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both, serum-supplemented cell culture medium and antico-
agulated human whole blood, could be generated stably and 
reproducibly using a fluorocarbon as continuous phase. The 
presented results illustrate the application potential of the 
lotus-leaf-like polymer chips in life sciences, e.g. in the field 
of personalised medicine.

Keywords Droplet-based microfluidics · Injection 
moulding · Lotus effect · Surface structuring

Abbreviations
2D  Two dimensional
3D  Three dimensional
AFM  Atomic force microscopy
DMEM  Dulbecco’s Modified Eagle’s Medium
C4F8  Octafluorocyclobutane
CV  Coefficient of variation
COC  Cyclic olefin copolymer
FMS  Fluid micro system
MST  Test elements without microfluidic channels
OS  Optical sensor
OWRK  Owens, Wendt, Rabel and Kaelble method
pbb  Pipe-based bioreactors
PC  Polycarbonat
FEP  Fluoroethylenpropylene
PFD  Perfluorodecaline
PR  Phenol red
PTFE  Polytetrafluoroethylene
Qc  Volumetric flow rate of the continuous 

phase (organic phase, separation medium, 
perfluorodecaline)

Qd  Volumetric flow rate of the disperse phase 
(aqueous or sample phase, biological media)

sD,OS  Droplet length average calculated with the opti-
cal detector signals

Abstract In this study, we present a biomimetic approach 
to improve the stability and reproducibility of droplet gener-
ation processes and to reduce the adhesion of aqueous drop-
lets to channel surfaces of microfluidic polymer chips. The 
hierarchical structure of the lotus leaf was used as a template 
for a partial laser structuring of the moulds that were used 
for casting the polymer chips. The hydrophobic wax layer of 
the lotus leaf was technologically replicated by coating the 
polymer chips using a plasma deposition process. The result-
ing microfluidic polymer chip surfaces reveal a topography 
and a surface free energy similar to those of the lotus leaf. 
Subsequent droplet-based microfluidic experiments were 
performed using a 2D flow focussing set-up. Droplets from 
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sD,SP  Droplet length average calculated with the 
syringe pump level

SEM  Scanning electron microscopy
SP  Syringe pump
Ts/s  Transformation factor (diameter determined 

with the syringe pump level to optical detector 
signals)

%(v/v)  Volume/volume per cent
%(w/v)  Weight/volume per cent

1 Introduction

Microfluidic chips are used in droplet-based microfluidics to 
prepare serially arranged micro-reactors based on the immis-
cibility of at least two fluids (Chong et al. 2016). An increas-
ing number of research groups use such micro-reactors for 
biological applications, e.g. for screening of microorgan-
isms regarding their potential to produce pharmaceuticals 
(Zang et al. 2013) and to discover novel enzymes (Beneyton 
et al. 2016) or for investigating their resistance against heavy 
metals (Cao et al. 2013). Other groups reported about the 
cultivation of single cells in microfluidic droplets to detect 
their protein expression quantitatively (Huebner et al. 2007) 
or about screening and development studies on multicellu-
lar spheroids (McMillan et al. 2016) and even on embryos 
of multicellular organisms like the zebrafish (Funfak et al. 
2007). Our group has recently reported about the droplet-
based cultivation of embryoid bodies (EBs) formed from 
murine embryonic stem cells [mESCs (Lemke et al. 2015)]. 
These mESCs experiments were performed using the modu-
larly constructed technological platform “pipe based biore-
actors” (pbb) which has the potential to serve as long-term 
cultivation system for 3D cell cultures in the volume scale 
from 100 nL up to 10 µL (Spitkovsky et al. 2016). Further-
more, droplet-based processes can be used to encapsulate 
pancreatic islets (Wiedemeier et al. 2011) and to analyse the 
quality of food (Schemberg et al. 2009, 2010).

An important prerequisite for the establishment of drop-
let-based applications is the availability of special devices 
for manipulating the droplets. One example is devices for 
the rapid and targeted sorting of droplets (Xi et al. 2017). 
Furthermore, new droplet generation concepts using dif-
ferent pressure conditions allow varying droplet sizes (Teo 
et al. 2017).

However, despite the huge potential of droplet-based 
microfluidics and the continuously growing number of pub-
lications in this field (Dressler et al. 2014), most studies only 
present proof-of-concepts (Casadevall i Solvas and deMello 
2011; Volpatti and Yetisen 2014). One reason for this lim-
ited transferability to commercial/industrial applications is 
the restricted availability of disposable polymer chips that 
allow for a stable and reproducible droplet generation of 

challenging biologically relevant fluids with a high protein 
content (Shembekar et al. 2016).

