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Droplet-based bioassays are attractive for increasing throughput while minimizing reagent consumption.
However, the choice of continuous oil phase within the bioassay can substantially alter assay outcomes when
hydrophobic reagents and analytes dynamically partition between the oil and aqueous phases. Fluorinated
continuous phases have been recognized as a better alternative to hydrocarbons to prevent leakage from droplets
but variations among them has not been quantitatively addressed and analysis is complicated by the presence of
surfactants. Herein, surface modiﬁcation strategies to avoid surfactants are demonstrated with ﬂuorocarbon oils
for the ﬁrst time. Perﬂuorocarbons, hydroﬂuoroether and hexadecane are quantitatively compared based on
their aqueous distribution coeﬃcient with a model industrial toxicant, pentachlorophenol (PCP). PCP partition
in the oil phase skews cytotoxicity evaluation, wherein a bacterial inhibition assay displays a wide range of EC50
values for the same toxicant. Prevention of PCP extraction in a real-time viability assay reveals a 40-fold difference in LD50 toxicity vs. hexadecane control. Theoretical and empirical approaches to limit bioassay partitioning are established for expansion outside cell viability analyses employed herein. Structure activity relationships of surface modiﬁcation and oil-water partition are related to Hamaker constants and Hansen
solubility parameters towards translation on disposable plastics beside poly(methyl acrylate). The results provide a theoretical basis towards design and selection of continuous phase oils and microﬂuidic substrates to
achieve a range of aqueous/oil partitioning for droplet microﬂuidic bioassays.

1. Introduction
Micro-segmented ﬂow mediates temporal dispersion associated with
laminar ﬂow and greatly enhances the throughput of traditional laboratory assays by reducing reagent consumption [1,2]. In segmentedﬂow bioassays, droplets serve as microreactors for a variety of bioassays, which are isolated by the continuous phase oil. A limitation of this
clever design is partitioning of the dissolved hydrophobic components
from aqueous to the oil phase. The dynamic changes in concentration of
analyte or reagent undermine this idealized microreactor concept [3].
This is particularly important when it involves hydrophobic molecules
that rapidly partition between the oil/water phases, especially for realtime toxicity measurements. Extraction from and transfer between
droplets occurs by phase partitioning, where surfactants exacerbate the
phenomenon through trough reverse micelles or by direct transfer
across lipid bi-layers. To our knowledge, no surfactant acts as a barrier
limiting transfer across water-oil interface in the context of segmented-

⁎

ﬂow microﬂuidic [4]. Surfactants can also increase background ﬂuorescence, interfere with microbial metabolism, interfere with bioassays,
or combination thereof. [5,6] Surfactants need to be eliminated to reduce the risk of transport enhancement leading to droplet cross contamination and alteration of biochemical processes.
Previously internal investigations have exploited resazurin-based
viability assays for rapid evaluation of anaerobic bacteria, yeast, and
numerous toxicants [7–13]. These results have shown that oil-separated
aqueous droplets do not require surfactants if appropriate surface
modiﬁcations ensure complete wetting by a continuous hexadecane
phase [12,13]. Removing surfactants leaves partitioning as the primary
transfer mechanism and focuses the investigation on choice of continuous phases to control or diminish oil/water partitioning based on
the microﬂuidic bioassay of interest.
Availability of hydrocarbons and silicone oils have made them
ubiquitous, but ﬂuorinated oil phases oﬀer unique beneﬁts, including
lower solubility for non-ﬂuorinated molecules. Overall, this reduces

Corresponding author.
E-mail address: wjsteele@ntu.edu.sg (T.W.J. Steele).

https://doi.org/10.1016/j.mne.2019.05.001
Received 1 November 2018; Received in revised form 26 April 2019; Accepted 2 May 2019
2590-0072/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

83

Hansen distance to P
CP, ref. [57]
[21.5,6.9,12.8]

Refractive index
Dielectric constant
Viscosity (cP)
Density (g cm−3)
Average Mw (g mol−1)
Hansen solubility parameter
(MPa0.5) [δd, δp, δh]

Name

Structure

Short name

1.281
1.9
1.4
1.82
521
[12.2, 1, 0.7]
ref. [55]
23.0

ref. [55]
22.5

–

Perﬂuorotripropylamine

FC-3283

1.291
1.9
4.7
1.86
670
[12.8, 0, 0.3]

