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ABSTRACT: Generation of uniform emulsion droplets mixed with multiple components
is one of the key issues in the field of lab in a drop. Traditionally, droplet microfluidic chips
are often served as the prime choice while designing and fabricating microfluidic chips
always rely on skilled technician and specialized equipment, severely restricting its wide
accessibility. In this work, an alternative technique, called multichannel dynamic interfacial
printing (MC-DIP), was proposed for multicomponent droplet generation. The MC-DIP
device was designed modularly and could be set up manually without any microfabrication
process, exhibiting full accessibility for freshmen after a brief training. This new technique
owns advantages in the generation of droplets with predictable sizes and composites.
Quantitative experiments of measuring minimum inhibitory concentration (MIC) value
via mixing microbes and antibiotics into droplet were conducted to proving its application
potential for lab in a drop. Further research on a clinical pathogenic strain revealed that
this technique could be potentially applied in the clinical laboratory for antibiotic
susceptibility testing.
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■ INTRODUCTION

Uniform emulsion droplets, as well as individual liquid cells,
have attracted enormous research interests in fields of
microreactor,1−7 high throughput screening,8−10 and biochem-
istry analysis11−15 due to the ultrasmall amount of sample usage
and remarkable repeatability for mimicking macroscale experi-
ments. Based on the uniform emulsion droplets, lab in a
drop,16,17 as an emerging research field that means serving a
drop as an individual laboratory, is developing rapidly. One of
the fundamental yet essential issues for lab in a drop is the
droplet generation technique. To guarantee the repeatability of
lab in a drop, the required droplet generation technique should
meet the basic demands of precise control over droplet size and
droplet components. Besides considering the needs of
researchers without any expertise in droplet generation,
handling, and analysis, wide accessibility is another important
concern that must be taken into account. Hence, developing a
modular, easy-to-use, and stable droplet generation platform
that meets the research requirements of users at different levels
is of great importance for the booming development of lab in a
drop.
Owing to the outstanding performance in controllable and

precise liquid mixing and ultrasmall volume liquid handling,
droplet microfluidic techniques were usually served as the
prime choice for lab in a drop. Typically, droplet microfluidics
are divided into three types including flow focusing,18−21 T
junction,22,23 and coflow.24−26 Designing and fabricating these
microfluidic devices require skilled technicians and specialized
equipment, sometimes restricting its expeditious practical
application in laboratories without related experiences. Besides,

the droplet size is affected by many factors such as viscosity of
fluid, interfacial tension, channel size, and so forth.27 Thus,
precise control of droplet size on a wide range is another
challenge for entry-level users. How to reduce the technical
threshold and increase the accessibility of droplet microfluidic
techniques are being critical challenges for microfluidic
researchers.28,29 Great efforts have been devoted to putting
the academic droplet microfluidic systems into commercial
industry by simplifying and integrating microfluidic systems via
modular design30−35 or 3D printing of microfluidic chips.36,37

However, the accessibility problem has not been solved
completely since the revisions were still based on the
modification of three basic droplet microfluidic methods and
chips. Hence, new alternative droplet generation techniques are
desirable to meet the general requirements of users at different
levels.
Recently, we have proposed a simple active droplet

generation technique38−40 via the dynamic interfacial shearing
driven by a mechanical device. However, the technique could
only support one premixed solution that severely restricts the
expansibility. Herein, upgraded from the previous study, we
developed a new multicomponent active droplet generation
technique called multichannel dynamic interfacial printing
(MC-DIP). The newly developed technique converges multiple
liquid components on the nozzle and generates droplets via the
interfacial shearing due to the vibration of a multichannel
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capillary. The MC-DIP method can precisely generate droplets
with controllable size and components like traditional droplet
microfluidic methods. Compared with droplet microfluidic, the
MC-DIP device composed of simple parts could be modularly
assembled in several minutes without any complicated
microfabrication. Therefore, the MC-DIP technique could
perfectly meet the urgent demands of a widely accessible
droplet generation technique for lab in a drop.

