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Recent progresses in microfabricating perfluorinated polymers
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Abstract: During the past two decades, microfluidics has become an enabling technology in many fields,
including cell-biology, biophysics, biochemistry, optofluidics, etc. In the meantime, researchers are paying
more attention to device materials because of the problems and unique functions they brought. As the most
popular material in current microfluidic research, polydimethylsiloxane (PDMS) also has some drawbacks,
such as absorption of small molecules and poor organic solvent compatibility. Thus, perfluorinated polymers
(Teflons), which retain most advantages of PDMS but also has excellent inertness and anti-fouling properties,
came into researchers’ perspective. After the initial period when liquid Teflon were directly coated on
PDMS, whole-Teflon microfluidic chips were successfully fabricated and performed excellently in long-term
cell culture, organic solvent-involved synthesis, etc. Since then, materials such as metals, biomolecules and
other plastics have been integrated into Teflon chips and expanded their use to electrochemical sensing and
immunoassay. Furthermore, perfluoropolymers have also been broadly used to assist mold release due to
their nonstick property. Aiming to illustrate this progress, current review focuses on the recent development

of Teflon microfabrication and applications in microfluidics, and provides critical discussion on this trend.
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Introduction

In the past two decades, researchers have been mining
the potential of microfluidics and made substantial
contributions to chemical, biological and medical research
(1-3). According to George Whitesides, microfluidics is
“the science and technology of systems that process or
manipulate small (10 to 107 liters) amounts of fluids,
using channels with dimensions of tens to hundreds of
micrometers” (3). At microscale, affected by the huge
increase in surface area relative to volume, the behavior
of fluid is dominated by surface tension, rather than
inertia (4). Therefore, the significance of surface material
becomes obvious. To meet the requirements of various
applications, diverse materials for microfluidics fabrication
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can be utilized to realize unique functions and avoid
specific problems. Nowadays the most popular material
in microfluidic community is polydimethylsiloxane
(PDMS) because of its excellent physical properties (3,5).
Nevertheless, its drawbacks can bring troubles to the
researchers from various fields (5). Therefore, new materials
such as hydrogel, paper, thermoplastics, and thermosets
start to have their place gradually (6). Among them,
perfluorinated polymers, usually known as Teflon, show
an outstanding performance and great potential in both
chemical and biological fields (6,7). On account of this, in
this article, we focus on the whole developing progress of
Teflon microfluidic chips through the discussion of their
properties and corresponding applications.
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Drawbacks of PDMS microfluidic chips

Owing to its optical transparency, flexibility, and
permeability to gas, PDMS has the ability to support useful
components (such as pneumatic valves and pumps), which
made it the key material for exploratory research at the
early stages of development. However, many studies have
also shown that PDMS is not a perfect material. It has
four main drawbacks, which will bring huge uncertainty
in the on-chip experiments (Figure 1). A very important
problem is the absorption of small molecules caused by
the porous structure of PDMS (8). It is an important issue
for applications in cell culture because of its impact on
the concentration of soluble factors in the media, which
could further affect the signaling on cell behavior and
function (9,10). The second problem is the leaching of
the uncrosslinked oligomers from PDMS. Cured PDMS
contains residual uncrosslinked polymer chains that can
freely diffuse within the bulk material. When in contact
with solution, these uncrosslinked oligomers can leach
out from the bulk into solution. It was found that in cell
culture studies, these oligomers could incorporate into
the membranes of cultured cells (10). The third problem
of PDMS is the unstable surface property caused by
oxygen plasma treatment. Oxygen plasma is commonly
used to convert natively hydrophobic surfaces of PDMS
to hydrophilic surfaces in order to facilitate chip bonding
between similar or dissimilar materials. Unfortunately, its
polymer chains can replace the hydroxyl groups by diffusing
from the bulk to the surface and cause hydrophobic
recovery (11), which raises concerns related to practicality
and accessibility. Because this uncertainty could bring
dynamic change to on-chip cell culture, the PDMS devices
with such surface treatment must be produced within hours
before the on-chip experiments, which limits the engineers’
ability to mass-produce devices beforehand. Last but not
least, the chemical compatibility of PDMS, especially with
organic solvents, is poor. The microchannel will swell
due to PDMS’s dissolution in organic solvents and lead to
changes in dimensions, integration and surface properties of
the channels (12).