Perﬂuorotributylamine

FC-43

Mixture, perﬂuoro-di-n-butylmethylamine,
Perﬂuorotributylamine
1.290
1.9
3.4
1.85
650
–

FC-40

–

Octaﬂuoro-4-(heptaﬂuoropropyl)
morpholine
1.270
1.9
1.4
1.793
399
–

FC-770

ref. [56]
20.8

1.287
5.8
1.24
1.614
414
[13.3, 2, 1]

3-Ethoxyperﬂuoro(2-methylhexane)

HFE-7500

ref. [57]
19.7

1.434
2.08
3
0.77
226
[16.3, 0, 0]

n-hexadecane

Hexadecane

Table 1
Fluorinated liquids considered for segmented-ﬂow microﬂuidic compared to hexadecane and comparison of PCP solubility with Hansen parameters and distance to PCP calculated according to Eq. (2). Physical parameters
at 25 °C.
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(AFM) (Cypher S, Asylum Research, USA) in attractive mode (i.e. noncontact) with a 160 kHz tip (NCSTR, Nanoworld, Switzerland). The
scan area 10 × 10 sq. μm, and scan rate 0.5 Hz; the values reported are
the average of 4 scans at random locations. The silica surface topography has been previously assessed to be stable at extreme ﬂow rates
of 2 mL min−1 where wall shear stress exceeds 300 dyn cm−2. No degradation of the coating was observed after 48 h at these ﬂow conditions with 0.1 mM NaOH aqueous droplets. [12,13]

cross-contamination and hydrophobic extraction from droplets [14,15].
A variety of ﬂuorinated oil phases is available for droplet-based microﬂuidics, as summarized in Table 1. All contain ﬂuorinated surfaces,
but diﬀerences in polarity yield varying partitioning behaviour. Compounding the problem of ﬂuorinated continuous phase selection, hydroﬂuoroethers (HFE) and ﬂuorocarbons (FC) are selected interchangeably, but quantitative partitioning data are not reported in many
cases. For example, resoruﬁn was recently reported to be exchanged 5
times faster between droplets in HFE-7500 than in FC-40 but droplets
were in direct contact (i.e. forming a lipid bi-layer) and 3% ﬂuorosurfactant was incorporated, leaving the contribution of partitioning
unanswered [16].
Herein, the challenges faced to ensure wetting by ﬂuorinated continuous phases (replacing hexadecane) is ﬁrst addressed in the absence
of surfactants. The distribution coeﬃcient of pentachlorophenol (PCP)
between the aqueous phase and six oil continuous phases are then
quantitively compared. PCP is a model toxicant that is soluble in both
aqueous and hydrophobic environments, has pH dependent solubility,
and permeates consumer chemicals within paints, sanitizers, and pesticides [7,16,17]. The impact of the continuous phase on a real-time
bacterial inhibition assay is demonstrated. A theoretical framework
addresses surface wetting and phase partitioning towards translation to
other bioassays and microﬂuidic materials. Overall, the guidelines for
continuous phase selection in droplet-based applications are discussed
in context to bioassays with hydrophobic components and surfaces.
[18–20]

2.3. Microﬂuidic device operation
Surfactant-free PMMA microﬂuidics chips are prepared, as previously described [12,13]. Brieﬂy, liquids are delivered from pressurized reservoirs and ﬂow rate ratios between inlets are set by ﬁxed
length of FEP tubings acting as hydraulic resistors. On-chip serial dilution is achieved by running PBS through the stirred chamber that is
pre-loaded with a 5 μL sample that is diluted exponentially over 100
droplets. The dilution chamber (1 μL, untreated by DTS to maintain
hydrophilicity) is rapidly stirred (800 rpm) with a custom made stir bar.
Droplet by droplet dilution (0.1 μL per droplet) has an exponential
decay lifetime of 10 droplets, which is the number to reach 37% of the
original concentration. The outgoing stream with exponentially decaying concentration is immediately segmented into droplets (frequency of 2 Hz) by a continuous stream of oil and bacteria and resazurin are sequentially injected to 20% of the ﬁnal droplet volume.
Bacteria are E. faecalis OG1RF (ATCC® 47077™) grown to stationary
phase in BHI broth and diluted to generate droplet with OD600 = 0.1.
Final resazurin concentration is 10 μM.
During operation, the pressure is dynamically adjusted to maintain
a ﬁxed incubation time with video feedback estimating the average
droplet velocity. Droplets tracking and ﬂuorescence intensity recording
software and hardware engineering is carried out as previously reported [12,13]. Fluorescence excitation is achieved by total internal
reﬂection from 56 LEDs at 530 nm (151033GS03000, Würth Elektronik) surrounding the PMMA chip and are operated at a current of
5 mA. A digital camera (acA1300-60gc, Basler) with a 12 mm focal
length lens (M1214-MP2, Computar) acquires the image for software
analysis. A C++ software is developed in-house with the aid of the
OpenCV library [23] to simultaneously track and record ﬂuorescence
intensities of all droplets present in the chip. 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 phases [24])
is calculated from the average droplet velocity in a straight section of
the incubation channel, assuming Newtonian ﬂuids.

