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A biopsy needle integrated with a multi-modal physical/chemical sensor array for electrical conductivity, pH,
and glucose concentration measurement was developed. A flexible device with an electrical conductivity sensor,
a pH sensor, and a glucose sensor was fabricated on a flexible polyimide substrate with thickness less than 20 pm.
Then, the sensor was directly integrated onto the surface of biopsy needle by attaching with a pressure sensitive
adhesive. The performance factors of the sensor were examined, showing that it could properly measure the
parameters in the ranges of human body conditions (conductivity = 0.0265 S/m - 1.027 S/m, pH = 6.6-7.4, and
glucose concentration =2 mM-13 mM). The capabilities of dual-modal and multi-modal sensing were demon-
strated by tests with a liver cancer mimicking hydrogel phantom, a solution sample, and porcine liver tissue with
exchanged parameters by perfusion of the phosphate buffer saline. Based on these results, we expect that the
biopsy needle integrated with the multi-modal sensor array could help to increase the accuracy of the image-

guided biopsy process by providing the information of tissue types at the needle tip.

1. Introduction

When there is a suspicious lesion inside a patient, a definite diagnosis
is given to the patient after histological assessment with a small amount
of extracted specimen of a suspicious lesion. The medical procedure to
extract the tissue specimen from the patient’s body is called as a biopsy.
In order to minimize an incision to the patient during the biopsy, a
needle-like medical tool is utilized, which is known as a biopsy needle.
The most important factor in the biopsy is accurate positioning of the
biopsy needle because the tissue for histological assessment is collected
right in front of the tip of biopsy needle. Therefore, in order to obtain an
appropriate tissue specimen, the tip of the biopsy needle should be
placed inside the suspicious lesion. Generally, the location of the
inserted biopsy needle tip is monitored using conventional medical
imaging tools such as ultrasound, computed tomography (CT), and
magnetic resonance imaging (MRI). This process is known as the image-
guided biopsy process as shown in Fig. 1(a) (Fass, 2008; O’Flynn et al.,
2010; Yacoub et al., 2012). However, it occasionally occurs that the
location of the suspicious lesion cannot be recognized or distinguished
from normal tissue by the medical imaging tools. Therefore, there have
been reports about the critical problems of inaccurate image-guided

biopsy process (see Fig. 1(b)) (Chesebro et al., 2017; Verma et al.,
2017). One of the most representative examples is prostate cancer. In
general, its tissue cannot be distinguished from normal tissue because it
can be shown either hypoechoic or isoechoic in an ultrasound imaging
depending on its tissue structures (Ellis and Brawer, 1994; Shinohara
et al., 1989). Therefore, designated 12 points of the prostate are
extracted for accurate histological assessment (Durkan and Greene,
2000; Yacoub et al., 2012).

There have been various reports about the meaningful difference of
electrical conductivity between normal and cancerous tissue in the last
decade, and the electrical conductivity has been extensively utilized as a
way to discriminate cancer due to real-time measurement capability and
simplicity of the sensor device (Heileman et al., 2013). The differences
of electrical conductivity in breast cancer (da Silva et al., 2000; Guofeng
Qiao et al., 2012; Heileman et al., 2013), liver cancer (Haemmerich
et al., 2003; Laufer et al., 2010), lung cancer (Kimura et al., 1994),
prostate cancer (Halter et al., 2009a, 2009b) and skin cancer (Aberg
et al., 2004) have been reported and medical tools based on electrical
conductivity for diagnosis of breast cancer, cervical cancer and skin
cancer have been utilized in clinical applications.

This electrical characteristic of cancer tissues has been exploited to
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discriminate cancer tissues from normal tissues and to overcome the
abovementioned limitation of conventional image-guided biopsy pro-
cedure using a sensor integrated biopsy needle. (Delgado Alonso et al.,
2018; Kalvgy et al., 2009; Kang et al., 2016; Kim et al., 2015; Li et al.,
2007; Mishra et al., 2013, 2012; Park et al., 2018; Veal et al., 2014; Yun
et al., 2016b, 2016a). However, the integration of sensors onto the bi-
opsy needle is difficult due to the small dimensions of the needle
(diameter < 1.2 mm). In Mishra et al.’s work, the body of biopsy needle
was utilized as a sensor electrode itself and electrical conductivity of the
tissue was measured (Mishra et al., 2013, 2012). However, they could
use only a 2-electrode sensor configuration, which limited possible
sensor types and caused a measurement error from electrode polariza-
tion effect. As an alternative approach, the electrode was directly
fabricated on the surface of biopsy needle using a conventional micro-
fabrication technique (Kang et al., 2016; Yun et al., 2016b, 2016a), a
direct patterning method (Kim et al., 2015), and attaching a conven-
tional micro-scaled metal wires (Park et al., 2018) in order to measure
an electrical conductivity of tissue during the biopsy procedure. How-
ever, once sensor electrodes are fabricated on the surface of biopsy
needle by the abovementioned method, the integration of additional
functional layers for realizing a multiplexed sensor array is extremely
difficult due to a small radius of curvature of the needle and limitation of
alignment.