Liquid Teflon coating

Researchers have proposed various modification methods
to break through the limitations of PDMS. However, the
fabrication process turned out to be more complicated and
it had not achieved superior chemical inertness or solve
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the other problems illustrated in Figure 1, completely (5).
On the other hand, alternative materials could not replace
PDMS to address the problems. Glass has been extensively
used for microfluidic devices before the appearance of
PDMS, but this material requires expensive facilities,
hazardous chemicals and long processing time for
fabrication, and it is hard to be created into certain features
like valves. Some researchers also tried to develop a facile
route to modify the surface of PDMS and made it more
glass-like. Dong-Pyo Kim’s group grafted a preceramic
polymer (allylhydridopolycarbosilane) onto the surface of
PDMS channel and hydrolyzed it to form a hydrophilic
coating via phase conversion. This modification gave
PDMS a comparable electrokinetic performance and
solvent resistance with native glass chips while maintaining
optical clarity (13). However, not only the advantages
of glass did it obtain, but also the shortcomings, such as
brittleness that does not support pneumatic valving, and
poor gas permeability that made it impossible for long-
term cell culture (6). Thermoplastics such as poly(methyl
methacrylate) (PMMA) and polystyrene (PS), which have
also been explored for microfluidic devices, generally have
similar rigidity problems with glass while still share the
drawbacks in solvent compatibility that PDMS has (5).
Thus, instead of improving the performance of PDMS
or replacing it with other materials, an alternative way
to compensate the drawbacks of PDMS is to modify its
surface with a non-sticky and non-leaching material, which
is also stable and has high chemical compatibility. This
turns the researchers’ attention to a group of materials—
fluoropolymers.

The fluoropolymer industry dates back to
1930s, beginning with the discovery of crystallized
perfluoropolymers such as polytetrafluoroethylene (PTFE),
which is highly chemical-resisting and thermostable but
not transparent and very hard to microfabricate, and
semi-crystallized perfluoropolymers such as fluorinated
ethylene propylene (FEP) and perfluoroalkoxy (PFA),
which are similarly inert and stable as PTFE but optically
transparent and melt-processable. These solid Teflons were
broadly used as coatings, films and additives, but due to the
incapability in their microfabrication, they could not be
used for devices in micro scale for more than half a century.
Amorphous perfluoropolymers were first commercialized in
1980s to provide more flexibility in use, when Teflon AF, a
copolymer of tetrafluoroethylene (TFE) and perfluoro-2,2-
dimethyl-1,3-dioxole (PDD), and Cytop, a homopolymer of
perfluoro-3-butenyl-vinyl ether (PBVE), were introduced
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Figure 1 Schematics of the drawbacks of PDMS microfluidic chips. (A) Absorption. The porous nature of PDMS enables small hydrophobic
molecules to diffuse into the bulk polymer. Unfortunately, especially in the microfluidics designed for cell biology experiments, biological
molecules and drugs would fall victim to the silicone’s tendency to soak things up. Furthermore, it also absorbs hydrocarbon solvents—and
swells up like a sponge when it does. (B) Leaching. This issue caused by uncrosslinked oligomers has not received much attention. However,
with the rising of popularity of cell membrane studies on microfluidic devices, this issue’s importance is expected to become more evident.
(C) Unstable wettability. In general, PDMS devices would be rendered hydrophilic by using oxygen plasma for further operation. However,
its polymer chains have the ability to diffuse from the bulk to the surface, thereby replacing hydroxyl groups on the surface that had been
produced via oxygen plasma. This issue of hydrophobic recovery would cause an unstable surface property so that cells cultured on the
surface may experience dynamic changes in hydrophilicity that ultimately affect cell adhesion strength and subsequent integrin-mediated
signaling and mechanotransduction. (D) Poor chemical compatibility. The dissolution of PDMS in organic solvent would cause swelling,

which changes the cross-sectional area of the channel and, therefore, the rate and profile of flow. This could affect integration of the channel

with components such as membranes, detectors, mixers, or electrodes. PDMS, polydimethylsiloxane.

