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A self-powered one-touch blood extraction system is fabricated by the integration of a smart polymer-
capped hollow microneedle and a pre-vacuum actuator. It is well suited for further integration with other
microsystems (such as microfluidic chips, biosensors and electrode) to realize a real-time micro total
analysis for point-of-care diagnosis.
39x36mm (300 x 300 DPI)



Journal Name Lab on a Chip Dynamic Article Link3awe 2 of 10

Cite this: DOI: 10.1039/c0xx00000x

WWW.rsSC.Org/XXXXxXx ARTICLE TYPE

Self-Powered One-Touch Blood Extraction System: Novel Polymer-
Capped Hollow Microneedle Integrated with Pre-Vacuum Actuator

Cheng Guo Li, Manita Dangol, Chang Yeol Lee, Mingyu Jang and Hyungil Jung*

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
s DOI: 10.1039/b000000x

Blood is the gold standard sample medium that can provide a wide variety of useful biological
information for the diagnosis of various diseases. For portable point-of-care diagnosis, blood extraction
systems have attracted attention as easier, safer, and more rapid methods of collecting small blood
volumes. In this paper, we introduce a novel self-powered one-touch blood extraction system created by

10 assembling a smart polymer-capped hollow microneedle in a pre-vacuum polydimethylsiloxane actuator.
The optimized hollow microneedle was precisely fabricated by drawing lithography for minimally
invasive blood extraction, with a length of 1800 um, an inner diameter of 60 um, an outer diameter of 130
um, and a 15° bevel angle. The system utilizes only a single step for operation; a finger press activates the
blood sampling process based on the negative pressure-driven force built into the pre-vacuum activated

15 actuator. A sufficient volume of blood (31.3 + 2.0 ul) was successfully extracted from a rabbit for
evaluation by a micro total analysis system. The entire system was made of low-cost and disposable
materials to achieve easy operation with a miniature structure and to meet the challenging requirements
for single-use application in a point-of-care system without the use of any external power equipment.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Introduction

In recent years, much attention has been directed to micro total
analysis systems (WTAS) using microfluidics as an easy, rapid,
and sensitive method for point-of-care (POC) diagnosis.l 2
Because human whole blood is an important body fluid that can
provide useful biological information for the diagnosis of various
diseases, numerous portable analytical systems that use blood
samples have been evaluated for applications in POC diagnosis.®
With the miniaturization of analytical components in uTAS, even
a tiny blood sample volume (less than tens of microliters) may be
used for diagnosis. Most blood samples, however, are obtained
using painful hypodermic needle puncture in the hospital or a
self-administered finger prick at home, which requires a blood
sampling system that is separate from the analytical components,
an arrangement that may be inconvenient for patients.* ® The
application of microneedles and microactuators has allowed
researchers to overcome this limitation and develop miniaturized
blood extraction systems, which can easily be combined with
micro analysis systems to achieve frameworks of complete real-
time POC analysis.®®

A number of solid and hollow microneedles have been designed
and fabricated as alternatives to traditional hypodermic needle or
finger prick blood sampling, and they provide a minimally
invasive and less painful method by creating micro-scale
pathways in the skin.2®*® Also, many microactuators with
different designs and operation methods such as electrostatic,
piezoelectric, and magnetic approaches have been developed to
provide power sources for blood extraction.'* ** Recently, several
researchers have integrated the described microneedle and
microactuator technology into uTAS as blood extraction
systems.'® ¥ However, most of these systems require an external
power source (usually a heater or a battery) resulting in a bulky
structure and limitations to system miniaturization. To address
this issue, a minimally invasive blood-extraction system using an
elastic self-recovery actuator integrated with a hollow
microneedle that had an ultra-high aspect ratio was developed.®®
1 Although a novel pneumatic power-driven actuator was
developed with no need for additional energy supply, the
complicated fabrication method and multi-step operating process
40 was not suitable for implementation in a pTAS.

