different processes (scale bar: 2 mm)

Preparation of bacterial cell cultures

To verify the utility of the chip design, E. coli MG1655 was
used as the model bacteria. They were revived by streaking
on Luria–Bertani (LB) agar plates and cultured in LB broth
at 37 °C at 180 r/min for 14–18 h to achieve an estimated
concentration of about 109 CFU/mL (colony-forming unit
per milliliter). The cultured bacteria were then serially ten-
fold dilutedwithLBbroth for testing antibiotic susceptibility.
For cell enumeration, 100 μL of serially tenfold-diluted cul-
tures (with sterile PBS) was plated onto LB agar plates. The
plates were incubated at 37 °C for 22–24 h, and the visible
colonies were counted.

3D printing using digital light processing

The microfluidic gradient concentration chip is the crucial
component of the proposed AST system (Fig. 1). The mold
was initially designed and patterned on a platform with 95
layers of 3D geometrywith a 40μm thickness using thewell-
established soft lithography technology. We modified the
original design by scaling up its thickness to 3.8 mm. It was

later created by the DLP process (Fig. 1). A commercial 3D
printer (nanoArch® S140, Shenzhen, China) was used in this
study. It was able to fabricate the model with high-precision
(printing accuracy in the z-direction: 10–40 μm) and in a
larger-format (length: 94mm, width: 52mm, height: 45mm)
based onProjectionMicroLithoStereoExposure [26]. In this
study, we chose the “mode stitch”mode, which is for printing
large models (length>19.2 mm and/or width>10.8 mm). In
this process, the resin layer with 40 μm between the cured
model platform and the elastic film was cured by UV light.
The pre-designed 3D geometry was achieved by repeating
this process in a layer-by-layer manner.

Design and fabrication of the gradient concentration chip

The microfluidic gradient concentration chip (μGCC) was
designed based on the flow-resistance principle to avoid
cross-contamination among droplets hosting different con-
centrations of antibiotics, so that bacterial droplets could
be isolated and trapped in each of the chambers [27].
The gradient concentration chip was fabricated using poly-
dimethylsiloxane (PDMS). The printed model was washed

123



Bio-Design and Manufacturing (2022) 5:210–219 213

and air-dried using ethanol and nitrogen, respectively. Then,
the surface of the printedmodelwas coatedwithEaseRelease
200, a thin release agent (Mann Release Technologies, Penn-
sylvania, USA). Homogeneous PDMS and a curing agent
from Dow Coring (Sylgard 184, Midland, the USA) were
fully mixed at a ratio of 10:1 (w/w) using a stirrer (ARE-
310, Thinky, Japan) at 2000 r/min for 1 min. After PDMS
was fully cured at 80 °C for 2 h, the first cured PDMSwas dis-
carded as it could not be bonded well with the glass because
of the effect of the release agent. The next cured PDMSwith a
surface oxygen plasma (PCE-6, Shenzhen, China) treatment
at 29.6 W for 30 s could be bonded to a glass slide with a
size of 75 mm×25 mm×2 mm and kept in 80 °C for 0.5 h
for further stabilization. Finally, the microfluidic chip was
blocked with a 1% BSA solution for 30 min before starting
the AST assay.

For the AST application, the left image of Fig. 1b shows
the microfluidic chip with a size of 72.5 mm×22 mm×
3 mm, composed of the main channel, the inlet (the radius
of the inlet: Ri � 0.5 mm) for injecting the bacterial culture,
the outlet, and 12 independent chambers (labeled 1 through
12 from inlet to outlet, the radius of the chambers: Rc �
0.8 mm) evenly distributed on both sides of the main channel
for trapping the liquid that was considered the droplet in
the chambers with about 1.5 μL volume. The height of the
main channel and chambers was 0.8 mm. Twelve exhaust
holes were set (the radius of the exhaust hole: Re � 0.3 mm)
at the top of each chamber. In the liquid-loading process,
each chamber and the main channel were first filled with the
reaction solution. The small exhaust hole could facilitate fluid
filling and restrain further fluid movement in the chamber, as
there was much larger flow resistance in it than in the main
channel [21, 28]. After this, a pipette was used to remove the
solution in the main channel, leaving independent droplets
trapped in discrete chambers.

