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A simple lab-on-a-chip method for blood plasma separation was developed by
combining stereolithographic 3D printing with inkjet printing, creating a
completely sealed microfluidic device. In some approaches, one dilutes the blood
sample before separation, reducing the concentration of a target analyte and
increasing a contamination risk. In this work, a single drop (8 ul) of heparinized
whole blood could be efficiently filtered using a capillary effect without any
external driving forces and without dilution. The blood storage in heparin tubes
during 24 h at 4°C initiated the formation of small crystals that formed auto-
filtration structures in the sample upon entering the 3D-printed device, with pores
smaller than the red blood cells, separating plasma from the cellular content. The
total filtration process took less than 10s. The presented printed plasma filtration
microfluidics fabricated with a rapid prototyping approach is a miniaturized, fast
and easy-to-operate device that can be integrated into healthcare/portable systems
for point-of-care diagnostics. Published by AIP Publishing. [http://dx.doi.org/
10.1063/1.4982963]

I. INTRODUCTION

The capability to analyse blood plasma proteome is very important for the diagnosis of dif-
ferent diseases and therapeutic monitoring."™ An efficient and fast separation of plasma from
whole blood is an important step prior to chemical/biochemical analysis, since blood biochemi-
cal tests are usually performed on cell-free serum or plasma. This reduces interference from
blood cells and hemoglobin, which might falsify the measurement results. The time between
the separation and analysis is a critical aspect for gaining consistent results from blood tests.’
The development of a simple device able to split plasma from whole blood can optimize the
analysis to provide better results in this important area of diagnostics.* Miniaturized and easy-
to-operate devices provide a means for low-cost healthcare testing at the point-of-care chemical
analysis or even for household use requiring only microliter samples.>¢'¢

As whole blood is a particulate suspension, a traditional method applied for separation of
particles from the carrier fluid is centrifugation. However, other methods can also be applied,'”
such as devices based on the bifurcation law, or the Zweifach-Fung effect,w_20 which describes
a particle flowing through a bifurcating channel region, where red blood cells (RBC) are drawn
into the channel with lower flow resistance and higher flow rate. Other methods based on
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passive techniques dependent on cell behavior, biophysical effects, hydrodynamic forces and
channel geometry for blood plasma separation have also been extensively discussed in the
literature. '

In terms of separation efficiency, there are efficiencies around 88% reported in the litera-
ture using the centrifugation method,?' 90% using dead-end filtration,”* 38.5% using a spiral
inertial microfluidic device,23 and 25% using the Zweifach-Fung effect.?* However, the pre-
sented methods have certain disadvantages: the centrifugation method uses moving parts that
are difficult to miniaturize for application in microdevices, the dead-end filtration presents a
quick blocking of the filter due the accumulation of blood cells, and devices utilizing the
Zweifach-Fung effect require adequate flow rates with external devices.

Previously, plasma separation inside microfluidic devices was demonstrated using a variety
of distinct approaches, including silicon—glass particle separation system based on
Zweifach-Fung effect,”> cross-flow filtration microdevice,?® microchannel flow-based separa-
tion,>” two-phase plug,**® highly confined microchannels,”® micro-gap filter,>® capillary-driven
microfluidic device with a planar crossflow filter using surfactant-added Poly(dimethylsiloxane)
(PDMS),*! stand-alone self-powered integrated microfluidic system,’” Pyrex glass attached to a
silicon wafer with microfluidics,>® capillary force through a bead-packed microchannel,>*?
elevated-dimension clog-free T-microchannels utilizing the Zweifach—-Fung and Fahraeus
effects,36’37 a combination of the Fahraeus effect, bifurcation law, cell-free region, centrifugal
action, and constriction—expansion utilized together.**>° Common microfabrication methods for
miniaturized diagnostic tests in microfluidics devices include photolithography, soft lithography,
hot embossing, laser ablation, injection moulding and plasma etching. Nevertheless, to use most
of the proposed methods, it is necessary to apply moulds and/or masks to fabricate these devi-
ces, which are not ideal for rapid prototyping; they also often use some external equipment to
generate fluidic flux like a peristaltic pump or vacuum.

Advances in 3D printing, where layer-upon-layer of material is added, and other additive
technologies in general, have an important role in enabling new paradigms in microfabrica-
tion.*” Several types of 3D printers exist at the moment: Fused Filament Fabrication,
Stereolithography (SLA); Selective Laser Sintering (SLS) and Selective laser melting (SLM);
Electronic Beam Melting (EBM) and Laminated Object Manufacturing (LOM).

