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A B S T R A C T   

We have fabricated a terahertz compatible polytetrafluoroethylene (PTFE) based microfluidic flow-cell, in which 
terahertz time-domain spectroscopy of a range of concentrations of aqueous bovine serum albumin (BSA) was 
performed, demonstrating the device’s suitability for future studies of biomolecular interactions. The novel 
combination of oxygen plasma treatments and milling was used to both increase and decrease the wettability of 
the channel and surrounding substrate (to superhydrophobic levels) respectively, producing a stark contrast in 
contact angles allowing surface tension effects to confine liquid in the channel. PTFE is a chemically inert, bio- 
compatible material with ideal spectroscopic properties at sub-millimetre wavelengths.   

1. Introduction 

Terahertz (THz) spectroscopy is a promising candidate for biomed
ical sensing, as large biological molecules such as proteins and nucleic 
acids have vibration modes on the picosecond timescale [1]. A major 
obstacle arises when trying to investigate these samples in their native, 
aqueous environment, where the highly absorbing water attenuates the 
THz signal. The water can be removed from the sample, either partially 
or entirely [2,3], or the absorption can be effectively reduced by freezing 
the water, shifting resonance of the molecular vibration outside of the 
THz range [4]. By reducing the effective thickness of the sample, how
ever, the liquid water can be retained, representing an authentic in vivo 
protein model. In particular, the hydrogen-bond network of the sur
rounding water itself can be probed with THz radiation [5,6]. In this 
case, the influence of the protein on the surrounding solvent can be 
detected over greater distances than other techniques [7–10] such as 
nuclear magnetic resonance (NMR), with such influences on the network 
of bonds correlating to the macromolecules’ function [11,12]. 

Implementing a THz compatible microfluidic device for transmission 
spectroscopy is an ideal solution to overcome water’s strong signal 
attenuation, as the effective beam path-length is dramatically shortened, 
with added benefits such as reduced error from sample exchange and the 

possibility to expand such device’s functionality in combination with 
real-time THz spectroscopy, leading to the commonly quoted term: Lab- 
on-chip [13,14]. A gas-liquid boundary in a THz compatible cell could 
assist in the investigation of biological processes. For example, while 
THz spectra of single concentrations of oxy and deoxy-hemoglobin do 
not show any fine spectral features in absorption in the THz band [15], 
changes in structure of globular proteins are detectable with THz spec
troscopy by studying the effect of the macromolecule on the surrounding 
hydrogen bond network [16]. Differences in hydration dynamics be
tween the two states of hemoglobin have been observed with microwave 
radiation [17], however, by using THz radiation instead, and by flowing 
oxygen and nitrogen gases adjacent to the protein solution (oxygenating 
and de-oxygenating the protein respectively [18,19]), the investigation 
of longer-range influences can be made with protein modification 
occurring in situ. Hemoglobin’s function to flexibly bind and relinquish 
oxygen is coupled with the surrounding water network, and further 
investigation into its mechanism may provide greater insight into a wide 
range of hemoglobin disorders [20]. Furthermore, with the addition of a 
gas-liquid interface, such microfluidic devices can be used for the 
detection of airborne analytes such as drugs [21] or hazardous con
taminants (ammonia) [22] by diffusion into the controlled liquid 
medium. 
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Such devices are often comprised of silicon or quartz [23,24], which 
have good spectroscopic properties at THz frequencies whilst benefiting 
from mechanical rigidity. However, specialized manufacturing pro
cesses are required to fabricate such devices, and prototyping can be 
slow. A faster and cheaper pathway is to use polymer based devices. 
Polydimethylsiloxane (PDMS) is a commonly used material in micro
fluidic devices; however its THz absorption characteristics are signifi
cantly dependent on its preparation methods [25]. Instead, here, we 
propose the use of plasma treated and machined polytetrafluoroethylene 
(PTFE). It has desirable properties for both use in a THz spectrometer 
and as a basis for a microfluidic device. Primarily, these are its low, 
non-dispersive refractive index between 300 GHz and 3 THz, negligible 
absorption over a broad THz spectrum, and its well-known chemical 
resistance and bio-compatibility. Whilst these attributes are appealing, 
two key problems emerge when trying to use PTFE for microfluidics: its 
lack of rigidity and the incompatibility with adhesives, complicating 
encapsulation methods. We aim to resolve this by producing a super
hydrophobic PTFE surface which acts as a barrier to an incorporated 
hydrophilic channel. We show that the surface free energy contrast will 
enable sample confinement within the channel, bypassing the need for 
bonding or firmly clamping an upper substrate. 