by DuPont and Asahi Glass, respectively (14). Amorphous
perfluoropolymers not only inherit the low surface energy,
great chemical resistance, electrical properties and thermal
stability of crystalline fluoropolymers, but also show
higher optical transparency and lower refractive index,
which extends their potential utility in coating applications
in optical (15) and electrochemical (16) devices, and
microfluidic channels for bioanalysis (17,18). For optical
devices, Cho et al. verified that the Teflon AF coating on
the optofluidic waveguide (fabricated by the method shown
in Figure 2A4) confined the light to the liquid core and
reduced light leakage and absorption (Figure 2B) (15). For
microfluidic devices, Park et 4/. confirmed that the Teflon
AF coating on PDMS microfluidic platforms inhibited
unwanted absorption of hydrophobic dye molecules (i.e.,
BODIPY and Nile red used to stain algae in algal lipid
research) without much impact on the oxygen transfer
rate and light transparency, giving a better visualization
and quantification of intracellular lipid droplets in
microalgae (17). In addition, Wu et al. showed that the
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Cytop coating on PDMS microchannels suppressed the
deformation, swelling and leakage of PDMS in contact
with the solvent, and prevented the adsorption of the
fluorescent dye (Figure 2C) (18). Besides these extended
applications, amorphous perfluoropolymers’ acceptable
solvent processability also enables the processing
technologies (i.e., spin-coating, dip-coating and spraying)
for more special applications in ultrathin films, integrated
circuits, and protective coatings (14). Thus, compared
with the other perfluoropolymers, liquid Teflons are more
suitable to modify the surface of PDMS and compensate
for its drawbacks. However, despite these advantages of
amorphous perfluoropolymers, their extremely high prices
(for example, two to three times that of Teflon PFA), poor
mechanical property and short lifetime restrict their use
especially in an industrial scale.

Solid Teflon chip

The application of liquid Teflons brought this excellent
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Figure 2 Applications of liquid Teflon. (A,B) Low refractive index of Teflon AF for optofluidic waveguides. (A) Illustration of the fabrication

procedure for Teflon AF-coated liquid core waveguides, where the elastic mismatch between PDMS and Teflon AF is reduced by flowing

Teflon AF solution through the microchannel. (B) Cross section of the liquid core waveguide (left); light output from a liquid core waveguide
with Teflon AF coating (right). The dotted box shows the channel, and the solid line is the Teflon AF-coated core layer. (C) Chemical

resistance of Cytop coatings for improvement of microfluidic channels: (a,c) prevention of swelling and nonspecific adsorption for PDMS

microchannels; (b,d) prevention of serious deformation, leakage and collapse; (e,f) nonspecific adsorption of Sybr Green II by bare PDMS;

(g;h) prevention of nonspecific adsorption of Sybr Green II. (scale bar: 100 pm for a-d; 10 pm for e-h). PDMS, polydimethylsiloxane.