In addition to electrical conductivity, differences of pH and glucose
concentration between cancer and normal tissues, which originates from
the intrinsic metabolism process of cancer, have been reported. In can-
cer, most of the glucose molecules are metabolized into lactate mole-
cules regardless of oxygen saturation in a micro-environment of cancer,
which acidifies the micro-environment of cancer. This phenomenon
commonly occurs for all types of cancers and is generally known as
Warburg effect and the pH of cancerous tissue is usually smaller than
that of normal tissue by pH 0.4-1.0 (Heiden et al., 2009; Helmlinger
et al., 1997; Kato et al., 2013; Liberti and Locasale, 2016). Furthermore,
an uptake rate of glucose in the cancer tissue is abnormally faster than
that of normal tissue. Therefore, it has been reported that the glucose
concentration in the micro-environment of cancer tissues ([Glucose]<
1.2 mM) is lower than that of normal tissues ([Glucose] ~ 1.5-3.3 mM)
(Walenta et al., 2003). However, there have been no reports about the
biopsy needles integrated with pH and glucose sensors for cancer tissue
discrimination.

In this paper, we report a biopsy needle integrated with a novel
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multi-modal physical/chemical sensor array for electrical conductivity,
pH, and glucose concentration measurement as shown in Fig. 1(c). In
order to integrate the sensor onto the surface of the small diameter bi-
opsy needle with a conformal contact, a flexible sensor with a thickness
of less than 20 pm was fabricated using conventional microfabrication
techniques and direct patterning of abovementioned sensors onto a
polyimide substrate. The fabricated flexible sensor was then mounted on
the surface of the biopsy needle using a pressure sensitive adhesive
(PSA). This fabrication process allows for the facile fabrication of
miniaturized and multiplexed sensor arrays on a small diameter biopsy
needle. Because the sensor is ultra-thin, the increase of the diameter of
the biopsy needle and tissue damage during needle insertion can be
minimized. In this paper, we specifically aimed at the measurement of
electrical conductivity, pH, and glucose concentration, which were
especially used as indicators for cancer discrimination. The usefulness of
the biopsy needle integrated with multi-modal physical/chemical sensor
array was verified by experiments on solutions, phantom, and a porcine
liver samples that mimic the physiological conditions of cancerous and
normal tissues.

2. Material and methods
2.1. Fabrication of biosensor electrodes on flexible polymer substrate

The fabrication process of a multi-modal physical/chemical sensor
array is shown in Fig. 2(a) (See the schematic of the fabrication process
in Fig. S1 in the Supplementary Information). The electrodes were
fabricated on a polyimide (PI) substrate using conventional micro-
fabrication process including photolithography, electron beam (e-beam)
evaporation, and lift-off process. For handling of a flexible substrate
during the fabrication process, a 6-inch silicon wafer was used as a
handling substrate. First, a PI film was formed on a silicon wafer by spin-
coating of PI varnish (PI-1388, VTEC, USA) at 2000 revolutions per
minute (rpm) for 30 s, followed by thermal curing in a convection oven
at 150 °C for 30 mins and 250 °C for 3 h, sequentially. Then, titanium
and gold (Ti/Au) patterns (thickness of Ti/Au= 30 nm/200 nm) were
fabricated by photolithography, e-beam evaporation, and lift-off process
on the PI substrate as sensor electrodes for the pH and glucose sensors.
Then, the second PI layer was fabricated by spin-coating of PI varnish at
3000 rpm for 30s for electrical insulation. In this process, a Kapton®
tape (Dupont, USA) was attached on both edges of electrodes to open the
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Fig. 1. A biopsy needle integrated with a multi-modal physical/chemical sensor array as a method to improve the positioning accuracy of the conventional image-
guided biopsy procedure: (a) basic method to confirm the position of the biopsy needle tip; (b) potential problem during conventional image-guided biopsy pro-
cedure: (i) correctly positioned biopsy needle to extract the tissue of suspicious lesion; (ii) incorrectly positioned biopsy needle due to lack of image contrast between
normal tissue and suspicious lesion or limited spatial resolution of medical imaging tools; (c) biopsy needle integrated with multi-modal sensor array for accurate
biopsy procedure: schematic images of (i) the biopsy needle with a physical/chemical sensor array including electrical conductivity, pH and glucose sensors and (ii)
the biopsy with real-time tissue characterization by multi-modal physical/chemical sensor array for accurate needle positioning.
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Fig. 2. Fabrication of the biopsy needle integrated with multi-modal physical/chemical sensor array and experimental setup: (a) fabrication process of biosensor
electrodes for multi-modal physical/chemical sensor array and (b) integration process of the multi-modal physical/chemical sensor array onto the surface of biopsy
needle; (c) fabrication result of the sensor array: i. schematic structure of multi-modal physical/chemical sensor and ii. photograph image and schematic cross-section
of fully fabricated sensor with sensing materials for pH (IrOx) and glucose (PB/Carbon with GOx) sensors; (d) biopsy needle integrated with multi-modal physical/
chemical sensor array by attaching on the surface of the biopsy needle; (e) schematic image of experimental setup for multi-modal physical/chemical sensing.
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sensing areas and contact pads. Afterward, another Ti/Au (thickness of
Ti/Au =30 nm/200 nm) electrodes for electrical conductivity sensing
were fabricated by the abovementioned method. Finally, a top PI insu-
lation layer was fabricated by spin-coating the PI varnish at 3000 rpm
for 30 s while Kapton® tape was used again to mask both edges of
electrodes. An electrode (E1 in Fig. 2(c-i)) below the circular electrode
(E2) was used as a working electrode for pH sensing, and an electrode
(E3) above E2 was used as a reference electrode both for pH and glucose
sensing. A circular electrode (E2) was utilized as a working electrode for
glucose sensing.

