
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1

C
O

M
M

U
N

IC
A
TIO

N

 Microneedle Biosensor for Real-Time Electrical Detection 
of Nitric Oxide for In Situ Cancer Diagnosis During 
Endomicroscopy 

   Do Hee    Keum     ,        Ho Sang    Jung     ,        Taejun    Wang     ,        Myeong Hwan    Shin     ,        Young-Eun    Kim     ,        
Ki Hean    Kim     ,        G-One    Ahn     ,       and        Sei Kwang    Hahn*   

  D. H. Keum, H. S. Jung, M. H. Shin, Prof. S. K. Hahn 
 Department of Materials Science and Engineering 
 Pohang University of Science and Technology 
(POSTECH), San 31 
  Hyoja-dong, Nam-gu, Pohang  ,   
Kyungbuk    790–784  ,   Korea   
E-mail:  skhanb@postech.ac.kr    
 T. Wang, Prof. K. H. Kim 
 Department of Integrative Biosciences and Biotechnology 
 POSTECH, 77 Cheongam-ro 
  Nam-gu, Pohang  ,   Kyungbuk    790–784  ,   Korea    
 Y. E. Kim, Prof. G.-O. Ahn 
 Department of Integrative Biosciences and Biotechnology 
 POSTECH, 77 Cheongam-ro 
  Nam-gu, Pohang  ,   Kyungbuk    790–784  ,   Korea   

DOI: 10.1002/adhm.201500012

specifi city. [ 19,20 ]  However, in these systems, it was diffi cult to 
detect physiologically relevant submicromolar concentrations 
of NO. Furthermore, they often required a large active area to 
harvest suffi cient current for the electrochemical detection. To 
overcome this limitation, a fi eld-effect transistor (FET) func-
tionalized with specifi c binding molecules incorporating a gal-
lium arsenide (GaAS) semiconductor has been fabricated for 
real-time electrical detection of NO. [ 21 ]  Although this system 
could successfully detect the submicromolar concentrations 
of NO, the FET sensor using cytotoxic GaAs is not applicable 
to the clinic. GaAs has raised serious concerns about carcino-
genicity to various organs including lung, testes, kidney, brain 
and immune systems. [ 22 ]  

 For the fi rst time, we fabricated a MS at the end of an 
endomicroscope using polycarprolactone (PCL) micronoeedles 
coated with poly(3,4-ethylenedioxythiophene) (PEDOT) and 
then functionalized with hemin molecules on the surface for 
both endomicroscopic imaging and biosensing of colon cancer. 
Our MS demonstrated high carrier mobility for real-time, 
direct, continuous and rapid electrical read-out of NO signals 
with high sensitivity, selectivity, specifi city, and stability. It was 
appropriate to detect sub-micromolar concentrations of NO in 
physiopathological conditions. In vitro electrical read-out of 
MS showed that the current gradually decreased in response to 
various concentrations of NO from chemical donors and mac-
rophages. Our MS was rigid enough to penetrate melanoma 
mouse skin and rapidly distinguished the difference of NO 
concentrations between melanoma and normal tissues. In vivo 
application of MS together with white-light endomicroscopy 
provided not only identifying polyp regions in the colon but 
also detecting cancer-specifi c increase of NO production. This 
dual-diagnostic system can provide a powerful tool to effectively 
and rapidly diagnose cancers in patients. 