The SLA printers convert liquid polymer into 3D solid objects via UV-induced cross-polymer-
ization. The process is very simple and includes the following steps: developing a 3D digital struc-
ture (a computer aided design (CAD) sketch); splitting the 3D structural data into 2D layers that
will be fed to the printer and printed layer by layer; exposing the 2D pictures in an SLA machine
with a Digital Light Processing (DLP) projector and a UV light source onto the polymer solution,
which starts to cure and solidify, forming the layers; repeating the procedure until printing is com-
pleted; and washing out the uncured polymer with an appropriate solvent and final curing under
intense UV light. An advantage of 3D printing is the capacity to fabricate multiple structures and
iterate designs without using any moulds or masks that are necessary for conventional PDMS
casting.

This technology enables low-cost rapid prototyping of microfluidic structures reducing the
complexity of the design and decreasing the amount of external support equipment
required.”*****! The SLA printers reach resolutions in the lower micron scale (10-100 um),
depending on the installed optics. The 3D printers, unlike standard micromachining, can manufac-
ture objects with non-conventional geometries and combine digital modelling and direct printing.**

Additionally, another type of printing, i.e., inkjet printing, has received substantial attention
in the recent years due to its ability to print with a wide range of functional materials.**~*® In
particular, inkjet printing can be used to accurately deposit an adhesive ink onto polymeric sub-
strate areas designated for attachment of a microfluidic device, obtaining a stable leak-free
bond. We have recently demonstrated that bonding a 3D-printed device to a polymeric substrate
can be achieved reproducibly by using an inkjet-printed UV-sensitive adhesive polymer.*” We
employed this bonding strategy to attach a blood filtration device that requires complex pattern-
ing of the adhesive polymer onto the flexible substrate. In the same step, microsensors could be
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printed onto the flexible substrate at specific positions to fit exactly in the microchannels and
complete the device, a strategy that cannot be adopted using conventional methods.

When fresh blood is stored with heparin to prevent the coagulation, small crystals are
formed.*® The accumulation of crystals near the inlet of microchannels can generate a natural
micro-filter, with pores smaller than the red blood cells dimension, a fact that helps separating
the red cells from plasma. Hence, only plasma can flow through while the RBCs are retained
by the crystals.

Building on these recent technologies, an optimized 3D-printed structure for the separation
of plasma from a single drop of blood based on capillary flow into microchannels was devel-
oped. The design of the microfluidic geometry was optimized for on-chip plasma separation.
After plasma separation, the sample can be directed on-chip for analysis with integrated electro-
chemical or optical sensors and can form a part of portable systems for point-of-care or in-the-
field detection.'>**™°

Il. EXPERIMENTS
A. Design and fabrication

Test structures for filtration measurements were prepared by a desktop stereolithography
(SLA/DLP) 3D printer (MiiCraft, Hsinchu, Taiwan) with 50 um layer thickness using UV acry-
late Clear Resin BV-003 (Young Optics Inc., Hsinchu, Taiwan) with a solid surface energy of
41mN m~" after curing.

All samples were designed in AUTOCAD 2013 (Autodesk Inc., USA), converted and
adjusted to feed the DLP pico-projector (450 ppi) of the 3D printer.

The 3D-printed samples’ dimensions were 4.5 x 18.5 x 1.5mm? in width, depth and length
(w, d, 1), respectively (demonstrated in Fig. 1(a)). After printing, the samples were washed with
ethanol to remove uncured resin, dried with nitrogen, and post-cured using a printer-integrated
UV-Lamp (18 W UVA Lamp) for 600s.

The design of the microfluidic geometry was inspired by the system characterized in the
Zweifach-Fung effect paper'®!'? and optimized for on-chip plasma separation based on blood

Outlet Main channel Inlet
06x06x 11 mm 25x1x25mm

o
o
°

Side channel Total dimensions
56 x 50 x 1000 pm (w, d, 1) 45x185x1.5mm(w,d,|)

FIG. 1. (a) CAD image of a whole filtration structure (showing the inlet/outlet, main channel and side channels); (b) side
channels with different angles (45°, 90°, and 135°); (c) real 3D structure with side channels of 135°; and (d) optical micro-
scopic amplification of a 3D-printed structure.
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capillary flow into the microchannels. All samples had a top inlet with 2.5 x 1 x 2.5mm’ (w, d,
1), a main channel of 0.6 x 0.6 x 11mm? (w, d, 1) and side channels of 56 x 50 x IOOO,um3
(w, d, 1). The outlet was formed by an aperture at the end of the main channel. The side chan-
nels had the minimum possible width limited by the 3D printer’s resolution (56 yum and 50 um
in w, d). The designs were prepared using all the possible angles to maintain the uniformity of
the side channels with only 1 pixel, which is equivalent to 56 pum (45°, 90°, and 135°), and
allowing the choice of the optimized angle for developing specific microdevices. The influence
of the angles on the velocity and on the filtering process was tested.