2.2. Deposition process of functional layers for pH and glucose sensing on
the electrodes

In order to fabricate the pH sensor, an iridium oxide (IrOx) was used
as a functional layer since it shows biocompatibility, high sensitivity to
proton (H™) ions, and excellent stability to a broad range of pH in liquid
environments (Huang et al., 2011; Kakooei et al., 2013). An IrOx layer
was deposited on the electrode E1 using the electrodeposition method.
K. Yamanaka’s work was utilized for the preparation of the solution for
the IrOx electrodeposition (Yamanaka, 1989). First, 45 mg of iridium
chloride hydrate (IrCls-H20, Sigma Aldrich, USA) was dissolved into
deionized water (DI) and the solution was stirred for 30 mins. Second,
300 pl of hydrogen peroxide solution (H2Oo, J. T. Baker, USA) with a
concentration of 30 wt% was added into the solution, followed by stir-
ring for 10 mins. Then, 150 mg of oxalic acid ((COOH),-2H,0) was
added and stirred again for 10 mins. Finally, the pH of the stirred so-
lution was tightly adjusted to 10.5 using a commercial pH meter
(PHB-550R, Omega, USA). The electrodeposition solution was left in a
dark space for at least 2 days for stabilization. After immersing the
sensor electrodes inside the electrodeposition solution, 100 cycles of
cyclic voltammetry with a voltage range of —0.8 V-0.7 V with respect to
the silver/silver chloride (Ag/AgCl) reference electrode were performed
using a commercial electrochemical analyzer (CHI-6016D, CH Instru-
ment, USA) with a scan rate of 100mV/s. As a counter electrode, a
platinized electrode was used. As a consequence, a dark blue layer of
IrOx was formed on the electrodeposited sensor electrodes (See El
electrode in Fig. 2(c-ii)).

For the fabrication of additional materials for electrochemical
sensing, a screen printing was utilized. Patterns for screen printing were
designed in AutoCAD® (Autodesk, USA) and transferred to stainless
steel mesh stencil supported by a steel frame (30 cm x 30 cm) (Daeshin
Smartech, Korea). As a reference electrode, an Ag/AgCl electrode was
fabricated on the electrode E3 using screen printing of a commercial Ag/
AgCl paste (C2130102D1, Gwent Group, UK). The screen-printed Ag/
AgCl electrode was thermally cured in a convection oven at 120 °C for
10 mins. For the fabrication of glucose sensor, a glucose oxidase based
glucose sensor was used because of its exceptional selectivity. First, a
carbon electrode mediated with a Prussian blue (PB/Carbon), which
catalyzes electrochemical redox reaction of hydrogen peroxide, was
fabricated on the electrode E2 using screen printing of a carbon paste
mediated with a Prussian blue (C2070424P2, Gwent Group, UK). The
screen-printed PB/Carbon electrode was thermally cured in a convec-
tion oven at 60 °C for 20 mins. The diameter of the working electrode
was about 1 mm. In order to deposit a glucose oxidase (GOx) on the
working electrode, a GOx solution was prepared. First, 8 mg of GOx
powder (Sigma Aldrich, USA) was dissolved in the 200 pl of 0.1 M and
pH 7.4 potassium phosphate buffer solution (PBS) in a reaction tube.
Then, 2mg of bovine serum albumin (BSA, Sigma Aldrich, USA) was
dissolved in the GOx solution. Afterward, 20 pl of 1 wt% glutaraldehyde
solution was mixed with GOx solution right before drop-casting of GOx
solution and 0.2 pl of GOx solution was drop-casted on the working
electrode. Because the area of the working electrode is too small to drop-
cast, local O plasma treatment (power = 80 W, duration = 1 min) was
performed before drop-casting of GOx solution. In order to make only
the PB/Carbon electrode hydrophilic, a polydimethylsiloxane (PDMS)
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block with a hole of 1 mm diameter was used for masking the unwanted
area. The fabricated sensor was stored in a refrigerator at 4 °C for drying
the GOx solution for at least 4 h. Finally, after drying the GOx solution,
0.2 pl of 1 wt% Nafion® solution (Sigma Aldrich, USA) was drop-casted
on the PB/Carbon electrode with GOx in order to fix the deposited GOx.
The photo of a fully fabricated multi-modal sensor is shown in Fig. 2(c-ii)
and sensing materials including electrodeposited IrOx, screen printed
PB/Carbon and Ag/AgCl were clearly fabricated on the flexible sensor
electrodes.

2.3. Integration of multi-modal physical/chemical sensor array onto
biopsy needle

The fabricated multi-modal physical/chemical sensor array was then
integrated onto the surface of the biopsy needle as shown in Fig. 2(d). A
biopsy needle made of stainless steel 316L with an outer diameter of
1.2mm, which corresponds to the 18 gauge needle, and length of
10.5cm (RF Medical, Korea) was prepared. In order to integrate the
biosensor, a pressure sensitive adhesive (PSA, MD-7, Dow Corning, USA)
was coated on the backside of the sliced biosensor. Because of the sticky
nature of PSA, the sensor can be directly attached to the surface of the
biopsy needle. Since further electrical insulation and sensor fixation was
needed, a heat-shrink tube made of polyethylene terephthalate (PET)
was used as an insulating layer. The biopsy needle was inserted into a
PET heat-shrink tube (Nordson Medical, USA) and thermal treatment
was performed with a heat gun at 150 °C to shrink the heat-shrink tube.
The fabricated biopsy needle integrated with a multi-modal sensor array
is displayed in Fig. 3(d).

