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ABSTRACT: Microﬂuidic droplet reactors have many potential uses, from analytical to synthesis. Stable operation requires
preferential wetting of the channel surface by the continuous
phase which is often not fulﬁlled by materials commonly used
for lab-on-chip devices. Here we show that a silica nanoparticle
(SiNP) layer coated onto a Poly(methyl methacrylate)
(PMMA) and other thermoplastics surface enhances its wetting
properties by creating nanoroughness, and allows simple
grafting of hydrocarbon chains through silane chemistry.
Using the unusual stability of silica sols at their isoelectric
point, a dense SiNP layer is adsorbed onto PMMA and renders
the surface superhydrophilic. Subsequently, a self-assembled dodecyltrichlorosilane (DTS) monolayer yields a superhydrophobic
surface that allows the repeatable generation of aqueous droplets in a hexadecane continuous phase without surfactant addition.
A SiNP-DTS modiﬁed chip has been used to monitor bacterial viability with a resazurin assay. The whole process involving
sequential reagents injection, and multiplexed droplet ﬂuorescence intensity monitoring is carried out on chip. Metabolic
inhibition of the anaerobe Enterococcus faecalis by 30 mg L−1 of NiCl2 was detected in 5 min.
KEYWORDS: microﬂuidic, PMMA, silica nanoparticles, superhydrophobic, resazurin, anaerobic toxicity

■

INTRODUCTION
Droplet based microﬂuidic devices require complete wetting of
the channel walls by the continuous phase to avoid pinning and
smearing. However, most materials suitable for microﬂuidic
devices require their surface to be modiﬁed to meet this
requirement. Poly(methyl methacrylate) (PMMA) has excellent transparency from UV to NIR wavelengths, low gas
permeability, and good dimensional stability. For these reasons,
it was chosen as the optimal material for microdroplet format of
a real time toxicity assay we have previously developed on
microplates.1,2 PMMA is also low-cost and amenable to a
variety of fabrication methods which makes it suitable for both
prototyping and large scale replica molding.
For segmented-ﬂow microﬂuidics, a surfactant is generally
added to the continuous phase and provides a dynamic coating
that controls the wetting of the channel walls, but also prevents
droplet coalescence.3 For example, with the addition of oil or
water-soluble surfactants both, W/O and O/W emulsions in
PMMA microﬂuidic chips can be prepared.4 However, this
comes at the cost of increased background ﬂuorescence,5
leakage of small molecule through micelles,6 and microbial
metabolism interferences.7 Moreover, as surfactant concentration increases, merging droplets becomes diﬃcult and
© 2017 American Chemical Society

irreproducible. In these situations, active measures are required
(i.e., electro-coalescence8), which increase the complexity of the
fabrication process and experimental setup. Therefore, if
droplets do not come in contact with each other, then a
permanent modiﬁcation of the channel surface is suﬃcient and
more appropriate.
Several chemical approaches have also been proposed for the
surface modiﬁcation of PMMA. Aminolysis9−11 and hydrolysis12,13 to yield amine- and carboxyl-terminated surface,
respectively, have been used for conjugating biomacromolecules, but high surface density generally requires more reactive
reagents which tends to alter the surface topography and needs
to be handled with care. Hydrophobic PMMA surface has been
obtained by aminolysis with lithiated diamine and further
derivatization with hydrocarbon chains.14 Similar surface
concentrations of amines have also been reported using
ethylenediamine in DMSO but with loss of transparency due
to solvent incompatibility,12 which is a major hurdle for PMMA
modiﬁcation. Widely available organosilane reagents have also
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Figure 1. (A) PMMA hydrophobic surface modiﬁcation scheme. The surface is ﬁrst coated with silica nanoparticles which render the surface
superhydrophilic. Complete surface coverage is obtained with 1−3 cycles depending on particle size. In a second step, the silica layer is rendered
hydrophobic by chemical modiﬁcation with DTS. (B, C) Optical micrographs showing transition from (B) partial wetting before modiﬁcation to (C)
complete wetting by the continuous phase after hydrophobic modiﬁcation.

been used on PMMA to introduce perﬂuorinated chains,
amines and thiols after generating hydroxyls on the surface by
oxygen plasma15 or with strong reducing agent such as lithium
aluminum hydride.16 While this universal strategy is attractive,
the resulting Si−O−C linkage on thermoplastic materials is
susceptible to O−C hydrolysis. Covalent bonding to the surface
is only temporary, and the coating should be treated as a
physically adsorbed ﬁlm, at best.17 In the case of the
hydrophobic coating, hydrolysis is sterically hindered but
stability is generally aﬀected by defects in the self-assembled
monolayer.18
Wettability can also be enhanced by surface roughness19 and
super hydrophobic PMMA channels have been obtained by a
plasma induced microroughness and C4F8 deposition.20 It
should be noted that hydrophobic modiﬁcation precludes
bonding and extra masking and alignment steps are required.
Few methods to create superhydrophobic surfaces are
applicable inside sealed microchannels. Direct superhydrophobic modiﬁcations have been reported for glass microchannel
using titania nanoparticles21 or aerogel coatings,22 but these are
not applicable to plastics. Superhydrophobic surface are
attractive for segmented ﬂow microﬂuidic, but they remain
elusive for disposable polymeric chip because of solvent and
temperature limitations, need for optical clarity, control over
coating thickness, adhesion to the substrate, and so forth.
To overcome these limitations, we test a hypothesis that
silica nanoparticle (SiNP) can provide a primer layer to prepare
antipinning surfaces for surfactant-free microﬂuidic devices.
SiNPs are adsorbed from an acidic solution to form a near
monolayer on the PMMA substrate. The PMMA/silica
nanoparticle surface is superhydrophilic and subsequently
silanized with alkylchlorosilanes to form a superhydrophobic
surface. The eﬀect of the SiNP diameter on surface morphology
and subsequently droplet wetting is discussed. Finally, the
eﬀectiveness of the method is demonstrated with a surfactantfree microﬂuidic application where the kinetics of bacterial
metabolism are monitored in real-time. The method was
primarily developed for PMMA, however, preliminary experi-