■ EXPERIMENTAL SECTION
Chemicals and the Device Setup. The oil phase is composed of

mineral oil (Sigma-Aldrich, St. Louis, MO) and n-tetradecane (TCI,
Beijing, China) at a ratio of 1:1 (v/v), containing surfactants including
3 wt % ABIL EM 90 (Evonik Industries, Essen, Germany) and loaded
in 96-well plates. A multibarrel (2, 3, or 7) glass capillary (World
Precision Instruments Inc., Sarasota, FL) was heated with a blast
burner and stretched into a tapered shape with a tip diameter of about
100−400 μm. Each channel was connected with Teflon tubing and
sealed with epoxy resin. The capillary was then hung on the cantilever
of an electric vibrator, which was driven by a function generator.
Syringes (100 or 250 μL, Gastight, Hamilton Co., Reno, NV) were
connected with Teflon tubing and set on several individual syringe
pumps (Pump 11, PicoPlus Elite, Harvard Apparatus, Holliston, MA).
After loading aqueous solutions in syringes, setting flow rates of
different channels, and keeping the end of the multichannel capillary
just below the oil surface, the MC-DIP process can begin with a steady
vibration.
Droplet Generation via the MC-DIP Method. The multibarrier

capillary includes 2C-capillary (two channels), 3C-capillary (three
channels), and 7C-capillary (seven channels). Keeping flow rate of
each channel at 1 μL/min and setting the vibration frequency at 50
Hz, water droplets with different sizes were printed under the
conditions of different numbers (N) of open channels. Conditions of
N = 2 and N = 3 were set up with 2C-capillary and 3C-capillary, and
7C-capillary provided the conditions of N = 4−7. Droplet images were
captured by an inverted fluorescent microscope (Eclipse Ti, Nikon,
Tokyo, Japan), and the sizes were measured and analyzed with
software (NIS-Elements, Nikon).
Controlled Liquid Mixing with 3-Channel Capillary. Taking

3C-capillary as a typical example, potassium hydrogen phthalate
(KHP) buffer solutions (pH = 9.18) dissolved with fluorescein sodium
(10.00 μg/mL) was loaded in two channels, and pure KHP buffer
solution was loaded in another channel. The total flow rate of three
channels was set at 3.00 μL/min, and the vibration frequency was 50
Hz. The flow rate of each fluorescein sodium channel was changed
among several values (0.10, 0.20, 0.30, 0.40, 0.50, 0.75, and 1.00 μL/
min). Droplets were photographed by an inverted fluorescence
microscope, and the fluorescence intensities of droplets were analyzed
with software (NIS-Elements, Nikon). As a supporting experiment, a
group of fluorescein sodium buffer solutions with the same
concentration gradient as droplets were tested on a fluorescence
spectrometer (F-4600, Hitachi, Tokyo, Japan).
Microscale Chemical Reactions in Droplets. For the

chromogenic microreaction, aqueous solutions of starch (5 mg/mL),
potassium iodide (0.05 mol/L), and ferric chloride (0.01 mol/L) were
loaded into three separate channels. The total flow rate of three
channels was set as 6.00 μL/min, and the flow rate of starch was set as
2 μL/min. The flow rate of ferric chloride was tuned among 0, 0.25,
0.50, 1.00, and 2.00 μL/min. Droplets were collected in Eppendorf
tube and photographed with a digital single-lens reflex camera (Canon
EOS 70D, Tokyo, Japan). Relative gray values of pictures were
recorded via Adobe Photoshop. The other microreaction was
conducted in droplets mixed with acrylamide (200 mg/mL), N,N′-
methylenebis(acrylamide) (MBAA, 5 mg/mL), ammonium persulfate
(4 mg/mL), and N,N,N′,N′-tetramethylethylenediamine (TMEDA, 2
mg/mL). Fluorescein sodium was added at the same time for easier
characterization. The mixed droplets printed in oil phase were allowed
to polymerize for about 10 min and then washed with petroleum ether
repeatedly to remove surfactants.

