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ABSTRACT: Nanomaterial-based FET sensors represent an
attractive platform for ultrasensitive, real-time, and label-free
detection of chemical and biological species. Nevertheless,
because their response is screened by mobile ions, it remains a
challenge to use them to sense in physiological ionic strength
solutions. In this work, it is demonstrated, both experimentally
and theoretically, that polyelectrolyte multilayers are capable of
increasing the sensing range of graphene-based FETs.
Potential shifts at graphene surfaces and film thickness are
recorded upon the construction of PDADMAC/PSS poly-
electrolyte multilayer (PEM) films. By correlation of the
potential shift with the film thickness, the electrostatic
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screening length and the concentration of mobile ion inside the films have been deduced. Across the polymer interface the
Debye length is increased more than 1 order of magnitude. The fundamentals of this strategy are described by a conceptually
simple thermodynamic model, which accounts for the entropy loss of ion confinement and incorporates the effect of ions finite
volume. Interestingly, the electrostatic screening inside the film strongly depends on the polymer density and the ionic strength
of the solution. Of particular interest in physiological condition sensing, the PEM interfaces can extend the Debye length from

0.8 to 10 nm.

1. INTRODUCTION

Field-effect transistor (FET) biosensors based on nanomaterials
such as semiconducting nanowires," single-walled carbon
nanotubes, and graphene” offer outstanding capabilities for
label-free high-sensitivity real-time detection of biological
species.” In particular, solution-gated FET biosensors have
gained increasing attention in clinical diagnostics.” Since the
first report of real-time protein detection,’ these devices have
proven high sensitivity to diverse analytes of paramount
significance in biotechnology and health care: small organic
molecules,”™” proteins,g’9 nucleic acids,"”'" and viruses.'?
Furthermore, they were successfully applied for the inves-
tigation of small molecule—protein interactions,” the enzyme-
catalyzed reactions,6 and biomolecular association/dissociation
processes.*

Nevertheless, the use of nanomaterial-based FET' for sensing
of samples in physiological solution is still behind expectations
as their applications have been mainly limited to measurements
in relatively low ionic strength solutions.””"* These sensors are
primarily sensitive to the electrostatic potential induced by
charged biomolecules, which is screened by mobile ions present
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in the analyzed sample.'* On a certain length scale, termed the
Debye length (k'), surface charges are neutralized by mobile
counterions. If k™' is smaller than the distance between the
captured target analyte and the FET surface, then the sensor
becomes insensitive to these binding events. The electrostatic
screening of physiological solutions typically reduces the FET
sensing range to distances below 1 nm.” This value is far below
the size of the majority of analytes of interest such as medium
and large molecular proteins with a hydrodynamic radius up to
10 nm. In addition, the distance of the analyte from the surface
is also limited by the thickness of a biointerface with
immobilized receptors for their specific capture which typically
yields several nanometers. This inherent distance mismatch of
liquid-gated FET biosensors complicates real-time detection in
clinical samples.

Major research efforts have been focused on overcoming this
limitation. First, a two-step method comprising an initial
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desalting step followed by detection of disease marker proteins
in low ionic strength solution was reported.” This method
allowed for efficient detection; however, the desalting step is
not suitable for real-time detection. Other groups have used
small receptors to reduce the distance between the FET surface
and the analyte.”””'” Nevertheless, this method is not
applicable for the detection of large biomolecules (larger than
1 nm). A high-frequency measurement strategy that can be
applied to standard biological receptors was also reported.'®"”
In this case, a setup including devices of complex geometry is
required, which may hinder their applicability, especially for
implantable analyte level monitoring applications.