2. Experimental section
2.1. Materials and chemicals
Hexadecane, 99%, n-Dodecyltrichlorosilane (DTS), 96%, and
1H,1H,2H,2H-perﬂuorodecyltrichlorosilane (FDTS), 96% are purchased
from Alfa Aesar, USA. Fluorocarbons FC-40, FC-43, FC-3283, FC-770
and hydroﬂuoroether HFE-7500 are purchased from 3 M, Singapore.
Colloidal silica Ludox TM-50, resoruﬁn (7-Hydroxy-3H-phenoxazin-3one sodium salt), resazurin (7-hydroxy-3H-phenoxazin-3-one 10oxide), brain heart infusion (BHI) broth and pentachlorophenol (PCP)
are purchased from Sigma Aldrich, Singapore. PMMA sheets 3 mm thick
are obtained from Marga Cipta, Indonesia.
2.2. Microﬂuidic chip fabrication
Microﬂuidic chips with an integrated stirrer to generate logarithmic
concentration gradient are made as previously reported. [12] Brieﬂy,
3 mm thick PMMA sheets are milled according to design in Fig. S1. A
Ø0.8 mm × 0.6 mm long magnetic stirrer made from neodymium
powder embedded in epoxy is added before closing the chip by solvent
vapor bonding, among other ﬁxation methods [21,22]. Channels are
hydrophobically modiﬁed by coating with SiNPs and silanized with DTS
as previously reported [13]. Silanization with FDTS instead of DTS is
attempted with vapor and liquid phase deposition methods. For the
vapor phase deposition, a microﬂuidic chip coated with SiNPs is placed
in a desiccator with 50 μL of FDTS. The desiccator is placed under vacuum (< 5 Torr) for at least 2 h. For the liquid phase method, 0.5 and
0.1% (v/v) FDTS solutions are prepared in Schlenk ﬂasks under nitrogen stream from hexane or FC-3283 that is pre-dried with 5 Å molecular sieves. After deposition for 1 h, the channel is washed with the
same solvent.
Channels with increased roughness are obtained by swelling the
PMMA surface with 6:4 acetone:ethanol (v/v) followed by rapid precipitation in DI water before hydrophobic modiﬁcation. For characterization, PMMA slides, 1 × 1 sq. cm are exposed to chloroform
vapor for 4 min and kept in oven at 80 °C for 60 min to mimic the chip
bonding procedure and treated in the same manner for 30, 60 and
120 s. Surface roughness is characterized by atomic force microscopy

2.4. Estimation of Hamaker constants
Non-retarded Hamaker constants A132 are derived according to an
approximation of the Lifshitz theory for two phases 1 and 2 interacting
across a third medium 3: [25].

A132 ≈

3 ⎛ ε1 − ε3 ⎞ ⎛ ε2 − ε3 ⎞
kT
4 ⎝ ε1 + ε3 ⎠ ⎝ ε2 + ε3 ⎠
( n12 − n32)( n 22 − n32)
3hυe
+
2
2 1/2
2
8 2 ( n1 + n3 ) ( n 2 + n32 )1/2 {( n12 + n32 )1/2 + ( n 22 + n32 )1/2}
⎜

⎟⎜

⎟

(1)
where εi, ni and υe are the dielectric permittivity at υ = 0, the refractive
index in the visible and the main electronic absorption frequency in the
UV region respectively.
2.5. PCP distribution coeﬃcients
Pentalchlorophenal (PCP) is ﬁrst dissolved at 10 g L−1 in methanol
and then diluted at least a 500× in Phosphate buﬀered saline (PBS) or
hexadecane. For distribution coeﬃcient, 750 μL of 20 mg L−1 PCP in
84
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PBS is mixed with 750 μL of pure oil in triplicates, sonicated for 5 min
followed be centrifugation for 5 min. 350 μL of each phase is immediately extracted and concentration measured by UV absorbance as
detailed in supporting information. The Hansen solubility distance Ra
between PCP and oil continuous phases are also calculated from
available literature data:

Ra2 = 4(δd1 − δd2 )2 + (δp1 − δp2 )2 + (δh1 − δh2 )2

(2)

where δd, δp, δh that represents the cohesive energy decomposed in
dispersive, polar, and hydrogen-bonding components respectively [26].
A one-way ANOVA test with post-hoc Tuckey HSD is used to compare
the parameters.
Fig. 1. Erratic ﬂow of aqueous droplets in ﬂuorinated oil in channels (700 μm
wide) treated with FDTS. (A) Droplets shape is asymmetrical and move in
stepwise fashion, indicating inhomogeneous surface wetting. (B) Partial pinning
in some area slow down the droplets, allowing the continuous phase to ﬂow
around them, thus reducing the spacing. (C) Injection of water into resoruﬁn
droplet. Pinning at the injection junction causes droplet to break further down
the channel, causing cross-contamination with subsequent sample and irreproducible injection volumes.

3. Results and discussion
Previous internal investigations demonstrate surfactant-free microﬂuidic droplet reactors by coating a conformal hydrophobic layer of
silanized silica nanoparticles [13]. Deposition of silica nanoparticles is
possible on numerous plastics. This facilitates a ﬂexible superhydrophilic/superhydrophobic functionalization by a plethora of silica
grafting reagents that exploit the high surface area available on nanoparticles. With the astute choice of silica reagents paired with a wetting
solvent, droplet pinning can be avoided without surfactants. The surfactant-free approach is exploited on disposable PMMA microchannels
for assessment of bacterial viability with hexadecane/aqueous buﬀer
phases for a rapid viability bioassay in minutes. The surfactant-free,
multi-inlet microﬂuidic (see Fig. S1) has many advantages, particularly
for rapidly assessing heavy metals in both bacteria and yeast microorganisms. However complications arose when evaluating hydrophobic
toxins. Herein, these limitations are addressed by adapting the surface
modiﬁcations for ﬂuorocarbon oil phases to replace hexadecane, further expanding the platform for a wider range of toxicants proﬁles.
Fluorocarbons are screened by commercial availability and those that
maintain a low viscosity (< 5 cP, similar to hexadecane) at room
temperature [3,27]. First, a working model of water droplets in ﬂuorocarbon oil phase is demonstrated by optimizing a Cassie wetting regime. Fluorocarbon continuous phases are then evaluated for oil/water
partitioning (logP) by the model toxicant pentachlorophenol (PCP).
Once the PCP logP is identiﬁed, correlations and downstream eﬀects of
apparent EC50 in bacteria viability are investigated with within the
rapidly reporting microﬂuidic droplet format.

required to form a complete monolayer [28]. Nanoscale aggregates
results in heterogenous surfaces, ultimately increasing contact angle
hysteresis [29–31]. This is consistent with the velocity mismatch between the droplets and continuous phase. Formation of aggregates are
systematically reported in studies looking at surface morphology of
ﬂuorinated trichlorosilanes monolayer assembled from liquid phases
[32]. When it comes to microﬂuidic surfaces, ﬂuoroalkyl silanization of
plasma activated PDMS microﬂuidic is common for generation of
aqueous droplet in ﬂuorinated oils [33]. However, given the protocols
are less detailed than for monolayer studies, formation of aggregates is
likely ignored in other studies because surfactants mediate the shortcomings. Subramanian et al. reported droplet generation without surfactant under dynamic conditions, but when static conditions allowed
droplets to come in contact with the walls (Ca = 0), it had to be remedied through surfactant addition [34]. However, to further advance
the ﬁeld for surfactant-free ﬂuorocarbon microﬂuidics, another strategy
is required to FTDS functionalization with no aggregation.
FTDS aggregates may be prevented through vapor phase deposition,
as seen under Fig. S2D by AFM. In contrast to liquid phase, polymerized
silanes do not evaporate and therefore not deposit on the substrate.
Unfortunately, vapor deposition surface functionalization is inconsistent throughout the treated microchannels. Majority of the channel
surface area remained hydrophilic, leading to preferential wetting by
the water phase, thus generating ﬂuorocarbon droplets in water (the
opposite of the intended eﬀect). Vapor deposition is limited by diﬀusion
path and while it has been reported for aspect ratio up to 37 [35], the
aspect ratio of 9000 appears to push the protocol beyond its capability.
FTDS surface functionalization is abandoned and the predictable DTS
protocol further expanded for ﬂuorocarbon oils.

