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Abstract

The development of efficacious anticancer therapeutics is difficult due to the heterogeneity of the 

cellular response to chemotherapy. Anticancer peptides (ACPs) are promising drug candidates that 

have been shown to be active against a range of cancer cells. However, few ACP studies focus on 

tumour single-cell heterogeneities. In order to address this need, we developed a microfluidic 

device and an imaging procedure that enable the capture, monitoring, and analysis of several 

hundred single cells for the study of drug response. MCF-7 human breast adenocarcinoma cells 

were captured in hydrodynamic traps and isolated in individual microchambers of less than 100 pL 

volume. With pneumatic valves, different sets of microchambers were actuated to expose the cells 

to various drugs. Here, the effect of three membranolytic ACPs – melittin, aurein 1.2 and aurein 

2.2 – was investigated by monitoring the efflux of calcein from single MCF-7 cells. The loss of 

membrane integrity was observed with two different strategies that allow either focusing on one 

cell for mechanistic studies or parallel analysis of hundreds of individual cells. In general, the 

device is applicable to the analysis of the effect of various drugs on a large number of different cell 

types. The platform will enable us in the future to determine the origin of heterogeneous responses 

on pharmacological substances like ACPs within cell populations by combining it with other on-

chip analytical methods.

Introduction

Cell heterogeneity is biologically motivated as it enables a cell population to adapt to 

external influences.1 However, it is also considered to drive the emergence of drug 

resistance and several diseases, including cancer.2,3 Drug resistance in heterogeneous 

tumour cell populations represents a challenge in tumour therapy, since all genetically and 

phenotypically different subpopulations have to be killed by therapy. Even small surviving 

subpopulations may cause repopulation and refractory tumors.4–6

Membranolytic anticancer peptides (ACPs) have recently been proposed as promising 

therapeutics due to their ability to target cells by non-enzymatic membranolysis impeding 

G. Schneider: 0000-0001-6706-1084

P. S. Dittrich: 0000-0001-5359-8403

petra.dittrich@bsse.ethz.ch. 

Europe PMC Funders Group
Author Manuscript
Lab Chip. Author manuscript; available in PMC 2019 March 29.

Published in final edited form as:
Lab Chip. 2017 August 22; 17(17): 2933–2940. doi:10.1039/c7lc00505a.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://orcid.org/0000-0001-6706-1084
https://orcid.org/0000-0001-5359-8403


the emergence of resistant cells.7,8 A widely studied subclass of ACPs are amphipathic, 

short helical peptides (10 to 30 amino acids), characterized by an overall positive charge, 

which makes them prone to interactions with anionic cell membranes.9 The overexpression 

of anionic molecules such as glycoproteins and glycolipids on the surface of cancer cells and 

the exposure of the negatively charged phospholipids phosphatidylserine and 

phosphatidylethanolamine on the outer membrane leaflet have been proposed to be the 

selection mechanisms for the targeted action of ACPs towards cancer cells.8,10 Melittin, the 

principal component of bee venom, is an extensively studied model ACP consisting of 26 

amino acids.11 Melittin was shown to exhibit high membranolytic activity, but low 

selectivity towards cancer cells.12,13 Aurein 1.2 and aurein 2.2 are well-characterized 

antimicrobial peptides present in the skin secretions of Australian frogs, with additional 

anticancer activity against a broad range of different cancer types.14

Up to now, the characterization of ACPs has focused on the analysis of cells in bulk. These 

measurements are conducted with several thousands of cells and can only provide 

information about average cell behaviour.15,16 Information gained by studies of individual 

cells can reveal formerly unknown effects, such as the resistance of small portions of a cell 

population to certain drugs. However, only a few approaches investigate the time-resolved 

effect of ACPs at the single-cell level.17,18

The main reason for the absence of single-cell tests is the lack of available simple assay 

platforms. Flow cytometry is still the most widely used method to investigate heterogeneity 

in cell populations. Commercial systems are remarkably fast, have ultra-high throughput and 

enable multiplexing and sorting, but the technique is not suitable for the analysis of time-

dependent processes.19,20 Hence, long-term investigations or repeated measurements of 

individual cells after treatment with chemical or pharmacological substances by flow 

cytometry are not feasible.