Generation of the gradient concentration

The on-chip antibiotic-susceptibility tests were designed to
be performed in 12 independent chambers with gradient con-
centrations of antibiotics. To visualize the gradient profiles,
we used rhodamine B (MW: 479.0 g/mol), a dye with a
molecular weight similar to the selected antibiotics (MW:
371.4 g/mol, 323.1 g/mol and 582.6 g/mol for ampicillin,
chloramphenicol, and kanamycin, respectively) and PBS to
simulate and visualize the process of generating the antibiotic
gradient concentrations on the chip. Fifty microliters of PBS
solution were injected into the chip to fill the main channel
and the chambers. After this, the liquid in the main channel
was immediately removed using a pipette (Video S1 in Sup-
plementary Information). After generating the independent
droplets in each chamber, 0.5 μL rhodamine B was injected
in two-plug formulation with oil. The usage of oil was to

assist the movement of rhodamine B. The two-plug solution
was created using a 10 μL pipette. 2.5 μL of mineral oil was
first loaded with the pipette set to 2.5 μL. Next, the pipette
set wheel was turned from 2.5 to 3 μL when the pipette tip
was dipped into the rhodamine B solution (Video S2 in Sup-
plementary Information). Rhodamine B would diffuse into
each of the chambers as soon as it flowed through the inlet
of the chamber and touched the droplet. The concentration
of rhodamine B would decrease as it flowed through from
chamber 1 to chamber 11; then, the plug of rhodamine B was
retained in the main channel, and chamber 12 could be set
as a blank. Thus, the gradient concentration in the chamber
could be generated (Video S3 in Supplementary Informa-
tion). This process was conducted using a pipette to avoid
using a complex instrument and a timer to help the operator
control the diffusion time. The process could also be automat-
ically controlled by the pump. Finally, droplets were taken
from the exhaust holes in the chamber. The absorbance value
of the liquid in each chamber was measured using Nanodrop
OneC at 554 nm, and the concentration of droplets in each
of the chambers was calculated based on the standard curve
between absorbance and the concentration of rhodamine B.
The concentration gradient of antibioticswas generated using
the same, aforementioned protocol.

The on-chip antibiotic-susceptibility test

Before each AST assay, the chip was washed with 75%
ethanol for sterilization, and then, the channel was covered
with 1% sterile BSA for blocking. The on-chip AST was
started by injecting 50 μL of LB broth bacterial suspen-
sion with resazurin (R7017, Sigma, the USA) that would
be trapped by the chambers. After removing the excess liq-
uid in the main channel, the two-plug, composed of 0.5 μL
of antibiotic and 2.5 μL of mineral oil, was injected into
the main channel using the pipette, and the antibiotic began
to diffuse into the bacterial suspension through the chamber
inlet as soon as the antibiotic flowed through each of cham-
bers. Then, the antibiotic was gradually diffused into eleven
chambers one by one. It was stopped in the main channel
between chamber 11 and chamber 12 to make chamber 12
blank. Finally, all of the holes in the chipwere tapped and cov-
ered by a wet paper towel to avoid evaporation of the culture
medium. Cells in the captured droplets were then cultured
for 5 h at 37 °C with a constant humidity (60%). The fluores-
cence image of each chamber could be taken by a motorized
fluorescence microscope (Ni-E, Nikon, Japan; 4×objective
lens), focusing on the surface of the chambers. The excita-
tion/emission maxima for resazurin were 490/635 nm, and
the exposure time was 500 ms. The fluorescence intensity of
each chamber was determined by ImageJ.
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Antibiotic-susceptibility test

To validate the results of on-chip AST developed by this
study, a gold-standard broth microdilution test was per-
formed by preparing three antibiotics with a range of con-
centrations (1280, 640, 320, 160, 80, 40, 20, 10, 5, 2.5, 1.25,
and 0 mg/L). A 180 μL volume of bacterial suspension with
a final inoculum concentration of about 5×105 CFU/mL
was pipetted into each microwell of a 96-well plate. Then,
20 μL of each prepared antibiotic suspension was added to
each well. Bacteria were incubated in the presence of antibi-
otics for 24 h at 37 °C, and OD600 values were recorded
using a microplate reader (Varioskan LUX, Thermo Fisher,
Waltham, MA, the USA) to determine the initial bacterial
concentration.