material into microfluidics community, yet this simple
surface treatment could not meet the requirements of
robustness and price for reliable use and mass production.
On account of this, researchers started to figure out how
to use solid Teflons directly to accomplish whole-Teflon
chip fabrication. Like amorphous Teflons, semi-crystalline
solid Teflons are extremely chemical inert, non-sticky,
flexible, optically transparent, and able to prevent leaching
problem, but better in hardness. These advantages are very
attractive, however, the difficulty in fabrication, which was
mainly caused by its high inertness, made people shrink
back at the sight of it. Previous researchers have adopted
materials with high melting point and mechanical strength,
such as metals and silicon, as template materials, hoping
that patterns on them could be transferred onto Teflon with
the help of heat and pressure. Nevertheless, the transfer
was unable to achieve without pattern damages. Some
researchers also adopted photocurable perfluoropolyethers
(PFPEs), which are a unique class of fluoropolymers that
are liquids at room temperature but solidified after fully
curing. This polymer exhibits low surface energy, and
extremely chemically resistant like Teflon (19), which
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ensures its ability to fabricate microreactors for organic
synthesis (20). Nevertheless, the high cost of the polymer
resin limited broad applications. In 2011, we discovered
that PDMS has the potential to become an ideal template
material for processing Teflon (18). Based on this discovery,
we developed a new molding method and gave birth to
the first whole-Teflon microfluidic chip made by PFA.
It showed excellent compatibility with organic solvents,
outstanding non-absorbing properties, and amenability
for cell culture (21). By culturing HepG2, MCF7 and
HelaC3 cells in both PFA and PDMS channels, we found
that the PFA surface were as cell-friendly as that of PDMS
(Figure 34), which dispelled the doubt that whether this
chip could be applied to biological and medical studies.
Moreover, because of Teflon’s anti-stickiness, the chips
could be recyclable for cell culture experiments after simply
flushing by PBS solution. We also compared the absorption
ability of Teflon and PDMS by using fluorescent dyes.
After washing, no fluorescence was observed in Teflon
channels while the PDMS channels performed differently.
This non-absorbing property brings great convenience to
biomolecules fabrication as such molecules show strong

Microphysiol Syst 2018;2:6
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Figure 3 Applications of whole-Teflon microfluidic chips. (A) For long-term cell culture research. Comparison of HepG2 cells that are
cultured in PDMS channel (left) and PFA channel (right). Both the PDMS and the PFA channels are 100-pm wide, 100-pm deep, and 2.0-cm
long. The bottom row of microphotographs shows the microchannels after the cells being cultured for 120 h in the channels are lysed with
0.1 M NaOH and flushed with PBS solution for 5 min, respectively. (B) For peptide micro synthesis. The scheme (upper) of the tri-layer
chip and microvalves with sandwich structure. It consisted of a top fluidic layer, a middle film layer and a bottom pneumatic control layer,
they were all made by PFA. The fluidic layer was composed successively of 1 main channel (200 mm in width and 100 mm in depth), 10
comb-like (5 at each side) amino acid microchannels (100 mm in width and 50 mm in depth) and the reaction chamber (600 mm in width
and 200 mm in depth). The upstream of the main channel was connected to the main inlet which was controlled by a microvalve (for resin,
washing reagents, deprotection reagents, and cleavage reagents) whereas the downstream led to the reaction chamber. The amino acid
selection in each cycle was controlled by the on/off state of the ten microvalves on the amino acid channels. On the control layer, each air
channel was fabricated corresponding to each fluidic channel. The whole microchip was mounted in a plastic holder and fluids were pumped
in the chip from above, while compressed air was injected from below. The HPLC chromatograms and mass spectra (lower) were used to
evaluate the peptide’s purity. An average purity of 90.3% for the crude peptide products was obtained. (C) For droplets formation. This
schematic (left) illustrated how droplets were fabricated in a Teflon microfluidic device. Poly (vinyl acetate) (PVAc) sample was dissolved in
isobutyl alcohol or benzene at a higher temperature with an initial concentration in the range 0.1-0.6 v/v, depending on its molar mass. To
ensure the formation and transportation of polymer-solution droplets inside the microchannel, fluorohydrocarbon FC3283 (refractive index,
n=1.29) with 0.1 wt % of PFO was used as the carrier fluid. The microchannel was connected to a borosilicate glass capillary (Vitrocom) via
a Teflon tube (an internal diameter of 0.3 mm) so that the droplets can be transported and stored inside the capillary (n=1.47) with an inner
square cross-section (200 x 200 pm2). Symmetrized phase diagrams (right) of four PVAc samples in isobutyl alcohol (black) and in benzene
(red) by eq 2 with listed fitting parameters, where polymer volume fraction is converted ¥, using eq 1, and & = (Tc - Tp)/Tp, reduced
temperature. PDMS, polydimethylsiloxane; PFA, perfluoroalkoxy.
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adsorption or absorption in channels of other materials.
Followed by this breakthrough, researches started to
develop various whole-Teflon chips to realize the functions
which are impossible on chips made by other materials.
Zheng et al. fabricated an automated Teflon microfluidic
peptide synthesizer by constructing tri-layer valves which
have one PFA film between two PFA sheets (Figure 3B) (22).
This microsynthesizer could generate the final decapeptide
product with high quality and high through-put within
6 hours. Owing to Teflon’s outstanding chemical-inertness,
fabrications using organic solvents could be carried out
on microfluidic devices. Shangguan et /. generated PVA
[poly (vinyl acetate)] solution droplets by using alcohol
or benzene as solvent and fluorohydrocarbon with
1H,1H,2H,2H-perfluoro-1-octanol (PFO) as carrier fluid
on a whole-Teflon chip, and combined it with laser light-
scattering detection to realize mapping phase diagrams of
polymer solutions (Figure 3C) (23).