The hydrophobicity of native PTFE (θc ≈ 120◦) can be both increased 
and decreased through plasma treatments of various powers and ionic 
species. High power, directional argon and oxygen plasmas can modify 
PTFE’s surface to be superhydrophobic (contact angle, θc > 150◦) 
whereas a low power, ambient plasma exposure can increase the hy
drophilicity of the surface [26,27], with reported contact angles as low 
as 40 degrees [28]. X-ray photoelectron scattering measurements have 
revealed that in the case of a low power exposure, it is the surface 
chemistry that is modified [29]. In contrast, exposure to higher energy 
plasmas, more specifically the accelerated particles found in reactive ion 
etching (RIE), changes the topology of the PTFE surface by creating 
significant roughness at the micro and nanoscales such that its rough
ness supersedes chemical effects to define a superhydrophobic surface 
[30]. 

In this paper, we exploit the surface modification of PTFE to both 
increase and decrease its wettability to produce a quasi-open 

microfluidic flow-cell, whereby confinement of aqueous samples occurs 
due to surface tension forces, and not from direct bonding of the sub
strate. We demonstrate the novel combination of RIE, machining and 
plasma ashing to achieve this effect, outlined in Fig. 1, allowing PTFE to 
be used in a sandwich scheme whereby manufacturing tolerance can be 
relaxed. The figure illustrates the straightforward three-step process 
implemented to produce a microfluidic channel with a stark contrast in 
contact angles between the milled channel and the surrounding sub
strate surface. Lastly, we show spectroscopic measurements of water and 
bovine serum albumin (BSA) for different concentrations in the fabri
cated microfluidic prototype device with a Terahertz Time-Domain 
Spectrometer (THz-TDS). The approach investigated exhibits the ad
vantages of microfluidic devices where different solutions can be 
measured, sweeping concentrations and easily obtaining reference scans 
with the addition of a liquid-gas interface to enable in situ liquid-gas 
reactions to be monitored, using a material system with the chemical 
resistance, THz transparency, biocompatibility and hydrophobicity of 
PTFE. The device presented is unique in its combination of THz 
compatibility and provision of a liquid-gas interface, allowing applica
tion to monitoring the reaction of biological substances with gases in 
situ, as previously outlined. Additionally, this design inherently reduces 
the issues of bubble trapping disrupting flow and measurement, but 
further adds capability of the device to accept samples with dissolved 
gases such as carbonated drinks; the spectroscopy of which has only 
been achieved in unique self-referencing geometries [31] or with the 
implementation of nano-antennae [32]. 

2. Surface tension confinement in a THz compatible device 

2.1. Balancing pressures for surface tension confinement 

It is possible to exploit contrasts in surface wetting characteristics to 
make microfluidic devices that rely on capillary forces alone and no 
physical boundary or walls to control flow paths [33–36]. Such a scheme 
negates the need for problematic encapsulation by relaxing the 
requirement for alignment and bonding, the latter of which is particu
larly difficult with PTFE. Additionally, having an easily accessible 
liquid-gas interface allows the application of gases that may react with 
the liquid and/or analytes on-chip, whilst serving to help to then remove 
introduced air bubbles from the system. 