Cyclic olefin copolymer (COC) (Mair et al. 2006) and 
polycarbonate (PC) (Sun et al. 2005) are well-established 
thermoplastic materials for microfluidic applications since 
they are optically transparent, sterilisable, easy to handle 
and economically priced. However, micro-channel surfaces 
of fluidic chips moulded from these polymers by standard 
injection moulding processes do not support a stable and 
reproducible droplet generation process. Especially in the 
case of generating droplets from biologically relevant fluids 
with a high protein concentration like cell culture media 
supplemented with serum, an adhesion of the droplets to 
the micro-channel surface and consequently droplet pinning 
resulting in cross-contamination are frequently observed. To 
avoid droplet pinning effects, micro-channel surfaces have to 
be modified to achieve superhydrophobic properties.

There are a lot of papers describing surface modifica-
tions to achieve superhydrophobic properties on polymers, 
e.g. (Shirtcliffe et al. 2011; Xue et al. 2010). Usually, the 
surface will be microstructured and hydrophobically coated. 
Well-established procedures are hot embossing (Wang et al. 
2017), sol–gel coating (Wu et al. 2016) and deposition of 
soot (Esmeryan et al. 2017) or nanoparticles (Saarikoski 
et al. 2009). Furthermore, laser ablation procedures are used 
to structure the surfaces (Bachus et al. 2017; Rowthu et al. 
2015). However, all these procedures are more expensive 
than producing microstructured chips by moulding or not 
suitable for droplet-based microfluidic applications. The 
final hydrophobisation is usually carried out by means of a 
wet chemical or plasma-supported coating (Jankowski et al. 
2011).

In this study, we present a biomimetic approach to pre-
pare anti-adhesive micro-channel surfaces on PC- and 
COC-chips with superhydrophobic lotus-leaf-like properties 
(Barthlott and Neinhuis 1997) for droplet-based microfluidic 
applications. The lotus effect is supposed to result from the 
combination of a hierarchical microtopography (i.e. papil-
lae with a defined microstructure and nanostructure) and a 
hydrophobic epicuticular wax layer (Andreas et al. 2007; 
Darmanin and Guittard 2015; Quéré 2008). In order to rep-
licate the lotus structure (Gornik 2004; Kim et al. 2013; 
Oh et al. 2011; Tuvshindorj et al. 2014), the surfaces of 
the moulds were equipped with a microtopography (Fig. 1) 
employing femtosecond pulsed laser ablation as described 
by Groenendijk (Groenendijk 2008).

After injection moulding, the chips were treated with a 
plasma coating procedure. The resulting surfaces were char-
acterised topographically as well as physico-chemically. In 
order to analyse these microstructured and plasma-coated 
fluidic chips regarding their behaviour during and after 
droplet generation from aqueous media with a high protein 
concentration, fluidic experiments were performed.
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The fluid micro systems (FMS chips) described in this 
paper were developed to handle cells and 3D cell struc-
tures like spheroids with diameters up to 500 µm. For this 
reason, the diameters of the droplet guiding channels were 
determined to be 1000 µm resulting in droplet volumes not 
less than 523 nL to guarantee droplet contact to the circular 
channel walls. Droplet contact to the walls prevents merging 
of droplets. The smallest channel diameter for a reasonable 
manufacture by milling is proven to be 200 µm resulting in 
droplet volumes of about 4 nL. However, using moulding 
techniques, smaller channel diameters could be realised.

2  Materials and methods

2.1  Preparation of microstructured moulds by laser 
ablation

To investigate the chips surface properties on the one hand 
and their microfluidic properties on the other hand, two dif-
ferent chip types were moulded: (1) test elements (MST 
chips) without microfluidic channels but with a micro-
structured planar surface that were primarily employed for 
topographical and physico-chemical analyses (Fig. 1a) and 
(2) FMS chips with microstructured half-channels for drop-
let generation experiments (Fig. 4b, c). For these experi-
ments, two of the half-channel possessing chips have to be 

assembled face-to-face resulting in circular cross sections of 
the microfluidic channels.