In contrast, microfluidic devices for the capture and analysis of single cells allow 

performance of time-resolved experiments and are used in a wide range of applications. 

Mechanical, magnetic, acoustic, di-electrophoretic, or antibody-based capture of single cells 

has already been presented.21 Passive size-based capture of cells was initially presented by 

Di Carlo et al. and benefits from the fact that no external devices or any laborious coating 

procedures are necessary.22 The isolation of cells in miniature compartments can be realized 

by droplet microfluidics or by the integration of pneumatic valves into microfluidic devices.

23 These devices must have the additional capacity to exchange the aqueous environment of 

single or certain sets of cells on demand to precisely start or stop experimental procedures, 

such as washing steps or drug exposure. In the field of droplet microfluidics, most single-

cell studies focus on cell isolation or barcoding of cells followed by end-point analysis.24,25 

Recently, some new approaches to monitor cells in droplets for extended time periods have 

been presented, but fluid exchange in droplets remains difficult.26–28 In contrast, integrated 

pneumatic valves as initially developed by Quake and co-workers allow for rapid and 

repeated fluid exchange29 and opened the way for highly complex systems, e.g. for 

integrated genetic analysis.30,31 New approaches have also been introduced for the 

contactless capture of single cells including exchange of fluids.32,33 However, these 
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approaches are not suitable for highly parallel analysis and there is still a need for flexible 

systems that allow straightforward monitoring of a large number of isolated cells.34

To study the effect of ACPs at the single-cell level with high time resolution, we developed a 

microfluidic chip with a footprint of 20 × 28 mm2 for the simultaneous analysis of up to 612 

individual cells. To simplify the use of the platform, we employed mechanical cell capture 

using hydrodynamic traps and isolation of cells using pneumatic doughnut-shaped valves. In 

contrast to other platforms including our own previous work,35 one large channel houses all 

chambers, reducing the shear stress on the cells and avoiding problems like clogging and 

hereby induced alterations in the fluid flow – a problem often experienced with multiple 

parallel channels. The pneumatic valves enabled us to expose the cells to the ACPs melittin, 

aurein 1.2, and aurein 2.2 with precise timing as well as to monitor their membranolytic 

effect on single MCF-7 breast cancer cells applying fluorescence microscopy and automated 

image analysis (Fig. 1).

Materials and methods

Fabrication of the microfluidic chip

We used a multilayer microfluidic chip made of poly(dimethylsiloxane), PDMS, that 

incorporates a fluid and a control layer for the analysis of ACPs at the single-cell level. 

Separate manufacturing of the two layers and bonding of the PDMS chip to a glass substrate 

formed the final microfluidic device with 612 microchambers (34 rows, 18 columns) defined 

by round valves that incorporate mechanical cell traps of 8 μm spacing in the centre of each 

microchamber.

First, we fabricated two master moulds by means of optical photolithography. To account for 

shrinkage, the structures on the mask for the control layer were enlarged by 1.6% (both 

masks are appended to the ESI†). For fabrication, SU-8 2015 photoresist (Microchem, 

Woburn, MA, USA) was spin-coated onto two 4″ silicon wafers (SI-Mat, Kaufering, 

Germany) to achieve a final height of 20 μm. The resist was exposed to UV light (150 mJ cm
−2 at 365 nm) with an MA-6 mask aligner (Süss Microtec, Garching, Germany) through the 

corresponding foil mask (Selba S.A., Switzerland). After development (mr-Dev 600, Micro 

Resist Technology GmbH, Berlin, Germany) and hardbaking, the master forms were 

silanized with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (ABCR, Karlsruhe, Germany) 

and PTFE-coated by spin-coating 0.1% poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-

dioxole-cotetrafluoroethylene] solution in FC-40 fluorinated oil (both from Sigma-Aldrich, 

St. Louis, MO, USA) onto the wafer to simplify the release of PDMS from the master 

mould.