The choice of PTFE as a material in our study liberates us from 
expensive fabrication techniques but at the sacrifice of having a soft 
material that cannot be reliably sealed by compression. This is especially 
true for the flow-cell dimensions needed for a THz compatible micro
fluidic device, motivating an alternative approach to confinement. It has 
been shown that selectively modifying the material surface in order to 
control the wetting properties of parallel coupled, etched capillaries 
allows for microfluidic function with a stable liquid-gas interface that 
relies on the Laplace pressure for confining the liquid in the channel 
[37]. It is feasible for this concept to be applied to the entirety of the 
channel, such that the principal form of confinement is from the liquid’s 
surface tension forces. In doing so, the tolerances on device 
manufacturing can be relaxed, and the primary method of sealing will no 
longer be attributed to the elasticity of a gasket layer or by the 
requirement of bonding. To selectively modify the PTFE, we employ a 
three-stage approach as is shown in Fig. 1. In the first instance, the PTFE 
is plasma treated with RIE, creating a superhydrophobic surface across 
the entire substrate. Next, the channel is milled exposing native PTFE by 
completely machining the desired geometry, penetrating through the 
microstructured layer. Finally, the PTFE is treated by another plasma 
treatment, making the now exposed PTFE hydrophilic. Crucially, the last 
stage does not alter the initially created microstructures created, thereby 
maintaining superhydrophobicity. This provides a contrast in wetting 
characteristics for the confinement of the sample within the channel 
beneath an upper hydrophobic substrate contacting (but not compressed 
against) the modified PTFE substrate. 

Fig. 1. Illustration of the microfluidic channel fabrication process, showing the 
stages of plasma treatment of a PTFE disc. The whole disc is first treated with 
reactive ion etching (RIE), creating a superhydrophobic surface. The desired 
channel geometry is then milled with a PCB milling machine, exposing native 
PTFE. The whole device is then exposed to the non-directional, O2 plasma in a 
plasma asher where a hydrophilic channel is produced surrounded by a 
superhydrophobic upper surface. The leftmost insert is an image of the etched 
surface captured with a scanning electron microscope (SEM), with the sample 
tilted by 60◦ from the normal. 
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In general, for a surface of a fluid/liquid with surface tension, γ, 
where the curvature is defined by two radii R1 and R2, the difference in 
pressure between either side of the boundary can be expressed as [38]. 

ΔPsurf = γ
(

1
R1

+
1
R2

)

(1) 

The concept described above is demonstrated in Fig. 2(b), in which 
the geometry formed from water due to its surface tension and contact 
angles with three types of surfaces are visualized. In this case the radius 
of curvature in the direction of the channel R2 → ∞ is infinite and with 
the geometric description shown, the radius of curvature can be given in 
terms of the gap between the two surfaces, d, which results from etching 
the top surface, and the contact angle at the boundary where the water 
meets surface a and surface b as θa and θb respectively. When the system 
is in equilibrium, this contact angle is the same as that which can be 
simply measured on a flat surface with a sufficiently small droplet. It 
then follows that Eq. (1) can then be expressed as 

ΔPsurfab = −
γ
d
(cosθa + cosθb) (2) 

As indicated in Fig2(b), contact angles a and b are greater than 90◦, 
leading to a net pressure acting on the liquid resisting the filling of the 
space between the two materials, d. Similarly, this applies for the filling 
of the channel itself, where the pressure difference due to the upper 
hydrophobic substrate and the channel base, ΔPSurf ac, can be calculated 
by 

ΔPsurfac = −
γ

h + d
(cosθa + cosθc) (3)  

where the total space between the two surfaces now includes the 
channel depth, h. Therefore, we can see that to reduce back-pressure we 
would rather reduce the contact angle of the channel surface. Indeed, if 
the contact angle of just the channel surface is sufficiently reduced, 
capillary action will cause the channel to be self-wetting. It is evident 
that being able to localize surface modification to increase or decrease 
contact angles would be beneficial to aid confinement on filling or 
reintroduction of new liquids. 