To become a useful tool in a POC diagnostic system, an
improvised miniature blood extraction system must include a
reduction in the complexity of the actuator structure and a
decreased number of external support instruments, such as
heaters, batteries, or valves, while simultaneously simplifying the
operation process. This will lead to lower manufacturing costs
and enhanced user convenience. Polydimethylsiloxane (PDMS)
has become one of the most popular biocompatible materials in
the fabrication of microfluidic devices due to its attractive
features of transparency, flexibility, gas permeability, and ease of
fabrication with soft lithography.?® In addition, the surface
characteristics of PDMS can also be easily changed with plasma
treatment to form the oxidized components Si-OH group for
irreversible bonding with each other, and various PDMS-based
functional microstructures have been developed by taking
advantage of these features for pnTAS.*

In this paper, we describe a novel self-powered one-touch blood
extraction system that consists of a smart polymer-capped hollow
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microneedle and a pre-vacuum PDMS actuator. The polymer-

60 capped hollow microneedle is used to maintain the pre-vacuumed

system and to serve as a power switch that controls the initiation
of the blood sampling process. In the pre-vacuum activation
process, we manipulate the gas permeability characteristics of
PDMS and parylene coating technology to induce a vacuum
chamber, and then airproof the entire system with biocompatible
parylene sealing to maintain the vacuum energy over a long
period of time. This self-powered one-touch blood extraction
system utilizes a simple one-step operation, which employs a
finger press to activate the sampling process based on the
negative pressure-driven force developed in the pre-vacuum
actuator. This system achieves easy operation with a miniature
structure and meets the challenging requirements for single-use
application in POC diagnosis without the need for any external
power supply.

Materials and methods
Fabrication of one-touch blood extraction system

The hollow microneedle with optimized structure for minimally
invasive blood extraction was fabricated by a drawing
lithography-based technique based on our previous work (see
Supporting Information for the detailed fabrication method). The
PDMS chamber was fabricated by pouring a 10:1 (v/v)
prepolymer mixture of Sylgard 184 elastomer and curing agent
(Dow Corning, USA) over the aluminum master (see Supporting
Information, Fig. S1). The mixture was cured for one hour in an
oven at 80 °C, and the resulting PDMS mold was carefully peeled
away from the master and then assembled with the polymer-
capped hollow microneedle in a concentric shaft to complete the
one-touch blood extraction system. In total, three aluminum
masters were used to fabricate different volumes of PDMS
chambers. The height of the inside cylindrical chamber was 4 mm
and the diameters were 3, 4, and 5 mm, respectively, resulting in
three different volumes of PDMS chambers (28, 50, and 78 pl).

Polymer blocking hollow microneedle

Polymer Solution: In particular, the biocompatible polymers
polyvinylpyrrolidone (PVP), carboxymethylcellulose (CMC), and
sodium hyaluronate (HA) have been widely used as structural
materials for the fabrication of coated and dissolving
microneedles in medical applications.?> % The optimal
concentrations of PVP (36 kDa, Sigma, USA), CMC (90 kDa,
low-viscosity, Sigma, USA) and HA (29 kDa, Soliance, France)
have been used as matrix polymers to block the hollow structures
of microneedle tips via dipping and capping methods. Green and
red dyes (tartrazine, Bowon, Korea) containing viscous PVP
solutions (35%, w/v) were prepared by dissolving PVP powder in
green and red dye solutions (1%, w/v) at room temperature. Pink
dye (tartrazine, Bowon, Korea) containing CMC solution (10%,
w/v) and yellow dye (tartrazine, Bowon, Korea) containing HA
solution (30%, w/v) were prepared by dissolving CMC and HA
powders in pink and yellow dye solutions (1%, w/v), respectively.
Dipping Method: The hollow microneedle was fixed in the
downward direction on a micropositioner (syringe pump, New
Era Pump Systems, USA), which was used to control the position
and dipping rate. The microneedle was vertically dipped at a
speed of 50 mm min™ into the 100 pl polymer coating solution
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reservoir until the hollow structure of the microneedle tip was
completely immersed in the solution. The withdrawal speed of
the microneedle from the coating solution was manually
maintained at 5 mm min™ to produce a polymer film on the
surface of the microneedle tip. Air-drying of the coated polymer
was performed for 1 min immediately after the withdrawal step,
and the dip-coating process was repeated until the required
thickness of polymer coating was obtained.