More recently, Gao et al. reported that the effective screening
length in immediate proximity to the FET surface can be
increased by the use of a poly(ethylene glycol) polymer
layer.*” This observation was demonstrated to enable
detecting of prostate specific antigen (PSA) in samples with
physiological ionic strength by employing silicon nanowire and
graphene-based FETs. This approach holds potential to solve
the problem of the mismatch between Debye length and
distances dictated by the size of biomolecules. Although the
authors suggested that this phenomenon might be based on the
decrease of the dielectric constant of the medium by the
polymer interface, the mechanisms underlying the reported
behavior are still a subject of debate. In particular, some
questions remain unexplained: What role do the mobile ions
inside the polymer interface play in terms of electrostatic
screening? How much could the Debye length be extended?
Can the Debye length be tuned by the properties of the
polymer interface? The present work presents experimental and
theoretical results to shed further light on these issues. Changes
of potential at the graphene surface as well as the film thickness
were followed during the construction of polyelectrolyte
multilayer (PEM) films. These measurements were performed
electronically by reduced graphene oxide (rGO) FET and
optically by surface plasmon resonance (SPR) combined with
optical waveguide spectroscopy (OWS). Correlating these
measurements, the Debye length and mobile ion concentration
inside the polymer film were obtained. Notably, polyelectrolyte
multilayer films offered extending the ionic screening length by
more than 1 order of magnitude (see Scheme 1). PEM water
content was calculated by OWS. A theoretical model is

Scheme 1. Representation of the Debye Screening Length
(k) at a Graphene Interface for a 140 mM Ionic Strength
Solution (i.e., Physiological Ionic Strength) without (Left)
and with (Right) a PDADMAC/PSS Polyelectrolyte
Multilayer (PEM) Film
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presented to explain the polymer interface behavior varying the
bulk ionic strength and polymer density. The model takes into
account the loss of entropy associated with the confinement of
ions inside the film and is in quantitative agreement with our
experimental results. Moreover, this model does not require
ions to balance the polymer charge. Thus, the partition of ions
inside the film results purely from entropic contributions, which
allows extending our findings to explain the results of previous
works.

2. EXPERIMENTAL SECTION

2.1. Reduced Graphene Oxide Field-Effect Transistors.
Reduced graphene oxide (rGO) field-effect transistors were
prepared as previously described.® The rGO acted as the
transistor channel, and an Ag/AgCl electrode was used as a
gate. Liquid-gated graphene FET measurements were carried
out using a batch-cell (from Micrux Technologies) at 1 mM or
10 mM KCI and 0.1 mM HEPES adjusted at pH 7.0. The
current between the source and drain electrodes (I;) was
measured as a function of the gate potential (V) while the
potential between the drain and the source (V) was fixed at
100 mV (see Scheme S1). Electrical measurements were
performed by means of a probe station (Keithley 4200). The
charge carrier mobilities (1) of the devices were 30 cm* V™' 5™
for holes and 15 cm® V™! s7! for electrons, determined as
described previously.®

2.2. Layer-by-Layer Assembly. In order to confer
negative charge to the graphene surface, the rtGO FETs were
modified with sodium 1-pyrenesulfonate (SPS) as previously
described.’ Layer-by-layer (LbL) assemblies mediated by
electrostatic interactions were built up onto the SPS-modified
rGO FETs by alternate adsorption of poly-
(diallyldimethylammonium chloride) (PDADMAC, M,, <
100 000, Sigma-Aldrich) and poly(sodium 4-styrenesulfonate)
(PSS, M,, = 70000, Sigma-Aldrich). First, the SPS-modified
rGO FETs were incubated in an aqueous solution of 1 mg/mL
PDADMAC for 10 min, rinsed with deionized water, and blow-
dried with air. Then, the PDADMAC modified FETs were
incubated in 1 mg/mL of PSS for 10 min, rinsed with deionized
water, and dried with air. Polyelectrolyte multilayer assemblies
were constructed by repeating the PDADMAC and PSS
adsorption using two different conditions: (a) from polyelec-
trolyte solutions containing 0.5 M KCl and (b) from
polyelectrolytes solutions without the addition of salt.

2.3. Surface Plasmon Resonance (SPR) and Optical
Wave Spectroscopy (OWS). A monochromatic light beam
from a He—Ne laser (PL610P, Polytec, Germany, power 2 mW,
wavelength 4 = 632.8 nm) was linearly polarized, passed
through a chopper (Princeton Applied Research, USA) for
lock-in detection, and coupled to a 90° LaSFn9 prism. Onto the
prism base, a LaSFn9 glass substrate (7 = 1.845) with a 2 nm
layer of chromium and 50 nm layer of gold was optically
matched using a high refractive index immersion oil (Cargile,
USA). The intensity of the light beam that was reflected at the
prism base was measured using a photodetector and a lock-in
amplifier (Model 5210, Princeton Applied Research, USA).
The angle of incidence, 6, of the light beam was controlled
using a rotation stage (Hans Huber AG, Germany).