3.1. Liquid phase deposition of ﬂuorinated chlorosilane results in
nanoaggregates
Surface functionalization of PMMA with silica nanoparticles and a
ﬁnal step of grafted long alkyl chain (n = 12) n-dodecyltrichlorosilane
(DTS) utilized hexadecane as continuous phase. Replacing DTS by FDTS
is a logical ﬁrst step in incorporating ﬂurorinated oils instead of hexadecane, but this simple swap led to many errant outcomes. At 0.5% (v/
v), FDTS is soluble in hexane but results in opaque white ﬁlms instead
of a monolayer. Lowering the FDTS concentration to 0.1% or replacing
hexane by FC-3283 prevented the formation of cloudy white ﬁlms but
droplet generation, droplet velocity, long-term operation (> 60 min) is
inconsistent. As visible from the droplet meniscus in Fig. 1A, surface
wetting was inhomogeneous and droplets appeared to adhere and drag
against the walls, leading to asymmetric droplets. Inhomogeneous adhesive surface forces deformed the droplets, whereby the continuous
phase began to ﬂow around the semi-pinned droplet, as seen in in
Fig. 1B and C. Surface characterization by AFM revealed the presence of
~100 nm particles (speculated to be FTDS aggregates) on top of the
silica coating (see Fig. S2). In contrast, no particles were observed before and after silanization with DTS.
Moisture induced self-polymerization of trichlorosilanes is a wellknown problem with the caveat that surface-adsorbed moisture is

3.2. Increased roughness and DTS coating prevents Cassie-Wenzel wetting
transition
As an alternative to chemical modiﬁcations for ﬂuorinated oil phase
wetting [36,37], surface roughness is optimized by exploiting the silica
nanoparticles. Hydrocarbon coatings on smooth surfaces (~1 nm RMS)
result in partial wetting between ﬂuorinated oil and water. However,
the combination of silica rough nanoparticles coating combined with a
hydrophobic DTS monolayer may allow complete wetting of ﬂuorocarbons. This is observed in Fig. 2, but only when the droplets are
generated at high capillary number (Ca ≈ 4.3E-4, droplet velocity ≈
5.5 mm s−1). When the ﬂow is stopped (Ca = 0) and resumed, droplets
remain temporarily pinned (or immobilized) but are eventually dislodged. New incoming droplets also slow down and deform at the
85
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Fig. 2. Wetting transition of aqueous droplets in ﬂuorocarbon oil on DTS coated channels. (A) Normal droplets generation under dynamic conditions. (B) After
pausing the ﬂow, part of the droplets remains pinned. (C-E) Schematic representation, (A) Under dynamic conditions, viscous entrainment maintains a lubrication
layer between the droplet and the wall, (B) When the ﬂow is stopped, the layer vanishes and droplets rapidly transition to the Wenzel wetting regime, (C) Upon
resuming the ﬂow, pinned droplets are broken or deform until the channel is only partially obstructed.

time but also increased scattering. Roughness along the channel length
was not uniform as evident from scattering of the excitation light
(Fig. 4B) and is diﬃcult to avoid due to temporary solvent concentration gradients created between the inlet and outlet. Solvent incubation
for 60 s increases the surface roughness by 15 nm which is suﬃcient for
Cassie wetting regime while retaining transparency for droplet tracking
and ﬂuorescence measurements. The ﬂow can be stopped and resumed
without immediate pinning. This reﬁned approach allows an analysis
window suﬃcient for hydrophobic toxicant evaluation bacteria with
ﬂuorocarbon oils as the continuous phase. With ﬂuorocarbon continuous phase, the PMMA microﬂuidic chip is limited to 3 h of consistent use, which is still suﬃcient for most bioassays and enzymatic
protocols, considering the disposable nature of PMMA microﬂuidic
chips. After 3–4 h droplet pinning is observed. Hexadecane oil phase
operations are utilized for over 72 h in comparison. Drying of the post
3 h microﬂuidic channels under vacuum did not restore the original
performance, speculating fouling hydrophobic rearrangements versus
adsorbed water pockets.