Once the channel has been completely wetted, for a wide channel 
(w >> h) the maximum pressure difference required for fluid flow, 

Fig. 2. The fundamentals of surface-tension based confinement in 
a microchannel. a) displays a section of straight, rectangular 
channel, typical of what milling the PTFE substrate will produce, 
with the insert illustrating the location of the cross section. The 
surfaces are labelled with their wettability. b) a cross section of 
one of the boundaries responsible for sealing the device showing 
the liquids meniscus with respect to the contact angles produced at 
the two surfaces interfaces, the geometry of which can be used to 
calculate the capillary pressure produced by the surface tension.   
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ΔPflow, for a flow-rate Q, is given by [38]: 

ΔPflow =
12ηLQ

(h + d)3w[1 − 0.63 h+d
w ]

(4)  

where the channel length L and fluid of viscosity η contribute propor
tionally. For confinement to occur, the pressures responsible for 
retaining the liquid in the channel must be greater than those respon
sible for expelling it. Therefore, the condition for confinement can be 
expressed as 

ΔPsurfab − ΔPsurfac − ΔPflow − ΔPhydro > 0 (5) 

The additional term, ΔPhydro, that is included in this expression is the 
hydrostatic pressure caused by height difference in the medium and the 
density of the fluid. In microfluidics this is often ignored, especially in 
horizontal configurations or when the device is completely, physically 
sealed. However, we cannot ignore such a term in the case of a surface 
tension confined, vertically orientated device, of which is a desirable 
configuration for aligning horizontal beam paths of our spectrometer. 
Here, we note that ΔPflow∝h− 3 and ΔPflow∝Q as our requirement is to 
minimize h for optimum THz wave transmission, meaning that in doing 
so we increase the confinement pressures required. While the flow rate 
can be simply reduced to mitigate leaking, we found that we have 
practical lower limits for Q as too little flow increases the likelihood of 
air bubble trapping and poor displacement of previous liquid samples, 
compromising one of the benefits of microfluidic devices: reliable 
automation. 

2.2. Optimizing design for both THz spectroscopy and surface tension 
confinement 

For a THz compatible device, the height of the channel greatly affects 
the resulting available bandwidth and sensitivity of detected radiation in 
transmission. Fig. 3(a) shows a typical spectrum of our THz spectrom
eter through an empty PTFE flow-cell, with 100 µm and 400 µm thick
nesses of water measured in earlier prototype devices. The bandwidth 
and peak signal-to-noise ratio of a single THz pulse frequency spectrum 
is significantly reduced with increasing path length. Of course, an in
crease in path length will increase sensitivity to a change in the 
absorbing medium. By using the measured absorption coefficients for a 
BSA solution of 33 mg/mL [39] and that of water [40], a calculation of 
transmission with varying thicknesses can be made. We choose to define 
sensitivity by subtracting the two theoretical transmissions for different 
thickness to estimate at which path length the maximum difference, 
indicated in Fig. 3(b), where a peak delta in transmission occurs just 
below 100 µm of water, indicating that for both retention of signal 
strength and for sensitivity, a channel depth of 100 µm should be 
targeted. 

The implications on of reducing the channel height of a 1.6 mm wide 
channel are explored in Fig. 3(c). Eq. (3) was used to calculate the 
Laplace pressures that arise when filling both a treated (θc = 90◦) and 
untreated (θc = 120◦) PTFE channel, with increasing channel height. 
Additionally, Eq. (4) was used to calculate the pressure difference 
required for a constant flow rate of 50 µL/min, again with varying 
channel height. The sum of the Laplace and fixed flow rate pressure 
drops shown in this figure act against the confinement of our device. The 
contribution from the fixed flow rate becomes the dominant term below 