  Figure    1  a shows a schematic illustration of MS fi tted at the 
edge of endomicroscopic probe near a light source and a charge 
coupled device (CCD) camera for cancer imaging and diagnosis. 
MS with a dimension of 8 mm × 8 mm and a height of 700 µm 
was fabricated using PCL, which was rigid enough to penetrate 
the human tissues. PCL microneedle was surface modifi ed with 
polydopamine (PD) for effective immobilization of PEDOT as 
a channel layer of electrochemical sensor, the latter of which 
was further complexed with hemin molecules by π–π interac-
tion (Figure  1 b). PD has been widely used to provide adhesion 
on the hydrophobic surface of polymers. [ 23 ]  Meanwhile, PEDOT 
has superior conductivity, stability, and processability for 
channel fabrication in various fi elds. [ 24 ]  PEDOT is composed of 
delocalized π electrons in thiophene rings of carbon backbones, 

  Microneedle sensors (MSs) have attracted a great attention for 
simple, rapid, painless, noninvasive and transdermal sensing 
of biomarkers by puncturing the epithelial tissues such as 
stratum corneum and intestinal epithelium, and then analyzing 
biomarkers in the interstitial fl uid of the body. [ 1–3 ]  Microneedle 
arrays were modifi ed with functional materials for the contin-
uous real-time electrical detection of biomarkers for diagnostic 
applications. [ 4–6 ]  Currently, there are only very few reports on 
the MS systems for in situ detection of biomarkers in internal 
organs. The most common and effective diagnostic system for 
internal organs is endomicroscopy, being widely used for the 
prevention, early detection and diagnosis of cancers by visual-
izing suspicious lesions that are typically inaccessible by other 
means. [ 7–9 ]  However, it can only identify microscopic patholog-
ical features and often requires biopsy sampling of suspicious 
lesions for additional histopathological examination of cancers. 

 Nitric oxide (NO) is a potential clinical indicator for cancer 
progression. [ 10 ]  Neuronal NO synthase (NOS) and endotherial 
NOS produce picomolar to nanomolar NO in various cell types 
to modulate anti-infl ammatory responses. [ 11,12 ]  Remarkably, 
micromolar NO is produced by inducible NOS (iNOS) in many 
types of infl ammation-associated cancers. [ 13 ]  The iNOS overex-
pressed in the early stage of cancers contributes to angiogen-
esis for further cancer growth. [ 14 ]  The enhanced production of 
NO has previously been shown in melanoma model mice by 
electron paramagnetic resonance spectroscopy using an NO-
trapping agent. [ 15 ]  The iNOS expression in polyp regions of 
azoxymethane/dextran sulfate sodium (AOM/DSS)-induced 
colorectal cancer model mice is known to signifi cantly increase 
compared to that in the surrounding normal tissues. [ 16–18 ]  Pre-
viously, several electrochemical sensing systems made pos-
sible the real-time detection of NO with high sensitivity and 
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which have a high binding affi nity to other π electrons of spe-
cifi c target molecules. [ 25 ]  Hemin molecules also have extra π 
electrons in the center of the porphyrin ring and can form π–π 
interaction with PEDOT maintaining the electrical characteris-
tics. This provides a  p -type doping effect in the hole transport 
channel of PEDOT. As shown in Figure  1 c, scanning electron 
microscopy (SEM) clearly showed the rough surface of PCL 
microneedle modifi ed with PD, PEDOT, and hemin (PCL/PD/
PEDOT/hemin). This system was successfully set for screening 
of tumor lesions by both intravital imaging and electrical detec-
tion of NO without the need of exogenous molecular labeling. 

  The molecule hemin is suitable for NO-targeting sensors 
because of its high binding constant and high affi nity toward 
NO. [ 26 ]  Energy-dispersive X-ray spectrometry (EDS) of MS 
showed a Fe peak of hemin molecules absorbed on the PEDOT 
layer around 6.4 eV, which indicated that Fe of hemin mol-
ecules was functionalized on the surface of MS (Figure S1a, 
Supporting Information). According to X-ray photoelectron 