Capping Method: A single polymer droplet was fabricated by a
solution dispenser (ML-5000X, Musashi, Japan) and automated
X, Y, and Z-stages (SHOT mini 100-s, Musashi, Japan) by
discharging previously prepared polymer solutions onto the
surface of a PDMS base layer at 0.9 kg f cm™ for 0.05 s. The
PDMS base layer with the dispensed polymer droplet was fixed
in the downward direction on a micropositioner (syringe pump,
New Era Pump Systems, USA) and was contacted with a
microneedle, which was placed below the micropositioner. The
sharp tip of the microneedle just passed through the center of the
droplet and was inserted into PDMS base layer at a rate of 5 mm
min™, and then was kept at room temperature for 4 min to
solidify the polymer. Finally, an isolation step was performed to
separate the polymer-capped microneedle from the PDMS base
layer at a speed of 50 mm min. The transparency property of the
PDMS was used to control the tip position visually inside of the
PDMS base layer.

Mechanical strength analysis

The mechanical force required for a polymer-blocked
microneedle to penetrate into skin was measured by a
displacement-force analyzer (Z0.5TN, Zwick, Germany) using
0.4-mm-thick synthetic skin, which simulated the high-resistance
stratum corneum of human skin. The polymer-blocked
microneedle was attached to the sensor probe of the force
analyzer and pressed against the synthetic skin sheet at a speed of
60 um s™ via penetration force application. The axial fracture
force measurement was performed by driving microneedles
against an aluminum block at a rate of 60 pm s™*. The maximum
force before an immediate force drop was the penetration and
fracture force for the microneedle tip. The force was recorded as
a function of displacement associated with the microneedle.

Pre-vacuum within parylene treatment

Parylene-C dimer (Femto Science Co., Korea) is commonly used
in a microprocessor-controlled parylene coating system (Femto
Science Co., Korea). A parylene-C film with a thickness of | pm
was thermally deposited on the surface of the closed one-touch
blood extraction system by the following polymerization steps:
(1) evaporation: parylene-C dimers (di-para-xylene) were first
vaporized at a temperature of 160 °C, (2) pyrolysis: the dimers
were pyrolyzed at a temperature of 650 °C to form a highly
reactive monomer (para-xylene) of parylene-C, and (3)
deposition: the resulting polymer (poly-para-xylene) was finally
coated onto the blood extraction system surface at room
temperature. All of these processes were performed under
vacuum conditions of less than 0.1 Torr in 1.5 hours. The
thickness of the parylene-C film was controlled by setting a
quartz crystal microbalance (QCM) in the deposition chamber,
and the film thickness could be calculated by monitoring the
frequency change in the QCM during deposition. The QCM
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change was measured from the beginning of the evaporation step,
and the deposition was finished when the QCM frequency shift
reached the value corresponding to the targeted thickness of the
parylene-C film.

Characterization of surface properties

The surface morphologies of the pre-vacuum PDMS actuator
with parylene coating were characterized by scanning electron
microscopy (SEM; JEOL-7001, JEOL Ltd., Japan) at an
accelerating voltage of 15 kV. All samples were coated with a
thin layer of platinum using a sputtering machine for 100 s to
produce a conductive surface prior to observation under SEM.

In vitro blood extraction

The liquid extraction capability of the one-touch blood extraction
system was evaluated using distilled water (DW) and human
whole blood samples treated with 8% (v/v) of the anticoagulant
solution CPDA-1. Each system was attached to a pusher, which
was connected to the micropositioner (syringe pump, New Era
Pump Systems, USA) to allow accurate control of the insertion
process for liquid extraction. The system was driven at a rate of
50 mm min™ to insert the microneedle into the sample container
with a synthetic skin cover to perform one-touch liquid extraction.
After sampling, the system was removed from the sample
container and the extraction volumes of the liquid samples were
measured using a 100-pl syringe (Hamilton, USA).