Fig. 3. a) THz transmission frequency spectra of 
an empty PTFE flow-cell, 100 µm and 400 µm of 
water. b) Transmission of 500 GHz radiation 
through water of increasing depth up to 400 µm 
(blue) and delta transmission between water and 
33 mg/mL of BSA solution (red). c) Back pres
sures caused by filling the channel against 
channel height, for a channel contact angle of 
90◦ (yellow), 120◦ (orange) where the cap has a 
contact angle of 120◦ in both cases. The pressure 
difference required for a steady flow in a 1.6 mm 
wide channel is calculated (blue). d) Theoretical 
maximum gap for surface tension confinement of 
water (blue) and a 100 mg/mL BSA solution 
(red), where the gap required is plotted against 
the contact angle of the surface in a 100 µm 
deep, 1.6 mm wide channel, for a range of con
tact angles of the upper surface, with three key 
values plotted as lines: 120◦, for native PTFE, 
150◦, what was measurable for the super
hydrophobic surface, and 180◦, the absolute 
upper limit. For BSA solution, approximations 
for viscosity η were taken to be twice that of 
water and surface tension, γ, to be two thirds of 
that of water. Values obtained by numerically 
solving Eq. (5) for gap, d.   

N.T. Klokkou et al.                                                                                                                                                                                                                             



Sensors and Actuators: B. Chemical 352 (2022) 131003

5

channel heights of 100 µm, and sharply increases as it is reduced. By 
implementing a simple Newton-Raphson method, Eq. (5) can be solved 
for the maximum allowed gap for confinement, dmax, for varying channel 
contact angle and repelling surface contact angle, the results of which 
are shown in Fig. 3(d). Aqueous protein solution typically has a reduced 
surface tension and increased viscosity. To indicate such effects on 
confinement criteria, we picked parameters that roughly coincide with 
100 mg/mL BSA solution, a very high concentration, but not unheard of 
in THz spectroscopy analysis. A solution of this concentration has a 
viscosity, ηBSA ≈ 2 mPa s [41] (as opposed to water, ηwater = 1 mPa s), 
and we take an approximate surface tension, γBSA ≈ 50 mN/m (opposed 
to water, γwater = 72.8 mN/m) [42]. 

While the tolerance for leaking due to gap sizes for high concentra
tions of protein decrease, the effect can be entirely accounted for with 
surface modifications. Confinement is maintained with an achievable 
90◦ channel contact angle and a 150◦ repelling surface contact angle, 
with much greater enhancement as the channel and repelling surfaces 
are made hydrophilic and superhydrophobic respectively. Such an in
crease in tolerance to defect induced leaking allows PTFE to be used in a 
for THz compatible device (100 µm thickness) as the contact angle 
contrast will confine liquids of higher viscosity than water at the same 
flow rate. 

3. Methods, results and discussion 

3.1. Surface modification of PTFE 

To modify the surface chemically, such that it becomes hydrophilic, 
PTFE discs parted from an extruded rod were treated with oxygen 
plasma in a plasma asher for three minutes at a 50 W power setting, at 
maximum flow-rate, selected from a parameter sweep where higher or 
lower values reduced the wetting effect. The contact angle of the treated 
surface reduced from a measured 100.1 ± 2.1◦ to 68.7 ± 7.5◦ as can be 
seen in Fig. 4(b) and (c) respectively, with (a) showing a scanning 
electron microscope (SEM) image (taken in partial vacuum) of an un
treated, PTFE surface. Physio-chemical surface modification is expected 

to change over time [43] however aging with the PTFE exposed to water 
is far slower than in air, and the hydrophilicity can possibly be rejuve
nated. We predict that with regular use in a microfluidic device the 
reduced contact angle of these surfaces will remain stable, however, 
with the subsequently described treatment, the device will still be able 
to confine most aqueous samples if the channel’s wettability fails over 
said long period. A superhydrophobic surface was created by etching 
micro-structures with RIE with oxygen species. If the surface tension is 
high enough such that the liquid bridges over the microscopic valleys of 
the structures, the contact angle is enhanced to become an effective 
contact angle. This is a function of the Young’s contact angle, θ, of the 
unmodified material and that of air present in the valleys of the struc
tures. When this occurs, the system is said to be in the Cassie-Baxter state 
[44]. 