ments on other thermoplastics suggest that this method is also
applicable to a wider range of materials.

■

EXPERIMENTAL SECTION

Materials and Chemicals. Hexadecane, 99% and n-Dodecyltrichlorosilane (DTS), 96% were purchased from Alfa Aesar, U.S.A.
Colloidal silica Ludox TM-50, Tetraethyl orthosilicate (TEOS),
resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide), and brain
heart infusion (BHI) broth were purchased from Sigma-Aldrich,
Singapore. Deionized water was used in all experiments. PMMA sheets
3 mm thick were obtained from Marga Cipta, Indonesia, 1 mm thick
PVC slides from Art Friend, Singapore and 50 μm PET sheets from
Professional plastics, Singapore.
Silica Sols. Commercially available SiNPs Ludox TM-50 were
diluted to 0.5 wt % in water, and the pH was rapidly adjusted to pH 2
with HCl; this sol was used in most experiments. To study the size
eﬀect, nanoparticles were also synthesized from TEOS as detailed in
the Supporting Information (SI). Brieﬂy, smaller particles were
synthesized using a two-phase method where the base was replaced
by NaOH.23 Larger particles where synthesize from the Stöber method
with varying ethanol/water ratios.24 Particle size was measured by
dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS, Malvern
Instruments, U.K.).
Poly(methyl methacrylate) (PMMA) Surface Modiﬁcation.
The PMMA surface was modiﬁed according to the scheme depicted in
Figure 1A. PMMA slides cut to 1.5 × 6 cm2 were sequentially washed
with ethanol and water and blow dried with a stream of compressed
air. SiNP were ﬁrst adsorbed on the PMMA surface by dipping the
slides in silica sol and the slide was then rinsed with water and dried in
an oven at 90 °C for 15 min; this cycle was repeated up to four times.
After the last cycle the drying time was extended to 1 h. Subsequently
the surface was silanized by immersion for 1 h in 0.5% (v/v) DTS in
hexane previously dried over magnesium sulfate. Finally, the slides
were sequentially rinsed with hexane and water and kept in a
desiccator until characterization. PET and PVC were coated in similar
fashion except the drying temperature was reduced to 70 °C because
of their lower glass transition temperatures.
Contact angles (CAs) were measured with a goniometer (OCA
15Pro, DataPhysics, Germany) using the tilt-plate method with 20 μL
drop volume and 0.5°s−1 tilt rate. Advancing/receding CAs were taken
right before the drop started moving, deﬁned as the point where the
drop base diameter is the largest. For water in oil CAs the substrate
was immersed in hexadecane, and a 6 μL water drop was deposited on
13802
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estimated from the average droplet velocity in a straight section of the
incubation channel.
Bacteria Viability Experiments. Enterococcus faecalis, a facultative
strain commonly found in anaerobic digesters was used for this
experiment.27 E. faecalis OG1RF (ATCC 47077) (100 μL) was
injected into 10 mL BHI sterile medium previously bubbled with N2.
The culture was incubated overnight (stationary phase) and was stored
at 4 °C until use (<24 h). Final bacterial density inside the droplets
was estimated at 3.7 × 107 cell mL−1 by the acridine orange direct
count method.28
Droplets containing nickel cations mixed with bacteria and resazurin
were generated on the chip. Stock solutions for the four aqueous inlets
were as follows: (1) ddH2O, (2) nickel chloride dissolved in ddH2O
(NiCl2, 166.6 mg L−1), (3) E. faecalis (OD600 ≈ 0.5), and (4)
resazurin dissolved in PBS (125 mg L−1). Resazurin and E. faecalis
were injected at 0.2 μL min−1 while the NiCl2 and PBS ﬂow rates were
adjusted to give a total aqueous ﬂow rate of 1 μL min−1. To create
diﬀerent nickel concentrations, the ﬂow rate ratio was automatically
changed every 10 droplets, and the ﬁrst 3 droplets after each transition
were discarded resulting in 7 replicates. The kinetics of each sample
were ﬁtted with a sequential pseudo-ﬁrst order model obtained under
the assumption that the reactions were irreversible under anaerobic
conditions:

the surface and allowed to equilibrate for 1 min before measurement.
Standard deviation of 4 drops per substrate is reported. Samples after
SiNPs adsorption were imaged by scanning electron microscopy
(SEM) (JSM-6340F, JEOL, Japan) with a thin platinum coat sputtered
under argon at 10 mA for 120 s (JFC-1600, JEOL, Japan); the contrast
of the SEM images was enhanced by histogram equalization. Surface
roughness was characterized by atomic force microscopy (AFM)
(Cypher S, Asylum Research, U.S.A.) in attractive mode (i.e.,
noncontact) with a 160 kHz tip (NCSTR, Nanoworld, Switzerland).
The scan area was 1 × 1 μm2, and scan rate 0.8 Hz; the values reported
are the average of 4 scans at diﬀerent locations. Transmission spectra
were acquired with a UV−vis spectrophotometer (Varian Cary 50
UV−vis). Baseline was acquired without any sample and transmission
of 3 mm thick PMMA sheets were measured with 90° incident light.
Microchip Fabrication. PMMA microﬂuidic chips were fabricated
by a simpliﬁcation of the procedure described by Haiducu et al.25
where sputtering of an intermediate metal mask was avoided as shown
in Figure S1 of the Supporting Information (SI). Brieﬂy, a dry negative
photoresist ﬁlm (Riston FX515, DuPont) was laminated onto a
PMMA slide and patterned by UV at 360 nm using an inkjet printed
mask. Once developed the photoresist was used as a mask for exposing
PMMA to UV at 254 nm for 12 h. Exposed PMMA and the remaining
photoresist were dissolved by sonication in 70% IPA at 20 °C,
resulting in channels approximately 100 μm deep. One mm diameter
ports were drilled and the chip was closed by thermally bonding a
pristine PMMA slide at 27 bar and 80 °C for 30 min followed by ∼200
mbar at 110 °C for 1 h. Finally, the edges were sanded with 320 grit
sandpaper to act as light diﬀuser. PMMA slides etched without mask
and annealed at 110 °C for 1 h were also coated with 3 SiNP cycles
followed by DTS silanization to measure CAs.
The channels were coated in similar fashion as for the ﬂat
substrates. One mL of each solution was manually ﬂushed in sequence
at a high ﬂow rate (∼2 mL min−1) to remove trapped air bubbles. The
excess water was removed by blowing compressed air. Prior to DTS
silanization the quality of the silica layer was checked by generating air
plugs in a water ﬁlled channel. The silica coating cycle was repeated
until pinning of air plugs under static conditions was eliminated
(typically 3−4 times). Micrograph images of the channel at diﬀerent
stages were taken with a bright-ﬁeld microscope (BX53, Olympus)
equipped with a CMOS camera (Inﬁnity1, Lumenera).
Microﬂuidic Device Operation and in situ Fluorescence
Recording. The PMMA chip with outer dimensions of 6 × 6 cm2 was
placed in a custom holder and connections were made with 1/32″ I.D.
FEP tubing (EW-06406−60, Cole-Parmer) and ﬂangeless ﬁttings (P200, P-288, Upchurch scientiﬁc). Fluorescence excitation was achieved
by total internal reﬂection from 56 LEDs at 530 nm (151033GS03000,
Würth Elektronik) surrounding the chip. The assembly was placed in a
light-tight enclosure heated to 37 °C. Dual syringe pumps (Mitos Duo
XS-Pump, Dolomite) and two syringe pumps (Pump 11 Elite, Harvard
Apparatus) were used for the aqueous inlets. Hexadecane was
delivered from a pressurized reservoir (∼1 bar), and the ﬂow was
adjusted with a needle valve (F-2822, Air logic) to maintain the
distance between droplets of approximately twice the droplet length.
Images were acquired using a digital camera (acA1300−60gc,
Basler) with a 12 mm focal length lens (M1214-MP2, Computar). C+
+ software was developed in-house using the OpenCV library to
simultaneously track and record ﬂuorescence intensities of all droplets
present in the chip. Brieﬂy, the mixture of Gaussians background
subtraction method was used to segment the droplets. Contour
detection was applied, and each blob (i.e., droplet) was assigned to the
closest one in the previous frame. Fluorescence intensity was obtained
from the red layer pixel intensity in the center of each droplet after
background subtraction; time, position and apparent area were also
recorded for each droplet. Fluorescence intensity was spatially
normalized using an image of the channel ﬁlled with resoruﬁn to
account for inhomogeneity of the excitation light. The tracking and
recording algorithm was running at 6 fps, and a 51-point moving
median ﬁlter was applied to reduce the noise. Capillary number (Ca =
μU/γ where μ is the viscosity of the continuous phases, U the droplet
velocity, and γ the interfacial tension between the 2 phases26) was

FLU = A 0K1/(K 2 − K1)(e−K1t − e−K2t ) + BKGD

(1)

where A0 is the ﬂuorescence intensity corresponding to the initial
resazurin fully converted to resoruﬁn, K1 and K2 are the rate constants
for resazurin to resoruﬁn, and resoruﬁn to dihydroresoruﬁn,
respectively, and BKGD an oﬀset parameter.29 A one-way ANOVA
test with posthoc Tuckey HSD was used to compare the ﬁtted
parameters.