The analysis of real printed feature size and comparison to the theoretical dimensions of
printing were carried out using an optical microscope (Axiolmager, Zeiss, Germany).

As reported in the literature,’® fully 3D-printed closed channels manifest high roughness inside
the channel, due to the so-called “back side effect.” The first cured layer that will close the chan-
nel cannot be supported by a previously cured layer, leading to an overcuring effect, which in turn
deforms the channel inner part (see Figure S.1 in supplementary material). To solve this issue, the
open 3D samples were bonded to a flexible planarized polyethylene naphthalate (PEN) substrate
PQAIM (Teijin DuPont Films), which has a defect-free surface due to a protective foil and surface
energy of 30 mNm ™. The bonding was achieved via inkjet printing a UV-curable PVP-co-PMMA
ink, as described in our previous work.*’ First, the PQAIM substrate was treated with oxygen
plasma (30 W, 0.2 mbar, 0.3 min) (Nano, Diener Electronic GmbH), after which the UV-curable
ink was printed using an inkjet printer (OmniJet 300, UniJet Co., the Republic of Korea). The vis-
cosity and surface tension of the ink were adjusted to approximately 10 mPa and 30mN m ™' to
comply with optimal jetting requirements. The printing was done at a jetting frequency of 1 kHz
and resolution in the range from 800 to 1700 dpi.

A negative structure replicating the outer dimensions from main and side channels of the
3D-printed microfluidics was printed. Next, the 3D-printed part was accurately positioned using
a fineplacer (Finetech Fineplacer Lambda, Finetech GmbH & Co. KG) with a =1 um precision.
To provide a good cross-linking polymerization and bonding of the samples to the substrate, a
curing process with UV light (MUA-165, Mejiro Genossen Inc.; wavelength range:
365 nm—405nm, 1.1 W cm™~?) was used. Bonded samples were left drying in ambient conditions
for 24 h to ensure complete evaporation of the ink solvent.

Prior to blood filtering experiments, all the samples were treated with oxygen plasma
(10W, 0.24 mbar for 60s).

Fresh blood samples were collected from wild-type rats and stored in heparin anticoagulant
tubes at 4 °C for 24 h without dilution. During the measurements, 8 ul of heparinized blood was
used per analysis.

The filtration characterization and the flow velocity were recorded with a high-speed CCD
camera (XiQ, Ximea, Germany) using 300 frames with 50 ms interval, and the data acquisition
was made with the y-Manager plus ImageJ software.

All the others optical analyses were carried out using an Axiolmager optical microscope.

lll. RESULTS AND DISCUSSION
A. 3D printing

The 3D micro-filter devices were printed as described in Section II. Contact angle measure-
ments using standard curing time of 600s gained an angle of 68.3 =2.1°, n=3 for deionized
water.

To check the actual printing accuracy vs. theoretical design values, samples with the high-
est resolution (50 um in depth and 56 um in X, y) were analysed. Microscopic top and side
views are presented in Fig. 2. In the top view (Fig. 2(a)), one can see uniform, reproducible
and defined squares that represent the pixels of the images projected during the printing pro-
cess. The orientation of the presented pixels affects the printed edges that hinder the fabrication
of a perfectly flat structure not orthogonal to the pixel lines. The side view image (Fig. 2(b))
demonstrates a sequence of defined and uniform 50 um layers. In a tilted view (Fig. 2(c)), both
lateral and vertical printing marks are observed. Based on these three figures, it is possible to
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FIG. 2. Different views of the 3D structure are presented: (a) top view, (b) side view, and (c) tilted view.

understand how the 3D printing process occurs: the projected light corresponding to the fed
image cures the polymeric resin with a specific depth (side view) and the lateral resolution can
be observed by the square pixels on the surface.