During chip fabrication, the PDMS oligomer and curing agent (Sylgard 184 silicone 

elastomer kit, Dow Corning, Midland, MI, USA) were mixed at a ratio of 10 : 1. The 

mixture was degassed for 15 min, poured onto the control layer master, and cured at 80 °C 

for 2 h. For the fluid layer, 2 mL of the PDMS mixture were spin-coated at 2250 rpm for 60 

s onto the fluid master and baked at 80 °C for 1 h. This generates a 30 μm thick PDMS layer 

that covers the 20 μm high microfluidic channels with a 10 μm thick PDMS membrane. 

After the control layer was cured and peeled off the wafer, it was cut to size and 1 mm 
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diameter-sized connection holes to the pressure control unit were punched with a biopsy 

puncher (Integra Miltex, York, PA, USA). Next, 1 mL pure PDMS curing agent was 

spincoated onto a blank 4″ silicon wafer for 30 s at 6000 rpm. The control layer was 

stamped onto this coated wafer and then manually aligned on top of the fluid master bearing 

the spincoated 30 μm PDMS layer, resulting in bonding of both layers after subsequent 

baking for 2 h at 80 °C. Holes for the fluidic inlet and outlet were punched with a 1.5 mm 

biopsy puncher (Integra Miltex, York, PA, USA), and the PDMS chip was finally bonded to 

a cleaned microscopy coverslip (Menzel, Braunschweig, Germany) after exposure to oxygen 

plasma for 120 s in a plasma cleaner (PDC-32G, Harrick Plasma, USA) at maximum power 

(18 W). The detailed description of the silicon master fabrication, chip design and 

fabrication as well as the CAD-file for the corresponding masks including all geometries is 

available in the ESI† (Fig. S1–S3 and file SF1).

Peptide synthesis

Peptides – melittin (GIGAVLKVLTTGLPALISWIKRKRQQ-NH2), aurein 1.2 and aurein 

2.2 (GLFDIIKKIAESF-NH2 and GLFDIVKKVVGALGSL-NH2, respectively) – were 

synthesized with a Symphony robotic solid phase peptide synthesizer (Protein Technologies 

Inc., Tucson, AZ, USA) using the 9-fluorenylmethyloxycarbonyl (Fmoc) Merrifield 

synthesis procedure in dimethylformamide (DMF; Honeywell Specialty Chemicals, Seelze, 

Germany).36 A 10-fold excess of Fmoc-protected amino acids (Protein Technologies Inc., 

Tucson, AZ, USA) was used relative to the Fmoc-Rink-amide-MBHA resin loading 

(MBHA: methylbenzhydrylamine; Protein Technologies Inc., Tucson, AZ, USA). Coupling 

was performed with a ratio of 1 : 1 : 2 amino acid :HCTU:NMM in DMF (HCTU: 1H-

benzotriazolium 1-[bis(dimethylamino)methylene]-5-chloro-hexafluorophosphate (1-),3-

oxide; AAPPTEC, Louisville, KY, USA; NMM: 4-methylmorpholine, Thermo Fisher 

Scientific, Waltham, MA, USA). Fmoc deprotection was performed with 20% pyrrolidine 

(Thermo Fisher Acros Organics, Geel, Belgium) solution in DMF, and peptide cleavage 

from the resin was achieved with a TFA (2,2,2-trifluoroacetic acid, Thermo Fisher Scientific, 

Waltham, MA, USA) solution containing 2.5% triisopropylsilane (TIPS; Sigma-Aldrich, St. 