■

RESULTS AND DISCUSSION

The aims of this work were to develop a surface modiﬁcation
procedure for PMMA microchips that (1) ensure complete
wetting by the continuous phase in segmented-ﬂow applications, (2) avoid the use of surfactants, (3) maintain optical
transparency, and (4) is durable with respect to shear stress and
fouling. Superhydrophobicity induced by surface roughness is
well suited for water in oil system. While chemical modiﬁcation
inducing roughness has been reported speciﬁcally for
polycarbonate channels,30 typical fabrication processes are
usually developed on planar surfaces and are problematic to
apply within enclosed microchannels. Coating of complex 3D
substrates can be obtained by deposition of charged nanoparticles alternated with a polyion of the opposite charge using
a layer-by-layer (LbL) deposition technique where surface
roughness and coating thickness is controlled by the number of
deposition cycle. SiNP LbL based coatings have been reported
for both extreme hydrophilicity31 and hydrophobicity.32,33
More speciﬁc to microﬂuidic applications, Lee et al. developed
a spray LbL technique to create a hydrophilic surface on a cyclic
oleﬁn copolymer.34 Their method still requires O2 plasma
pretreatment, and regions outside the channel have to be
masked to allow for bonding. Superhydrophobic surfaces are
generally created by removing the polycation by calcination to
leave a neat silica layer whose surface chemistry can easily be
modiﬁed; however, calcination is not applicable to thermoplastic substrates. As an alternative to the polycation approach,
we relied on the unusual stability of silica sols at their isoelectric
point due to the slow condensation of silanol groups to adsorb
a dense SiNP layer on the substrate. As illustrated in Figure 1A,
PMMA was ﬁrst coated with SiNPs which increases the surface
roughness and acts as a primer for further chemical
modiﬁcation. In a second step alkyl chains were attached to
13803
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Figure 2. (A) Water contact angle and corresponding surface roughness after repeated deposition cycles of SiNP on PMMA slides. (*) Contact
angles below 5°. (B−D) Air bubbles generated in water-ﬁlled PMMA microchannel: (B) untreated, (C) after 1 SiNP coating cycle; air bubble
remains pinned on the side wall, and (D) after 6 SiNP coating cycles. Repeated SiNP deposition cycles reduce defects thus preventing bubble
pinning.

Figure 3. (A−C) SEM images of PMMA slides after 1, 2, and 3 cycles of 35 nm SiNP coating. Gaps between Island-like clusters are progressively
ﬁlled with repeated SiNP deposition cycles. (D−F) Corresponding AFM images, 32 ± 6 nm particle height was estimated from local maxima on
images with visible reference substrate (i.e., after 1 cycle). Inset of panel (F) is the same AFM image after local contrast enhancement highlighting
the presence of nanoparticles in the low height regions.

the silica surface through silane chemistry to render the surface
hydrophobic.
Complete Coverage of the PMMA Surface Is Reached
after 3 Deposition Cycles of Silica Nanoparticles. SiNPs
were ﬁrst deposited on PMMA slides resulting in a more
hydrophilic surface. The Z-average size of the nanoparticles
measured by DLS was 35 nm with a polydispersity index of 0.1,
and remained unchanged throughout the coating procedure. As

shown in Figure 2A, the static CA decreases with the number of
silica coating cycles, and complete wetting is reached after 3
cycles. Complete residual wetting by the retreating drop was
visually observed (i.e., 0° receding angle) already after one silica
coating cycle. Without heating the substrate, SiNPs were easily
removed by basic solutions (e.g., 0.1 mM NaOH) and the CA
of pristine PMMA was recovered. A drying temperature of 90
°C was chosen as a compromise to maximize SiNPs adhesion,
13804
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Figure 4. (A−C) Dynamic contact angles after SiNP coating and subsequent DTS silanization as a function of the following: (A) SiNP coating
cycles with 35 nm SiNP, (B) nanoparticles size with 3 coating cycles, and (C) substrate material with 3 coating cycles. (D) UV−vis transmission of 3
mm thick PMMA sheets. The silica nanocoating is transparent and even slightly increases the transmission compared to pristine PMMA by reducing
reﬂections at the air interface. Further DTS silanization does not aﬀect optical performances.

and did not change signiﬁcantly with subsequent cycles as
shown in Figure 2A.
Wettability is dependent upon surface chemistry and
roughness. Unlike in the traditional LbL approach were the
surface roughness gradually increases with the number of
bilayers,38 the surface roughness (8 nm) was independent of
the number of cycles. SEM and AFM analysis after repetitive
coating cycles suggest that the decrease of CA is due to an
increase in surface coverage rather than a shifts in surface
roughness. This gap-ﬁlling eﬀect is possible because of the lack
of electrostatic repulsion of the silica sol near its isoelectric
point. Repeated coating cycles eﬀectively make the surface
more chemically homogeneous. This is important as chemical
heterogeneities will pass on to the next silanization step and
cause unwanted CA hysteresis.39
While helpful in controlling wetting, too much roughness can
also scatter light and impede optical measurements. As shown
on Figure 4D, pristine PMMA transmit 92% of the light in the
visible region while most of the light not transmitted is reﬂected
at the air−PMMA interface.40 The roughness resulting from
SiNPs slightly improves transmission in the lower wavelengths
region because the nanoporous coating reduces reﬂection at the
air interface.41