locations of previously pinned droplets. This memory eﬀect vanishes
after several droplets pass over the area. Droplet pinning is explained by
a rapid transition to a Wenzel state when the ﬂow is stopped. The
memory eﬀect is speculated due to the formation of water-wetted surfaces that slowly dissolve (see Fig. 2C-E). Transition to a Wenzel state is
critical at the T-junctions because any slight pinning changes the droplets size and therefore the injected volumes. At droplet velocities of
2–4 mm s−1, pinned droplets are not dislodged but act as adhesive sites,
ultimately disrupting droplet ﬂow and internal bioassay microreactions.
For a given surface chemistry and oil phase, the Cassie regime may
be stabilized by increasing the surface roughness, with optical transparency trade-oﬀ [38]. Increasing the roughness of the SiNPs coating is
possible, but an easier approach is to modify the PMMA surface directly
by well-knonwn solvent roughening processes, as illustrated in Fig. 3A.
Superhydrophobic surfaces are obtained by swelling polymer surfaces
with organic solvents followed by rapid precipitation [39]. While
simple, its drawbacks include less transparent surfaces and the risk of
deforming the channel geometry or clogging. A measured approach
should allow a modest increase in surface roughness, followed by DTS
silanization. This is hypothesized to promote a Cassie wetting regime
for water droplet in ﬂuorocarbon oils through a simple organic solvent
injection. Pre-treatment with 100% acetone is too aggressive—the
PMMA channels swell and clog in < 30 s. Diluting acetone to 60% (v/v)
with denatured ethanol allows a 3 min processing window. Fig. 3B-C
demonstrates a 60 s treatment 60% (v/v) wash. The surface is porous
with ﬁlamentous features at 100 nm scale as well as ~150 nm high
peaks and valleys on a few μm lateral scale. Ensuing SiNPs coating
covered the smallest features while retaining the micron scale topography as shown in Fig. 3D-E. SiNPs are deposited through adsorption
on PMMA thus providing a conformal coating that retains solvent induced μm topographical features, which are two orders of magnitude
larger than the silica nanoparticles.
The surface roughness is then optimized for ﬂuorinated continuous
phase. As seen in Fig. 4, surface roughness increases with treatment

3.3. Van Der Waals interactions are repulsive across hydrocarbons but
attractive across perﬂuorocarbons
Van der Waals forces on the water and channel interface are compared by their Hamaker constants for diﬀerent combinations of oils and
solid surfaces. According to Lifshitz theory, the Hamaker constant is
negative when the dielectric properties of the intervening (oil) phase is
in-between that of the two interacting media (i.e. solid PMMA surface
and water droplets) [25]. Hamaker constants are derived from materials dielectric constant ε0 and refractive index n as per Eq. (1), which
allows an estimate in the absence of dielectric function data. Material
constants relevant to microﬂuidics are shown in Table 2. FC-43 is representative of other perﬂuorocarbons in Table 1 with similar n and ε0.
Constants for DTS monolayer are assumed as a crystal hydrocarbon
surface following the approach taken by Geerken et al. [40], which is
comparable to polyethylene. Values for FDTS are estimated by Teﬂon86
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Fig. 3. (A) Scheme to increase PMMA surface roughness by solvent swelling. (BeC) Low and high magniﬁcation AFM images of PMMA exposed to 60% acetone for
60 s. (D-E) corresponding images after subsequent SiNPs coating.

Teﬂon-AF itself is not an alternative option as it dissolves in ﬂuorocarbons such as FC-43 [44]. Others have constructed elegant microﬂuidic prototypes from fabricated Teﬂon plates or ﬂuoropolymer
composite ﬁlms, with trade-oﬀs of cost and extended manufacturing
protocols. [45–48] While these are promising for cell culture and
oxygen-tolerant bioassays, their relatively high gas permeability (vs.
PMMA) is unsuitable for facultative or anaerobic microorganisms. HFE7500 results in repulsive interactions on ﬂuorinated surfaces because of
its higher dielectric constant but has other disadvantages (PCP portioning) as addressed in the next section. This simpliﬁed analysis does
not consider electrostatic, steric or solvation eﬀects, additional capillary pressure in closed channels or the presence of solute in aqueous
droplets. Nevertheless, it provides a straightforward materials comparison to minimize water droplet pinning.