Louis, MO, USA) and 2.5% distilled water. The peptides were precipitated using diisopropyl 

ether stabilized with 2,6-di-tert-butyl-4-methylphenol (Merck KGaA, Darmstadt, Germany) 

and purified to >90% UV190nm on a preparative Prominence LCMS instrument (LC-20A, 

Shimadzu, Kyoto, Japan) using a reverse phase C18, 5 μM 150 × 21 mm column (Macherey-

Nagel GmbH & Co. KG, Düren, Germany), with a linear gradient of 5 to 70% acetonitrile 

(Merck KGaA, Darmstadt, Germany) in water with 0.1% formic acid (Sigma Aldrich, 

Steinheim, Germany) and a flow rate of 24.5 ml min−1.

Cell culture and calcein staining

MCF-7 human breast adenocarcinoma cells were grown in Dulbecco's Modified Eagle 

Media (DMEM) with 4.5 g L−1 D-glucose supplemented with 10% foetal bovine serum, 1% 

L-glutamine and 1% penicillin–streptomycin at 37 °C in a 5% CO2 atmosphere (all Thermo 

Fisher Scientific, Waltham, MA, USA). For experiments, the cells were trypsinized 

(Trypsin-EDTA, Thermo Fisher Scientific, Waltham, MA, USA) and harvested at a 

concentration of 106 cells per mL in DMEM.
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For visualization, cells were stained with calcein-AM (Thermo Fisher Scientific, Waltham, 

MA, USA). Calcein-AM stock solutions were prepared in dimethyl sulfoxide (DMSO; 

AppliChem, Darmstadt, Germany) at a concentration of 1 mM. For staining, 1 mL of the cell 

suspension (106 cells mL−1) was re-suspended in completed DMEM and incubated with a 

final concentration of 1 μM calcein-AM for 30 min at 37 °C. Once the non-fluorescent 

calcein-AM has permeated across the cell membrane, it is converted to green-fluorescent 

calcein through the hydrolysis of the acetoxymethyl ester by intracellular esterases such that 

it accumulates in the cytosol (including the mitochondria). The fluorescent calcein 

molecules can no longer permeate across the membrane and hence can be used as an 

indicator for membranolysis. After staining, cells were washed two times with completed 

DMEM by centrifugation at 500g for 5 min and subsequently filtered using a 20 μM gravity 

filter (Partec GmbH, Jettingen-Scheppach, Germany). Cell samples were stored at 37 °C at 

constant rotation on a MACSmix tube rotator (12 rpm, Miltenyi Biotec, Bergisch Gladbach, 

Germany) until use for a maximum of 2 h.

EC50 determination with MTT assay

Determination of the half effective concentration (EC50) of melittin, aurein 1.2, and aurein 

2.2 was performed by a bulk 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay, as described elsewhere.37 Briefly, 104 cells per well were seeded in a 96-well 

plate and left to adhere and grow for 24 hours. They were then treated with the peptide in a 

dilution series for 24 hours in order to determine the EC50. The supernatant was removed 

and the cells were incubated for 1 hour with a 0.5 mg mL−1 MTT solution (Sigma Aldrich, 

Steinheim, Germany). The supernatant was removed again and 100 μL of dimethyl sulfoxide 

(DMSO, Fisher Scientific, UK) were added into each well to resuspend the formazan 

crystals. The absorbance at 540 nm was measured to determine the cell survival under each 

of the conditions. The resultant sigmoidal curves were analysed with the drc R package 

using a log-logistic model with 3 fixed parameters to obtain the EC50 values.38

Chip and device operation

All fluids were supplied with a neMESYS syringe pump (Cetoni GmbH, Korbußen, 

Germany) using a 1 mL Primo syringe (BD, Franklin Lakes, NJ, USA) at flow rates of 0.1–