cosθCB = f1cosθ − f2 (6)  

where f1 and f2 are fractions of solid/liquid and air/liquid of the effective 
surface respectively. It can be seen from this equation that whilst the 
measured Cassie-Baxter contact angle θCB does indeed depend on the 
material’s surface Young’s contact angle, θCB will still show an 
enhancement even in the case of a hydrophilic substrate. To achieve a 
sufficiently rough topology, the PTFE was treated for 30 min with RIE 
(300 W, 5 sccm of O2, 50 mTorr, 600 V DC bias produced). Contact 
angle measurements show that the surface was superhydrophobic. 
However, it was not possible to obtain a reliable measurement, as the 
water droplet resisted leaving the deposition needle, requiring a larger 
droplet size to be effectively deposited. The water then accelerated away 
from the target and came to rest at a defect, with the image of the droplet 
in Fig. 4(d). The measurements made at this point will be an underes
timate, so we can only report contact angle enhancement of θCB 
> 126.4 ± 0.78◦. Observation under an SEM shows the topological 
result of the treatment in Fig. 4(f) where a high degree of roughness is 
visible. Additionally, the roughness can be seen with the naked eye as a 
matting of the otherwise slightly glossy PTFE surface. 

Eq. (6) suggests that if the fraction of air to the material surface is 

Fig. 4. Examples of images used for 
contact angle measurements proceeded 
by SEM images of plasma modified 
PTFE. All droplets have a volume of 
20 µm, as this was the minimum volume 
size required for the water to leave the 
needle. a) SEM image of untreated 
PTFE, showing typical native surface, b) 
Image of water on an untreated PTFE 
substrate, c) a substrate after O2 plasma 
ashing, clearly showing hydrophilic 
behaviour, d) SEM image of PFTE after 
the RIE treatment, e) attempt at contact 
angle measurement of PTFE after 
30 min of RIE treatment. Droplet 
migrated to a stable point where 
captured contact angle is lower than 
that typical of a smooth surface. f) is an 
attempt to measure the contact angle of 
PTFE after RIE and then the ashing 
process, but the etched surface rough
ness causes the surface to retain super
hydrophobicity. Similarly to e), the 
drop still moved to a defect on the disc 
and measured angles from this image 
will be an underestimate. f) A sharp 
increase in surface roughness indicates 
the cause for the superhydrophobic 
behaviour.   
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high enough, then the contact angle will increase even if the case of 
lower Young’s contact angles. By exposing an already etched substrate 
of PTFE to the O2 plasma from the plasma asher, the surface roughness 
contribution to the effective contact angle supersedes the effect of the 
chemical change and the surface remains superhydrophobic, as evident 
in Fig. 4(e). Indeed, this was the case as it was similarly difficult to 
quantify what the contact angle was as with just the RIE exposure alone: 
θCB > 136.97 ± 0.78◦. With these methods, we can easily create a high 
contrast in wettability without the need for a mask, by first treating a 
PTFE substrate with RIE, milling the desired geometry (exposing unal
tered, native PTFE), and then treating the whole substrate in a plasma 
asher. After doing so the milled channel will be relatively hydrophilic 
whereas the upper, micro-structured surfaces will continue to be 
superhydrophobic. 