For the characterisation of unstructured surfaces, the 
reverse surfaces of the MST chips were used. The FMS 
chips were designed to perform 2D flow focussing experi-
ments, i.e. each face-to-face assembled microfluidic chip 
possesses one main channel (diameter: 1000 µm) and two 
side channels (diameter: 300 µm), perpendicularly arranged 
to the main channel, see Fig. 4b. The size of a FMS chip is 
24 × 24 × 4 mm3. The respective moulds were manufactured 
from hot working steel (1.2343). The semi-circular negative 
structures for moulding the half-channels were manufactured 
by electrical discharge machining.

Subsequently, surface microstructuring was performed by 
laser ablation using an ultrashort pulse laser (Hyper Rapid, 
Coherent GmbH, Germany) equipped with a Galvanom-
eter scanner. The pulse width was 8 ps at a wavelength of 
355 nm. The laser power was 0.5 W. For the mould of the 
MST chips, the microstructured area was 20 × 20 mm2. For 
the FMS chip mould, only the negative structure for mould-
ing the main channel and also the parts of the side channel 
that are in close proximity to the droplet generation zone 
were microstructured. A home-made tilting stage (ifw Jena, 
Germany) was employed to rotate the mould during the laser 
ablation process in order to obtain an angle of incidence of 
close to 90° with respect to the curved surface of the semi-
circular negative structures of the mould. Both the tilting 
and the positioning of the samples demanded a high degree 
of precision (µm scale).

Inspired by the microstructure of the anti-adhesive lotus 
leaves, micro-cavities with a depth of 10–15 µm and a spac-
ing of 10–15 µm were created by laser ablation (Groenendijk 
and Meijer 2006). The diameter of the laser focus was 
10 µm. The depths of the micro-cavities were adjusted by 
varying the density of the laser pulses per area (repetitions 
or pulse count). To achieve a high surface density, the micro-
cavities were arranged in a hexagonal pattern (Andreas et al. 
2007; Feng et al. 2008).

2.2  Injection moulding and coating

COC (COC615) and two PC materials (PC2400 and 
PC2805) with different viscosities were used as chip 
moulding polymers. The viscosity increased from 
PC2400 < PC2805 < COC615. The chips were manufac-
tured by injection moulding (Allrounder 320 s, Arburg, 
Germany) with the following process parameters (Table 1).

After injection moulding, the chips were cleaned by treat-
ment with isopropanol for 15 min in an ultrasonic bath (Son-
orex super RK 100 H, Bandelin electronic GmbH & Co. KG, 
Germany) and successive rinsing with ethanol [80%(v/v)] 
and deionised water.

Fig. 1  a Schematic overview of the technological steps (from left to 
right, not drawn to scale). Left: laser-lithographically microstructured 
mould. Middle: moulding of the microstructure. Right: the moulded 
element with the microstructures and the structural elements. b 
Scheme of the three-phase system: microstructured, plasma-coated 
channel surface/hydrophobic phase (perfluorodecalin)/hydrophilic 
phase (droplet) and c scheme of the Cassie-Baxter wetting regime
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Subsequently, the surfaces of the chips were coated with a 
hydrophobic layer employing a low-pressure plasma system 
(Pico 110265, Type F, Diener electronic GmbH + Co. KG, 
Germany). After evacuating the reaction chamber down to a 
pressure of 9 Pa, the octafluorocyclobutane precursor  (C4F8, 
Air Liquide, Germany) was injected with 15 sccm, and the 
plasma was initiated at 13.56 MHz. Plasma coating was per-
formed for 30 min. The coated chips were stored until use 
in a closed chamber.

2.3  Topographical surface characterisation

2.3.1  Scanning electron microscopy (SEM)

After sputter coating with an approx.  9  nm gold layer 
(K550X Sputter Coater, Quorum Technologies Ltd, UK), 
the microstructured surface topography of the MST chips 
was characterised by means of stereo scanning electron 
microscopy (Evo LS10, Carl Zeiss Microscopy GmbH, 
Germany). SEM images from three tilt angels (0°–7°–15°) 
were recorded with a 250 fold magnification, 9 mm working 
distance and 1024 pixel × 768 pixel resolution. From these 
SEM images, a three-dimensional, digital surface model 
(3D-DSM) was composed employing the  MeX® software 
(Alicona Imaging GmbH, Austria). The analysis tool of 
the same software was used to determine the depths of the 
micro-cavities.