2.4. Graphene-Modified SPR and OWS Substrates.
First, the substrates were modified with a self-assembled
monolayer (SAM) of cysteamine by incubation in S mM
cysteamine ethanolic solution for 8 h. Then, an aqueous
dispersion of GO flakes was drop-cast on the substrates for 2 h.
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Finally, the GO was chemically reduced by using hydrazine at
80 °C overnight. A flow-cell consisting of an O-ring and a UV—
visible transparent glass bottom was attacheded to the gold
surface to prepare the polyelectrolyte multilayer assemblies in
situ. After each polyelectrolyte adsorption, the substrates were
rinsed with deionized water, dried, and then filled with the
aqueous solution for measuring. Data analysis was done with
Winspall software (see the Supporting Information for more
details). Refractive indexes in dry and swollen state were related
to polymer/water volume content by using effective medium
theory and in particular Lorenz—Lorenz relation (see the
Supporting Information for more details).

3. RESULTS AND DISCUSSION

Polyelectrolyte multilayers were prepared from PDADMAC
and PSS by the layer-by-layer (LbL) adsorption technique
(Scheme 1). This technique offers a versatile and simple
bottom-up approach for the construction of interfacial
architectures with nanometer-level control over the structure,
composition, and properties.”' >* Particularly, the LbL
assembly through electrostatic interactions has been firmly
established as a general method for alternately depositing dense
layers of charged molecules onto oppositely charged surfaces.”
The concept of the approach relies on the attractive forces
between oppositely charged macromolecules. Since graphene
surface is naturally noncharged, it was modified with sodium 1-
pyrenesulfonate to obtain a negatively charged basic layer. In
this process, the pyrene groups attach to graphene through 7—7
interactions whereas the oppositely positioned sulfonate groups
form a negatively charged surface which is stable in a wide
range of pH.° This composition allowed for the initiation of the
LbL assembly process, in which the polyelectrolytes PDAD-
MAC (negatively charged) and PSS (positively charged) were
absorbed alternately.

3.1. Film Thickness of PEM Assembled on Graphene
Surfaces. The successive growth of PEM on graphene was in
situ followed optically by the combined OWS and SPR. In this
method, graphene was attached to a gold surface, and the stack
of polyelectrolyte layers on its top was optically probed by
resonantly excited surface plasmon and optical waveguide
waves. The resonant coupling to these surface waves can be
observed as series of dips in transverse magnetic (TM) and
transverse electric (TE) reflectivity. Figure la shows TM
reflectivity as a function of the incidence angle (@) after the
deposition of (PDADMAC/PSS), bilayers, with n =0, 3, 5, and
8. The adsorption of polyelectrolytes is associated with
pronounced shift in the resonant angle at which the excitation
of surface plasmon (TM,) mode occurs. This shift is
proportional to the surface mass density of immobilized
polymer, and by fitting of these changes by Fresnel reflectivity
model, refractive index and thickness of PEM were determined.
To maximize the load of the polyelectrolyte layers, we have
taken advantage of the possibility of controlling the film growth
in LbL assemblies by varying the ionic strength of the
polyelectrolyte solutions.””*” Thus, multilayer films were
prepared by using polyelectrolyte solutions containing high
(0.5 M KCl) and low (no KCl) ionic strength. As can be seen
in Figure la, resonance shifts ascribed to the adsorption of
polyelectrolyte were higher at high ionic strength (right) than
at low ionic strength (left). These shifts correspond to about
30-times higher thickness of the PEM assembly, yielding about
160 nm for the growth of n = 9 bilayers at high ionic strength
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Figure 1. (a) TM reflectivity as a function of the incidence angle for
(PDADMAC/PSS),, assemblies (0, 3, S, and 8 bilayers) prepared from
polyelectrolyte solutions without (left) and with (right) the addition of
0.5 M KCL (b) Thickness as a function of the number of layers
without (top) and with (bottom) the addition of 0.5 M KCL

(right) compared to the S nm film thickness obtained at low
ionic strength (left), see Figure 1b.