Cell morphological observation

The design of the exhaust holes also provides a convenient
method for taking a sample out from the chip for conduct-
ing downstream analysis. After culturing for 5 h, the bacterial
suspension in each chamber could be aspirated using a pipette
from the exhaust hole and then dropped on a glass slide to
inspect bacterial cellmorphology using amicroscope (Olym-
pus, CX23, Japan; 40×objective lens).

Results and discussion

Simulation of the microfluidic gradient concentration chip
with trapped droplets

To better understand the fluid characteristics, we performed a
fluidic, dynamic simulation of flow velocity using COMSOL
5.2. The results showed that when the radius of the exhaust
hole was not smaller than the outlet (R1 ≥R0), it was difficult
to fill the following chambers as the fluid leaked from the
first exhaust hole (Figs. 2a and 2b). Therefore, the size of
the exhaust hole should be smaller than the outlet. Further,
when the liquid remaining in the main channel was removed,
the solutions in each chamber and in the main channel were
separated. In addition, the width of chamber inlet had an
important effect on the process of the liquid filling into the
chamber. Generally, a larger shear stresswould be required to
generate the independent droplets within different chambers
with the increase in width. In this case, there was a loss of the
solution that was trapped in the chambers (Fig. 2c). When
the width of the chamber inlet was reduced from about 0.8
to about 0.4 mm, the volume of the trapped droplets in the
chambers increased. However, the volume did not obviously
change when the width of chamber inlet further decreased
down to 0.4 mm. Additionally, when the width was larger
than that of themain channel, it better promoted the diffusion

of antibiotics. Thus, 0.5mmwas selected as an optimal width
for the chamber inlet.

Optimization of on-chip gradient concentration

Rhodamine B was used as the reporter dye for modeling the
gradient concentration of antibiotics with similar molecular
weights and diffusion characteristics on themicrofluidic chip
[29]. The concentration of different antibiotics in the cham-
bers wasmodeled bymeasuring the absorbance value change
of rhodamine B. Different concentrations of rhodamine B,
from 1 to 500 mg/L, were prepared on the chip, and their
absorbance was detected using Nanodrop OneC (Thermos
Fisher, MA, the USA). The absorbance value (A) was found
to show a strong linear relationship (A � 0.0529C0 − 0.004,
R2 � 0.9983) with the concentration of rhodamine B (C0) in
the examined concentration range.

Todetermine an appropriate initial concentration of antibi-
otic to generate the concentration gradients, we used two
concentration levels of rhodamine B to simulate the results.
Rhodamine B concentrations of 0.5% and 1% (w/w) were
tested with a diffusion time of 30 s, generating a final con-
centration gradient of 1.3–265.8 mg/L and 3.7–369.2 mg/L,
respectively (Fig. 3b). Rhodamine B of 0.5% (w/w) was cho-
sen as the initial concentration to generate the concentration
gradient. When the time for rhodamine B to diffuse into each
of the chamberswas 20 s, the final range of concentrationwas
from 1.8 mg/L to 217.0 mg/L. When the diffusion time was
increased to 30 s and 40 s, the final range of concentration
became 1.3–265.8 mg/L and 1.5–338.0 mg/L, respectively.
Considering both time consumption and final gradient con-
centration, we chose 30 s as the diffusion time.

Optimization of resazurin concentration

Resazurin was used to indicate metabolic activities of bac-
terial cells under exposure to antibiotics. It can be con-
verted to resorufin with high fluorescence based on bacterial
metabolism and growth [21]. However, resazurin had a slight
reduction reaction and exhibits background fluorescence,
even in the absence of bacterial metabolism [27]. A proper
concentration of resazurin needed to be determined in this
study. Therefore, five different concentrations of resazurin
were tested (2, 1, 0.8, 0.6, and 0.4 mg/L). In the positive
group, resazurin with five different concentrations was added
into the bacterial suspension with an initial inoculum con-
centration of about 5×105 CFU/mL. As a control, a culture
mediumwith five concentrations of resazurinwas also tested.
After culturing for 5 h, the fluorescence intensity of each test
was observed on the chip using a motorized fluorescence
microscope and measured using ImageJ. As expected, both
in the positive and in the control, the fluorescence intensity
increased when the amount of resazurin increased from 0.4
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Fig. 2 COMSOL simulation of
the gradient concentration and
dynamics in the microfluidic
chip; the fluid dynamic analysis
a when R1 ≥R0; b when R1
<R0; c the generated droplets
with varying widths of the
chamber inlet D