2.3.2  Atomic force microscopy (AFM)

AFM investigations on MST chips were performed using 
the atomic force microscope  Nanowizard® equipped with a 
100 µm z-scan module  CellHesion® (both jpk instruments 
AG, Germany). All scans were performed in contact mode at 
ambient conditions with cantilevers ARROW-NC (NanoW-
orld AG, Switzerland) having a nominal spring constant of 
42 N/m and a tip radius less than 20 nm. Due to the high 
aspect ratio of the micro-cavities, the scans were performed 
with a low scan rate of 0.1 Hz. In addition to the analyses 
of the microstructured chips, the hierarchical topography of 

a lotus leave (Nelumbo nucifera) was investigated, as well. 
The lotus leaf was stabilised with glycerol to avoid drying 
artefacts during the scans. Post-processing and 3D images 
of data were realised using the background correction fea-
ture and a Gaussian smoothing filter of the software SPIP™ 
(Image Metrology A/S, Denmark).

2.4  Physico‑chemical characterisation

Surface free energy determinations (including polar and dis-
persive components) were performed on the microstructured 
MST chips before and after the plasma coating procedure 
according the OWRK approach (Owens, Wendt, Rabel und 
Kaelble). For this approach, the contact angles of deionised 
water, formamide, ethylene glycol (predominantly polar) and 
diiodomethane (dispersive) were recorded using the OCA 
System (sessile drop, 3 droplets of 3 µL, DataPhysics Instru-
ments GmbH, Germany).

2.5  Fluidic experiments

Fluidic experiments were performed with a highly versatile 
microfluidic platform comprising the following functional 
modules:

• Droplet generation FMS,
• Detection module (equipped with two optical sensors),
• Tube storage disc,
• Stirring unit (only for experiments with blood),
• Syringe pump system (neMESYS, cetoni GmbH, Ger-

many).

The droplet generation FMS is composed of two plasma-
coated chip halves assembled reversibly face-to-face and 
pressed together with screws guaranteeing leak tightness 
(Gastrock et al. 2010). Pins and drillings serve as position-
ing elements to guarantee for a reproducible assembly and 
disassembly, e.g. for refreshing of the chip coating. After 
its assembling, the FMS is mounted into a frame that serves 
for the fluidic connections between the tubes and the FMS 
(Fig. 4a). All functional modules were connected with tubes 
made from polytetrafluoroethylene (PTFE) and fluorinated 
ethylene propylene (FEP), respectively.

For both, the transport of droplets as well as the mutual 
separation of the droplets, perfluorodecalin (PFD) served 
as continuous phase. Additionally, reference experiments 
with Novec 7500 and Pico-SurfTM 2 as continuous phase 
were performed. Two aqueous fluids with a high biotechno-
logical and biomedical relevancy were used for the experi-
ments performed in this study: (1) cell culture medium 
Dulbecco’s Modified Eagle’s Medium (DMEM), product 
number D5523 (Sigma-Aldrich Chemie GmbH, Germany) 
supplemented with 4.5 g/L d-glucose, 2 mmol/l l-glutamine, 

Table 1  Injection-moulding parameter

Parameter Value Unit

Melting temperature 320 °C
Injection pressure 45.3 MPa
Injection velocity 20 ml/s
Injection time 0.9 s
Dosing time 2.35 s
Cooling time 70 s
Dwell pressure 160 MPa
Moulding temperature 150 °C
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100 U/mL penicillin, 100 µg/mL streptomycin, 10%v/v foe-
tal calf serum and 0.01%w/v phenol red and (2) anticoagu-
lated human blood (supplemented with trisodium citrate 
0.106 mol/L in S-Monovette®, order number 04.1955.100, 
Sarstedt AG & Co., Germany). For droplet-based microflu-
idic experiments, those fluids are often challenging due to 
their high concentration of surface active compounds like 
proteins. In order to characterise the influence of the FMS 
surface microstructure and coating on the droplet genera-
tion process, most experiments were performed without sur-
factants. However, as reference to usual droplet-based appli-
cations, also experiments with surfactants were performed.

Prior to the experiments, the droplet generation FMS and 
the tubes were intensively rinsed and filled with PFD. For 
each parameter, five experiments were performed with a 
PFD flow rate (Qc) of 500 µL/min, an aqueous fluid flow rate 
(Qd) of 100 µL/min and a droplet generation time of 6 min.

