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ABSTRACT: The growing global concerns to public health from
human exposure to perfluorooctanesulfonate (PFOS) require
rapid, sensitive, in situ detection where current, state-of-the-art
techniques are yet to adequately meet sensitivity standards of the
real world. This work presents, for the first time, a synergistic
approach for the targeted affinity-based capture of PFOS using a
porous sorbent probe that enhances detection sensitivity by
embedding it on a microfluidic platform. This novel sorbent-
containing platform functions as an electrochemical sensor to
directly measure PFOS concentration through a proportional
change in electrical current (increase in impedance). The
extremely high surface area and pore volume of mesoporous
metal—organic framework (MOF) Cr-MIL-101 is used as the
probe for targeted PFOS capture based on the affinity of the chromium center toward both the fluorine tail groups as well as the
sulfonate functionalities as demonstrated by spectroscopic (NMR and XPS) and microscopic (TEM) studies. Answering the need
for an ultrasensitive PFOS detection technique, we are embedding the MOF capture probes inside a microfluidic channel,
sandwiched between interdigitated microelectrodes (IDuE). The nanoporous geometry, along with interdigitated microelectrodes,
increases the signal-to-noise ratio tremendously. Further, the ability of the capture probes to interact with the PFOS at the molecular
level and effectively transduce that response electrochemically has allowed us achieve a significant increase in sensitivity. The PFOS
detection limit of 0.5 ng/L is unprecedented for in situ analytical PFOS sensors and comparable to quantification limits achieved
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using state-of-the-art ex situ techniques.
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B INTRODUCTION

The rising global awareness of public vulnerability to chemical,
biological, and environmental contamination due to natural or
anthropogenic causes as well as deliberate chem—bio threats
has heightened the need for sensing techniques that
simultaneously offer high sensitivity and selectivity." Develop-
ing such methodologies for rapid, ultrasensitive, and highly
selective in situ detection and quantification of contaminant
targets can provide transformative fundamental and techno-
logical opportunities across chemical/biological/radiological/
nuclear/environmental (CBRNE) forensics and safeguards
spaces as well as early detection and diagnostics of diseases and
point-of-care applications. This has motivated researchers to
focus attention to affinity-based analytical sensors where
contaminant detection involves two necessary steps: (i) first,
a recognition step that preferentially and selectively captures
the target from a sample matrix using specific affinity-based
interactions; (ii) second, a transduction step that converts this
targeted binding event into a unique, measurable response
(namely, electrochemical, spectroscopic, or magnetic).”

© XXXX American Chemical Society

WACS Publications A

Electrochemical sensors have shown promise in rapid and
inexpensive in situ target detection. Their working strategy
relies on the targeted capture of analytes by uniquely tailored
receptor probes immobilized on an electrode platform. In these
devices, analyte concentration is directly measured through a
proportional change in electrochemical responses (electric
current or impedance),” which may be converted to electro-
luminescence” or photoluminescence’ to allow higher
sensitivity.

However, the applicability of electrochemical affinity sensors
in environmental sensing has been limited by two main
concerns. One key challenge of electrochemical sensors is the
inability to adequately address low-detection limit concerns
that would make them practically relevant as first response

Received: December 11, 2019
Accepted: February 7, 2020
Published: February 7, 2020

https://dx.doi.org/10.1021/acsami.9b22445
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+H.+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dushyant+Barpaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Soltis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+Shutthanandan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roli+Kargupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kee+Sung+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B.+Peter+McGrail"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B.+Peter+McGrail"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Radha+Kishan+Motkuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sagnik+Basuray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayandev+Chatterjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b22445&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22445?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22445?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22445?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22445?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22445?fig=tgr1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b22445?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Scheme 1. Schematics of PFOS Detection
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devices. Another key challenge is related to issues in the
transduction step that slows down the detection process. The
capture mechanism often depends on the diffusion of the
target molecule to the recognition element, which translates to
long detection times (hours).”” The transducer signal is often
complicated by parasitic signals, like double-layer capacitors in
electrochemical measurements (false negatives).8 Thus, the
transducer requires bulky and expensive instrumentation to
measure changes in the signal due to any binding events.”'’ In
this work, we propose a sensor with a synergistic approach
based on a novel combination of receptor design and
microfluidic device fabrication to achieve unprecedented
sensitivity benefits, as well as rapid detection.