While in thin films (<150 nm) TM, was the only mode
accessible for the probing of PEM, thicker films (>150 nm)
allow the excitation of additional modes with different profile of
field (TE, and TM, ). In the latter, both thickness and refractive
index (#7) can be determined independently. Figure S3a shows
TM and TE for the hydrated (PDADMAC/PSS),; film.
Refractive index value of 1.476 + 0.005 was obtained for such
thick films, and it was used for thinner films fitting that only
displayed TM,. The quantified film thickness of PEMs
constructed under high and low ionic strength is summarized
in Figure 1b. It reveals that the growth of PEMs constructed
under high ionic strength followed a supralinear behavior
(Figure 1b, bottom). Although in this work PEMs were
assembled on graphene surfaces, the obtained thickness and the
trend to supralinear growth are in excellent agreement with
characteristics reported for PDADMAC/PSS PEMs on
thiolated gold surfaces.”® Also the strong dependence of film
thickness on ionic strength was consistent with previous results
for PDADMAC/PSS PEMs prepared on oxidized silicon
substrates.”” Finally, a comparison of Nary a0 Npydraeq allowed
the estimation of the water uptake upon immersion of the dry
PEMs in solution. The refractive index of dry (PDADMAC/
PSS),, film was determined as 1.577 + 0.00S (Figure S3b).
After the film was hydrated, # decreased by 0.11 units based on
which the water volume fraction (¢,,) was estimated to be 0.32
(see the Supporting Information for more details). The value of
the polymer volume fraction, ¢, = 1 — ¢,,, will be used later for
the thermodynamic model calculations.
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3.2. Tuning the Debye Screening Length of Graphene
Interfaces. Following the characterization of PEM thickness,
the effect of polyelectrolyte layers on the field-effect properties
was studied. Figure 2a shows the transfer characteristics of a
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Figure 2. (a) Transfer characteristics of graphene-based FETs for
PDADMAC/PSS assemblies prepared from polyelectrolyte solutions
without (left) and with (rigth) the addition of 0.5 M KCl. The first and
the second bilayers are represented using solid and dashed lines,
respectively. PDADMAC-terminated assemblies are represented as
blue lines and PSS-terminated assemblies as red lines. (b) Change of
the Dirac point (AV;) as a function of the number of adsorbed layers.
The LbL assemblies were prepared from polyelectrolyte solution at
low (orange) and high (green) ionic strength. All the field-effect
experiments were performed in 1 mM KCI at V4 = 0.1 V.

graphene-based FET after the adsorption of the first and
second PDADMAC/PSS bilayer. The PEM was assembled at
low (left) and high (right) ionic strength, while the field-effect
measurements were performed in a 1 mM KCl solution. The
assembly of a positively charged PDADMAC layer resulted in a
shift of the Dirac point (V;) to a more negative gate voltage. In
contrast, the subsequent negatively charged PSS layer displaced
V; to a more positive gate voltage. An explanation has recently
been given by Wang and Burke, who ascribe this field effect
behavior to the induction of negative (positive) charges on
graphene induced by the adsorption of positively (negatively)
charged macromolecules, which ultimately leads to a shift of the
Fermi energy to the conduction (valence) band.””

Dirac point shifts of =13 and —46 mV were recorded when
the polycation PDADMAC was adsorbed at low and high ionic
strength, respectively. After PSS deposition on the PDAD-
MAC-modified graphene surface, the Dirac point shifted to +13
and +46 mV. For the first 10 layers, the shift of V; was
completely reversible after each layer. This is due to the charge
overcompensation behavior of polyelectrolyte layer-by-layer
assemblies.”” It is important to highlight that higher V; shifts

were obtained for polyelectrolytes assembled at high ionic
strength. Qualitatively, this result is easy to understand. The
polyelectrolyte adsorption at high ionic strength resulted in
thicker layers and, therefore, higher surface charge density (o).
Since the induced charges on graphene depend on 6,*” a larger
charge density increment is expected to yield larger AV,

The field-effect properties were measured while increasing
the amount of PDADMAC/PSS layers to a maximum of 20
layers. In Figure 2b, the Dirac point changes throughout the
multilayer assembly are summarized. In case of PEMs prepared
at low ionic strength (orange circles), V; reversed after each
successive layer, which is in agreement with other works.””*" In
contrast, the assemblies prepared at 0.5 M KCl (green circles)
showed a damping of the absolute V; shifts after the 12th layer.
From this point on, AV; decreased continuously until the 20th
layer, after which there was no significant change of the Dirac
point.