In vivo blood extraction

A polymer-capped hollow microneedle with an inner diameter of
60 um and a 15° bevel angle was integrated into the one-touch
blood extraction system with 50 pul PDMS vacuum chamber.
After fixing a rabbit (4 kg, New Zealand White) in a fixer, the
blood extraction system, which was subjected to a vacuum in
advance to induce the pressure-driven force to extract the blood
sample, was pressed by a finger to induce the microneedle
insertion into the ear artery of the rabbit. After the removal of the
blood extraction system, the total extraction sample volume was
measured with a 100-pl syringe (Hamilton, USA). The
experiment was repeated in triplicate. All experimental
procedures were approved by the Department of Laboratory
Animal Medicine of the Yonsei University College of Medicine,
and were performed in accordance with the Animal Research
Committee Guidelines at the Yonsei University College of
Medicine and approved by the AAALAC.

Results and discussion
Self-powered one-touch blood extraction system

As shown in Fig. 1a, the self-powered one-touch blood extraction
system comprised three parts: 1) a vacuum PDMS chamber to
provide the power for the blood extraction by pressure gradient-
driven force and to store the extracted blood sample; 2) an
optimized hollow microneedle to induce the micro-channel for
minimally invasive blood sampling; and 3) a multi-functional
polymer cap to block the hollow microneedle tip selectively and
thus to maintain the closed pre-vacuum system, and to precisely
control the initiation of the blood sampling process. The PDMS

10 chamber was fabricated using a traditional micro-fabrication

technique and was designed as an 8 x 8 x 5 mm® cube, with a

This journal is © The Royal Society of Chemistry [year]
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cylindrical chamber having a 4-mm height and a 4-mm inside
diameter (see Supporting Information, Fig. $1).2% % The hollow
microneedle with an inner diameter of 60 um, an outer diameter
of 130 pm, and a 15° bevel angle was fabricated by drawing
s lithography, and the use of this optimized microneedle structure
for minimally invasive blood extraction had been demonstrated in
our previous study, as shown in Fig. 1b.% %
The operating principle of this system is illustrated in Fig. 1c.
One-touch contact with a finger inserted the microneedle into the
10 SKin, inducing the separation of the polymer cap from the
microneedle tip under the resistance force of the skin barrier.

Hollow
Microneedle

@ e—— Polymer Cap

et .-

Vacuum
Chamber

(d)

< Insertion into Skin >

Simultaneously, the blood sample was extracted into the PDMS
chamber by the pressure gradient between the pre-vacuum
chamber and the blood vessel. The polymer cap separation
15 process was visualized using a transparent PDMS layer that
simulated the skin barrier, as illustrated in Fig. 1d. Although the
sharp microneedle tip could easily penetrate into the PDMS, the
flat surface of the half sphere-shaped polymer cap resisted
penetrating the PDMS leaving on the surface. This polymer cap
20 separation simultaneously opened the blocked microneedle tip
inside the PDMS layer and induced the blood sampling process.

< Separation of Polymer Cap > < Extraction of Blood >

Fig. 1 Schematic representation of the self-powered one-touch blood extraction system. (a) Diagram of the blood extraction system, which integrated a
vacuum chamber with the polymer-capped hollow microneedle (60 pm inner diameter, 130 um outer diameter, and 15° bevel angle); (b) Image of the self-

25 powered one-touch blood extraction system; (c) Operating principle for blood sampling: a one-touch press of the system induced the microneedle insertion
into the skin with the polymer cap separation from the microneedle tip. Simultaneously, the blood sample was extracted into the chamber under the
pressure gradient; (d) Separation process of the polymer cap from the microneedle tip.