To evaluate the droplet generation reproducibility, the 
volume of each droplet and its standard deviation were 
assessed. Each droplet was considered as a sphere (sphere 
diameter ≤ main channel diameter of the droplet genera-
tion FMS) or as cylinder with hemispherical ends. In the 
latter case, the cylinder diameter corresponds to the main 
channel diameter of the droplet generation FMS.

For the cylinder volume calculation, the droplet length 
was measured photometric at 525 nm by recording the 
absorption shift between PFD and the droplet. These 
measurements were realised using a detection chip with 
two optical sensors.

The droplet volume calculation bases on the precondi-
tion of an idealised droplet shape. However, depending 
on the droplet velocity, deviations from these idealised 
shapes were observed. Compared to a non-moving (non-
deformed) droplet, the shape deviation became more sig-
nificant with increasing velocity. Taking these shape devi-
ations into account, a correction factor was introduced. 
This factor Ts/s represents the ratio of the droplet length 
average sD,SP, calculated from the sample volume deliv-
ered by the syringes pump (SP) divided by the number of 
generated droplets and the droplet length average sD,OS, 
determined by the optical sensors (OS).

Subsequently, the volume of each droplet was calculated 
employing this correction factor.

To evaluate the droplet generation reproducibility, the 
following parameters were determined for each experi-
ment: (1) the mean droplet volume, (2) the standard devia-
tion and (3) the coefficient of variation (CV).

For the final analysis of the droplet generation stability, 
two further experiments were performed. Within the scope 

(1)Ts∕s =
sD,SP

sD,OS

of these experiments, interactions of the sample medium 
with the FMS channel surface should be investigated. For 
this, droplets were continuously generated for 6 h using the 
FMS chips to be examined. The evaluation was based on 
the pure optical observation of the droplet generation pro-
cess. The experiment was stopped when the droplets exten-
sively adhered to the channel surface, and the stability 
of droplet generation process was significantly disturbed.

3  Results and discussion

3.1  Influence of the microstructure 
on the physico‑chemical properties

With the applied injection-moulding process, papilla-like 
structures could successfully be prepared on different poly-
mers surfaces (Fig. 2a–c).

The use of different polymers resulted in different mor-
phologies of the papilla-like structures. The flattest papillae 
were observed on the surface of MST chips made from COC 
(Fig. 2c), whereas the PC2805 surfaces were characterised 
by rather sharp papillae (Fig. 2b).

The different polymers also caused different heights of 
the papillae; i.e. heights of ~ 5 µm for PC2805 (Fig. 2b) 
and COC6017 (Fig. 2c) and heights of ~ 6 µm for PC2400 
(Fig.  2a). These differences are caused by the differ-
ent viscosities of the molten polymers. A lower viscos-
ity of the melt improves its intrusion into the mould 
cavities and consequently increases the height of the 
papillae. The polymer PC2400 with the lowest viscosity 
(PC2400 < PC2805 < COC6017) resulted in the maximum 
papillae height.

Compared to unstructured and uncoated polymer MST 
chip surfaces, the contact angles of uncoated microstruc-
tured MST chip surfaces increased from ~ 90° to ~ 120° 
(Fig. 2d). The highest water contact angle on uncoated but 
microstructured surfaces was measured with ~ 130° on the 
COC6017 MST surface. This also connotes that microstruc-
tured COC6017 FMS should be well suited for droplet-based 
applications even without plasma coating.

The surface free energy of the unstructured and uncoated 
MST surfaces was ~ 40 mN/m (Fig. 2e). Caused by the 
microstructure, the surface free energy was increased by 
~ 6 mN/m for the MST chips with smaller papillae height 
(PC2805 and COC6017) and by ~ 20 mN/m for the MST 
chips with maximum papillae height (PC2400, Fig. 2e).

In the case of unstructured surfaces of MST chips made 
from the polymers PC2400 and PC2805, ~ 95% of the sur-
face free energy was contributed by the dispersive compo-
nent. For COC6017, the dispersive component was ~ 89%. 
For the microstructured surface of MST chips, the dispersive 
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component was increased by ~ 3% for PC2400 and PC2805 
and by ~ 10% for COC6017.

In summary, the uncoated microstructure of the MST chip 
surfaces increases both the water wettability and the sur-
face free energy. This phenomenon was described by Wenzel 
(Wenzel 1949): for a homogeneous wetting scenario where 
microstructures intensify the surface properties of the bulk 
material (hydrophobic solid materials become more hydro-
phobic and vice versa).