2.4. Sample preparation

2.4.1. Solution sample for sensor characterization and multi-modal sensing
experiment

A sodium chloride (NaCl) solution, potassium phosphate buffer so-
lution (PBS), and glucose solution were prepared for the characteriza-
tion of electrical conductivity, pH, and glucose sensors, respectively. The
concentration of each analyte was prepared to match the possible
physiological conditions of the human body. As a solution sample for the
electrical conductivity sensor, the NaCl (7548-4400, Daejung Chemical
& Metals, Korea) was solved in DI water. The conductivities measured
by a commercial conductivity meter (Orion™ Star A212, Thermo Fisher
Scientific Inc., USA) of solutions were 0.0265S/m, 0.0660S/m,
0.1564 S/m, 0.3989 S/m, and 1.027 S/m. As a solution sample for the
pH sensor, PBS (0.1 M) was used and pH was adjusted by changing a
molar ratio between monopotassium phosphate (KHyPO4, Sigma
Aldrich, USA) and dipotassium phosphate (KsHPO4, Sigma Aldrich,
USA). The pH of PBS was controlled from 6.6 to 7.4, which is a possible
concentration range in both cancerous and normal tissues (Helmlinger
etal., 1997). As a solution sample for the characterization of the glucose
sensor, a D-(+)-glucose (Sigma Aldrich, USA) was dissolved in DI water.
The concentration of glucose solution was controlled from 2 mM to 13
mM, which can fully cover possible glucose concentration in normal
human body environment (normal blood glucose concentration 5-7.75
mM, glucose concentration in tissue < 4 mM) (Makaram et al., 2014;
Walenta et al., 2003).

Three types of solution samples were prepared for a multi-modal
sensing experiment, which are called as a base solution, a glucose so-
lution, and a pH/conductivity solution, respectively. The base solution
was 0.1 M PBS with pH=7.4 and the glucose concentration of 2 mM.
Glucose solution was prepared by 0.1 M PBS with pH="7.4 and the
glucose concentration of 100 mM. Finally, the pH/conductivity solution
was prepared by making 0.4 M of KH2PO4 solution to change the ratio
between KH;PO4 and KoHPO,4 and to decrease the electrical conduc-
tivity of the solution.
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Fig. 3. Characterization of electrical conductivity sensor: (a) schematic image of used electrodes for electrical conductivity measurement and its measurement
principle; (b) measured conductance of the saline solution with conductivities from 0.0265 S/m to 1.027 S/m and calibrated conductivities using a cell constant that
is a function of the measurement frequency and conductivity of medium; (c) relative error between calibrated conductivity and true conductivity of the saline
solutions; (d) cell constant as a function of measurement frequency and conductivity of sample, which verifies the reproducibility between samples (number

of samples = 5).

2.4.2. Preparation of liver cancer mimicking hydrogel phantom

For a experiment of dual-modal measurement with pH and electrical
conductivity sensor, liver cancer mimicking hydrogel phantom based on
agarose gel was used. First, two PBS were prepared — one solution with
pH of 7.4 and conductivity of 0.056 S/m to mimic normal liver tissue,
and another solution with pH of 6.9 and conductivity of 0.213 S/m to
mimic cancerous liver tissue (Gabriel et al., 1996; Laufer et al., 2010). In
the case of inner core mimicking liver cancer, several drops of com-
mercial red ink were added into the solution to make visually distin-
guishable (see Fig. 5(a)). Then, 1 wt% of agarose powder was added to
the solution and solutions were heated up to 95°C to dissolve the
agarose powder completely. The heated solution for cancer mimicking
hydrogel was then cooled down to room temperature for gelation. The
gelated cancer mimicking hydrogel was cut into a cube with a dimension
of 1.5¢cm x 1.5 cm x 1.5 cm and wrapped with Parafilm® (Bemis, USA)
in order to avoid an ion leakage from the inner core to the outer matrix.
Then, hydrogel solution for mimicking normal liver tissue was poured
into a separate vial with prepared cancer mimicking hydrogel cube hung
in the center. The poured hydrogel solution was cooled down to room
temperature for its gelation.

2.4.3. Preparation of porcine liver with exchanged physical/chemical
parameters through perfusion

For the experiment of multi-modal measurement in a real biological
tissue sample, a porcine liver with internally exchanged physical/
chemical parameters was utilized. It was prepared by the perfusion of
phosphate buffer saline (PBS) solution through the blood vessels of the
porcine liver. (See Fig. S2 in Supplementary Information for graphical
information of the sample preparation step). The porcine liver for table
use was utilized for sample preparation within 2 h after slaughter. First,
cannularization to blood vessels was performed for perfusion. Then, tap

water was perfused through the cannula and blood vessel for 2 h to wash
blood inside the porcine liver tissue and perfusion with PBS solution
followed for 1 h to change parameters inside the liver tissue. For making
normal liver mimicking part, PBS with the same salinity, pH, and
glucose concentration of human blood (6 =1.82S/m, pH=7.4, and
glucose concentration =5mM) was perfused while higher salinity
(6 =3.24S/m, 1.78 times higher), acidic pH (pH = 6.83, pH lower by
0.6), and lower glucose concentration (glucose concentration =2 mM,
2.5 times lower) was perfused in order to make cancer mimicking part
according to previously reported parameter differences between normal
and cancerous tissues (Gabriel et al., 1996; Helmlinger et al., 1997;
Laufer et al., 2010; Makaram et al., 2014; Walenta et al., 2003).