3.2. THz spectra of aqueous protein solutions using the surface-modified 
PTFE flow-cell 

The key components of the fabricated final device are outlined in  
Fig. 5. A 50 mm diameter, 5 mm thick PTFE disc was treated with the 
RIE process previously described. During the RIE process two glass slides 
were used to mask the edges of the material, producing a step down to 
the superhydrophobic micro-structured area and protects this area from 
being damaged by contact when the device is assembled. The channel 
geometry and inlet holes were milled and drilled respectively on a PCB 
milling machine (LPKF ProtoMat s64) with a 380 µm diameter mill tool 
and a 1.6 mm diameter drill tool. The inlet channel width was chosen to 
match the 1.6 mm inlet holes both to minimize required pressures for 
steady flow while also allowing for opportunity for smooth transitions 
between milled and drilled areas on the substrate. The substrate was 
sonicated in isopropyl alcohol and de-ionised water each for ten minutes 
to remove any machining fragments and residue from handling. The 
whole substrate was exposed to the O2 plasma treatment outlined pre
viously, reducing the contact angle of the newly exposed PTFE in the 
channel. For enclosing the device, a z-cut quartz disc of 50 mm diameter 
and 5 mm thickness was chosen for its THz and optical transparency to 
visually inspect the flow in the device. A 50 µm thick tetra
fluoroethyleneperfluoro(alkoxy vinyl ether) (PFA) gasket layer with a 
hydrophobic surface (and similar THz spectroscopic characteristics to 
PTFE) was used to enclose the channel. It is possible for another PTFE 
disc to be used instead of quartz and PFA if visual inspection is not 
needed. Substituting PTFE would reduce reflection losses and simplify 

the device further. The assembly does not require a large compression 
force to provide a seal as we rely on surface tensions forces only. As such, 
a simple 3D printed manifold was used enabling faster prototyping than 
the large, metallic manifold that has previously been required for a 
similar scheme (without the surface modification) for microwave reso
nance spectroscopy [45]. Avoiding metallic elements has the addition 
benefit of making the device lighter and easier to align vertically in our 
time-domain spectrometer. Each of the processes implemented here are 
well established and widely available. Furthermore, the simplicity of 
each step suggests potential for scaling-up manufacturing in a 
cost-effective manner. 

The assembled device accepts water and more viscous protein solu
tions at the same flow rate, with the added benefit of removing any air 
bubbles introduced by syringe exchange. As well as tolerating air 
introduction, this also demonstrates the sealing of the device being due 
to surface tension forces, as a gas-liquid interface must be present. 
Complete replacement of even the more viscous samples was confirmed 
with visual inspection, where dyed high- concentrations of BSA solution 
(100 mg/mL) could be seen to be completely replaced by DI water 
through visual inspection through the quartz disc. The dye used (Tripan 
Blue, Sigma Aldrich) is potent enough that any residue would be visible 
through a slow colour transition rather than a smooth, advancing 
boundary. 

Our THz-TDS is driven by a Ti:Sapphire mode-locked laser, which 
outputs 100 fs pulses at 780 nm peak wavelength, incident on photo- 
conductive antennae emitters and detectors. A delay is introduced to 
the pulses incident on the emitter by a high speed delay line. The emitted 
THz broadband pulse is collimated and focused through the centre of the 
flow-cell, then recollimated and subsequently focused onto the detector. 
The THz components are housed in an aluminium box which is purged 
with nitrogen gas to remove water vapour absorption lines. 

Lyophilized BSA powder (Sigma A7906) 98% purity was weighed 
and mixed with de-ionized water, then sonicated for 10 min. Each 
concentration was introduced to the cell via a syringe pump and a PTFE 
inlet tube at a flow of 50 µL/min. Initially, a time-domain transmission 
spectrum of the empty cell was measured and then starting with water, 
each new solution was passed through, and two-minute-long scans were 
recorded to get a THz spectrum. The spectrum of each solution was 
divided by the reference spectrum (the empty cell) to obtain an exper
imental transfer function; the complex refractive index was extracted by 
fitting a theoretical transfer function to the data using the Newton- 
Raphson method. All data has been windowed in the time-domain to 