Combination of Teflon and other materials

Due to the merits of Teflon materials, some devices
made with other materials utilize Teflons to improve
their performance such as antifouling and anti-corrosion.
On the other hand, some Teflon devices are modified
with other ingredients to accomplish certain functions
such as hydrophilicity, electrical conductivity, and
biochemical activity. On the basis of fabricating whole-
Teflon microfluidic chips, the usage of solid Teflon was
expanded through integration with other materials [e.g.,
metals (24), biomolecules (25-29), and plastics (30,31)].
Shen et al. presented a metal-Teflon hybrid, where gold
electrodes were integrated onto whole-Teflon FEP chips
by polydopamine (PDA)-assisted electroless plating. While
the common materials for microfluidic chips are either
vulnerable to organic solvents or inconvenient to fabricate,
this integrated chip utilizes the unique merits of Teflon
FEP, and the versatility of microfluidic techniques to enable
electrochemical sensing directly in non-aqueous solvents
(e.g., dichloromethane, a commonly used extractant), which
offers the possibility to investigate the electrochemistry
of substances that are insoluble or unstable in aqueous
solutions (Figure 44,B) (24). Another example is a
biomolecule-Teflon hybrid. Teflon chips have promising
applications in bioassay and cell-based experiments because
of their excellent performance (i.e., anticorrosion and self-

© Microphysiological Systems. All rights reserved.

mps.amegroups.com

Microphysiological Systems, 2018

cleaning property, solvent resistance and little biomolecule
adsorption). However, introducing functional groups to
the chip surface is difficult due to the chemical inertness
of the material. Shen ez 4/. solved the problem by coating
PDA onto whole-Teflon microfluidic chip FEP channels
(Figure 4C). The PDA coating renders the Teflon
surface easier for antibody immobilization in sandwich
immunoassay (Figure 4D) and for cell adhesion and
proliferation in cell culture (Figure 4E) (25).

Solid Teflon can also be used as coatings. Min et 4/. used
FEP as adhesive and coatings in fabrication of multilayered
polyimide (PI) film micro-reactors (30,31). They utilized
the antifouling effects of superhydrophobic Teflon-FEP
coating to prevent channel clogging in their 3D-flash-
flow-microreactors, which enabled a long-term use or use
even under challenging conditions of high polymer influx
at flash flow rate of concentrated polymer, improving the
production rate (30). In addition, they found that the self-
adhering FEP sealed the PI layers into complex shape of
the microchannel with high reproducibility and maintained
the flexibility of the whole film device. Thus, they also
fabricated a micro-shower flow device with FEP adhered
PI micro-device and meshed membrane, which can be used
to provide sufficient mixing of organic and aqueous solvent
in a biphasic interfacial reaction (31). These Teflon hybrids
combine the desired advantages of different materials,
nevertheless, more complicated fabrication process is usually
needed, compared with the fabrication of whole Teflon
devices. Moreover, the lifetime of these hybrid devices is
usually limited especially in harsh working environment.