In Fig. 3, a complete relation between theoretical and 3D printed values is presented. The
3D printer showed good correlation even at small scales, with a small deviation of 8% with
n=3 and a coefficient of variation (or relative standard deviation) of 1.8%, when comparing
the dimensions of the real structures with the designed ones. The success rate of printing these
devices was close to 100%, once it was possible to print a set of structures per round.

) v 1 M L} v ) v 1
1000 |- = 3D Printed A1
theoretical
800 |- .
_§_ 600 |- J
k-]
2
(=
= 400} -
Qo
200 | -
0 " 1 2 1 2 1 " 1 " 1
0 200 400 600 800 1000

theoretical (pm)

FIG. 3. Relation between theoretical and 3D printed values.
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B. Bonding process

The micro-filter was bonded to PQAIM foil using the UV-curable PVP-co-PMMA ink, as
described before. The printed patterned adhesive ink and the device accurately placed on the
substrate are illustrated in Fig. 4.

Using the accuracy of the proposed method for bonding a 3D-printed structure to a poly-
meric substrate,*” it could also be possible to print several sensing elements directly onto the
flexible substrate and then bond it with a patterned adhesive without affecting the sensor struc-
tures, allowing the production of a multi-sensorial microdevice.

C. Blood flow velocity

Important parameters that influence the flow velocity in passive microfluidics are the sur-
face wettability’’ and the surface roughness.*®>’ Controlling both parameters is essential for
designing suitable blood guiding devices, due to the surface interactions with polar and nonpo-
lar groups and also due to the friction factor values. For instance, bovine serum albumin (BSA)
adsorbs more easily on highly hydrophobic substrates, decreasing the blood flow velocity.”®

To optimize the surface properties, the influence of oxygen plasma treatment on the surface
energy was investigated. Without oxygen plasma treatment, blood got stuck at the inlet, not
advancing further into the micro-channels (see Figure S.2 in supplementary material). As could
be shown in our previous paper,*’ the oxygen plasma treatment was able to increase the wetta-
bility of the 3D structures, increasing the hydrophilicity and enabling the blood to be sucked
into the channels due to capillary forces only, suppressing the undesirable influence of any sur-
face roughness. After process optimization, the plasma treatment parameters were set at 10 W,
0.24 mbar and 1 min. As expected, the contact angle of 5 ul rat blood droplet decreased from
58° to 37° directly after plasma treatment.

Experiments with blood were conducted using three different side channel angles. An
amount of 8 ul of blood was calculated to fill the system completely and be sufficient for the
filtration process using the current design. The flow velocity analysis for all cases was per-
formed. The results are shown in the Fig. 5.

As shown in Fig. 5(b), the range of fluid velocities in the inlet was between 13 and 30 mm
s~' and, in all cases, had a drop of velocity after the blood entered the channel, reaching a pla-
teau around 3 mm from the inlet and constant velocities between 9 and 17mm s~ for the main
channel with and without side channels. This variation of velocity occurs because this system
does not have an external flow controller (pump, vacuum system or similar) but is controlled

g

- ——— =

4 hY
SR N W W S e Y

FIG. 4. (a) PVP-co-PMMA UV-curable ink inkjet printed onto the flexible substrate to form a bonding area replicating the
non-functional area of the microfluidic device. (b) 3D-printed microfluidic structure bonded onto PQA 1M flexible substrate
using inkjet printed PVP-co-PMMA UV-curable ink after positioning using a fineplacer.
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FIG. 5. Blood flow velocity for 8 ul of blood in: (a) capillary flow of blood as a function of time inside the 3D-printed
microfluidic channel; (b) velocity at the main channel (with and without side channels); and (c) side channels with 45°,
90°, and 135°, respectively. All the main channels were 0.6 x 0.6 x 11 mm’> (w, d, 1) with an inlet of 2.5 x 1 x 2.5 mm? and
oxygen plasma treatment of 10 W, 0.24 mbar during 1 min. Flow velocity recorded with a high velocity CCD camera and
acquisition of 300 frames/50 ms of interval.

solely by the capillary inside the microchannel. With the measured velocities, the blood can
instantaneously reach the side channels, starting the filtering process.

In the side channels, one can see the same behaviour as in the main channel. The blood
flow loses velocity very fast at the beginning and reaches a plateau of 0.1 mm s ' around
0.45mm from start. This position is practically the middle of the side channel, which can be
convenient for placing a sensor to perform fast biosensing measurements.

D. Blood plasma filtration tests

The filtration process for all cases is presented in Fig. 6.