spectroscopy (XPS), hemin-functionalized MS showed the 
presence of both Fe2p 1/2  and Fe2p 3/2  peaks around 710 eV and 
725 eV, respectively (Figure S1b, Supporting Information). 
The peak of Fe2p 3/2  was much bigger than the peak of Fe2p 1/2  
confi rming that most of hemin molecules maintained the 
monomer form on the PEDOT. [ 27 ]  Attenuated total refl ectance–
Fourier transform infrared spectroscopy (ATR-FTIR) of MS, 
which had not been functionalized with hemin, clearly showed 
the peaks of PEDOT only. [ 28,29 ]  In case of hemin-functionalized 
MS, additional peaks were observed corresponding to C–O 
stretching vibration of carboxyl groups (1284 cm −1 ) and C=O 
stretching vibration of amide groups (1621 cm −1 ), all of which 
were in hemin molecules (Figure S1c, Supporting Informa-
tion). [ 30 ]  Raman spectrum of bare PEDOT showed oxyethylene 
ring deformation (985 cm −1 ), C–O–C deformation (1100 cm −1 ), 
C α –C α  inter-ring stretching (1256 cm −1 ), C β –C β  stretching 
(1365 cm −1 ), and symmetric (1429 cm −1 ) and asymmetric 
(1500 cm −1 ) C=C stretching (Figure S1d, Supporting 
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 Figure 1.    a) Schematic illustration of a microneedle sensor (MS) fabricated at the end of an endomicroscope for both imaging and sensing of cancer. 
b) Optical microscopic images of MS according to the fabrication process. c) Scanning electron microscopic images of MS and the enlarged images 
of a needle end point.
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Information). [ 31 ]  After hemin functionalization on PEDOT, 
several new bands were observed for the ν 21  vibration mode 
of C m H (1317 cm −1 ), asymmetric stretching of C–C band 
(1562 cm −1 ), and ν 10  vibration mode of C α –C m  (1,623 cm −1 ) 
in hemin molecules. [ 32,33 ]  These results of Raman spectrum of 
PEDOT before and after hemin functionalization confi rmed 
the successful immobilization of hemin on the PEDOT. Con-
sidering the size of hemin molecule around 0.8 nm 2  and the 
quantifi ed amount of hemin bound to the PEDOT channel, we 
could estimate that hemin molecules were functionalized as a 
monolayer by π–π conjugation. 

 In addition, cyclic voltammetry (CV) measurements 
showed that hemin-functionalized MS (PCL/PD/PEDOT/
hemin) had well-defi ned and  quasi -reversible redox peaks at 
−0.6 V and −0.4 V, representing Fe(III)/Fe(II) redox couples 
of hemin molecules (Figure S2a, Supporting Information). 
Electrochemical impedance spectroscopy (EIS) showed that 
the impedance of nonconductive PCL and PCL/PD, and PCL/
PD/PEDOT was > 4.9 kΩ and 3.8 kΩ, and > 2.1 kΩ, respec-
tively. While PEDOT separated the redox probe from the elec-
trode surface, PCL/PD/PEDOT/hemin showed a small semi-
circle with a resistance of about 0.45 kΩ at high frequencies 
indicating that hemin molecules could reduce the interfacial 
resistance by effectively transporting charge carriers through 
reversible redoxing process of Fe(III)/Fe(II) (Figure S2b, Sup-
porting Information). The electrocatalytic properties of hemin 
molecules to reduce NO were also investigated by CV and 

amperometric measurements (Figure S2c, Supporting Informa-
tion). The results demonstrated that hemin-functionalized MS 
had a specifi c binding affi nity and a high electrocatalytic activity 
toward NO. When we performed the real-time electrical detec-
tion of NO by using diethylamine NONOate sodium in phos-
phate buffer saline (PBS) at concentrations of 1 × 10 −6 , 2 × 10 −6 , 
4 × 10 −6 , 8 × 10 −6 , and 16 × 10 −6   M , we observed that the current 
of MS decreased as NO concentration increased (Figure S2d, 
Supporting Information). In contrast, MS without hemin did 
not respond to any of the tested NO concentrations. 