Polymer-coated hollow microneedle

The hollow microneedle was blocked by being coated with
30 viscous PVP (35%, wi/v) solution with red dye using a micron-
scale dipping method developed previously.? 2 As shown in Fig.
2a, the dipping method consisted of two distinct steps occurring
in sequence: i) dipping the microneedle into the polymer solution
to form a uniform polymer film on the microneedle tip and ii)
35 withdrawal and drying to form a solid polymer coating on the
microneedle tip. The thickness of the polymer coating was
controlled by the number of dips; polymer coating thicknesses of
3.25+0.44,16.1 £2.09, 39.53 £1.93, and 78.6 = 12.26 um were
obtained by dipping the microneedle into the polymer solution
40 0one, two, four, and six times, respectively (Fig. 2b). As expected,

the thickness of the polymer coating on the microneedle tip
increased as the number of dips increased. In penetration force
analyses of the polymer-coated hollow microneedles, the coated
polymer was found to insert into the synthetic skin together with

45 the microneedle without leaving remnants on the surface (see
inserts in Fig. 2c). Therefore, the penetration force of the
polymer-coated microneedle increased noticeably from 0.56 +
0.04 to 2.32 + 0.23 N as the thickness of the polymer coating
increased from 3.25 + 0.44 to 78.6 + 12.26 um (Fig. 2c).

so It is important to prepare a polymer-coated microneedle that not
only blocks the hollow structure of the microneedle tip, but also
minimizes penetration force. Although the increase in the number
of dips increased the thickness of the polymer coating, resulting
in a more secure blockage of the hollow microneedle, this also

4 | Journal Name, [year], [vol], 00-00
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increased the penetration force due to the decreased sharpness of
the microneedle. This suggests that this coating by the dipping
method involves a trade-off between the blockage of the hollow
microneedle and the diminished microneedle sharpness. That is,

s to ensure that the hollow of the microneedle is sufficiently
blocked, at least four dips were required (data not shown); this
coating, however, sacrificed the sharpness of the microneedle so
that it required 2.36 times the original penetration force. In
addition, more tissue deformation will be caused due to the

10 increase in the outer diameter of the microneedle tip, which has
been shown to be responsible for the pain caused by insertion into
the skin.**%

(a)

s " < Dipping Method > '

i) Dip microneedle-tip
into polymer solution

ii) Withdraw microneedle-tip
from solution and drying
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Fig. 2 (a) Schematic process for blocking the hollow structure of a
15 microneedle by the dipping method; (b) Effect of the number of dips into
the polymer solution on the coating polymer thickness; microscopy shows
a uniform PVP polymer coating on the microneedle tip; (c) Penetration
force measurements of polymer-coated microneedles, and microscope
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images of the insertion process. Measurement data are expressed as
means + standard deviations.

Polymer-capped hollow microneedle

The hollow microneedle was capped with viscous PVP (35%,
w/v) polymer solution with green dye using a novel micron-scale
capping method. As shown in Fig. 3a, this capping method
consists of three steps: i) polymer dispensing on the surface of a
PDMS base layer to form a single polymer droplet, ii)
microneedle tip insertion into the polymer droplet, and iii)
separation of the microneedle with the polymer cap from the
PDMS base surface after drying.

In polymer dispensing, the determination of a sufficient droplet
height to ensure the complete blockage of the hollow structure of
the microneedle is critical (Fig. 3b). The height of the hollow in
the microneedle was determined by inner diameter/(tan 0), where
0 is the bevel angle of the microneedle. Also, we observed a
decrease in the droplet height during the drying process. Thus,
this drying process must be taken into account when selecting a
droplet height that is sufficient to block the hollow completely. In
the case of a microneedle with an inner diameter of 60 um and a
15° bevel angle, the height of the hollow was 204 pm. When
0.144 pl of 35% (w/v) PVP polymer was dispensed onto the
PDMS surface, the initial height of the resulting droplet was 409
um and no additional decrease in height was observed after 4 min
(about 250 pm) due to the complete evaporation of distilled water
(see inserts in Fig. 3b). This implied that at least 0.144 pl of
dispensed polymer droplet was required to produce a solid
polymer cap with a height of 250 um. Also, PDMS was used as
the base layer because of its hydrophobicity, which enabled us to
build up the droplet using a hydrophilic polymer solution and to
separate the solid polymer cap easily from the base layer in the
isolation step.