2.4.4. Experimental setup

As illustrated in Fig. 2(e), in order to measure the electrical con-
ductivity, pH and glucose concentration, an LCR meter (ZM2410, NF
Corp., Japan), electrometer (6517, Keithley, USA) and source meter
(2400, Keithley, USA) were utilized, respectively. However, when per-
formances of the pH and glucose sensors were evaluated, a commercial
electrochemical analyzer (CHI 6016D, CH Instrument, USA) was uti-
lized. When dual-modal or multi-modal measurement was carried out, a
multiplexer (34904a, 34970a, Keysight, USA) was connected between
the sensor and the measurement equipment in order to switch the
electrical connection. In multi-modal physical/chemical sensing, the
conductivity and pH were measured for 30 s which was followed by
glucose measurement for 30s.
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Fig. 4. Characterization of the iridium oxide (IrOx) based pH sensor and the enzymatic glucose sensor: (a) schematic image of electrodes for pH sensor and
measurement principle; (b) cyclic voltammogram of the 1st, 10th, 20th, 50th and 100th cycles during electrodeposition process of IrOx; (c) measured potential at
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Fig. 5. Dual-modal real-time measurement with electrical conductivity and pH sensors for tissue discrimination using liver cancer mimicking hydrogel phantom
(a-b) and multi-modal measurement with electrical conductivity, pH, and glucose sensors for real-time measurement of changing parameters in the solution sample
(c-d): (a) experimental image of prepared hydrogel phantom and the biopsy needle integrated with multi-modal sensor array: conductivities and pH are 0.056 S/m
and pH = 7.4 for normal liver mimicking, and 0.21 S/m and pH = 6.9 for liver cancer mimicking hydrogels and respectively; (b) profiles of potential at IrOx and
electrical conductivity during needle insertion into the hydrogel phantom; (c) experimental image of multi-modal measurement of changing parameters in the
solution sample; (d) the measured conductivity of the electrical conductivity sensor, potential at IrOx of pH sensor and amperometric current of glucose sensor are
presented in upper (red), middle (blue), lower (green) sections, respectively. After initial measurement (step I), amperometric current was successively measured
with successive addition of 0.5 pL of glucose solution (step II). Then successive measurement of conductivity and pH were performed with successive addition of
2.50 pL of pH/conductivity solution (step III). The black numbers in graph describe the experimentally measured conductivity, pH, and estimated glucose by the
molarity calculation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3. Results and discussion solution based on NaCl because it can be regarded as a purely resistive
component (Laufer et al., 2010).
3.1. Characterization of multi-modal physical/chemical sensor The Fig. 3(a) shows a schematic image of the electrical conductivity
measurement. Four Au electrodes were utilized for the 4-electrode based
3.1.1. Electrical conductivity sensor electrical conductivity measurement and connected to the LCR meter.
Electrical conductivity data obtained by the LCR meter or impedance The measured conductances of the saline solutions with conductivities
analyzer is not an intrinsic material property of the sample, but from 0.0265S/m to 1.027 S/m are shown in Fig. 3(b). In general, the
dependent on the dimension of the used probe. Therefore, measured measured conductance with the saline solution should be constant when
conductivity values should be converted into the intrinsic material the measurement frequency is less than 1 MHz (Laufer et al., 2010;
property. It can be assumed that the measured electrical conductivity is Peyman et al., 2007). However, in our sensor, the measured conduc-
proportional to the intrinsic electrical property with a coefficient k, (cell tance varied in different measurement frequencies. This result can be
constant). The admittance (Y), the reciprocal of impedance (Z), is attributed to the parasitic component in our sensor because of layered
described as below. structures of electrodes with a distance of less than 5 pm and floating

states of other electrodes during the electrical conductivity measure-
ment. According to B. W. Veal et al., these parasitic components can
significantly distort the electrical conductivity measurement especially
in 4-electrode measurement because of the leakage current between the
current injection port and the voltage measurement port in LCR meter or
impedance analyzer (Veal et al., 2014). Therefore, the cell constant k is

Y=1/Z=G+jB=ko+j2af k- -¢) 1)

where G, B, o, j, f, €, & are conductance, susceptance, conductivity,
imaginary unit v/—1, frequency, vacuum permittivity and relative
permittivity, respectively. The cell constant is calculated by measuring
the conductance of material with known conductivity. We utilized saline
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dependent on the measurement frequency and the conductivity of the
saline solution. The conductivities of unknown material were calculated
by solving an non-linear equation with the relation between obtained
cell constant function, measured conductance, and unknown conduc-
tivity (See Fig. S3 in Supplementary Information for cell constant
function at 100 kHz measurement frequency and more information
about conductivity calculation). Using this method, measured conduc-
tances of different saline solutions were converted into the conductivity
as shown in Fig. 3(b). Finally, the measured conductivities of the saline
solutions were almost identical to the actual conductivities with relative
error less than +14% as shown in Fig. 3(c). The cell constants of different
electrical conductivity sensors were found to be consistent from the
measurement with five different sensor samples as shown in Fig. 3 (d).
As explained above, the cell constants are influenced by the conductivity
of the saline solution as well as the measurement frequency. Because of
the difference between sensors during microfabrication and sensor
integration process, cell constant curves were found to be slightly
different between samples. However, the variation between different
samples was found to be reasonably small with a maximum standard
deviation of 5.8% of the average values, which shows that a newly
fabricated conductivity sensor can be calibrated by pre-obtained cell
constant curves.