 To further assess the selectivity of MS toward NO in more 
biologically relevant system, we fi rst used Dulbecco's modi-
fi ed Eagle medium (DMEM), a typical cell culture medium 
containing various amino acids and inorganic salts, added 
with 10% serum proteins. MS showed stepwise decrease in 
signals upon the addition of NO ( Figure    2  a), suggesting that 
electrical signals were not interfered by biological macromol-
ecules. The sensitivity of MS measured in PBS and DMEM 
was about 1.56 µA cm −2  µ M  −1  and 1.44 µA cm −2  µ M  −1 , respec-
tively. Furthermore, other potentially interfering biomolecules 
such as bovine serum albumin (BSA), glucose, galactose, Fe 3+ , 
H 2 O 2 , ovalbumin, or lysozyme caused no signifi cant current 
changes of MS (Figure  2 b). However, current decline was only 
observed when NO was added at concentrations of 1 × 10 −6  and 
2 × 10 −6   M , indicating an excellent selectivity of MS for NO. The 
current drop of MS might be due to the electron donation of 
NO to hemin molecules. Overall, these results suggest that MS 
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 Figure 2.    a) Real-time electrical detection of various concentrations of NO in DMEM using a microneedle sensor (MS) with and without hemin mol-
ecules. b) Selectivity of MS to a series of control solutions and NO solutions (1 and 2 × 10 −6   M ). c) Real-time electrical detection of NO from RAW 
264.7 cells seeded on MS after treatment with none, 500 ng mL −1  of lipopolysaccharide (LPS), 500 ng mL −1  of LPS and 100 × 10 −3   M  of aminoguanidine 
(AG), and the MS without hemin. d) The converted concentration of NO from living cells treated with none, 500 ng mL −1  of LPS, and 500 ng mL −1  of 
LPS and 100 × 10 −3   M  of AG.
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relevant solution (Figure S3, Supporting Information). 
  We then performed in vitro real-time electrical detection 

of NO using a RAW 264.7 macrophage cell line. We treated 
these cells with lipopolysaccharide (LPS) for the activation of 
macrophages to produce NO via iNOS expression. MS could 
detect the generation of NO by iNOS (Figure S4a, Supporting 
Information). Also, MS could detect the suppression of NO 
production in the presence of an iNOS inhibitor, aminoguani-
dine (AG) [ 34 ]  (Figure S4b, Supporting Information). As shown 
in Figure  2 c, the electrical read-out of MS for LPS-treated cells 
decreased gradually in accordance with the increase of NO con-
centration, whereas the current change of MS was reduced and 
maintained after treatment with LPS (500 ng mL −1 ) and AG 
(100 × 10 −3   M ). The current read-out of MS was converted to NO 
concentration using the calibration curve of Griess reagent test 
(Figure  2 d). The overall concentrations of NO with appropriate 
time response were within the expected ranges of NO gener-
ated by RAW 264.7 cells. [ 35,36 ]  These results therefore indicate a 
feasibility of MS for in vitro real-time monitoring of NO gener-
ated by RAW 264.7 cells. 

 Before in vivo electrical detection of NO, the cytotoxicity of 
materials used in MS was evaluated by MTT assay, which con-
fi rmed the biocompatibility of MS materials (Figure S5, Sup-
porting Information). The MS had good mechanical properties 
and rigid enough to penetrate epidermis layer and reach to 
melanoma tissues (Figure S6, Supporting Information). His-
tological analysis with hematoxylin and eosin (H&E) staining 
revealed that MS was penetrated deep enough to sense NO 
in a melanoma tissue environment ( Figure    3  a and Figure S7, 