while maintaining the channel integrity, when applied to the
microchip. Since mildly basic solutions are not uncommon for
biological assays and other applications of segmented-ﬂow
microﬂuidic, stability under dynamic ﬂow conditions was
further conﬁrmed as detailed in the SI. Heating promotes
covalent cross-linking of the SiNPs via silanol condensation
thus creating clusters that cannot be redispersed.35 Heating can
also provide better adhesion to the substrate due to particle
sink. Nanoparticles engulfment in polymer matrix by capillary
rise inﬁltration above the Tg has been reported,36 and it has also
been observed for SiNP on PMMA below Tg (∼110 °C), albeit
at a slower rate,37 which means channel deformation can be
easily prevented.
Surface topography of SiNP coated PMMA was characterized
by SEM and AFM. After the ﬁrst coating cycle, SiNPs partially
covered the PMMA surface and formed island-like clusters, as
can be seen in Figure 3A. Subsequent coating cycles ﬁll the
remaining gaps with full coverage reached after 3 cycles. AFM
micrographs of silica coated PMMA conﬁrms the full surface
coverage after 3 cycles, with the underlying PMMA surface no
longer detectable by either methods, as seen in Figure 3F
(inset). Surface roughness increased to a RMS roughness of 8
nm after the ﬁrst cycle compared to 1.4 nm on pristine PMMA,
13805
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Figure 5. AFM images of SiNP coating method applied on PET and PVC substrates: (A) pristine PET, (B) PET coated with 3 cycles of SiNPs, (C)
pristine PVC, and (D) PVC coated with 3 cycles of SiNPs.

for water in hexadecane.44 Hexadecane, eﬀectively requires less
stringent conditions than air to favor the Cassie regime.45 This
hypothesis is supported by the observation that CA hysteresis
was reduced from 56° to 4.1° when air was replaced by
hexadecane. Intermediate mixed wetting states are also possible
and while increasing the roughness would favor low adhesion
Cassie wetting regimes, it has to be balanced with loss of
transparency due to light scattering as discussed in the next
section.
Our microchannels are composed of 3 UVC etched sides and
a pristine PMMA cover. To quantitatively evaluate the impact
of UVC etching on the ﬁnal hydrophobic coating, a slide was
etched and coated with 3 SiNP cycles followed by DTS
silanization. The advancing angle did not change signiﬁcantly
(p = 0.501) while the receding angle was 5° higher (p = 0.017).
This higher CA can be explained by a 7.4 nm increase in the
surface roughness on etched PMMA because of the formation
of nanowrinkles as detailed in the SI and Figure S2. This eﬀect
is however marginal and positively impacts performances if at
all, making our technique eﬀective on both etched and pristine
PMMA surfaces.
Because our method does not rely on chemistry speciﬁc to
PMMA, it is also applicable to PVC and PET. Similar to
PMMA, complete surface coverage is obtained after 3 SiNPs
deposition 3 cycles on both PET and PVC as illustrated in
Figure 5. CAs before and after modiﬁcation are shown in Figure
4C. After modiﬁcation only the receding contact angles
between PET and PVC were slightly diﬀerent (p = 0.029)
thus demonstrating potential of our method for other plastic
substrates and potentially a wider range of polymeric substrates.
Silane chemistry has a long history for surface modiﬁcation of
inorganic substrate such as glass but is inherently unstable when
use directly on organic substrates due to the poor hydrolytic
stability of the resulting Si−O−C linkage.17 Thus, the SiNPs
layer could also act as a primer layer for silane reagents other
than DTS and oﬀer an alternative to plasma or chemical
activation of organic substrates.

Hydrophobic Silanization of Silica Coated PMMA
Prevents Pinning of Water Droplet in Hexadecane. The
deposited SiNP were hydrophobically modiﬁed with DTS, an
alkylsilane that forms self-assembled monolayers and reacts
with silanol groups to form covalent bonds with the underlying
silica layer.42 The subsequent change in surface wetting was
monitored by dynamic CA measurements in air. As seen in
Figure 4A, a maximum advancing angle close to 140° is reached
with one SiNP cycle. Two additional SiNP cycles are required
to reach a stable receding angle of ∼84°. Contrasting with this
large CA hysteresis (56°), when air was replaced by
hexadecane, advancing and receding CAs on PMMA slides
coated with 3 SiNP cycles and DTS silanization were 165 ± 2°
and 161 ± 4°, respectively.
High CA and large CA hysteresis are characteristics of the
Wenzel regime on intrinsically hydrophobic and rough surfaces
(CA > 90°). Water penetrates into the nanotexture, resulting in
strong adhesion, sometimes referred as petal eﬀect. It is
undesirable for segmented ﬂow microﬂuidics as it will result in
poor droplet mobility (i.e., pinning). However, the Cassie
regime is characterized by low CA hysteresis due to air pockets
trapped in the coating and is energetically favored when the
surface roughness is above a critical threshold:43