Teflon stamps

The use of microfabricated Teflon is not limited to
coatings, adhesives, and microfluidic chips. Historically,
perfluoropolymers have long been broadly used to assist
mold release, utilizing their antisticking property; however,
this was realized by coating perfluoropolymers on inorganic
materials (32), which resulted in limited lifetime, especially
at high working temperatures. Recently, with the capability
of microfabricating Teflons, structures of micro or nano
scales can be transferred to them directly, enabling
fabrication of whole Teflon stamps. Compared with Teflon-
inorganic hybrid stamps, the superior thermostability and
acceptable thermoconductivity of whole Teflon stamps play
an important role in repeatedly fabricating complementary

Microphysiol Syst 2018;2:6
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microstructures through molding (33) and casting (34,35),
as well as non-complementary microstructures through
thermal deformation (36). With desired structures realized
through microfabrication, Teflon materials become
more competent for stamp making than other materials
due to their various advantages. Shi ez 4/. found that
the Teflon stamps’ nonadsorbing property, resistance to
organic solvents, and high Young’s modulus (500 MPa
for Teflon and 1 MPa for PDMS) made it more reliable
than conventional PDMS stamps (33). They used Teflon
stamps to mold drug-laden PLGA microspheres into
grooves through two routes to provide topographical cue
for directing cell behavior in osteogenesis of stem cells (33).
Liu er al. used Teflon stamps to cast molecules containing
luminogenic silole and chiral sugar moieties into microstrips
through solvent evaporation (Figure 54), where the confined
environment in the Teflon microchannels enhanced the
packing order of small molecules, and thus enhanced the
emission dissymmetry effect for optoelectronic applications
(Figure 5B) (34). In addition, the nonstick property of
the Teflon stamps rendered the adhesion force between
the coating and stamp smaller than the coating and the
substrate, based on which, Sun er /. made a suspending-
droplet mode paper-based device (SD-pPAD) for detection
of lead(Il) ions (Figure 5C,D), where the channel and
reservoir barriers of the device were defined by the
superhydrophobic pattern generated by a Teflon contact-
printing stamp (35). While Teflon’s nonstick property
made the separation of stamp and product easy for large-
scale production, its sufficient mechanical strength and
thermoconductivity, and much higher melting point
than the other plastic membranes used in fabrication
enable special applications. Hu et #/. designed a one-
step microchannel fabrication approach through thermal
deformation, using a Teflon-PFA stamp (Figure SE), where
the differences among the thermal expansion coefficient
and melting point of different materials enabled the
combination of generating and sealing the channel together,
and therefore, a rapid production (36). Based on the
excellent performance of solid Teflons in hydrophobicity,
chemical inertness, mechanical strength, and nonstick
property, the ability of microfabrication extends their use
for stamps.

Conclusions and future prospects

In the last decade, approaches to apply perfluorinated
polymers to microfluidics have evolved from coating
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microchannel surface with liquid Teflon to fabricating
whole-Teflon chips and Teflon hybrid chips. Besides,
whole-Teflon stamps have also begun to play an important
role in fabricating microstructures through molding and
casting. Owing to its excellent anti-fouling property, Teflon
is expected to be used more broadly in the fabrication of
quantitative microfluidic devices, for example, devices for
studying drug-cell interaction, on-chip DNA amplification,
and cell-cell communication at single-cell level. On the
other hand, the solvent-resistance of Teflon microfluidic
devices may lead to more applications of microfluidics in
novel synthesis methods. Moreover, the unique property
of microfeatured Teflon surfaces might find important new
applications in self-cleaning coatings and microarray-based
bioassays. Based on the outstanding reliability of Teflon
materials, such products made of Teflon would be trustable
in commercial applications.
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