20 μl min−1. The pressure valves embedded in the PDMS chip were pressurized to 2 bar to 

deflect the membrane and completely enclose the microfluidic chambers (ESI† Fig. S4 and 

video SV1). Measurement of the enclosed volume of the individual microchambers revealed 

a volume of 93 pL (ESI† Fig. S5). To reduce the adhesion of the cells to the channel walls, 

the chips were blocked with 1% BSA solution in physiological PBS (BSA: bovine serum 

albumin; PBS: phosphate buffered saline; both Sigma-Aldrich, St. Louis, MO, USA) for 30 

min. The inlet of the BSA-coated chip was connected to the syringe pump and the outlet was 

coupled to a waste container using 1/16″ PTFE-tubing (0.86 mm inner diameter; PKM SA, 

Lyss, Switzerland). The chip was flushed for 10 min at 10 μL min−1 with completed 

DMEM. Then, 20 μL of the cell suspension were flushed into the chip at a flow rate of 10 

μL min−1 and captured in the mechanical traps. After rinsing the chip with 10 μL of medium 

at the same flow rate, the pneumatic valves were closed and the cells were isolated in 

individual chambers. After flushing the chip with the ACP solution at 10 μL min−1 for 5 

min, the fluid flow was reduced to 0.1 μL min−1. Peptides were diluted to the final 
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experimental concentration in complete medium prior to administration. Upon opening the 

pneumatic valves, the cells of interest were exposed to the ACP and its effect was 

continuously monitored by fluorescence microscopy.

For optical analysis, two inverted microscopes were used and a custom heating stage kept 

the cells constantly at 37 °C. In contrast to a large incubation chamber, the custom heating 

stage simplifies the connection to external equipment and allows migration between 

different microscopes (ESI† Fig. S6). Cell viability was tested on- and off-chip every 60 min 

for a total time period of 6 h, which included the loading of calcein-AM. For off-chip tests, a 

20 μL cell sample was evaluated in a Neubauer chamber (Brand GmbH & Co. KG, 

Wertheim, Germany) using 100 nM propidium iodide (PI; Thermo Fisher Scientific, 

Waltham, MA, USA) staining. On-chip viability tests were conducted on three different 

chips using a PI loading protocol adapted from Krämer et al.39 Long-term experiments were 

conducted on a setup comprising an XY-stage (HLD117IX, PRIOR Scientific GmbH, Jena, 

Germany), a LED-illumination system (pE-300, CoolLED Ltd., Andover, England) and an 

Andor Zyla camera (Andor Technology Ltd., Belfast, Ireland). All devices were controlled 

with the YouScope software package.40 The exposure time of the camera was set to 100 ms 

at 4 × 4 binning and a series of 24 images with 10× magnification was taken to image the 

entire chip (40 s per series). To generate statistically robust data, extrinsic variances were 

excluded by using an automated fluorescence microscope and standardized protocols for 

data evaluation.

In contrast to these experiments, high-magnification image series of individual cells were 

taken with a 100× oil immersion objective on an Olympus IX71 microscope equipped with a 

SpectraX LED illumination system (Lumencor, Beaverton, OR, USA) and an Andor iXon 

Ultra EMCCD camera (Andor Technology Ltd., Belfast, Ireland). Exposure times were set 

to 50 ms at an imaging frequency of 10 Hz and an EM gain of 100.

Post-processing of long-term imaging data

At each time point during long-term imaging experiments, 24 fluorescence images at 

different locations were collected to monitor all microchambers. Each series was stitched to 

one large image using the stitching plug-in of the software Fiji.41,42 These large images 

were then combined into one time-lapse series of the entire chip. The captured cells were 

automatically detected (analyse particles plug-in) and the fluorescence intensities were 

extracted (ESI† Fig. S7).43 Finally, the single cell data was sorted and the results were 

visualized with Matlab (version R2015a, MathWorks, USA).

Results and discussion

Cell handling and on-chip viability

To exclude any negative influence from the measurement setup on cell viability, MCF-7 

cells were first incubated in completed DMEM at 106 cells per mL off-chip at 37 °C under 

continuous rotation. Viability was tested every 60 min and found to be constant at 92 ± 1% 

over more than 6 hours. On-chip incubation of the cells for 6 hours with constant medium 

supply at 0.1 μL min−1 yielded a comparable cell viability of 91 ± 2%. This confirms that 
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the measurement setup, including the heating stage, ensures viability of the MCF-7 cells 

over the experimental time period (ESI† Fig. S6A).