When we inserted the microneedle tip into the polymer droplet,
the droplet with the PDMS base layer was fixed in the downward
direction to precisely control contact with the microneedle tip. To
cap the hollow structure, either an exposed tip or an embedded tip
can be produced, as shown in Fig. 3c. The microneedle tip was
passed through the droplet and driven continually to insert the
sharp tip (the upper part of the hollow structure) into the soft
PDMS base layer to form an exposed-tip capping structure. In
contrast, for the embedded-tip capping structure, the tip of the
microneedle was not inserted into the PDMS base layer.

The hollow microneedles with heights of 1800 pm, outer
diameters of 130 pm, and bevel angles of 15° that were capped by
polymer with exposed-tip and embedded-tip structures were used
to analyze penetration force. Penetration force data was collected
by driving microneedles into synthetic skin. As shown in Fig. 3d,
the force increased with microneedle displacement and a sudden
drop in force indicated the penetration of the synthetic skin by the
microneedle. The average force required for skin penetration by
microneedles without cap, with exposed-tip cap structures, and
with embedded-tip cap structures were 0.49 + 0.02, 1.31 + 0.01,
and 2.30 £ 0.10 N, respectively. In the case of the embedded tip,
more penetration force was required because the microneedle tip
penetrated into the skin after impaling the polymer cap. However,
the microneedle tip is already exposed in the exposed-tip cap
structure, thus minimizing the resistance from the polymer cap.
The penetration force of the microneedles with the exposed-tip

This journal is © The Royal Society of Chemistry [year]
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caps (1.31 £ 0.01 N) was similar to that of the microneedles that
were dipped four times into polymer solution (1.32 £ 0.07 N).
However, the exposed-tip structure for polymer-capped hollow
microneedles will reduce tissue injury due to the flat surface of

s the half sphere-shaped polymer cap left behind from insertion. As
shown in Fig. S2, the viscous CMC (10%, w/v) and HA (30%,
w/v) polymer solutions could also be used to form the exposed-
tip polymer caps on the microneedles with the successful
separation process.

10 Furthermore, successful blood extraction using microneedles with

(a)

< Capping Method >

¥ + t

’ i) Dispense droplet ii) Insert needle-tip
onto PDMS layer into polymer droplet

(b)

iii) Separate needle-tip
from PDMS after drying

0 min

2 min

4 min

6 min

H = L(Inner-Diameter) / tan 6
Inner-Diameter : 60 ym

Bevel Angle () : 15°
20

25 Pre-vacuum activation

The high gas permeability property of PDMS was required to
induce negative pressure by pre-vacuum activation for the closed
one-touch blood extraction system. However, the gas leaking
through the pores of PDMS made it difficult to maintain the
30 applied negative pressure. Therefore, a parylene coating was used
to seal the porous structure of the PDMS chamber effectively to
address this issue; parylene is widely used as an inert coating
material to enhance biomedical compatibility with low
permeability to gases and moisture.®? 3 All of the procedures for
3 pre-vacuum activation and system airproofing were performed
during the single parylene coating process.
After blocking the microneedle tip with the polymer, pre-vacuum
activation was performed by maintaining low-pressure conditions
for at least 20 min. Low-pressure conditions of less than 0.1 Torr
40 can be achieved for 1.5 hours before parylene film deposition. Fig.
4a shows the pre-vacuum activation and parylene film deposition
process schematically. The air was evacuated through the porous
structure of PDMS to form negative pressure inside the PDMS
chamber. Then, parylene was deposited on the surface of the
45 PDMS to seal the porous structure with parylene caulk inside and
with film outside.3* Fig. 4b and c present the scanning electron

the exposed-tip caps requires the microneedle to have sufficient
strength to penetrate skin without breakage. The average fracture
force data (6.44 + 0.28 N) collected by driving microneedles
against an aluminum block are shown in Fig. S3. The safety ratio

15 of the fracture (6.44 N) to penetration (1.31 N) force of the
microneedle with the exposed-tip caps was 4.9. This proved that
microneedle had sufficient mechanical strength compared to the
penetration force for successful in vivo blood extraction without
breakage.