AF2400, an amorphous copolymer of perﬂuoro(2,2-dimethyl-1,3-dioxole) and tetraﬂuoroethylene having similar surface free energy as
FDTS monolayer [41]. υe = 3E15 s−1 is the reported maximal adsorption absorption frequency in the UV [25].
As shown in Fig. 5, the derived Hamaker constant for water-hexadecane-DTS system is negative, indicating repulsion between water
and the solid surface. In contrast, Van der Waals interactions are positive for ﬂuorocarbons on DTS. Therefore, at Ca = 0, water is expected
to partially or completely wet the solid depending on whether the drop
is in Cassie or Wenzel state, respectively. Although contact area can be
minimized by increasing the roughness, attachment points for biofouling remain [42]. This fundamental diﬀerence is consistent with
previous observations that DTS coating is less durable in practice when
ﬂuorocarbons replace hexadecane. Although FDTS monolayer with
necessary properties could not be prepared inside microchannels, theoretical Hamaker constant indicates that it might not be enough to
repulse water droplet in FC-43. Teﬂon-AF2400 (used to approximate a
FDTS monolayer) has one of the lowest refractive index, close to the
theoretical limit for solid organic polymers [43]. Therefore, coating
leading to repulsive interaction with water across perﬂuorinated liquids
considered in this study might not be practically possible. Note that

3.4. Prevention of PCP extraction reveals a 40-fold higher toxicity EC50
Extraction of hydrophobic solute from aqueous droplets by the
continuous phase can potentially alter the outcome of bioassays performed in segmented-ﬂow format, especially for hydrophobic reagents
and toxicants. To compare the impact of diﬀerent continuous phases,
87
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Fig. 4. (A) PMMA roughness as function of treatment time with 60% acetone. (Pearson's R = 0.98) (B) Droplets in ﬂuorocarbon oil in microﬂuidic chip treated for
60 s prior to hydrophobic modiﬁcation. (C-D) AFM images of PMMA exposed to 60% acetone for 30 and 120 s.

15% of the original PCP concentration is expected to remain in water
droplets with FCs, HFE and hexadecane as continuous phases, respectively. Larger fraction of PCP would be extracted at lower pH where, in
non-ionized form (pH ≪ 4.7), PCP LogPoct/wat increases to 4.7, thus
shifting the equilibrium towards the oil phase [49,50]. Nevertheless,
neutral pH is chosen in this study as it is more relevant to most viability
bioassays. Since oils could be classiﬁed in 3 categories based on logD,
the apparent toxicity of PCP on E. faecalis is compared across FC-43,
HFE-7500 and hexadecane oil phases. Between the four FCs, FC-43 is
chosen as it has the smallest diﬀerential refractive index with respect to
water and PMMA.
Fig. 7 displays the the apparent PCP EC50 increases from
6.3 mg L−1 in FC-43 to 31.3 mg L−1 in HFE-7500 and is above the
highest concentration tested (60 mg L−1) in hexadecane but could be
extrapolated to 277 mg L−1. Although the trend is consistent with
measured distribution coeﬃcients, diﬀerence in apparent EC50 are 4 to
7 times greater than predicted. This discrepancy might be attributed, at
least partially to additional solutes from bacteria culture present in the
droplets. For instance an increase in ionic strength can shift the equilibrium towards the oil phase [49]. In addition, the apparent EC50
measured with resazurin assay performed in FC-43 is lower than
77 mg L−1 that we previously measured in analogue experiments on
microplates (i.e. without oil) but is comparable to the
EC50 = 10 mg L−1 obtained based on growth inhibition [7]. This increase in sensitivity towards toxic inhibition compared to microplate
can be attributed to enhanced mixing in droplets [12]. From partition
and toxicity experiments with the 6 continuous phases considered,
perﬂuorocarbons oils prevent partitioning of PCP from aqueous

Table 2
Refractive indices and dielectric constants used for calculation of Hamaker
constants.