These results may be interpreted based on inherent
physicochemical features of multilayer films as well as the
FET sensing mechanism. In multilayer assemblies, polyanion/
polycation complexes are formed between adjacent layers with
strong interdigitation and charge overcompensation.”> This
charge overcompensation leads to a variation of the surface
potential () at the polyelectrolyte/solution interface. On the
other hand, the formation of polyanion/polycation complexes
leads to low ion concentration inside the PEMs.”*~*° This
implies that the Debye length inside a PEM (x,™") is different
from the Debye length in the solution (Ks_ls (see Scheme
2b).***° If PEMs are constructed onto field-effect devices, the

Scheme 2. Representation of (a) the PDADMAC/PSS
Polyelectrolyte Multilayer (PEM) Film, with Charge
Overcompensation at the Outermost Layer, and (b) the
Potential, y(x), as a Function of the Distance, x, for a 1 mM
KClI Solution and the PEM Film”

a) b)
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E .l v (x)
x

PEM

A~~~ PDADMAC
~"—— PSS

“x = 0 at the outermost polyelectrolyte layer.

charge overcompensation (not compensated by mobile ions) is
translated into a shift of the Dirac point. Changes in the surface
potential (and accordingly V;) are strongly dependent not only
on the charge density of the outermost layer but also on
electrostatic screening by mobile charges within the multilayers
films.***” Consequently, graphene-based FETs can determine
the potential drop within the films, a property that cannot be
determined by zeta potential measurements.

Assuming that the overcompensated charges in the PEM film
are located at the interface between the outermost layer and the
solution (see Scheme 2a) and the charge magnitude of the
outermost polyelectrolyte layer does not vary by increasing the
number of layers, the linear Debye—Huckel (DH) theory can

10184 DOI: 10.1021/acs.jpcc.7b11128
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be used to describe the potential, y(x), inside the PEMs. The
electrostatic screening of the outermost charged layer can be
accounted as

w(x) = yyexp(—Kx) (1)

where x is the distance inside the PEM from the outermost
layer (x = 0) to the graphene surface, y, the potential at the
film/solution interface, and Kp_1 the Debye screening length of
the polyelectrolyte multilayer. For an aqueous solution at room
temperature, kK" is given by38

-1/2
k' = [4”/113 Z /)iziz]
i (2)

where z; and p; are the valence and the density™ of species i
and Ag & 0.7 nm is the Bjerrum length. It can be seen from eq 1
that if x = Kp_1 then y =y, exp(—1).

Figure 3 shows AV as a function of the number of layers for

PEMs prepared at high ionic strength and measured at 1 mM
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Figure 3. Change of the Dirac point, AV, as a function of the layers of
PEMs prepared from polyelectrolyte solutions at high ionic strength
(0.5 M KCI) and measured at 1 mM (green) and 10 mM KCl (red).
The dashed lines indicate the number of layers where AV is equal to
AV,o/exp(1). At this condition, the film thickness equals Kp’l.

(green) and 10 mM KClI (red). As the number of layers can be
translated into film thickness, its correlation to AV} allows a
reliable estimation of the Kp_l value. Since AV; is proportional
to Ay, Kp_I can be estimated as the necessary film thickness
where AV is equal to AV, /exp(1). AV is the Dirac point
change after the adsorption of the first polyelectrolyte layer.
The obtained k,~' was 125 + 10 and 36 + 4 nm for 1 and 10
mM KClI, respectively. Notably, Kp_1 is higher by 1 order of
magnitude than x,~' (which is 9.6 and 3.04 nm for 1 and 10
mM KCI). Subsequently, the concentration of mobile charges
inside the PEM can be determined using eq 2. The
concentration of mobile ions inside of the PEM was 0.0060
+ 0.0009 and 0.073 + 0.015 mM for 1 and 10 mM KCl
solutions, respectively.

3.3. Thermodynamic Model: Partition of lons.
Although polymer interfaces such as PEG brushes were
previously used to extend the sensing range of nanomaterial-
based FETs,>*° little is known about the mechanism for
increasing the Debye length. To shed light on this issue, a
conceptually simple thermodynamic model to describe the
partition of ions inside the PEM film was derived. In this
model, we describe the interior of the film and neglect
polymer—solution interface effects. Consider a solution

containing water (w), water ions (H;O* and OH"), salt anions
(=), and salt cations (+). These molecules can freely move in
the solution. Inside the film their translational freedom is
significantly reduced by the presence of the polymer in high
density. Moreover, we assume the film is electroneutral due to
polymer—polymer charge compensation.