(c)

Without Capping

Capping (Embedded-Tip)

(d) 2.59 ~==--- Without Capping
ey Capping (Exposed-Tip)
b4 Capping (Embedded-Tip)
~— 2 _
(]
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(o]
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(]
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[}
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1.5 2
Displacement (mm)

Fig. 3 (a) Schematic process for blocking the hollow structure of a microneedle by the capping method; (b) Tip structure of hollow microneedle with
exposed-tip polymer cap, and the drying period of the polymer droplet on the surface PDMS base layer; (c) Images of hollow microneedles without a

polymer cap, with an exposed-tip cap, and with an embedded-tip polymer cap; (d) A schematic illustration of the skin penetration force measurements of
the polymer-capped microneedles (penetration was identified by a sudden drop in force).

0 0.5 1

microscope (SEM) images of the PDMS chamber surface before
and after the deposition of a 1-um-thickness parylene film coating.
This potential energy, which was stored inside the one-touch
so blood extraction system, provided the driving force for blood
sampling when interconnected with a blood vessel via the
channel of the hollow microneedle. The pre-vacuum activation
mechanism demonstrated that this system can be used for blood
sampling without the need of an external power source.
ss Furthermore, the parylene film deposition was verified to
maintain the pre-vacuum activation of blood extraction system
for more than 10 hours (data not shown), which was also
confirmed by Satoshi Konishi group.®* For the future mass
production and commercialization, a vacuum sealed packing
60 (such as vacuum pouch or container) could be used to keep the
system activated and ensure the long term storage conditions (a
few months or even years) for clinical applications.
As shown in fabrication method of hollow microneedle (see
Supporting Information), the preferred metal for microneedle
o5 fabrication was nickel due to high strength and economical value.
However, the biocompatibility issues of nickel hollow
microneedle may become a hurdle for biomedical applications.
Thus, during the single parylene coating process 1 pm thick
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parylene layer was simultaneously coated onto the surface of
microneedle to enhance the biomedical compatibility, thus
increasing the potential for clinical applications.®® Moreover, it

(a)

Chamberi PDMS EVacuumPump

i~

)
1
1
1
i
i) Vacuumize § |
1
1
1
1
1
1

Suction
Vacuum
I
" I
ii) Airproof %
Parylene
Sealing

Vacuum

Caulked-Cusp

5

can be an interesting subject of research to find economical and
biocompatible material alternative to nickel.

Fig. 4 Schematic diagram of the pre-vacuum activation and parylene coating process for the one-touch blood extraction system. (a) A cross-sectional
illustration of the pre-vacuum activation and airproofing of the blood extraction system. The closed system was placed inside the vacuum container of the
parylene coating system: i) vacuumize: the air inside of the closed system was evacuated through the porous structure of PDMS to form a vacuum
10 chamber; ii) airproof: a parylene film was coated onto the surface, sealing the porous structure of PDMS to form a hermetic pre-vacuum system. Scanning
electron microscopy images of the PDMS chamber surface (b) before and (c) after parylene film deposition.

Performance characteristics in blood extraction

In polymer-coated hollow microneedles prepared by the dipping
method, the complete dissolution of the coated polymer on the
15 microneedle tip was required to induce liquid extraction. As
shown in Fig. 5a, sample extraction was initiated after 120
seconds when a polymer-coated hollow microneedle was inserted
into a sample container (see Supporting Information Video 1).
Because the exposed-tip polymer-capped microneedle required
20 less penetration force than the embedded-tip microneedle did, we
tested the blood extraction performance of the exposed-tip
microneedle, which showed an immediate initiation of liquid
extraction, completing the process in 4 seconds, as shown in Fig.
5b (see Supporting Information Video 2). The delayed initiation
25 Of the blood extraction was observed only in the polymer-coated
method, which required the full dissolution of the coated
polymer; no such dissolution was required for microneedles with
the polymer caps, which were left behind during insertion. Blood
collection was completed in 4 seconds after the initiation of blood
30 extraction for both the polymer-coated and polymer-capped
methods. Because less tissue injury was induced by the polymer-
capped method, which polymer cap left behind without insertion
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into skin with microneedle, and as the rapid-response blood
extraction was more suitable for a one-touch system to be applied
in a POC system, the exposed-tip polymer-capped hollow
microneedles were used in the experiments that followed.