rf >

cos θC
cos θY

(2)

where rf is the roughness deﬁned as the ratio of surface in
contact with the liquid to its projected area, θY is the Young
CA, and θC the apparent CA in Cassie state. In fact, SiNP based
transparent superhydrophobic coatings with low CA hysteresis
have been obtained with surface roughness as low as ∼50 nm32
and ∼60 nm,33 whereas in our case the surface roughness was 8
nm. Equation 2 also indicates that the minimum roughness
required is reduced when the Young contact angle increases
which is the case when air is replaced by oil; the Young CA on
alkylated surface changes from 104.0° for water in air to 163.6°
13806
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Figure 6. (A) Microﬂuidic platform overview. Droplets containing adjustable toxicant concentration are formed at the ﬁrst T-junction. Bacteria and
resazurin are sequentially injected in existing droplets. Before each injection, the droplet content is homogenized by ﬂowing through meanders.
Finally, ﬂuorescence intensity of each droplet is recorded for 5 min until they exit the chip. Fluorescence excitation is provided by total internal
reﬂection from 54 LEDs distributed around the chip. (B) The blue die resazurin is irreversibly reduced to pink and ﬂuorescent resoruﬁn (λmax = 590
nm) by living cells. Over a long incubation time, it can be further reduced to a colorless and nonﬂuorescent product (irreversibly under anoxic
conditions).

those from small ones (7 nm).41 Particles larger than 100 nm
cannot be used with our method due to poor adsorption and
nonuniform coating. SiNPs between 35 and 100 nm could
result in the critical surface roughness of 20 to 60 nm that leads
to a Cassie wetting regime in air while maintaining optical
transparency.32,33 It is however expected to require more
coating cycles and is not necessary when air is replaced by oil as
stated above. In conclusion, 35 nm SiNPs oﬀer the best
compromise between surface roughness, surface coverage, and
transparency.
Reproducibility of Droplet Generation Is Impeded by
Coating Defects Only at Low Flow Rates. The
modiﬁcation procedure was also applied to microchannels.
After the initial SiNPs deposition, air bubbles were introduced
into water ﬁlled channels to qualitatively assess the formation of
pinned bubbles. A change from partial wetting on pristine
PMMA to complete wetting by the water phase was observed
after the ﬁrst coating cycle, as illustrated in Figure 2B−D.
However, when the bubble velocity approached static
conditions, pinning of the air bubbles was observed. The
number of pinned bubbles was qualitatively reduced as the
number of silica coating cycles was increased. SiNP coated
PMMA also allowed generation of hexadecane droplets in the
water continuous phase (Figure S4B). The coating could

Optimal Hydrophobic Coating is Obtained with 35
nm Silica Nanoparticles. SiNP deposition cycles followed by
DTS silanization were applied to PMMA slides using diﬀerent
nanoparticle sizes. Complete surface coverage was reached after
only one deposition cycle for 9 nm SiNPs (Figure S3) versus
three cycles required for 35 nm SiNPs (Figure 3D−F). As
shown in Figure 4B, the advancing CA for the smallest 9 nm
SiNP were similar to that of a ﬂat silicon wafer silanized with
DTS.46 These particles were also tested for coating on the
microﬂuidic channels and allowed stable operations for a few
hours after which macroscopic cracks leading to droplet
pinning appeared (not observed on ﬂat PMMA substrates).
Adsorption of 97 and 169 nm SiNPs was insuﬃcient to retain a
complete wetting ﬁlm, and solid residues were visible to the
naked eye after drying. Advancing and receding fronts were
moving in a stepwise fashion resulting in the larger standard
deviations reported. Hence, these large SiNPs were deemed
unsuitable and were not investigated further.
Overall the trend observed is that the smaller the particles
are, the better the coverage is after a single cycle. From this
aspect, smaller (9 nm) particles would be advantageous but
cracks formation precludes their use for long-term operations.
It has previously been reported that coatings manufactured
from larger particles (50 nm) are less prone to cracking than
13807
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Figure 7. Video processing to extract droplet information. (A) Raw color image acquired by the camera. Even nonﬂuorescent droplets are visible due
to scattering of excitation light (green layer) at the oil−water interface. Four aqueous inlets are labeled in white. (B) Fluorescence intensity data
extracted from the red layer after background subtraction. (C) Droplet tracking from color image after background subtraction, thresholding and
contour detection (arbitrary color labeling). (D) Example of data recorded for one droplet.