to 2 mg/L. The fluorescence intensity of each image was
calculated by subtracting the control intensity from the posi-
tive intensity (Fig. 4a) using ImageJ. Based on the result, we
chose 0.6 mg/L as the test concentration which has a high
signal-to-noise ratio and is a small amount.

On-chip tests of bacterial susceptibility to different
antibiotics

To quantify on-chip bacterial growth and MIC, cell growth
was measured after culturing for 5 h based on the change
in the fluorescence intensity of the culture medium in each
chamber as previously recommended in the literature [21,
27], and bacteria were defined as susceptible to antibiotics if
the fluorescence intensity of the experimental group (cham-
bers 1 to 11) was decreased by at least 30% compared with
the control (chamber 12) [27]. Here, the ratio of fluorescence
intensity of each chamber to the control is defined as δ

δ � GVi/GV12, (1)

where GVi and GV12 are the fluorescence intensity of each
chamber (i.e., chamber 1 to chamber 11) and of chamber 12
after culturing for 5 h, respectively. For instance, a δ value
close to one and zero indicates normal bacterial growth and
no obvious growth, respectively. In addition, the fluorescence
intensity of each of the chambers was determined by ImageJ.
According to the recommendation of the Clinical & Labora-
tory Standards Institute (CLSI), the MIC was defined as the
lowest concentration of antibiotics that could thwart bacterial
growth [30, 31]. Based on this, we defined two ranges of δ to
show the antimicrobial R/S for E. coli: 0< δ ≤0.7 represent-

ing “Susceptible” (S), and δ >0.7 representing “Resistant”
(R). The three antibiotics, ampicillin, chloramphenicol, and
kanamycin, were used for on-chip AST, and the result-
ing gradient concentrations were 265.8±18.1, 162.6±5.3,
84.8±10.6, 36.7±6.7, 26.2±5.0, 17.4±1.9, 10.4±2.6,
7.3±2.4, 3.1±1.7, 2.0±0.4, and 1.3±0.3 mg/L for cham-
bers 1 to 11, respectively. For ampicillin, bacteria in chambers
1 to 10were reported as susceptible (Fig. 5),while in chamber
11, δ was higher than 0.7, which reflected normal bacte-
rial growth. Comparatively, δ values smaller than 0.7 under
chloramphenicol treatment suggested that the bacteria were
susceptible in chambers 1 to 10. Chamber 11 was reported as
resistant (δ >0.7). Bacteria in chambers 1 to 8 were reported
as susceptible, and in chambers 9 to 11 were reported as
resistant with kanamycin treatment. We defined the range
of MIC as when the value crosses δ � 0.7. As shown in
Table 1, the AST results of E. coli were overall consistent
with results from a conventional 96-well plate with similar
MIC values. To conclude, AST with a microfluidic gradi-
ent concentration chip shows that E. coli MG1655 activities
are obviously inhibited by ampicillin (MIC: 2±0.5 mg/L),
followed by chloramphenicol (MIC: 2±0.5 mg/L), and
kanamycin (MIC: 7.3±2.4 mg/L).