After mounting the chip onto the heating stage and the inverted fluorescence microscope, the 

cell trapping was tested by introducing 20 μL of stained cells (106 cells mL−1) into the chip. 

On average, more than 200 individual microchambers were occupied by a single MCF-7 

cell. Due to the aggregating nature of MCF-7 cells, most of the remaining chambers were 

not empty, but occupied by multiple cell aggregates (ESI† Fig. S7) and therefore excluded 

from the final data evaluation process.

Monitoring single cells at high temporal and spatial resolution

Calcein-AM was used to monitor the individual time-resolved cell viability in all 

experiments performed on-chip. When the cell loses its membrane integrity, i.e. ACPs 

induce membrane disruption, the dye leaks out of the cell and the fluorescence signal 

intensity decreases, which indicates cell death.

First, we monitored the response of single cells to melittin, aurein 1.2 and aurein 2.2 at a 

fixed concentration of 50 μM over a time period of 100 s. This concentration was chosen 

because the half effective concentrations of aurein peptides have been shown to range 

between 1.5 and 100 μM.14 Upon ACP administration, the valves were opened and the 

effect of the ACP on an isolated single cell was observed at 100× magnification (Fig. 2). 

Due to the integration of eight independent valves, up to eight experiments could be 

performed sequentially on one chip.

Melittin induced rapid cell death within 4.2 ± 0.7 s of exposure. The time of cell death was 

defined as the point at which the fluorescence signal intensity of a cell decreased below 50% 

of the initial intensity (Fig. 2A and C). In contrast, cells treated with aurein 2.2 at identical 

concentrations died notably slower (Fig. 2B and C). As some of the cells resisted the 

treatment for the time of observation, no mean for the time of death can be given. The 

findings are in accordance with the EC50 values obtained from bulk experiments, which are 

1.83 ± 0.08 μM and 35 ± 3 μM, respectively (ESI† Fig. S8), suggesting considerable shorter 

time scales until membrane disruption for melittin compared to aurein 2.2 at identical 

concentrations. A change in cell morphology such as the formation of bulges and blebs was 

visible in bright-field microscopy (Fig. 2E and G). Furthermore, the leakage of calcein from 

the cells indicated cell death via membrane disruption for both peptides. A video comparing 

the membranolysis induced by the two peptides is available in ESI† SV2.

Aurein 1.2 is the least active among the tested peptides and causes slower cell death than the 

other two peptides, which makes high temporal resolution monitoring of the membranolysis 

process impossible due to bleaching of the calcein. A correlation with the EC50 value 

obtained from measurements off-chip (EC50 = 44.7 ± 2.7 μM, ESI† Fig. S8) to on-chip data 

was therefore not feasible. The bleaching data in ESI† Fig. S9 provides more detailed 

information. For experiments lasting much longer than 100 s, the excitation light intensity or 

exposure time had to be reduced to avoid fast bleaching. Therefore, for long-term 

experiments, the cells were exposed to light only for 100 ms at each measurement time 

point. Here, the bleaching was much slower and we could clearly determine the time of the 
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membrane lysis characterized by the fast drop in the calcein fluorescence (ESI† Fig. S9). 

This reduced excitation was used for the following parallel single-cell analysis.

High-throughput analysis at the single-cell level

The inherent heterogeneity of cellular responses and the study of less active peptides require 

the analysis of a larger number of cells with reasonable temporal and spatial resolution. This 

challenge was addressed by imaging all 612 microfluidic chambers every two minutes on an 

automated fluorescence microscope setup. Acquiring all images necessary for the stitching 

of one entire chip image took less than 40 s using a 10× objective. This type of experiment is 

complementary to high-resolution imaging of single cells as it gives insight into the cellular 

response over longer periods of time, minimizes the light exposure and avoids fast bleaching 

of the cells.