In all presented cases, one can observe that the proposed structures were able to filter the
plasma from the whole blood. Also, the presence of crystals blocking the entrance of the side
channels can be observed. These crystals help in the filtration process by blocking the side
channels and retaining RBCs and letting only the plasma pass. This behavior is highly repro-
ducible and was observed in all experiments.
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FIG. 6. Filtration process in the small side channels with angles: (a) 45°, (b) 90°, and (c) 135°. Analysis was performed
with 8 ul of blood and oxygen plasma treatment of 10%, 1 min, 0.24 mbar.

The crystals are originated due to the aggregation of fresh whole blood with heparin.*® The
size and amount of crystals have a strong influence on the filtration process/efficiency.
Therefore, it is important to emphasize that a minimum of 24 h of blood storage at 4 °C guaran-
teed uniformity and reproducibility of crystal size and distribution, reaching a reproducible fil-
tering process. The heparin was kept in excess, i.e., at a concentration far exceeding the one
recommended by the manufacturer. Comparative tests were made with less than 1day of stor-
age using a smaller amount of heparin resulted in an amount of crystals insufficient to block
the entrance of the side channels, disrupting the filtration process. Therefore, the results indicate
that the filtration process is dependent on heparin concentration and also on the storage time. In
the supplementary material (Fig. S.3), an optical microscopic image of heparinized blood is
shown after one day of storage. The formation of crystals with different sizes and shapes is
evident.

If one looks carefully inside the channels in Fig. 7, the presence of some crystals flowing
together with plasma can be identified. This behavior can also be observed in Fig. 8, Video 1
(multimedia view). The possible interference of these crystals with the sensory detection will
be analysed in the future work.
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A

50 um

FIG. 8. Blood filter movie recorded with a CCD high speed camera (Ximea XiQ) using a 50 ms interval. The video is edited
with 5 frames per second. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4982963.1]

Most side channels have rugged line shaped walls due to the limited pixel resolution of the
printing process (as discussed in Fig. 2 and as observed in Figures 6, 7, and 9). However, this
geometry did not interfere with the capillary flow or the filtration process compared to channels
with straight walls.

Analysis of the oxygen plasma treatment efficiency after 24 and 48 hours was carried out
and yielded similar results to those presented above. For periods longer than 48 hours, the treat-
ment started to lose efficiency, compromising the filtering process.

The filtration was not observed if the depth and width of the side channels were increased
(for values larger than 50 um and 56 um, respectively). Moreover, when fresh blood was fed
directly to the filter, the filtration process was inefficient due to the absence of crystals
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FIG. 9. Absence of filtration process when fresh whole blood was added: (a) 45° and (b) 90°. Analysis with 8 ul of fresh
blood and oxygen plasma treatment of 10%, 1 min, 0.24 mbar.

obstructing the side channel entrance. The RBCs passed through the side channels, and after
that the coagulation process started immediately, impairing the blood flow, as shown in Fig. 9.

It is important to emphasize that the proposed system uses a single drop of blood (8 ul)
and the flow inside the microchannels occurs only due to the capillary effect without external
devices. The amount of plasma obtained is sufficient for analysis employing electrochemical or
optical sensors, which can be integrated directly onto the polymer substrate. If the amount of
plasma is insufficient with the current design, one could reduce the number of side channels,
increasing the filtered plasma volume in each microchannel. An important prerequisite for suc-
cessful filtration is the sufficient storage time and heparin concentration forming enough crystals
to block the passage of RBCs, ensuring the filtration efficiency.

IV. CONCLUSIONS

A standalone 3D-printed microfluidic system for passive, i.e., without pumps or vacuum,
extraction of plasma from small amounts of whole blood was developed.

The 3D printer presented accurate relation between the designed model and the printed
one, making possible the development of microstructures combined with the ink-jet printing for
rapid prototyping of microfluidic devices.

The fabricated device showed to be useful for quick and efficient filtration process.
Furthermore, printed biosensors could be easily integrated into each micro-channel allowing a
wide range of chemical and biochemical analyses in a single on-chip microdevice using a small
amount of sample.

SUPPLEMENTARY MATERIAL

See supplementary material for the fully 3D-printed closed channels displaying a high
roughness inside the channel; a blood drop at the inlet in the 3D microfluidic structures without
oxygen plasma treatment; an optical microscopy image of crystals forming as a result of the
interaction of blood with heparin; and a video of the filtration process.
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