The extracted sample volume depends on the volume of the
vacuum chamber. Thus, the PDMS chamber was modified by
varying the diameter of the inside cylindrical chamber to be 3, 4,
or 5 mm while maintaining the height of the chamber at 4 mm.
We measured the extraction volumes of red-dyed distilled water
and human whole blood samples for the PDMS vacuum
chambers with three different volumes of about 28, 50, and 78 pl.
As shown in Fig. 5c, the extraction volumes of these two
materials increased according to volumes of the vacuum PDMS
chambers. Less volume was extracted for the whole blood sample
compared to the distilled water sample even for the same
chamber volume; this may be explained by differences in
viscosity, because the pressure loss by pipe friction increases as
viscosity increases.®® The liquid extraction results indicate that it
was possible to control the extracted sample volume of this
system by restructuring the PDMS vacuum chamber.
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Fig. 5 In vitro liquid extraction test of one-touch blood extraction system. Force was applied to the one-touch blood extraction system to induce the
microneedle insertion into a sample container to perform liquid extraction. (a) Representative results of the delayed liquid extraction process by a
polymer-coated hollow microneedle; (b) Representative results of the rapid-response liquid extraction process by an exposed-tip polymer-capped hollow
microneedle; (c) Distilled water (o, n = 3) and whole blood (A, n = 3) extraction by the one-touch blood extraction system with an exposed-tip polymer-
capped hollow microneedle (60 pum inner diameter) using various volumes of PDMS vacuum chambers (28, 50 and 78 ul). Extraction measurement data
are expressed as means + standard deviations.

In vivo blood extraction

(a)
The in vivo blood extraction of this self-powered one-touch »
system was performed on a live rabbit (New Zealand White,
DooYeol Biotech, Korea) using exposed-tip polymer-capped
hollow microneedle with an inner diameter of 60 um. All the
blood extraction experiments were repeated three times and no
broken or crooked microneedle was observed (data not shown). A
pre-vacuum activated system with a PDMS chamber having a 50-
pl volume was used to extract 31.3 + 2.0 pl of blood sample
without bubbles formation in 4 seconds by deploying the
microneedle into the ear artery of the rabbit (Fig. 6a and
Supporting Information Video 3). In contrast, blood sampling
was not possible without a pre-vacuum system, implying that this
system of inducing negative pressure is critical to the extraction
of a sufficient blood sample for a micro-analysis system (>5 ul).¥’
The pre-vacuum activated system extracted 31.3 +2.0 pl of blood,
yielding a sufficient volume for further use in a micro-analysis
system (Fig. 6b). However, the hemolysis or protein loss of blood
sample could be a hurdle for biomedical applications. Thus, our
future research is to develop one-touch analysis system by
integrating this system with biosensor chip, and confirm if any
vital signals loss occurs in blood following extraction. A coating
of biocompatible materials onto the inner surface of hollow
microneedle or PDMS chamber may solve the biocompatibility
issues, so that it can be potentially connected to other analytical
devices, such as an electrode sensor, pad sensor, or microfluidic
chip for clinical applications.
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Fig. 6 In vivo blood extraction by the self-powered one-touch blood-
extraction system. (a) Application of the blood extraction system in a
rabbit ear artery by a one-touch finger press, which extracted a blood
sample into a PDMS vacuum chamber with a 50-pul volume using a
40 microneedle with an inner diameter of 60 um. (b) The extracted blood
sample in the system’s chamber with the polymer cap separated from the
microneedle tip.
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