3.1.2. IrOx based potentiometric pH sensor

In the case of pH sensor to measure the possible physiological pH
range in both cancerous and normal tissues (pH = 6.6-7.4) (Helmlinger
et al., 1997), the electrodes with the IrOx and the Ag/AgCl layer coating
were used as the working and pseudo-reference electrodes, respectively,
as shown in Fig. 4(a). The voltammogram during the electrodeposition
of the IrOx layer is shown in Fig. 4(b) and there are two clear redox
peaks that ensure three different oxidation states of IrOx. (Hu et al.,
2009; Petit and Plichon, 1998). The cross-section image of the electro-
deposited IrOx layer on the Au electrode is shown in Fig. S4 and the
average thickness of IrOx after 100 cycles of cyclic voltammetry was
45.0 nm with a standard deviation of 5.8 nm. However, due to different
oxidation states of IrOx, the electrochemical potential of prepared
samples is uncontrollable and varies between different samples. Ac-
cording to S. Carroll et al.’s report (Carroll and Baldwin, 2010), the
electrochemical potential of IrOx based pH sensor can be described by
the following Nernst equations in both anhydrous and hydrated IrOx
when the oxidation and reduction between Ir>* and Ir*" are considered,
respectively:

E = E° ~ 23RT [2Flogllr205] /lr0:] [T~ (for anhydrous) @

E = E° — 2.3RT [2Flog|Ir,05) /[IrO [H* ] (for hydrated) (3)

which reveals that not only the concentration of hydrogen ion (i.e. pH)
but also the ratio between Ir>* and Ir** could affect the sensitivity of
IrOx based pH sensor. The measured average potential of IrOx based pH
sensor with respect to the pseudo Ag/AgCl reference electrode and its
standard deviation are depicted as red dots in Fig. 4(c). Because of the
abovementioned effect of different oxidation states of the IrOx, the pH of
the solution could not be distinguishable by measuring the potential
because of its significant variation between pH sensor samples. Thus, an
electrical potential of —0.1 V was provided to the IrOx electrode in order
to transform the mixed oxidation states of IrOx to a single oxidation state
(Ir**) by an electrochemical treatment by following the method in
Carroll et al.’s work (Carroll and Baldwin, 2010). The electrochemical
treatment was completed within 30 s by observing that the redox current
becomes almost negligible and unchanged as shown in Fig. S5. After the
electrochemical treatment, the standard deviation of measured potential
by four different IrOx electrodes in different pH solutions was signifi-
cantly decreased as shown as blue dots in Fig. 4(c). The sensitivity of
IrOx based pH sensor was calculated as —69.3 mV/pH and R? was 0.999.
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The successive pH change with a step of pH = 0.2 could be also moni-
tored using the IrOx based pH sensor as shown in Fig. 4(d). Because the
pH difference between normal and cancerous tissue is from 0.4 to 1.0
(Helmlinger et al., 1997; Song et al., 2007), fabricated IrOx based pH
sensor can discriminate between normal and cancerous tissue during
needle insertion.

3.1.3. Enzyme based amperometric glucose sensor

For the enzyme-based amperometric glucose sensing to measure the
possible  range of  physiological glucose  concentrations
([Glucose] = 0-7.7 mM) (Makaram et al., 2014; Walenta et al., 2003), a
PB/carbon with glucose oxidase, one of Au electrodes for the electrical
conductivity sensor and the Ag/AgCl electrode were used as a working,
counter, and reference electrode, respectively, as shown in Fig. 4(e). The
glucose in the medium is oxidized into gluconolactone with the help of
GOx, and hydrogen peroxide (H205) is generated as a by-product of the
glucose oxidation. The generated HyO5 can be easily electrochemically
reduced with the help of Prussian Blue, which is embedded in the carbon
working electrode. More reduction current of H,O5 will be produced if
the glucose concentration in the medium is higher because more Hy0>
can be generated as a by-product. Therefore, under moderate applied
potential (less than —0.1 V with respect to Ag/AgCl reference electrode)
to the working electrode, an amount of measured current due to elec-
trochemical redox of HyOxcan indicate the glucose concentration in the
medium. The amperometry was performed for 30 s with a potential of
—0.1 V between the working and the pseudo reference electrodes, which
was identified from the cyclic voltammetry in a PBS. The amperometry
results for the glucose concentrations from 2mM to 13 mM, which
thoroughly covers the possible range for glucose concentration in
human physiological conditions, is shown in Fig. 4(f). The glucose
sensor shows an almost linear response to the concentration of glucose
with a sensitivity of —4.47 nA/mM with R? = 0.98. In order to verify that
the enzyme was fully immobilized on the working electrode of a glucose
sensor, successive measurement of glucose concentration was performed
by three times. Before each measurement, the glucose sensor was thor-
oughly rinsed with a PBS in order to remove the remaining glucose on
the working electrode. As shown in Fig. 4(g), there was not a significant
change in the sensitivity of glucose sensor between each measurement
and the average sensitivity of glucose measurement was —4.38 nA/mM
with a standard deviation of 0.21 nA/mM. The reproducibility of
glucose sensor was analyzed by comparing differences of sensitivity in
three glucose sensor samples as shown in Fig. S6. Because the ampero-
metric response of glucose sensor highly depends on the size of the
screen-printed PB/carbon electrode and the amount of manually
drop-casted GOx, absolute amperometric currents for the same glucose
concentration were different for different samples. However, the sensi-
tivities of different glucose sensors were almost similar (average sensi-
tivity = —4.28 nA/mM and standard deviation = 0.17 nA/mM), which
verifies that the glucose sensor could be fabricated with sufficient
reproducibility and could measure exact glucose concentration with the
known sensitivity and further calibration process.