3.2  Influence of the plasma coating 
on the physico‑chemical properties

Plasma coating resulted in a significant increase of the 
water contact angle for both the unstructured and the 
microstructured MST surfaces (Fig. 2d, coated surfaces). 
The surface of an unstructured MST chips moulded from 
PC2805 revealed a water contact angle of 88.1° ± 3.4° and 
a surface free energy of 41.74 ± 1.0 mN/m (dispersive: 
41.56 ± 1.1 mN/m, polar: 1.9 ± 0.3 mN/m). After plasma 
coating with  C4F8, the wettability was significantly affected. 

The water contact angle increased to 119.4° ± 0.7°, and the 
surface free energy was reduced to 8.98 ± 0.2 mN/m (disper-
sive: 8.44 ± 0.3 mN/m, polar: 0.54 ± 0.2 mN/m).

Interestingly, the wettability was not only reduced for 
aqueous test fluids but also for non-fluorinated oils like tetra-
decane. However, the coated surfaces were completely wet-
table with fluorinated oils like PFD (contact angle < 20°).

From AFM measurements, the thickness of the 
 C4F8-coating was estimated to be ~ 140 nm. For this, a glass 
slide was partially coated using the above-described coating 
procedure.

For the microstructured surfaces, the water contact 
angle increased from ~ 110° to ~ 130° up to ~ 160° after 
plasma coating. Furthermore, the standard deviation of 
the water contact angles was reduced for all coated MST 
chips. After plasma coating the wettability of the three 
polymers were comparable even though there were sig-
nificant differences in the wettability prior to the coat-
ing process (Fig.  2d). The polymer with the highest 
contact angle before coating (130° for microstructured 
COC6017) displayed the lowest contact angle after plasma 

Fig. 2  Upper panels: SEM images (45° angle) of the microstructured 
moulded polymers PC2400 (a), PC2805 (b) and COC6017 (c). Lower 
panels: comparison of uncoated and coated as well as unstructured 

and structured moulded surfaces. d Results of the quantitative analy-
ses of the heights of the created microstructural elements and result-
ing water contact angle and e free surface energy of the polymers



Microfluid Nanofluid (2017) 21:167 

1 3

Page 7 of 11 167

coating (154°). Since the structure heights of PC2805 and 
COC6017 (Fig. 2d) are comparable, we assume that the 
rounded morphology of the COC6017 microstructure ele-
ments (Fig. 2c) causes an increase of the contact area to 
the polar phase resulting in a slightly increased wettability.

In addition to the reduction of the water wettability, 
a significant reduction of the surface free energy was 
observed after coating both microstructured and not micro-
structured MST surfaces (Fig. 2e). For the unstructured 
surfaces, the surface free energy was reduced by more than 
30 mN/m to values around 9 mN/m. An extremely low sur-
face free energy of ~ 2 mN/m was observed for the micro-
structured surfaces after plasma coating. This reduction is 
predominantly due to a decrease of the dispersive part of 
the surface free energy. While the coating procedure does 
not significantly affect the polar component for unstruc-
tured surfaces (~ 1 mN/m), it is increased to ~ 4 mN/m 
for uncoated microstructured samples. When these micro-
structured surfaces are plasma coated, the polar part is 
reduced to values lower than 0.2 mN/m.

In general, polar components account for less than 10% 
of the surface free energy irrespective of the coating. The 
high water contact angles additionally indicate a low con-
tribution of the polar part of the surface free energy, espe-
cially since the coated microstructured polymer surfaces 
display an extremely low polar contribution.

3.3  Comparison of the coated microstructured polymer 
surfaces with the lotus leaf surface

In order to compare the technically prepared biomimetic 
surfaces with the leaves of the lotus flower, AFM analy-
ses were performed on microstructured and plasma-coated 
PC2400 MST chips and Nelumbo nucifera leaves. Compara-
tive AFM analyses reveal that both surfaces are character-
ised by a hierarchical micro- and nanotopography (Fig. 3). 
The morphology of the individual microstructure elements 
of the injection-moulded polymer surface reveals a striking 
similarity to the papillae of the lotus leaf (Fig. 3b, e). They 
also display comparable heights, diameters and spacing.

The arrangement of the microstructure elements is char-
acterised by a lower degree of variability (in terms of height 
and spacing of individual microstructure elements, Fig. 3a, 
d). Furthermore, both surfaces display a similar nanotopog-
raphy on top of the microstructure elements (Fig. 3c, f).

