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a b s t r a c t
The ion sensitive sensor array (ISSA) based on layer-by-layer (LbL) self-assembled graphene presented in
this paper is capable of detecting different ions selectively with advantages of high sensing performance
and low cost due to graphene inherent properties and self-assembly technique. According to the conductance change of graphene, the detection limit of ISSA is down to 1 M, much better than one dimensional
carbon nanotube (CNT) sensors. The response time of ISSA is 15 s. The human sweat in vitro testing also
conﬁrms the high performance of ISSA.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Homeostatic regulation of ions, such as sodium, potassium, calcium, and hydrogen, is very critical for most cellular functions,
especially for the stability of a human body system. Imbalance of
these ions in a human body may cause diseases including heart
failure (Na+ , K+ , Ca2+ ), hypertension (Na+ , K+ ), kidney disease (Na+ ,
Ca2+ ), etc. Therefore, testing and monitoring concentration of these
ions in a human body play a very signiﬁcant role in an early diagnose
and control of relevant diseases. However, the prevailing methods
for ion sensitive sensing such as ion sensitive electrodes [1] and
radio isotopic tracer [2] suffer from a low selectivity of sensing
multiple ions or very long response time, and most of them are
expensive and complex.
To overcome the hurdles of these previous ion sensitive sensing
methods, the layer-by-layer (LbL) self-assembled graphene is introduced to the ion sensitive sensing applications in this work. Due to
its unique structural, electrical, chemical, and mechanical properties [3], graphene has attracted more and more attention these days.
With rational chemical and/or physical modiﬁcation, graphene is
capable of detecting many types of molecules and ions [4,5]. The ion
sensitive sensor array (ISSA) based on LbL self-assembled graphene
provides a promising way to selectively sense different ions simultaneously with a very short response time and a very low detection
limit due to its ultra high electron mobility and chemical sensitivity [6]. The ISSA based on LbL self-assembled graphene is designed
to selectively detect multiple ions in a testing solution. Moreover, with the LbL self-assembly technique and the polyethylene
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terephthalate (PET) substrate, ISSA has a high performance with
much more mechanical ﬂexibility and very low cost, compared with
silicon based ion sensitive sensors. In addition, carbon nanotube
(CNT) based ISSA under the same design, fabrication, and measurement conditions were also characterized, demonstrating that CNT
was inferior to graphene with respect to detection limit. To further
conﬁrm the performance of graphene ISSA, human sweat in vitro
testing was also conducted.
2. Design and fabrication
As shown in Fig. 1, different polyions and graphene
nanoplatelets are deposited into the 20 m gaps between the
sensor electrode arrays by self-assembly technique. A layer of PET
constraining the sensing region of ISSA acts as a conﬁnement layer.
Different ionophores coated on the sensing region only allow
matched ions to pass through the ionophore layer. Due to the
absorption of ions, the conductance of graphene will change with
the ion concentrations [7].
Microfabrication was utilized to pattern the electrodes of ISSA,
and graphene layers were deposited by self-assembly technique.
As is shown in Fig. 2, chromium/gold layers 50/200 nm thick were
ﬁrstly deposited on a clean PET wafer with an AJA sputter system.
Subsequently, sensor electrodes were patterned by photolithography. Another lithographic step was used to fabricate a window
area on which the graphene ﬁlm was self-assembled, while protecting the testing pads from the adsorption of graphene solutions.
The polyelectrolytes used in this study were poly(diallyldiamine
chloride) (PDDA) and poly(styrene sulfonate) (PSS), purchased
from Sigma–Aldrich Inc. The concentrations of aqueous PDDA
and PSS were 1.5 and 0.3 wt% respectively, with an addition of
0.5 M sodium chloride to enhance the surface properties. Research
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Fig. 3. (a) Image of ISSA on a ﬂexible PET substrate; (b) optical image of ISSA; (c)
SEM image of LbL self-assembled graphene layer, showing that the average size of
graphene sheets is about 100 nm × 100 nm.

Fig. 1. (a) Structure of ISSA sensing region; (b) schematic of an ISSA: when a testing
solution contains one type of ion, only the sensing channel with a matched ionophone trigers a signal. The conductance of the graphene layer is recorded by a data
logger directly.

Fig. 2. (a) Cr/Au layers were sputtered on a cleaned PET substrate; (b) electrodes
were patterned by photolithography; (c) a window area was fabricated by photolithography, protecting the test pads from the adsorption of graphene or CNT
solutions; (d) self-assembly of graphene or CNT; (e) lift off; (f) another layer of PET
was bonded with the substrate to conﬁne the sensing regions; (g) ionophores were
applied.

grade graphene (PureSheetsTM , 0.25 mg/ml) and carbon nanotube
suspension solutions (PureTubeTM , 0.25 mg/ml) were purchased
from Nanointegris Inc. Next, the substrate was immersed into
the charged suspensions with a sequence of the immersion
[PDDA (10 min) + PSS (10 min)]2 + [PDDA (10 min) + graphene/CNT
suspension (20 min)]5 . Afterwards the substrate was immersed
into acetone for 5 min to lift off the photoresist mask, and the
ﬂexible graphene sensors were inspected by scanning electron
microscopy (SEM) (Fig. 3). Another layer of PET diced by a
laser cutter was bonded with the substrate to conﬁne the sensing regions. Different types of ionophores (potassium ionophore,
sodium ionophore, calcium ionophore, and hydrogen ionophore,

Fig. 4. Image of measurement setting up. The ISSA was connected to Agilent data
logger, and the signals of the four testing channels were recorded simultaneously.
Inset: image of packaged ISSA.
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Fig. 5. Output results when testing solution contains (a) NaCl; (b) KCl; (c) CaCl2 ; (d) HCl.