Fig. 3 shows the results for the population viability after treatment with melittin, aurein 2.2, 

and aurein 1.2 at a concentration of 50 μM, together with a control sample without an 

anticancer agent (the time series for aurein 2.2 is available in ESI† SV3). In accordance with 

previous findings, melittin was the fastest acting and most potent membranolytic peptide for 

MCF-7 cells with 100% membrane disruption on all investigated cells in less than 4 min. 

Aurein 2.2 and aurein 1.2 showed intermediate activities with 7% and 35% of the cells 

surviving after 2 h of incubation at 50 μM concentration, with large deviations in the time of 

death. Although these deviations are obscured in bulk analysis, they are a general cellular 

behaviour within each cell population and not artefacts of the measurement procedure. The 

mean time of death between three different experimental runs (different chip devices) was 

exemplarily determined for 50 μM aurein 2.2 to be 20.4 ± 2.0 min. This corresponds to an 

error of less than 10% and verifies reproducibility of the on-chip measurements.

It should be noted that with appropriate imaging techniques, the cell morphology including 

cell size can be evaluated and a relationship of morphological differences to drug resistance 

can be discovered. For the peptides investigated here, no such correlation between the cell 

size and viability was found (ESI† Fig. S11).

Aurein 2.2 single-cell dose–response curve

The effect of the peptide concentration on cell viability was further investigated. For this 

purpose, cells were trapped onchip and treated with aurein 2.2 at concentrations ranging 

from 0 to 60 μM (Fig. 4). Higher peptide doses resulted in faster membranolytic cell death, 

leaving virtually no surviving cells at the concentration of 60 μM. The large number of 

single cells measured for each peptide concentration allowed the derivation of population-

based viability and dose–response curves (Fig. 4E and F) as well as tracking of individual 

cells of interest. The on-chip EC50 value for aurein 2.2 can be calculated at each time point 

during the experiment, which simplifies the comparison of the results with other studies that 

is often hampered by varying incubation times. After 30, 60 and 120 min of incubation, the 

EC50 values were found to be 36 ± 3 μM, 31 ± 3 μM and 24 ± 3 μM. Hence, these data 

reveal both time and dose dependencies of the drug efficacy on the cells. We would like to 

emphasise the fact that the onchip derived EC50 value matches well with the value from 

conventional bulk tests in well plates (ESI† Fig. S8C).
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Conclusions

We analysed the time-dependent effect of the ACPs melittin, aurein 1.2 and aurein 2.2 on 

MCF-7 cell populations at the single-cell level. ACP-specific membranolysis was monitored 

either for individual cells at high local and temporal resolution for up to 100 s or in a high-

throughput mode over extended time periods for hundreds of single cells simultaneously for 

2 h. Both modes revealed ACP-induced membrane disruption after strongly varying and 

ACP-specific time periods. These periods scale with EC50 values determined off-chip. We 

could further identify cells that are resistant to both aurein peptides under the set 

experimental conditions.

For realization of the present study, we designed a microfluidic device where mechanical 

cell traps kept the cells at a constant location to facilitate the quick and efficient exchange of 

aqueous solutions and automated image analysis. Further increase of the chamber number 

can be achieved easily. In contrast to bulk analyses, these experiments consumed only 

minimal quantities of the tested drugs and cells, reducing the costs per test. This is an 

advantage especially for drug candidates that are synthesized in small quantities for initial 

tests. The microchip further enables the performance of up to eight different experiments in 

parallel (different drugs, concentrations or cell types) or tests of multiple drug combinations. 

Using new scientific cameras with large fields of view and high pixel numbers will speed up 

the highthroughput measurements. Temporal resolution of few seconds to precisely monitor 

the effects of peptides with high activities will then be possible.