Water
Hexadecane
FC-43
HFE-7500
PTFE
FEP
DTS ≈ PE ≈ hydrocarbon (crystal)
FDTS ≈ Teﬂon-AF2400

Refractive index
(n)

Dielectric constant
(ε0)

1.333
1.423
1.29
1.29
1.359
1.344
1.5
1.29

80
2.05
1.9
5.8
2.1
2
2.25
1.9

PCP serves as the model toxicant. This pesticide is often encountered in
wastewater and has a reported LogDoct/wat in range 2–3.3 at pH 7 and a
pKa of 4.8 [49,50]. Distribution coeﬃcients are ﬁrst measured between
PBS (pH 7.4) and the continuous oil phases in Table 1 and ranked as
hexadecane > HFE > FC with no signiﬁcant diﬀerence between the 4
FCs tested as reported in Fig. 6. This trend matches the Hansen solubility distances between PCP and the continuous phases predicted in
Table 1 from their respective dispersive (δd), polar (δp), and hydrogenbonding (δh) components [26]. This model can help in selecting the
continuous phase with the lowest solubility (i.e. largest Hansen distance) towards a molecule of interest. It however could not estimate the
distribution coeﬃcients because it does not account for ionization in
aqueous PBS. Given an approximate oil-water volume ratio of 2 (based
on volumetric ﬂow) and neglecting dynamic conditions, 94%, 69% and
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Fig. 5. (A) Estimated Non-retarded Hamaker constants for water in oil on diﬀerent substrates. (B) Expected wetting regimes under static conditions.

4. Conclusion
Most studies on transport in segmented-ﬂow have focused on the
role of surfactants, suggesting that surfactants should be minimized to
prevent leakage from droplets and bioassay interference. Removing
surfactant is possible when droplets are not in contact, but requires
additional surface modiﬁcation. Fluorinated surfaces are commonly
paired with ﬂuorocarbon oils, but complete wetting could not be obtained herein in a surfactant-free setup because of technical diﬃculties,
e.g. ﬂuoroalkylsilane aggregates and droplet pinning. Stable droplet
ﬂow was achieved with alkylsilane coating and ﬁne-tuning of the surface roughness to increase droplet mobility while still allowing optical
measurements and software droplet tracking. For long-term stability,
theoretical analysis of Hamaker constants indicates that repulsive interactions could be theoretically achieved with FDTS monolayer and
HFE as continuous phase, but not with the perﬂuorocarbons considered
in this study. A FDTS monolayer would however minimize Van der
Waals interactions compared to DTS thus theoretically increasing the
lifetime of the coating beyond the 3 h achieved herein.
Compared to hexadecane, all ﬂuorinated liquids tested reduced
partitioning of a model hydrophobic molecule pentachlorophenol (PCP)
into the oil phase. Apparent toxicity of PCP on E.faecalis employed our
recently developed microﬂuidic resazurin assay that reports EC50
in < 3 min. Continuous phases of FC-43, HFE-7500 and hexadecane
were compared to knowing that PCP has a variable oil/water distributions, which will skew the EC50 results. The ﬂuoroether HFE-7500
still underestimated PCP toxicity but achieved more accurate EC50
results than hexadecane control. Fluorinated liquids minimize extraction of hydrophobic analytes from droplets compared to hydrocarbons,
but substitution is not straightforward in microﬂuidic setups. Previous
investigations and commercial sources for droplet microﬂuidic seemed
to indicate that perﬂuorocarbons and hydroﬂuoroethers are interchangeable, but results herein suggest otherwise. Criteria commonly
pushed forward for the selection of HFEs over FCs is their lower global
warming potential. Although important, these concerns arose from
environmental risks associated with multi-ton usage in the refrigeration

Fig. 6. PCP distribution coeﬃcients between PBS and various oils.

droplets, which can be translated to other hydrophobic compounds.
Results herein suggest perﬂuorocarbons should be exploited over HFEs
and hydrocarbons whenever isolated microreactors are require hydrophobic reagents, screening of hydrophobic toxicants, or addressing logP
dependent therapeutics and drug release [51–54]. Nevertheless, partitioning in other continuous phases could be leveraged to mimic variable
logP environments. For instance, in relation to biological treatment,
testing with both hexadecane and ﬂuorocarbon as continuous phase
could help distinguished between inhibition from polar compounds
(same apparent toxicity) and non-polar compounds (more toxic in
ﬂuorocarbon), all within the same surfactant-free, microﬂuidic assay.
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Fig. 7. Eﬀect of continuous phase on the dose response of E. faecalis to PCP assessed by resazurin reduction in microﬂuidic format.

industries. Results herein advocate for FCs in microﬂuidic applications
whenever hydrophobic analytes and compounds are involved.
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