Cell morphological response to ampicillin inhibition

Bacteria may go through morphological changes with the
effect of an antibiotic. The bacterial suspension in chambers
was taken out and inspected using an optical microscope
after culturing for 5 h. In contrast with the lack of morpho-
logical change during cell exposure to chloramphenicol and
kanamycin, the E. coli cells that grew in ampicillin-amended
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Fig. 3 a The calibration curve of rhodamine B concentrations against
its absorbance. b The generated gradient concentrations with differ-
ent initial concentrations of rhodamine B. c The gradient concentration

of rhodamine B with different diffusion times. Error bars indicate the
standard deviation of three parallel tests

Fig. 4 Fluorescence intensity of five different concentrations of
resazurin in the chamber: a fluorescence intensity after subtracting the
control intensity from the positive intensity; b the fluorescence inten-

sity image of the positive group (top: resazurin mixed with bacterial
suspension; bottom: resazurin mixed with the culture medium)
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Table 1 Comparisons of
antibiotic susceptibility and
MIC value (mg/L) determined
by the microfluidic gradient
concentration chip (μGCC) and
by conventional 96-well plate
assay

Antibiotic MIC criteria
(mg/L) CLSI

MIC (mg/L) Susceptibility

S I R μGCC assay 96-well plate
assay

μGCC assay 96-well plate
assay

Ampicillin ≤8 16 ≥32 2.0±0.4 2 S S

Chloramphenicol ≤8 16 ≥32 2.0±0.4 4 S S

Kanamycin ≤16 32 ≥64 7.3±2.4 8 S S

S: susceptible; I: intermediate; R: resistant. MIC: minimum inhibitory concentration

0 1 2 3 4 5 6 7 8 9 10 11
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Ampicillin
Chloramphenicol
Kanamycin

δ

Number of chamber

Fig. 5 Influence of different concentrations of antibiotics on the growth
of E. coli. The dotted horizontal line indicates δ � 0.7

media were found to experience striking filamentous mor-
phological changes in response to ampicillin over time
(Fig. 6). We employed the designed concentration gradients
across the 12 chip chambers to explore the morphological

variations of E. coli to ampicillin (Fig. 6). The bacterial cells
grew normally in chamber 12 which was set as the control. In
chamber 11, bacteria still could propagate, but filamentation
of the bacterial cells could be observed. When the concen-
tration was increased from 2.0±0.4 mg/L (chamber 10) to
7.3±2.4 mg/L (chamber 8), longer cells were observed with
no obvious propagation. When the concentration continually
increased to 10.4±2.4 mg/L (chamber 7) or higher (cham-
bers 6–1), almost no bacterial cells could be observed.

In this study, the gradient concentrations established
on our chip provide an operationally simple solution for
exploring bacteria cell morphological dynamics exposed to
different concentration levels of antibiotics (Fig. 6). This
intriguing phenomenon reveals that morphological changes
in bacterial cells could be sensitive indicators of antibacte-
rial mechanisms, which in turn could be useful in identifying
molecular targets. For example, the dramatic increase in cell
length (or filamentation) in our case is most likely induced
by ampicillin-targeting of penicillin-binding proteins (PBP)
[32]. The β-lactam antibiotic ampicillin can interfere with
PBP to inhibit the development of the bacterial cell wall [33].
It has been reported that bacteria can survive by undergoing

Chamber 12Chamber 11Chamber 10

Chamber 9Chamber 8Chamber 7

Fig. 6 The inhibitory effect of ampicillin with different concentrations on E. coli after 5 h of the on-chip cultivation experiment (scale bar: 50 μm)
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antibiotic-induced morphological filamentation [34, 35], as
had already been noticed for bacterial cells exposed to other
antibiotics, such as amoxicillin [16] and tetracycline [34].

Conclusions

In this study, we report the design and manufacturing of a
microfluidic gradient concentration chip equipped with auto-
matic broth dilution for AST using a DLP-based 3D-printing
method. DLP-based 3D printing enables the rapid, conve-
nient, and high-precision fabrication of microfluidic devices
featuring trapped droplets for independent cell growth. We
further demonstrate the optimization of key design parame-
ters of the device including the diffusion time and channel
width. Using E. coli as the model organism, MIC values
determinedwith three representative antibiotics showedgood
agreement between on-chip assay and the conventional 96-
well plate method. In summary, this microfluidic system
provides a simple and robust method for measuring bacte-
rial susceptibility to antibiotics and for exploring potential
cell morphological changes in response to antibiotics. The
gradient concentration chip presented here provides a proof
of concept for rapid AST in clinical settings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-021-00173-0.
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