MIC Testing via the MC-DIP Technique. Escherichia coli ATCC
25922 and Staphylococcus aureus ATCC 27217 were chosen as two
model bacteria for MIC testing. Taking E. coli ATCC 25922 as a
typical example: First, E. coli ATCC 25922 was cultured in Luria−
Bertani medium (LB) overnight at 37 °C with a steady shaking speed
at 200 rpm. Then the suspension of bacteria was diluted into ∼6 × 107

CFU/mL (OD600 = 0.09). Subsequently, the E. coli suspension was
loaded in one channel, and the other two channels were loaded with
pure Mueller−Hinton Broth (MHB) and MHB containing tetracycline
hydrochloride salt (7.50 μg/mL). To generate droplets with volume of
1.00 nL and load each droplet with 10 bacteria on average, flow rate of
the bacteria channel was set at 0.50 μL/min. The flow rate of antibiotic
channel ranged from 0 to 2.00 μL/min with an interval of 0.20 μL/
min, and the MHB channel is tuned to keep the total flow rate at 3.00
μL/min. About 2000 droplets were printed in each well by controlling
the printing time at 40 s.

After cultured at 37 °C for 24 h, the droplets loading bacteria and
antibiotics were photographed by an inverted microscope (Eclipse Ti,
Nikon, Tokyo, Japan). Then these pictures were analyzed with ImageJ
software. According to the surface roughness and turbidity, droplets
with and without bacteria growth could be clarified and the bacteria
growth percentage could be calculated.

Later, a clinical pathogenic strain of Klebsiella pneumoniae HS 11286
was selected for MIC testing. The operation process is the same with
the procedure as stated above.

■ RESULTS AND DISCUSSION
Typically, as illustrated in Scheme 1, a tapered 3-channel
capillary connected with three syringes loading different

components is allowed to vibrate at the oil surface. Because
of the interfacial shearing process, the droplets mixed with three
distinct components are “printed” into 96-well plate. Droplet
components can be precisely controlled by tuning flow rate of
discrete channels. To vividly present the advances of this
technique in multicomponents mixing, three basic commercial
inks were selected as three different components for MC-DIP.
As shown in Figure 1a, by mixing three basic inks
programmatically, various colorful droplets were printed into
a 1.5 mL Eppendorf tube, indicating that MC-DIP is a potential
platform for the preparation of droplets mixed with different
components from different channels. Another qualitative
experiment was conducted by mixing fluorescein sodium with
acidic or basic solution into droplets via MC-DIP. As a pH-
sensitive fluorescence dye, its fluorescence intensity increases as
the increase of pH value.41 As shown in Figure 1b, the carboxyl
group of fluorescein sodium is protonated and tends to

Scheme 1. Schematic Illustration of Multichannel Dynamic
Interfacial Printing (MC-DIP)
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precipitate in acidic conditions. Hence, it aggregates at the oil−
water interface and the droplet fluorescence is weak. As the pH
is increased and the carboxyl group is deprotonated, the
fluorescence of droplets becomes brighter (Figure 1c,d).
As a candidate for the controllable multicomponent droplet

generation technique, it is necessary to investigate MC-DIP for
controlling the droplet size and components concentration.
Prior to the controllable droplet components, the droplet size
should be controlled and fixed first, ensuring the change in

concentration independent of droplet size. As previously
reported, the single-channel DIP technique, the fact that the
droplet size is mainly relevant to flow rate, and the vibration
frequency have been revealed by the exhaustive principal study,
which is believed to have the same influence on the MC-DIP.
However, since the single channel is upgraded into multiple
channels, further evaluation on the relationship between
droplet size and channel number is necessary for MC-DIP.
As noted in the single-channel DIP technique, only one droplet

Figure 1. (a) Optical images of colorful droplets via controllable mixing of multiple inks. C: cyan; M: magenta; Y: yellow. The coordinate of (Cx, My,
Yz) means the flow rate of each ink in units of μL/min. Fluorescence images of acidic (b), neutral (c), and basic (d) droplets loading the same
amount of fluorescein sodium.

Figure 2. Droplet size controlled by the number of open channels with same flow rate in each channel (1.00 μL/min). Optical images (a−c) and size
distribution (d−f) of droplets generated with different numbers of open channels. Scale bar: 500 μm. (g, h) The relationship between droplet size
and the number of open channels. Droplet volume (g) and droplet diameter (h) versus the number of open channels.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b16456
ACS Appl. Mater. Interfaces 2017, 9, 43545−43552

43547

http://dx.doi.org/10.1021/acsami.7b16456
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b16456&iName=master.img-002.jpg&w=311&h=182
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b16456&iName=master.img-003.jpg&w=359&h=310


was generated by the interfacial shearing for each vibration
period during a typical printing process. Thus, the droplet
volume is equal to the flow rate (Q) divided by the vibration
frequency ( f). In the MC-DIP process, liquids injected from
different channels converge and mix into a droplet once they
meet at the capillary tip. In this regard, it is reasonable to
predict that the droplet volume should be a result of the total

flow rate (∑ = Qi
N

i1 ) divided by the vibration frequency, as
referred to in eq 1.