Both surfaces reveal an extremely low water wettabil-
ity (~ 160° for the lotus leaf (Barthlott and Neinhuis 1997) 
as well as for the microstructured, plasma-coated polymer 
surface). These superhydrophobic properties indicate a het-
erogeneous wetting according to the Cassie-Baxter theory 
(Cassie and Baxter 1944; Hüger et al. 2009; Wagner et al. 
2003).

Fig. 3  AFM analyses on the topography of microstructured, plasma-
coated MST surfaces (a–c, PC2400) and a Nelumbo nucifera leaf 
(d–f). The images reveal the striking similarities between the two 
hierarchical structures on different scales: arrangement of the micro-

structure elements (a and d), morphology of the individual micro-
structure elements (b and e) and the nanotopography on top of the 
microstructure elements (c and f)
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3.4  Microfluidic experiments

The FMS microstructure was created on the surface of the 

main channel which is in direct contact with the test fluids. 
SEM and stereoSEM images of the main channel surface 
reveal that the microstructure that was created on the mould 

Fig. 4  FMS chip with microstructured, plasma-coated channels pre-
pared by injection moulding of PC2805 a photograph of the FMS 
mounted in a frame for fluidic contacting, b photograph and c SEM 
image of the intersection between main channel (aqueous phase) and 

side channel (separation medium), d 3D digital surface model of the 
microstructured channel surface, e physico-chemical properties and f 
results of the microfluidic experiments for FMS prepared from differ-
ent polymers (see also Table 2)
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could be successfully transferred onto the FMS chip ele-
ments (Fig. 4c, d). For the microfluidic experiments with 
DMEM and blood, the microstructured and plasma-coated 
FMS chips made from the above-mentioned polymers were 
investigated (Table 2, No. 1–5). Additionally, reference FMS 
chips (Table 2, No. 6–7) were investigated to estimate the 
effect of a missing microstructure (unstructured PC2805) as 
well as of a missing  C4F8 coat (uncoated COC6017).

Irrespective of the type of polymer, no significant adhe-
sion of the cell culture medium to the channel surface was 
detected during the 30 min of droplet generation employ-
ing coated microstructured FMS (Table 2, No. 2–5). How-
ever, severely reduced performance times of ~ 10 min for 
the unstructured but plasma-coated PC2805 reference FMS 
(Table 2, No. 6) and ~ 15 min for the microstructured but 
uncoated COC6017 reference FMS (Table 2, No. 7) were 
observed. This indicates that a combination of both the 
microstructure and the plasma coating is necessary to guar-
antee for a stable droplet generation process.

In addition to these effects, the surface modification also 
affects both the droplet volume and the reproducibility of 
the droplet generation process (Fig. 4f). When the droplet 
generation was performed with microstructured and coated 
FMS, a consistent droplet volume of ~ 800 nL was obtained. 
For all microstructured and coated FMS investigated with 
DMEM (Table 2, No. 3–5), there is a slight tendency of 
an increasing droplet volume for a decreasing water con-
tact angle (and a decreasing surface free energy), compare 
Fig. 4e, f.

For the unstructured channel surface of the PC2805 FMS 
(Table 2, No. 6), the droplet volumes increased by ~ 200 nL 
(+ 25%), see Fig. 4e, f. A similar effect was observed for 
the microstructured but not plasma-coated COC6017 FMS 
(Table 2, No. 7). The droplet volumes increased to ~ 1100 nL 
(~+ 35%) when uncoated COC6017 FMS were employed 
(Fig. 4e, f). Each of these droplet volume increases corre-
lates with a higher wettability of the surfaces (~ 30° lower 

water contact angles and higher surface free energy, Fig. 4e, 
f). The higher wettability of the FMS channel surface causes 
more pronounced interactions of DMEM with the channel 
surface, resulting in a delayed droplet break-up and thus in 
an increase of the droplet volume.

For all microstructured and plasma-coated FMS, the CV 
values were smaller than 2.5%, indicating that the droplet 
generation process was highly reproducible. The lowest 
CV value of 1.45%, and thus, the highest reproducibility 
was observed for the microstructured and plasma-coated 
COC6017 FMS.

For droplet generation from anticoagulated human whole 
blood, a coated microstructured PC2400 FMS was used 
(Table 2, No. 1). Droplets could stably be generated during 
the whole process, lasting 30 min maximally. In contrast to 
the experiments with DMEM, droplets from blood could not 
be generated with microstructured but uncoated PC FMS. 
The blood droplet volumes and their CV values were higher 
than the respective data for droplets generated from DMEM. 
This may be due to the higher protein concentration of whole 
blood that supports interactions with the uncoated channel 
surface (Pham et al. 2016).