Fig. 6. (a) Detection limits compare between graphene and carbon nanotube for different ion testing. The detection limit of graphene ISSA is much better than CNT ISSA. (b)
The resistance shifts of graphene, CNT and Pt based ISSA on K+ testing, similar to the results of other ions.

Sigma–Aldrich Inc) were coated on the sensing regions respectively.
3. Results and discussion
For the characterization of ISSA, different concentrations of
various ions were introduced to the sensing regions, and the

conductance shift of LbL self assembled graphene was monitored
by an Agilent data logger (Fig. 4).
In order to investigate the selectivity of the ISSA, the testing
solution containing one type of ions was applied to the ISSA, and
the conductance of channels coated with different ionophores were
recorded. As is shown in Fig. 5, the LbL self-assembled graphene
conductance increases when absorbing these penetrating ions.
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Fig. 7. Response time for 1 mM different ions testing: (a) Na; (b) K; (c) Ca; (d) H.

Different sensing ionophore channels had the corresponding signals representing the ion concentrations in the testing solution. In
order to get an obvious readout, a normalized conductance was
deduced. Conductance for a solution concentration of 1 mM was
used as an initial conductance G0 , and other conductance tested
under different concentrations subtracted G0 to get G. Normalized conductance was represented as G/G0 .
It is evident that a change in density and/or mobility of charge
carriers must be responsive when ions are absorbed by graphene
[7], reﬂected on the shift of conductance of graphene. The equation
 = nq can demonstrate the relationship, where  is conductance,
n is carrier density, q is charge per carrier, and  is the carrier mobility. The charged ions absorbed by LbL self-assembled graphene
increase the carrier density of graphene, in the chemical equivalent of the electric-ﬁeld effect [8]. Moreover, they are serving to
partially neutralize the Coulomb scatters induced by the substrate,
allowing a rapid increase in electrical mobility. According to the
conductance calculation equation above, both of the mechanisms
increase the conductance with the absorption of hydrogen from the
biocatalyzed reaction. The conductance of the graphene shifts with
the concentration changes of different ion solutions. As is shown in
Fig. 6(a), the detection limit of LbL self-assembled graphene based
ISSA was characterized, and compared with the results of typical
CNT composite ISSA under the same conditions of design, manufacture, and measurement. When changing different concentrations
of ions, the graphene conductance was recorded by an Agilent data
logger. The detection limits of different ions were determined by
the lowest concentration detected by the ISSA. It is observed that
the graphene ISSA has a much lower detection limit than the CNT
composites for ion detection limits. In order to conﬁrm the function of graphene ISSA, similar sensor array with platinium (Pt) as
sensing material was tested. As is shown in Fig. 6(b), the graphene
sensors showed the best performance, Pt sensors did not work
well.

The low detection limit of graphene sensors was attributed to its
inherent properties. Due to the crystal lattice and two-dimensional
nature, graphene tends to screen charge ﬂuctuations more than
one-dimensional materials such as carbon nanotubes. The low
1/f noise of graphene results in the better performance in detection limit. Moreover, two-dimensional structure gives rise to more
exposure to ions, providing the greatest sensing area per unit
volume for graphene [6]. These two factors operated together to
promote the lower detection limit of graphene.
In addition, the response time of a graphene ISSA was tested
by induced multiple ions. As shown in Fig. 7, 1 mM different ions
were applied to the ISSA, and the conductance versus time data
was recorded. The response time was determined by the duration
from the steady states before and after the solution was applied.
The response time was about 15 s, much faster than any other ion
sensitive sensor. The reason is that the charge carriers of graphene
have zero rest mass and travel rapidly, at approximately three one
thousandths of the speed of light, through its honeycomb lattice
[3]. The carrier transport time would be extremely fast due to the
graphene properties in nature. Therefore the response time was
primarily determined by the time consumed for penetration and
absorption of ions.
In the meanwhile, human sweat in vitro testing was executed
with the graphene ISSA, demonstrating that the ISSA was potentially an efﬁcient and low-cost method for sweat testing in human
health monitoring. Nowadays, several serious diseases such as
cystic ﬁbrosis (CF) were diagnosed by sweat testing method [9].
However, the traditional sweat testing sufferred from the time consuming and large sweat sample amount (at least 100 l), which
limited applications of sweat testing greatly. Herein, the graphene
ISSA tested the concentrations of sodium ions in diluted human
sweat from 0.1% to 100% (volume ratio), comparing with the same
diluted 39 mM NaCl solution, the normal concentration of sodium
ions in human body. The sweat samples were gathered from 3
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channels output the corresponding signals representing the ion
concentrations in the testing solution. It was also learned that the
response time of an ISSA is about 15 s, much faster than other
ion sensors. In addition, the detection limit of the ISSA based on
graphene is 1–10 M, which is much better than carbon nanotube composite as a sensing material under the same conditions.
Moreover, the human sweat in vitro testing shows that the ISSA
provides a promising potential technique for clinical sweat diagnosis. The results presented herein suggest a new route to an
inexpensive and high-performance ISSA for biochemical sensing
applications.
Acknowledgements

Fig. 8. Resistance of the graphene ISSA versus time for ISSA with different dilution
rates of human sweat and NaCl. After alternate delivery of the different concentrations of NaCl solution and different diluting rates of sweat, the resistance of graphene
ISSA decreases accordingly.

healthy males after exercising, and stored in a refrigerator. As
shown in Fig. 8, the resistance of graphene diversiﬁes as the variety
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solutions containing certain ions to the sensor array. It was learned
that the LbL self-assembled graphene conductance increases when
absorbing the penetrating ions, and different sensing ionophore
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