=
∑ =V

Q

f
i
N

i1

(1)

According to eq 2, the diameter of droplets (D) can be then
specified as

π
=

∑ =
⎛
⎝
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⎠
⎟⎟D

Q

f

6 i
N
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1/3
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To verify the accuracy of eq 1 as well as eq 2, water droplets
were generated at different total flow rates by changing the
number of open channels while the flow rates of each channel
remain unchanged. As shown in Figure 2a−c, different kinds of
capillary (2-, 3-, and 7-channel capillary) were chosen to
conduct the experiments. When N varies from 2 to 7, the MC-
DIP technique can successfully generate droplets with different
sizes. It should be noted that all the droplets are highly uniform

and exhibit narrow size distribution regardless of the printing
conditions (Figure 2d−f). In terms of the constant Qi, the total
flow rates are proportional to the channel number (N).
Theoretically, when changing the number of open channels, the
droplet volume also exhibits a proportional relation to the
number, which is consistent with the experimental results in
Figure 2g. Accordingly, the diameters of droplets with the use
of different channel numbers perfectly match with theoretical
value (Figure 2h). According to the consistency between
experimental results and theoretical value, it is convinced that
liquids from every channel converge into a pendant drop, and
the pendant drop is separated from the MC-DIP nozzle by
interfacial shearing. The droplet size can be absolutely tuned by
changing the channel flow rate and vibration frequency while it
would be harder for common droplet microfluidics because
droplet size generated via these methods exhibits relatively
complicated relationship with channel size, liquid viscosity, and
interfacial tension as well as flow rates. The simple droplet size
model of MC-DIP is a remarkable advantage that can
significantly reduce the difficulty of precisely generating
uniform and multicomponent droplets for users without
enough experience on droplet microfluidics. Thus, the MC-
DIP technique could be served as an easy-operating and wide-
accessible platform for multicomponent droplet generation.
After droplet size was well controlled, precisely tuning the

droplet components should be quantitatively studied. As stated
above, the droplet volume is proportional to the sum of flow

Figure 3. Quantitatively loading fluorescent dye into droplets. (a−e) Fluorescence images of droplets generated at different total flow rates of
fluorescein sodium solution. Scale bar: 200 μm. (f) Fluorescent spectrum of fluorescein sodium solution with different concentrations. (g) Droplet
fluorescent intensities under different flow rates of fluorescein sodium solution. (h) Fluorescent intensity of fluorescein sodium solution at different
concentrations. Red line in (g, h): linear fitting curve of five points at low concentrations within which self-quenching is negligible.
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rates. Thus, the concentration of one component in the droplet
(ci,droplet) can be theoretically predicted according to eq 3:

=
∑ =

c
c Q

Q
i

i i

i
N

i
,droplet

,0

1 (3)

where ci,0 is the concentration of one component in the mother
solution. To identify this prediction, droplets loaded with
quantitative fluorescent dye were printed via the MC-DIP. In
the 3C-capillary which acts as the printing nozzle, one channel
was loaded with potassium hydrogen phthalate (KHP) buffer
solutions (pH = 9.18) and the other two were loaded with
fluorescein sodium salt dissolved in the same buffer solution. As
shown in Figure 3, keeping the total flow rate at 3.00 μL/min,
droplets loading fluorescein sodium were generated with the
same volume but different amount of probing dyes by adjusting
the flow rate of fluorescein sodium solution. According to the
result analyzed by software in Figure 3g, the fluorescence
intensity of these droplets is linearly proportional to the flow
rate of fluorescein sodium, indicating that the concentration of
fluorescein sodium can be precisely controlled in the droplets.
When flow rates are tuned above 1.00 μL/min, the fluorescence
intensity shows deviation to the linear fitting curve, which
should be attributed to the self-quenching caused by the
molecular aggregation of fluorescein sodium at high concen-
trations. A similar trend was also observed in the bulk solutions,
in which the fluorescence intensities are proportionally
correlated with the dye concentration only at low concentration
(Figure 3f,h). On the basis of the above results, it comes to a
conclusion that MC-DIP can fully realize precise liquid mixing
into droplets, holding great potential and promise for lab in a
drop.