Compared to the experiments without surfactants 
(Table 2, No. 3), the results of the reference experiments 
with the PC 2400 FMS using surfactants (Table 2, No. 2) 
show a droplet volume increase of approx. 22%, see also 
Fig. 4f. This volume increase is caused by the decreased sur-
face tension. The CV value increased merely by about 0.2%.

Finally, the experiments with DMEM and whole blood 
were continued with the four structured and coated FMS 
(Table 2, No. 1–5) to study the long-term stability of the 
droplet generation. For this purpose, droplets were continu-
ously generated on two successive days each for 6 h using 
the corresponding FMS as well as the test fluids DMEM 
and whole blood. Using three different, microstructured and 
coated FMS (Table 2, No. 2–5), droplets could be gener-
ated without disturbance over the complete test period of 
12 h with DMEM. In the case of droplet generation from 
whole blood using the microstructured and coated PC2400 
MST (Table 2, No. 1), punctiform adhesions of the blood 
on the channel surface were observed after approx. 10 h. 
However, these adhesions could be eliminated by increas-
ing the flow rates and did not appear again. These experi-
ments proved that injection-moulded, microstructured and 
plasma-coated FMS support a stable and long-term droplet 
generation process.

In summary, both the introduced microstructure and the 
hydrophobic plasma coating lower the surface free energy 
of the FMS channel surfaces. Consequently, the tendency of 
biologically relevant fluids to adhere to the channel surface is 
lowered. According to Cassie’s law (Cassie and Baxter 1945; 
Cassie 1948), the contact area between the droplets and the 
channel surface could be significantly reduced. Particularly 

Table 2  FMS chip configurations and the investigated fluids

No. Polymer Microstructure Coating Test fluid Continu-
ous phase

1 PC2400 Yes Yes Blood PFD
2 PC2400 Yes Yes DMEM Novec 

7500 
and 
Pico-
surf™2

3 PC2400 Yes Yes DMEM PFD
4 PC2805 Yes Yes DMEM PFD
5 COC6017 Yes Yes DMEM PFD
6 PC2805 No Yes DMEM PFD
7 COC6017 Yes No DMEM PFD
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for hydrophobic surfaces (Absolom et al. 1987), this reduced 
contact area should also reduce the capability for protein adhe-
sion (Fig. 1b, c). A combination of the microstructure and the 
hydrophobic plasma coating significantly reduces the adhe-
sion of biologically relevant fluids to the channel surface. The 
resulting disposable FMS chips support a long-term stable 
droplet generation process with a highly reproducible droplet 
volume.

4  Conclusions

The results presented in this study demonstrate that micro-
fluidic chips with biomimetic anti-adhesive channel surfaces 
can be prepared by combining injection moulding and plasma 
coating. Injection moulding was performed in moulds that 
were microstructured via laser ablation. The resulting superhy-
drophobic surfaces reveal a hierarchical microtopography and 
physico-chemical properties similar to the lotus leaf. Droplet-
based microfluidic experiments reveal that only the combina-
tion of the microtopography and the anti-adhesive  C4F8-plasma 
coating supports a stable long-term droplet generation process. 
Droplets could even be prepared from challenging fluids like 
whole blood with a high protein concentration in a stable and 
highly reproducible fashion. In combination with the modular 
platform (iba 2005; Lemke et al. 2015), the FMS chips possess 
a high potential for commercial, droplet-based applications 
in life sciences since they support a stable and reproducible 
droplet generation process and since they can be prepared as 
sterilisable disposables.

The advantage of the approach for increasing the hydropho-
bicity of polymer surfaces proposed in this paper is the direct 
microstructure transfer from the mould to the chip, followed 
by a plain plasma coating.

Compared to the manufacture of ordinary moulds, only one 
additional manufacturing step is necessary. After milling and 
electroerosion of the mould, the microstructures were realised 
by laser ablation. During the moulding process, these micro-
structures were transferred onto the FMS chips. After coating 
the FMS chips with plasma, two chip halves were mounted 
face-to-face to achieve round channels. After mounting the 
FMS chips, they can be used for the experiments. Laser abla-
tion is the only additional manufacture step.
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