We envision our microfluidic platform to facilitate the parallel, systematic analysis of ACPs, 

other therapeutic agents, toxins or cell-affecting compounds at the single-cell level. 

Furthermore, the cell traps can be adapted to other cell types and bacteria.44 Depending on 

the application, transmission or fluorescence microscopy can be used and this setup is 

compatible with protein expression studies from single mammalian to single bacterial cells 

by means of on-chip immunoassays.44,45 Such an integration of single cell capture, drug 

response monitoring and analysis into one microfluidic chip can help to understand the 

underlying principles of drug resistance and aid the design and testing of targeted 

therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Assay and microfluidic chip design for single-cell drug testing. A) Schematics of the assay. 

Anticancer peptides (ACPs) are administered to MCF-7 cells loaded with calcein, which 

leaks out of the cells upon ACP-induced membranolysis. B) A microscopy image of the 

microfluidic channel with 612 chambers with central cell traps. The round valves that define 

the chambers when in the closed state are filled with red and black coloured solutions. Eight 

valve control lines are used to open and close the red and black subsets of the valves. C) 

Microscopy image of four microchambers and cell traps. The columns in between the 
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chambers prevent the large channel and the chambers from collapsing. D) Schematic side 

view of one chamber. The actuation of the ring-valve (red) is used to isolate cell, ensure 

flow-free conditions during imaging, and precisely time the drug exposure.
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Fig. 2. 
Fluorescence microscopy of melittin and aurein 2.2-induced membranolysis at high 

temporal and spatial resolution. A subset of the images taken at a frequency of 10 Hz and 

100× magnification are shown for A) 50 μM melittin and B) 50 μM aurein 2.2. C) 

Fluorescence intensity decrease of four individual cells treated with melittin and aurein 2.2 

(2 each) as well as a negative control without ACP. D) to G) Overlaid bright-field and 

fluorescence images of the cells, taken before and after the treatment. D and E correspond to 
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the cell shown in A, and F and G depict the cell presented in B. The corresponding videos 

can be found in ESI† SV2.
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Fig. 3. 
Comparison of the effect of melittin, aurein 2.2 and aurein 1.2 on MCF-7 cells. The 2D-

matrix plots show the results for A) a control experiment and for 50 μM B) aurein 1.2, C) 

aurein 2.2 and D) melittin (the inset shows a zoom for the first 6 min). Every horizontal line 

depicts the viability of a single cell over time, whereby cells are alive at high fluorescence 

intensity and dead at low fluorescence signal (total number of analysed cells: nA = 170, nB = 

97, nC = 267, and nD = 364). E) The time until membrane disruption differs for each of the 

peptides as depicted by the combined single-cell measurements. F) For aurein 1.2, this time 

Armbrecht et al. Page 16

Lab Chip. Author manuscript; available in PMC 2019 March 29.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



period is distributed much wider than those for aurein 2.2 and melittin, underlining the 

heterogeneous cell response. For improved visibility, outliers are not shown and mean values 

are marked by red circles.

Armbrecht et al. Page 17

Lab Chip. Author manuscript; available in PMC 2019 March 29.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 4. 
Dose–response analysis for aurein 2.2. A–C) Increasing aurein 2.2 concentrations induced 

faster cell death. The results for three different concentrations of aurein 2.2 are shown 

exemplarily (total number of analysed cells: nA = 163, nB = 173, nC = 190; for all 2D plots, 

refer to ESI† S10). The single-cell measurements were combined to plot D) the viability of 

the cell population over time for increasing doses and E) the drug response curves for 

selected time points during the measurement. F) The time of cell death is evaluated for 

increasing aurein 2.2 concentrations. Higher concentrations show faster mean cell death but 

broad variations are found for the intermediate concentrations (30 and 40 μM). The red dots 

depict the mean value of the corresponding measurements, outliers are not shown for better 

visibility. Differences between the mean and median are a consequence of the non-Gaussian 

distribution of the data. This results from the fact that the measurement duration was limited 

to 120 min.
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