After confirming the precise control over droplet size and
liquid mixing of MC-DIP, two kinds of model chemical
reactions were miniaturized into tiny droplets via the MC-DIP
method to demonstrate its application potential for micro-
reactors. A simple chromogenic reaction was used for a vivid
demonstration of microreactor application. As stated in Figure
4a, the mixture of starch and potassium iodide would become
purple when it is encountered with ferric chloride. Therefore,
three components were separately loaded into three channels
and then mixed into droplets via the MC-DIP technique. The
newly generated droplets quickly became purple. As the flow
rate of ferric chloride increases, the droplet color tends to be
deeper since an increasing amount of ferric chloride in droplets
that can generate more triiodide ions (Figure 4b,c). Another
model microreactor is the polymerization of acrylamide (Figure
4d) in the droplets mixed with monomer (acrylamide), cross-
linker (MBAA), and initiators (ammonium persulfate and
TMEDA). The emulsion droplets were always surrounded with
surfactants for avoidance of droplet coalescence. After about 10
min for complete polymerization of acrylamide, the surfactants
in oil phase were removed by petroleum ether. As shown in
Figure 4e, droplet coalescence did not occur, indicating
successful preparation of polyacrylamide hydrogel micro-
spheres. The above two kinds of model microreactors based
on the MC-DIP technique clearly demonstrated the potential
of MC-DIP, suggesting that the MC-DIP technique is a reliable
technique for chemical analysis or materials synthesis.
Taking advantage of precise liquid mixing into size

controllable droplets, the MC-DIP technique was used to
conduct a practical application to prove its full potential for lab
in a drop. Traditionally, by mixing microbes and antibiotics in a
tube or well plate, the minimum inhibitory concentration

Figure 4. Microscale chemical reactions in droplets. (a) A three-component chromogenic reaction among starch, potassium iodide, and ferric
chloride. (b) Optical images of three-component mixed droplets generated under different flow rates of ferric chloride. From left to right: 0.00, 0.25,
0.50, 1.00, and 2.00 μL/min. (c) Relative gray value of pictures in (b). (d) The polymerization reaction of acrylamide in droplets. (e) Fluorescent
image of polyacrylamide hydrogel microsphere dispersed in petroleum ether without surfactants.
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(MIC) that always served as the gold standard for evaluating
the bacterial inhibition effect of antibiotics could be measured
based on liquid turbidity after incubation. The droplet method
for MIC measurements has advantages of small amount of
reagent consumption, large quantity of parallelization, and high
sensitivity and thus attracted great interests in the field of lab in
a drop.28,42,43 Herein, the MC-DIP technique was used to
generate droplets quantitatively mixed with microbes and
antibiotics. After a certain time incubation, MIC could be read

out according to the turbidity of droplets with the help of a
microscope. For example, two model microbes were selected
for representative MIC measurements: a Gram-positive strain
(S. aureus ATCC 27217) and a Gram-negative strain (E. coli
ATCC 25922). To separate the bacteria with the antibiotic and
keep an equal volume of each droplet, a typical 3C-capillary was
selected for MIC testing. As shown in Figure 5a, bacteria
suspension, antibiotic solution, and MH broth were separately
loaded in three individual channels. By tuning the flow rate of