Supporting Information). To test whether MS can distinguish 
normal and melanoma tissues based on NO contents, we 
fi rst measured NO levels in normal and melanoma tissues 
using Griess reagent kits. We observed that NO levels were 
two times higher in melanoma tissues compared to those in 
normal tissues (Figure  3 b). Upon applying MS on the mouse 
skin bearing melanoma, in vivo electrical read-out of MS had 
an average current drop of 8.34 ± 0.16 µA, whereas that of MS 
applied on normal mouse skin had an average current drop of 
3.26 ± 0.11 µA (Figure  3 c). This difference indicates that MS 
is able to detect higher amount of NO in melanoma than the 
normal tissue, in consistent with already well-documented bio-
logical fi ndings. [ 37,38 ]  When MS was not functionalized with 
hemin molecules, the current drop of MS was similar between 
normal (3.09 ± 0.09 µA) and melanoma (2.94 ± 0.11 µA) tis-
sues. Repeated in vivo application of MS to normal and mela-
noma tissues showed that the current drop could be fl uctuated 
according to the type of tissues as we expected (Figure  3 d). 

  We then combined MS with a lab-made endomicroscope 
for in vivo diagnosis of colon carcinoma. AOM/DSS-induced 
colorectal cancer model mice generate microadenomas 
polyps in colon, which gradually grow to macroscopic ade-
nomas, adenomatous polyps, and fi nally adenocarcinomas 
via the infl ammation-associated cancer progression. [ 39 ]  Colon 
cancer was fi rst screened by the white-light endomicros-
copy, which clearly distinguished polyp regions from the 
normal tissue ( Figure    4  a,b). Histological analysis with H&E 
staining confi rmed adenocarcinoma type of cancerous tissues 
(Figure  4 c–e). To assess in vivo applicability, we applied the 
MS on those polyps. The current decreased with an average 
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 Figure 3.    a) Histological analysis of melanoma tissue with H&E staining after insertion of a microneedle sensor (MS, scale bar = 100 µm). b) The 
relative concentration of NO released from normal and melanoma tissues by the analysis with Griess reagent kits (*** P  < 0.001). c) In vivo real-time 
electrochemical detection of NO released from melanoma tissues using MS with and without hemin molecules after insertion to normal and melanoma 
mouse skins. d) In vivo electrical read-out of current change of MS in normal and melanoma mouse skins alternately.
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value of 4.12 ± 0.38 µA, whereas no obvious current change 
was observed in the normal region of colon (Figure  4 f,g), sug-
gesting that MS detected micromolar concentrations of NO 
produced in polyps. MS without hemin molecules showed no 
current change, in consistent with our in vitro results. Taken 
together, the dual-diagnostic system of endomicroscope and 
MS could effectively distinguish infl ammation associated NO-
rich cancer progression regions from normal regions in vivo 
with a high spatiotemporal resolution. 

  In conclusion, we successfully developed a new MS fi tted 
on an endomicroscope for real-time electrical detection of NO 
signals from cancerous tissues with high sensitivity, selec-
tivity, specifi city, and stability. Our MS being able to operate 
at 100 mV with a high sensitivity of 1.44 µA cm −2  µ M  −1  clearly 
suggests a feasibility as an in vivo minimally invasive sensor. 
MS showed high stability for repeated sensing of NO in physi-
ological condition for more than several days with a detection 
limit of 1 × 10 −6   M  to distinguish normal and cancer tissues 
in vivo. The dual-diagnostic system of endomicroscope and 
MS demonstrated high-resolution imaging combined with 
real-time electrical detection of NO released from cancer 

tissues, which can be a new platform for easy, precise, rapid 
and accurate detection of cancers.  

  Experimental Section 

  Fabrication of Microneedle Array : PCL pellets (0.5 g, number average 
MW = 80 kD, Sigma–Aldrich) were melted in a microneedle mold at 
160 °C under vacuum for 3 h. After cooling to room temperature, PCL 
microneedle was peeled from the mold and soaked in 2 mg mL −1  of 
dopamine hydrochloride (Sigma–Aldrich) dissolved in 10 × 10 −3   M  of Tris 
buffer (pH 8.5) overnight under constant shaking. The PEDOT channel 
was prepared by solvent casting the solution of PEDOT-polystyrene 
sulfonate on the microneedle. 