withstand high ﬂow rate corresponding to shear stress of at
least 310 dyn cm−2 (see SI for calculation).
With subsequent hydrophobic silanization, a similar change
from partial wetting by the oil phase on pristine PMMA to
complete wetting was also observed for water in hexadecane
ﬁlled channels, as shown in Figure 1B,C. Under dynamic ﬂow
conditions in a microchannel, a lubricating oil ﬁlm is present
between the droplet and the wall due to the balance between
capillary forces and viscous entrainment. When the ﬂow rate
approaches stationary conditions, the lubricating ﬁlm gets
thinner, and below a critical capillary number intermolecular
forces dominate.47 If the channel surface has more aﬃnity for
the continuous phase, then the ﬁlm reaches an asymptotically
low thickness. In the opposite case, the lubrication ﬁlm
collapses, and the channel surface is wetted by the dispersed
phase.48 In our experiments we noticed this transition when
using less than 3−4 SiNP coating cycles and DTS silanization.
Droplet pinning was observed when the droplet velocity was
below 5 cm min−1 (Ca ≈ 5.6 × 10−5, corresponding to a total
ﬂow rate of 4 μL min−1 for our channel geometry). Above it we
had no problem generating stable droplets with only two SiNP
deposition cycles, because the dispersed phase did not come in
contact with the walls. We attributed this pinning to the
presence of defects in the coating as it was qualitatively reduced
by increasing the number of coating cycles. This analysis
correlated for air bubbles in a hydrophilic channel ﬁlled with
water. Therefore, air bubble pinning is a qualitative indicator for
coating defects, and is used to determine when the silica layer is
optimal and DTS silanization should be applied.
Viability of Facultative Bacteria in Microdroplets Can
Be Analyzed within 5 min. We have previously shown using

96-well plates that the optical measurement based on resazurin
reduction allows for the detection of toxicants at levels
inhibitory to anaerobic sludge in less than 10 min.1 Therefore,
we aim to transpose this assay to a microﬂuidic platform that
allows for automated sample preparation and analysis in a
continuous fashion, with the objective of creating an upset early
warning sensor for anaerobic digesters. To demonstrate the
principle, we used E. faecalis as a model organism for anaerobic
digestion and nickel, a toxicant commonly encountered in
wastewater treatment.
E. faecalis bacteria injected into untreated PMMA microchannel ﬁlled with hexadecane (partial wetting regime) resulted
in droplet pinning and uncontrollable droplet generation within
a few minutes as illustrated in Figure S4. Microchannels coated
with SiNPs and DTS silanization were challenged under the
same conditions with much more favorable results. The same
complete wetting regime as with distilled water was retained,
even with droplets containing a concentrated bacterial culture.
The same chip was used for several experiments and no
degradation (i.e., droplet pinning) of the coating was observed
after storage for at least 6 months. The microﬂuidic scheme
depicted in Figure 6A was then used to monitor real-time
metabolism of E. faecalis through the reduction of resazurin to
its ﬂuorescent product resoruﬁn. Droplets with NiCl 2
concentrations ranging from 0 to 100 mg L −1 were
independently generated at the ﬁrst T-junction, and quickly
homogenized in the meandering channel due to internal
recirculating ﬂow.26 E. faecalis was then injected into existing
droplets and ﬂowed through the next wavy section of the
channel (preincubation) for approximately 1 min before
resazurin was injected. The ﬂuorescence intensity of each
13808
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Figure 8. Resazurin reduction by E. faecalis spiked with diﬀerent NiCl2 concentrations. (A) Fluorescence kinetics: Resazurin is reduced to ﬂuorescent
product resoruﬁn by bacteria. When bacteria metabolism is inhibited by the presence of nickel, the resazurin conversion rate is reduced. Each curve is
the average from 7 droplets. Dotted lines represent ﬁtting from eq 1. (B) Fitted rate constants K1 and K2 for a sequential pseudo-ﬁrst order model as
a function of NiCl2 concentration.

(3.7 × 107 cell mL−1) and metabolic inhibition with 30 mg L−1
of NiCl2 was detected in 5 min. Protocols for commercially
available resazurin assays recommend a low inoculum density
(<106 cell mL−1), and long preincubation with the toxicant (0−
48 h) and incubation (1−24 h) times. This results in a linear
relationship between viable cell numbers and ﬂuorescence
intensity, and better sensitivity. However, our method is at least
an order of magnitude faster and still able to detect toxicants in
range relevant to anaerobic digestion processes (reported NiCl2
IC50 to anaerobic sludge ranges from 35 to 1600 mg L−1).52
Another pitfall of the resazurin assay is the secondary reduction
to the nonﬂuorescent product dihydroresoruﬁn, which can lead
to erroneous results.53 Our design using a camera to monitor
the entire microﬂuidic chip allows for continuous and
independent monitoring of 50 to 100 droplets as they ﬂow
along the channel. Hence the complete kinetic curve is
recorded, and this allows for an analysis of this error through
K1 and K2, as seen in Figure 8. This continuous approach along
with small volumes involved in microﬂuidics allows using a
traditional laboratory assay that is inherently robust due to
multiple test and control samples as an online sensor.
Fluorescence intensity of each droplet is recorded over a 5
min window with 0.17 s resolution and at a throughput of ∼20
droplets per minutes, which can be adjusted by varying the ﬂow
rate. Our system could also be beneﬁcial for enzyme kinetic
studies where linear regions to determine initial velocities can
be clearly identiﬁed.