Figure 5. (a) Schematic illustration of MIC testing based on the MC-DIP technique and chemical structures of two antibiotics used in the following
tests. (b−d) Optical images of droplets loaded with E. coli ATCC 25922 and different amount of antibiotic (tetracycline, TC). (b) 0 μg/mL; (c) 0.80
μg/mL; (d) 2.40 μg/mL. Green dashed cycle: droplet with bacterial growth; red dashed cycle: droplet with inhibited or dead bacteria. Scale bar: 200
μm. (e, f) Percentage of droplets with bacteria growth versus tetracycline concentration. (e) E. coli ATCC 25922; (f) S. aureus ATCC 27217. (g, h)
Percentage of droplets with bacteria growth versus antibiotic concentration. (g) Levofloxacin; (h) tetracycline. The red curves in (e−h) are the fitting
curves of all black points according to the DoseResp model.
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each channel, around 2000 droplets were printed in each well,
with a constant 1 nL volume and bacteria concentration (about
10 cells per droplet), yet a gradient of antibiotic concentrations.
After being incubated for 24 h at 37 °C, the plate was taken out
for microscope inspection. As shown in Figure 5b, all of the
droplets, loading E. coli ATCC 25922 without antibiotic,
possess a rough droplet surface and appear dark gray with weak
brightness due to the poor surface reflection, referring to a well-
grown state of bacteria in the droplets (green dashed cycle).
Loading the antibiotic of tetracycline in droplets up to a certain
concentration, most droplets keep dark with a rough surface,
while a few of them turn smooth with bright reflection on their
surfaces (red dashed cycle, Figure 5c). These distinct droplets
with a brighter and smoother surface refer to a state that
bacterial growth is inhibited by tetracycline). When the
concentration of tetracycline is increased, all droplets become
bright and smooth (Figure 5d). On the basis of the bright-field
images of replicated droplets with the same experimental
condition in each well, we define the percentage of droplets
with a dark and rough surface as the growth percentage, which
represents the possibility of bacterial growth with a specific
antibiotic concentration. Herein, the MIC value is defined as
the concentration at which 99% of droplets become bright and
clear, meaning 99% of possibility for successful bacterial
inhibition at this concentration. As shown in Figures 5e and
5f, the MIC values of tetracycline to E. coli ATCC 25922 and S.
aureus ATCC 27217 are 1.56 and 1.71 μg/mL, respectively,
consistent with MIC values determined via broth microdilution
method (1 and 1 μg/mL). The good consistency with
traditional gold methods convinces that this MC-DIP technique
can be perfectly applied for droplet MIC testing. Moreover,
compared with the common broth microdilution method based
on 96-well plates which commonly repeats the tests only
several times, the MIC determined via MC-DIP methods that
are based on thousands of repeats tends to be more convincing
for practical clinical diagnosis.
To further demonstrate the potential application in clinical

diagnosis, the MC-DIP technique was applied to antibiotic
susceptibility testing of a clinical multidrug-resistant strain of K.
pneumoniae HS 11286 (separated from human sputum at
Shanghai, China in 201144). As shown in Figures 5g and 5h, the
MIC values of levofloxacin and tetracycline determined by the
MC-DIP method are 4.18 and 54.95 μg/mL, also consistent
with the results of the broth microdilution method (4 and 64
μg/mL). According to the Clinical & Laboratory Standards
Institute (CLSI) criteria,45 the MIC value of levofloxacin
approximately equals to the intermediate criteria from CLSI (4
μg/mL), indicating K. pneumoniae HS 11286 is intermediate to
levofloxacin. While the MIC result of tetracycline is much
higher than the criteria of CLSI (8 μg/mL), indicating K.
pneumoniae HS 11286 is resistant to tetracycline.

■ CONCLUSION
In summary, we proposed a multichannel dynamic interfacial
printing technique for controllable multicomponent droplet
generation. The newly developed MC-DIP technique exhibits
excellent performance in generating uniform droplets with
predesigned size and components. Compared with traditional
microfluidic devices, the MC-DIP devices are simply based on a
cheap vibrator and handmade tapered multichannel capillary,
which can be modularly assembled and used by freshmen after
a brief training. To present its practical application, a series of
droplets loading bacteria and antibiotics were generated via the

MC-DIP for MIC measurements, and the results match well
with the classic broth microdilution method. In terms of great
potential for further development, we believe it would become
a promising tool for MIC testing in clinical laboratories or
hospitals. In addition, as a promising technique for lab in a
drop, the MC-DIP technique could also be used in the field of
bioanalysis or microreactors. We have solid confidence that this
new versatile technique is bound to be an important
supplement to current chip-based droplet microfluidic
techniques.
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