Fig. 5. The geometry and core components of the micro
fluidic flow-cell. A microfluidic channel with a 6 mm wide 
zone for the transmission of the THz beam is machined into 
a 5 mm thick, 50 mm diameter PTFE disc by a PCB milling 
machine. Assembly pressure provided by a 3D printed 
manifold (not shown) lightly contacting a 5 mm thick, 
50 mm diameter quartz disc and 50 µm thick PFA gasket on 
top of the device. The 1.6 mm inlet holes were introduced 
using the same PCB milling machine.   
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Fig. 6. THz-TDS scans and extracted parameters for water and aqueous BSA concentrations up to 100 mg/mL. The time domain pulses (a) and the associated 
frequency spectra (b). Focusing on a range of 200 GHz to 1 THz, the extracted refractive index (c) and absorption coefficient (d) are shown, with small variations due 
to protein concentration. By calculating the relative absorption by division of the measured water absorption for each frequency, the average relative absorption for 
each concentration (black circles) is plotted with the standard deviation (dotted red) to show the spread across frequencies. 

N.T. Klokkou et al.                                                                                                                                                                                                                             



Sensors and Actuators: B. Chemical 352 (2022) 131003

8

remove reflections and to allow for simpler fitting. 
Fig. 6 shows the terahertz scans of the water and BSA solutions. By 

looking purely at the time-domain and frequency-domain spectra (Fig. 6 
(a) and (b) respectively). The small path length of the microfluidic 
channel allows for a wide bandwidth of THz spectra to remain above the 
noise floor. The small differences in frequency dependent complex 
refractive indices between the samples are not obvious, as attenuation of 
signal can be from both reflections dominated by the real refractive 
index as well as absorption directly from the extinction coefficient. 
Extracting the real refractive index and the absorption coefficient (Fig. 6 
(c) and (d) respectively) confirms that the most significant contribution 
on signal change due to presents of BSA protein is the absorption coef
ficient, where only comparably small changes in the real refractive index 
are visible. The relative absorption was calculated by dividing each 
frequency dependent absorption coefficient for BSA concentrations by 
the measured water absorption. Oscillations in the frequency domain 
are present due to the window function applied (Tukey), however do not 
affect the differential measurements with respect to water. The average 
of this was made over the 200 GHz and 1 THz frequency range which is 
shown, along with the standard deviation, is shown in Fig. 6. As 
mentioned in the introduction, a key area of interest is the terahertz 
response of protein hydration and dynamic water bond networks. A non- 
linear trend in the concentration dependent absorption coefficient in
dicates the presence of a third component (in addition to protein and 
bulk water volume): hydration shell water. As observed in Refs. [5–12], 
the trend is not what would be expected in the case of the simple ex
change of water with protein volume but evidences the introduction of a 
third component relating to the hydration shell. 

4. Conclusion 

A PTFE flow-cell for terahertz spectroscopy of biological media has 
been demonstrated in this work. PTFE offers low absorption at THz 
frequencies and the low surface free energy characteristic of PTFE pro
duces a non-fouling and bio-compatible surface, desirable for many 
microfluidic applications. However, this characteristic hampers efforts 
for bonding and encapsulating the microfluidic channels. New encap
sulation approaches are therefore required for the effective imple
mentation of PTFE in microfluidics, and here we have demonstrated a 
cost effective and robust solution. A novel combination of plasma 
treatments of PTFE to provide a strongly localized contrast in wetting 
characteristics on a single substrate has been demonstrated. This leads to 
realization of a flow-cell with optimized path-length of aqueous media 
that exploits surface tension forces to achieve easy confinement of the 
liquid medium, enabling THz spectroscopic measurements of aqueous 
solutions of biological macromolecules. The cell is demonstrated for THz 
spectroscopy of aqueous solutions of the common model protein bovine 
serum albumin determining the complex refractive index and hence 
absorption coefficient as a function of both frequency and BSA con
centration. The straightforward fabrication process will allow for rapid 
prototyping and customization for further development of device func
tionality, and the gas-liquid interface inherent to the confinement 
method provides an excellent platform for future study of the effects of 
gas interactions on protein hydration, such as hemoglobin oxygenation, 
potentially allowing for the detection of small changes in conformation 
of gas-sensitive proteins with the reaction being performed ‘on-chip’. 
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