  Sensor Device Fabrication : Working electrode and counter electrode 
made of titanium (10 nm)–palladium (10 nm)–gold (100 nm) fi lms were 
formed using e-beam lithography, vacuum metal deposition, and lift-off 
process. The addition of Pd between Ti and Au was important for a metal 
diffusion barrier layer. To miniaturize an electrochemical sensor with 
high accuracy, we integrated a refference electrode directly on the sensor 
with 200 nm of silver layer by selective deposition on the microneedle 
using a shadow mask. Then silver layer was uniformly chlorinated in 
1  M  KCl/HCl buffer solution with applied current of 1 µA for 1 min. 
In the following step, the PCL/PD/PEDOT microneedle was immersed in 

 Figure 4.    Real-time intravital endomicroscopic imaging of a) normal and b) AOM/DSS mouse colons. c) The photoimage of a fresh biopsied colonic 
tissue with normal and polyp regions. Histological images of d) normal and e) polyp regions of colons with H&E staining (scale bar = 150 µm). f) 
In vivo real-time electrical detection of NO in normal and polyp regions. g) The current change of MS applied on normal and polyp regions (*** P  < 
0.001).
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1 mg mL −1  of hemin chloride/DMSO solution for π–π interaction for 
12 h, rinsed with DMSO, isopropyl alcohol, and deionized water to wash 
away the unattached hemin molecules. 

  In Vitro Real-Time Electrical Detection of NO : All of the following 
electrical measurements were conducted using a probe station 
(Lakeshore M5VC, MS tech), a computer-controlled analogue-to-digital 
converter (6030E, National Instruments), and CV (Sp-200 Potentiostat, 
Bio-Logic) under ambient conditions. A constant potential 0.1 V vs Ag/
AgCl were applied for steady-state amperometric current responses 
of MS. The active reaction area of MS was coupled with a PDMS 
microfl uidic channel with a height of 3 mm and fi lled with PBS (0.1  M  
pH 7.4). Diethylamine NONOate sodium at various concentrations 
(1 × 10 −6 , 2 × 10 −6 , 4 × 10 −6 , 8 × 10 −6 , and 16× 10 −6   M ) was used as 
a precursor to release NO and introduced into the PDMS channel. To 
investigate the selectivity and specifi city of MS as a NO sensor, potentially 
interfering chemicals including PBS, BSA, glucose, galactose, Fe 3+ , H 2 O 2 , 
ovalbumin, and lysozyme were prepared at a similar concentration range 
with the body fl uid. For in vitro detection of NO from macrophage cells, 
RAW 264.7 cells were seeded at 5 × 10 5  cells mL −1  on MS within a PDMS 
channel and cultured at 37 °C in a 5% CO 2  incubator for 24 h. 

  In Vivo Real-Time Electrical Read-out of MS in Melanoma Model Mice : 
Non-invasive detection of NO was carried out using MS in both normal 
and melanoma mice. The mice were anesthetized by inhaling a mixture of 
isofl urane and oxygen, and restrained in caskets to prevent their motions 
during the measurement. The animal model preparation was performed 
with protocols approved by the institutional animal care and use committee 
(IACUC) of the Seoul Asan Hospital and bred at the animal facility of 
POSTECH Biotech Center under specifi c pathogen-free conditions. 

  Dual-Diagnostic System for Intravital Real-Time Cancer Detection in 
Colon Cancer Model Mice : AOM/DSS model mice (over 12 weeks old) 
were used for NO detection and intravital endomicroscopic imaging 
inside the mouse colon lumen. After anesthetization, the colon was 
washed with PBS to remove feces. MS was connected with a power 
supply (6.5 digit low-noise power source, Agilent) using a cupper wire 
and the endomicroscopic probe was located in the middle of MS. 
The white-light endomicroscope was inserted through the abdominal 
incision for endomicroscopic imaging and screening of polyps. The 
measurement of NO with the MS was performed in the intravital state.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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