droplet was then measured in real-time while ﬂowing along the
channel. Typical raw and processed ﬂuorescence intensity
recordings for a droplet are shown in Figure 7D.
The assay was performed without addition of surfactant.
Avoiding surfactants when possible can minimize the extraction
of compounds into the oil phase and limit exchange between
droplets, thus adhering more closely to the idealized picture of
isolated droplet microreactors.49,50 Furthermore, it also allows
sequential injection of reagents into existing droplets without
resorting to using active methods such as electrocoalescence. In
addition to characterization with distilled water, our surface
modiﬁcation approach is also eﬀective in a more demanding,
real application using a bacterial culture which contains surface
fouling proteins and other secreted surface active molecules.
We demonstrated continuous operation for more than 60 min,
and anticipate that the coating nanorough features will extend
long-term resistance to fouling compared to ﬂat hydrophobic
surfaces due to continuously renewed oil pockets being trapped
in the coating.51
Figure 8A shows the average kinetic curves (n = 7) of
resazurin reduction in the presence of diﬀerent nickel
concentrations. Negative values on time-axis correspond to
preincubation of bacteria with nickel. Resazurin was added at t
= 0 s, and it took approximately 15 s to homogenize the
droplets. In all cases the resazurin reduction rate was not linear,
but decreased with time following irreversible sequential
pseudo-ﬁrst order kinetics. Fitting of individual curves from t
= 15 s (i.e., after mixing resazurin) have an R2 values greater
than 0.99, and the average ﬁtted rate constants for each
concentration are shown in Figure 8B. Nickel alone (i.e.,
without bacteria) had no eﬀect on the reduction of resazurin, as
measured within the time scale of the experiment. However, the
resazurin reduction rate by E. faecalis was signiﬁcantly reduced
in the presence of 30 mg L−1 NiCl2 and higher concentrations
compared to a positive control (p = 4.3 × 10−7), and a
complete p-value table is given in the SI.
Under the conditions tested, the metabolic resazurin assay is
rapid and can be performed entirely on the chip without
external incubation. Detectable ﬂuorescence signals were
rapidly obtained by using a relatively high bacterial density

■

CONCLUSIONS
We report on a method to coat PMMA channels and other
thermoplastics for the formation of O/W and W/O droplets,
both without surfactant. Hydrophilic surface was ﬁrst obtained
by deposition of a neat silica nanoparticle layer inside PMMA
microchannel which is unachievable by conventional coating
methods. Subsequent silanization with DTS render the surface
superhydrophobic, ensuring complete wetting by the continuous oil phase without compromising the optical properties of
PMMA. No degradation was observed over 6 months, and we
demonstrated long-term surfactant free operation with aqueous
droplets containing high concentrations of adsorption prone
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bacteria. Finally, we used this method to transfer the resazurin
viability assay onto a microﬂuidic chip (from a 96 well plate) to
develop continuous toxicity monitoring test for anaerobic
digestion.
Our method is also eﬀective on PET and PVC and will likely
apply to other thermoplastics. Surface modiﬁcation of plastics
often requires lengthy development of material speciﬁc
protocols. We envision that this silica layer can serve as a
primer to leverage the vast silane chemistry readily available.
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Paulus, M.; Seemann, R.; Jacobs, K. Self-Assembled Silane
Monolayers: An Efficient Step-by-Step Recipe for High-Quality, Low
Energy Surfaces. Surf. Interface Anal. 2015, 47, 557−564.

(47) Huerre, A.; Theodoly, O.; Leshansky, A. M.; Valignat, M.-P.;
Cantat, I.; Jullien, M.-C. Droplets in Microchannels: Dynamical
Properties of the Lubrication Film. Phys. Rev. Lett. 2015, 11510.1103/
PhysRevLett.115.064501.
(48) Teletzke, G. F.; Davis, H. T.; Scriven, L. E. Wetting
Hydrodynamics. Rev. Phys. Appl. 1988, 23, 989−1007.
(49) Skhiri, Y.; Gruner, P.; Semin, B.; Brosseau, Q.; Pekin, D.;
Mazutis, L.; Goust, V.; Kleinschmidt, F.; El Harrak, A.; Hutchison, J.
B.; Mayot, E.; Bartolo, J.-F.; Griffiths, A. D.; Taly, V.; Baret, J.-C.
Dynamics of Molecular Transport by Surfactants in Emulsions. Soft
Matter 2012, 8, 10618.
(50) Chen, Y.; Wijaya Gani, A.; Tang, S. K. Characterization of
Sensitivity and Specificity in Leaky Droplet-Based Assays. Lab Chip
2012, 12, 5093−5103.
(51) Epstein, A. K.; Wong, T. S.; Belisle, R. A.; Boggs, E. M.;
Aizenberg, J. Liquid-Infused Structured Surfaces with Exceptional
Anti-Biofouling Performance. Proc. Natl. Acad. Sci. U. S. A. 2012, 109,
13182−13187.
(52) Chen, J. L.; Ortiz, R.; Steele, T. W. J.; Stuckey, D. C. Toxicants
Inhibiting Anaerobic Digestion: A Review. Biotechnol. Adv. 2014, 32,
1523−1534.
(53) O’Brien, J.; Wilson, I.; Orton, T.; Pognan, F. Investigation of the
Alamar Blue (Resazurin) Fluorescent Dye for the Assessment of
Mammalian Cell Cytotoxicity. Eur. J. Biochem. 2000, 267, 5421−5426.

13811

DOI: 10.1021/acsami.7b02682
ACS Appl. Mater. Interfaces 2017, 9, 13801−13811