3.2. Multi-modal physical/chemical sensing application

3.2.1. Dual-modal measurement of pH and electrical conductivity in liver
cancer mimicking hydrogel phantom

The dual-modal measurement by pH and electrical conductivity
sensors was performed in order to verify the feasibility of real-time
multi-modal physical/chemical sensing during the needle insertion
process. An agarose hydrogel complex with normal liver tissue
mimicking hydrogel (matrix hydrogel, c = 0.056 S/m and pH = 7.4) and
liver cancer mimicking hydrogel (core hydrogel, 6 =0.21S/m and
pH =6.9) was used as a phantom for the dual-modal measurement as
shown in Fig. 5(a). The biopsy needle integrated with multi-modal
physical/chemical sensor array was inserted to the hydrogel phantom
and the potential at IrOx and conductivity were measured as presented
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in Fig. 5(b). During the measurement, only a connection between a
specific sensor and measurement equipment was made using a multi-
plexer unit as depicted in Fig. 2(e) to avoid crosstalk or noise between
different sensors. If all connections between sensors and measurement
equipment were made at the same time, applied potential and current
from one equipment could interrupt the measurement of other equip-
ment as shown in Fig. S7(a). However, this crosstalk can be avoided by
making a single connection between sensors and equipment as shown in
Fig. S7(b). Therefore, the connections were continuously switched
during sequential measurement of pH and conductivity, and the multi-
modal physical/chemical sensing could be successively achieved.
Total measurement time for single data point (pH and conductivity),
which included pH measurement, switching time, conductivity mea-
surement, and another switching time for sequential measurement, was
less than 2 s. First, when the biopsy needle was inserted into the matrix
hydrogel, the average of measured potential at IrOx and conductivity
were —0.279V and 0.0574 S/m, respectively. When the biopsy needle
was further inserted into cancer mimicking hydrogel, the average po-
tential at IrOx and conductivity were —0.251 V and 0.206 S/m, respec-
tively. In case of electrical conductivity sensing, the measurement value
by sensor showed errors from the actual value: 2.5% for the matrix (i.e.
normal tissue mimicking) hydrogel and —1.9% for the core (i.e. cancer
tissue mimicking) hydrogel. In case of pH sensing, the IrOx sensor could
discriminate the unequal pH between the matrix and core hydrogel: the
potential difference of 28 mV and the pH difference of 0.4 with a
sensitivity of —69.3 mV/pH of IrOx sensor. Based on this result, we can
conclude that the physical/chemical sensor array integrated on a biopsy
needle could discriminate different tissue properties and can be poten-
tially utilized in the tissue discrimination for accurate cancer targeting
during biopsy procedure.

3.2.2. Multi-modal measurement of pH, electrical conductivity, and glucose
concentration in liquid solution

The multi-modal measurement of pH, electrical conductivity, and
glucose concentration was performed with the developed sensor by a
sequential change of these three parameters with solution samples. In
this experiment, a sliced sample of the multi-modal sensor array device
before attaching onto the needle was utilized instead of the biopsy
needle fully integrated with the sensor. This is because the successive
change of parameters is difficult when a large amount of solution was
used. Instead, small amount of sample solutions was dropped to the
sensor. First, 20 pl of base solution, which is 0.1 M PBS with pH 7.4 and
glucose concentration of 2 mM, was dropped onto the sensor, and three
parameters were measured. After that, 0.5 pl of glucose solution, which
is 0.1 M PBS with pH 7.4 and glucose concentration of 100 mM, was
added to the dropped base solution by three times and the amperometric
current signal from the glucose sensor was measured in between each
dropping. The amperometric current at 30s in each measurement is
shown in the bottom graph of Fig. 5(d) and the measured currents were
—109 nA, —134nA, —155nA, and —168 nA when the estimated glucose
concentration by the molarity calculation were 2 mM (before dropping
glucose solution), 4.4 mM, 6.7 mM, 8.8 mM (after dropping glucose so-
lution by one, two, and three times), respectively. Then, the 2.5 pl of pH/
conductivity solution was successively added into the solution on the
sensor. As shown in the middle graph of Fig. 5(d), the potential of IrOx
based pH sensor with respect to the Ag/AgCl pseudo reference electrode
was increased when the pH/conductivity solution was added. The po-
tential changes at the IrOx electrode were —39.3mV, —15.8 mV and
—9.7 mV after each addition of pH/conductivity solution, which corre-
sponded to the pH change of 0.57, 0.23, and 0.14, respectively. The
actual pH of the solutions were 7.37 (before dropping pH/conductivity
solution), 6.84, 6.55, and 6.38 (after dropping pH/conductivity solution
by one, two, and three times) as shown in Fig. S8. The differences be-
tween the actual pH change and measured pH change after each drop
were 0.04, 0.06 and 0.14, respectively. In case of the electrical con-
ductivity sensor, the conductance after the addition of glucose solutions
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was higher than that of the base solution. It can be attributed to the
effect of gluconic acid, which is a by-product of the glucose measure-
ment and is known to increase the electrical conductivity of the solution.
When the experimentally measured conductivities of PBS after dropping
pH/conductivity solution were 1.46 S/m, 1.61 S/m, and 1.73 S/m (after
dropping one, two, and three times) as shown in Fig. S8, the measured
conductivity was also increased to 1.46S/m, 1.57 S/m, and 1.63 S/m,
respectively.