The density of grand potential in either subsystem is

pR =Y p B’ +npfu, — 1) = Y plu o
i i 3

with f# = 1/kgT, where T is the temperature. The superscript k
€ {sol, film} indicates whether we are looking at the solution or
inside the film, and the index i runs over all mobile species. The
first sum in eq 3 contains the self-energy and the translational
entropy of these molecules. In these expressions, u) is the
standard chemical potential of the corresponding species, and
pF its density in either subsystem. The last term in eq 3
accounts for having the chemical potential of the molecules, y,
externally fixed and equal in both phases.

To the thermodynamic potential expressed in eq 3, we apply
an incompressibility constraint in each fluid phase, which
means that each element of volume is completely occupied by
some molecular species. In the solution subsystem, this
constraint can be expressed as

M, + prI‘3’1()+vH30+ + pé‘l’;_vOH— + pj°1v+ +p%_ =1
4)
while inside the film, the incompressibility implies
fil fil fil fil fil
Py vy + /JH13‘3+vH30+ + Porvou- + P2, vy + pl v
=14 (s)

Optimizing the thermodynamic potential with respect to the
densities of the free species leads to

Pk = a,exp(~pn'y)

where a; = exp(fu; — Pu?) is the species activity and 7*° and
7™ are the Lagrange multipliers introduced to ensure
satisfaction of eq 4 and eq 5, respectively.

In the solution side, all the activities and #°” can be
calculated using the pH and the salt concentration of the
solution, electroneutrality, and the incompressibility constraint,
eq 4.

Inside the film, the only remaining unknown, A can be
determined by numerically solving eq S. This equation is solved
iteratively using a Jacobian-free Newton method. The volumes
of the water molecule and its ions are v, = 1y3,0* = Vo~ = 0.03

nm?®. Salt ions are considered spherical, and to calculate their
volume we use their hydrated molecular radius, rif = 0.316 nm
for K* and r; = 0.316 nm for CI~.*>*" Once the densities of all
mobile species inside the LbL film are known, the Debye length
can be calculated using eq 2. Notice that in our approach, the
activities of the different free species are not parametrized, but
they can be calculated though solving eq 4 and using the input
concentrations.

In Figure 4a, k,”' (solid lines) and k,~' (dashed line) are
plotted as a function of the KCl concentration in solution for
different ¢,. The electrostatic screening inside the film strongly
depends on the polymer volume fraction (¢,) and the solution
ionic strength. Polymer films with higher ¢, result in assemblies
with lower (mobile) ion concentrations and larger Kp_l. Low
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Figure 4. Theoretical predictions: (a) Debye length, Kp_1 , as a function
of the KCI concentration in the solution, ¢, for different polymer
volume fractions, ¢,,. Inset: Ionic strength of mobile ions inside the
PDADMAC/PSS PEM, I,asa function of ¢,. The red line and the
black dots are the theoretical and experimental results, respectively.
(b) Kp_1 as a function of ¢, for different solution KCI concentrations.

hydrated films such as PDADMAC/PSS multilayer (with a ¢,
of 0.68) present Debye lengths more than 1 order of magnitude
higher than that of the solution in contact with the film: at 10
mM k,”" is 37.4 nm while ;™" is 3.07 nm. At 1 mM KCl, k,™" is
118.4 nm while k.~ is 9.6 nm. These theoretical results are in
quantitative agreement with the experimental observations.

The ionic strength of mobile ions inside the PDADMAC/
PSS PEM (IP) as a function of the KCl concentration in the
solution (c,) is plotted in the inset of Figure 4a. The theoretical
and experimental results are represented by a red line and black
circles, respectively. A linear relation was observed between I,
and c,. The slope of the linear regression is the square-root of
the partition coefficient (Pp /s) between mobile ions inside the
film and the solution (see the Supporting Information for
details). The obtained value of P, was 4.9 X 1075,
Furthermore, the theoretical results predict that P, signifi-
cantly depends on the radius of the ions. This observation is
consistent with the previously reported property of PDAD-
MAC/PSS PEM when used as nanofiltration membranes for
the separation of monovalent ions based on their size.**

As can be seen in Figure 4b, the phenomenon of extending
Kp_1 vanishes as the polymer density decreases. When ¢,
decreases from 0.68 (PEM fillms) to 0.2 (like PEG brushes-
modified surfaces) Kp_1 decreases from 118 to 15.8 nm, for a 1
mM KCl solution. These results indicate that highly dense
polymer interfaces have to be constructed if larger sensing
ranges are needed.