3.2.3. Multi-modal measurement with porcine liver tissue with exchanged
tissue parameters

The multi-modal measurement with a real biological sample was
performed using a porcine liver tissue whose internal parameters such as
conductivity, pH, and glucose concentration were exchanged by perfu-
sion. In order to mimic the microenvironment with different internal
parameters between normal and cancerous tissues, the above-mentioned
parameters in the interstitial fluid inside the tissue should be exchanged.
Because changing the interstitial fluid by soaking the tissue in the so-
lution is not an effective way due to the limited diffusion of molecules
into the tissue, we perfused the solution with different parameters
through the blood vessel. The tissue of porcine liver sample with
perfusion shows brownish or greyish color in comparison with the non-
perfused part because the blood in the tissue was washed and perfused
PBS replaced the interstitial fluid in the tissue. Therefore, it can resemble
the actual normal and cancerous tissues with different internal param-
eters. The prepared porcine liver sample contained normal liver
mimicking tissues and cancer mimicking tissues as shown in Fig. 6(a).
The graph in Fig. 6(c) shows measured conductivity, pH, and glucose
concentration at normal liver mimicking tissue (blue dot) and cancer
mimicking tissue (red dot). The measured conductivities of normal
mimicking tissue and cancer mimicking tissue were 0.30S/m and
0.58 S/m, respectively. The measured conductivities were much lower
than those of perfused PBS, which can be attributed to tissue structure
with cells that can significantly interfere with current flow and increase
the electrical impedance of the tissue (Heileman et al., 2013). However,
the measured conductivity of the cancer mimicking tissue was 1.92
times higher than that of the normal liver mimicking tissue, which is an
almost similar difference of conductivity between PBS for cancer
mimicking and normal liver mimicking parts (difference by 1.78 times).
In case of the pH difference, the measured electrical potential of normal
mimicking tissue and cancer mimicking tissue were 0.140V and
0.174V, respectively. Considering that the sensitivity of IrOx based pH
sensor is —69.3 mV/pH, the measured pH difference was about 0.49,
which is the almost similar pH difference between PBS solutions for
normal and cancer mimicking tissues (difference by pH=0.6). The
measured amperometric currents after 30 s of glucose measurement in
the normal mimicking tissue and cancer mimicking tissue were
—22.74nA and —9.80 nA, respectively. Considering that the sensitivity
of glucose sensor is —4.47 nA/mM, the measured difference of glucose
concentration between normal and cancer mimicking tissues was
2.90 mM, which is almost identical to the difference of glucose con-
centration between PBS solutions for normal and cancer mimicking
tissues (3 mM). Based on these results, we could successfully measure
the differences of parameters such as electrical conductivity, pH, and
glucose concentration in two different regions whose parameters were
intentionally exchanged by perfusion of PBS solution to mimic the
environment difference between normal and cancerous tissues.

4. Conclusion

In this paper, we developed a microfabricated multi-modal physical/
chemical sensor array that can be integrated on the biopsy needle for
cancer tissue discriminating application. We fabricated the electrical
conductivity, pH, and glucose sensors on a flexible polyimide substrate
using micro-fabrication and direct patterning process and the flexible
multi-modal sensor array was further integrated onto the biopsy needle.
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Fig. 6. Multi-modal measurement of electrical conductivity, pH, and glucose concentration for the porcine liver sample whose internal parameters were exchanged
by perfusion of phosphate buffer saline (PBS) solution: (a) photograph of prepared porcine liver sample with normal liver mimicking tissue and cancer mimicking
tissue: For normal liver mimicking tissue, a PBS solution similar to the human blood (6 =1.82S/m, pH=7.4, and glucose concentration =5mM) was perfused
through blood vessel. For cancer liver mimicking tissue, a PBS solution similar to cancer environment (¢ = 3.24 S/m, pH = 6.83, and glucose concentration = 2 mM)
was perfused; (b) photograph of multi-modal physical/chemical measurement with the porcine liver sample; (c) graph of electrical conductivity, pH, and glucose
concentration measurement: The measured values after 30 s were used for the comparison between normal and cancer mimicking tissues.

We could successfully realize multi-modal physical/chemical sensing
performance in physiological condition with the biopsy needle for the
first time while previously developed sensor integrated biopsy needle
has had only a single sensing capability due to a limited electrode
configuration. The multi-modal chemical/physical measurement capa-
bility of our sensor was verified by experiments with not only solution
samples but also hydrogel-based phantoms and the porcine liver sample
mimicking normal and cancer tissues, proving that our device can be
potentially utilized to provide essential information about tissues during
the image-guided biopsy procedure and to improve its accuracy.
Moreover, we believe that other types of parameters such as mechanical
properties, optical properties, and other biomarkers (protein, nucleic
acid, oxidative stress biomarker, etc) can be further measured by inte-
grating appropriate sensors on other medical tools like forceps, a scalpel,
a fine needle, a catheter, etc. These sensor-integrated medical tools can
provide important information about the type or status of tissue to a
surgeon in real-time, which can greatly improve accuracy and safety
during medical procedures.
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