The theoretical results explain that the increase of the
electrostatic screening length is governed by the entropic cost
of confining (mobile) ions inside the film. The nature of this
phenomena is mainly based on three inherent features of these
systems: (i) PDADMAC/PSS PEM polymer matrices are
poorly hydrated (¢, is higher than 0.6); (ii) the volume of
hydrated salt ions is significantly larger than that of water
molecules; (jii) there is no electrostatic driving force for the
ions to absorb since the interdigitating oppositely charged
polymers maintain electroneutrality inside the material. Because
of these features, the entropic cost of ions partition from the
solution to the film is high without any gain in electrostatic
energy. As a consequence, the concentration of mobile ions in
the PEM films can be markedly smaller than in solution. It is
important to note that the basis of the Debye screening length
increase by ions partition applies not only to PEM films but
also to other polymer interfaces such as brushes and hydrogels.

The theoretical results predict that the construction of
PDADMAC/PSS PEM on graphene could increase k™' from
0.82 to 9.6 nm in physiological environments. This sensing
range may allow the determination of biomolecules of
paramount importance in health care such as proteins and
nucleic acids using clinic samples or implantable transistors. It
should be noticed that one mandatory feature for the design of
FET biosensor is the transport of the analyte through the film.*
Although the permeation of biomacromolecules may be
reduced by dense films, it was previously reported that some
proteins (i.e, papain, lyzozyme, catalase, and other proteins)
can be entrapped in PEM matrices.””** On the other hand,
these results also show that the integration of biorecognition
motifs onto the graphene surface in a “multilayer format” can
lead to an increased sensitivity of the gFET device.

All previous calculations were done at pH 7. To account for
pH implication in Debye length increment, additional
calculations were performed at pH values of 3, 5, and 9. The
results are shown in Table 1. In our simple thermodynamic

Table 1. Debye Length inside the Film for Different pH and
Salt Concentrations

Debye length, nm

pH [salt] = 1 mM [salt] = 10 mM [salt] = 140 mM
3 234 20.1 8.9
S 106.3 37.0 9.6
7 118.4 374 9.6
9 106.3 37.9 9.6

model, the only effect of pH is modifying the (bulk) solution
composition. As PSS and PDADMAC are strong polyelec-
trolytes, slight changes in the pH should not significantly affect
the LbL assembly, therefore supporting our assumption.
Nevertheless, ionic strength changes and, with it, an increase
in mobile ions inside the polyelectrolyte assembly should be
considered. At 1 and 10 mM KCl, the concentration of H;O*
and OH™ should still be much lower than those of K* and CI,
even at pH S or 9, thus having little influence on the final
results. However, H;O" and OH~ have a smaller radius;
consequently, the number of mobile ions inside the assembly
could increase significantly at pH values below 4 or above 10
and consequently decrease the Debye length.
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4. CONCLUSIONS

In conclusion, we demonstrated that polyelectrolyte multilayer
films are capable to abruptly increase the sensing range of
graphene-based FETs. The electrostatic screening length inside
the film was obtained by correlating the film thickness and the
potential drop during the construction of the assemblies.
Interestingly, the Debye length inside the PEM film could be
increased more than 1 order of magnitude. Our theoretical
predictions using a thermodynamic model indicate that this
behavior results mainly from the entropic cost of confining ions
inside the polymer film. The electrostatic screening in the film
strongly depends on the polymer density and the ionic strength
of the solution. Of major importance for biosensing in clinical
samples, PDADMAC/PSS multilayer films could increase the
sensing range in physiological environments from 0.82 to 9.6
nm. In this way, by the use of this strategy the frontiers of FET
sensing may be extended from small molecules to a broad
variety of biomacromolecules such as proteins and nucleic
acids. Lastly, the basis of the Debye screening length increase
by ions partition can be also used to understand and extend the
sensing range of nanomaterial-based FET's using other polymer
interfaces such as brushes and hydrogels.
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