For a proof-of-concept demonstration, we chose as our
target analyte of detection an environmental contaminant that
is gradually becoming a target of growing concern in the
ground and surface water matrices, namely, perfluorooctane-
sulfonate (PFOS). PFOS is one of the most dominant
environmental contributors to the class anthropogenic
chemicals commonly known as per- and polyfluoroalkyl
substances (PFAS), a group of chemicals that also includes
GenX and related chemicals."' Their extensive civilian,
military, commercial, and industrial uses across the globe
over the last few decades have significantly increased their
environmental abundance. Unfortunately, their environmental
stability and physiological persistence make PFAS a cumulative
threat with recent studies linking human exposure to these
chemicals to health issues that include elevated cholesterol,
obesity, immune suppression, endocrine disruption, and
cancer."”™"* This has dictated the U.S. EPA to set the health
advisory level (HAL) for the most commonly studied PFAS
(PFOS and its congener with the carboxylic acid functionality,
namely, perfluorooctanoic acid [PFOA]) in drinking water to
as low as 70 ng/L (either individually or cumulatively). In fact,
some of the states in the United States have significantly lower
MCLs (as a representative example, in the state of Vermont,
the HAL for PFOS is 10 ng/L). Therefore, one of the key
practical challenges encountered by in situ PFAS analytical
sensors is the inadequate sensitivity due to ultralow concen-
trations of the species in the obtained sample."”™*° To date,

existing in situ techniques that have been proposed for their
detection are unable to meet the desired sensitivity require-
ments of multicomponent real-world matrices, and therefore,
the dominant methods of their analysis require ex situ
laboratory methods.'" These methods include analytical scale
extraction and subsequent analysis by liquid chromatography
tandem mass spectrometry (LC—MS/MS), total oxidizable
precursor analysis (TOP),”" or total fluorine analysis by
particle-induced y-ray emission (PIGE) spectroscopy.’”
However, results obtained from these techniques are either
not adaptable for field-deployment or their portable config-
urations lack the sensitivity requirements. Therefore, a clear
need for a highly sensitive in situ sensor that is inexpensive and
field-deployable exists.

A few instances of affinity-based electrochemical detection of
PFAS have been reported;”** although, the proposed designs
lacked the sensitivities to adequately detect trace quantities of
PFASs. The lack of desired sensitivity arises due to a lack of
electrode/probe/target interaction at the molecular level,
thereby leading to inefficient sensing as well as transduction.

Our approach proposes to address these drawbacks through
improved probe design and improved platform design with
unprecedented sensitivities. In this regard, for the first time, we
demonstrate an alternative, more sensitive approach using
nanoporous metal—organic frameworks (MOFs) as receptor
probes to give (i) high sensitivity due to their ultrahigh surface
areas and (ii) effective transduction by using them directly on
the electrodes as electrode extensions. MOF-based porous
materials have achieved maturity in design and technical know-
how such that they can be tailored for highly sensitive and
selective capture of specific targets; this ability has been applied
for their wide use in aflinity-based detection of a variety of
targets including CO,, water, ammonia, alcohols, and recently
fluorocarbons.>™**> Further, it has been shown that the
enormous surface areas and reactive metal centers of these
MOFs allow highly sensitive detection of trace quantities of
target analytes. As an example, CO, was detected selectively in
an oxygen atmosphere using impedance spectroscopy.’*
Recent studies have even demonstrated their high affinity
toward fluorine-containing smaller chain fluorocarbons and
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Figure 1. Transmission electron micrographs of Cr-MIL-101. (A) Before and (B) after PFOS exposure. Top right inset of Figure 1A represents a
Fast Fourier transform image, while bottom right inset shows a zoomed-out image of a Cr-MIL-101 crystal before PFOS exposure. Top right inset
of Figure 1B shows a magnified image of Cr-MIL-101 crystal post-PFOS exposure, while the bottom left inset shows the electron diffraction map.
(C) Magnified image of the PFOS-exposed crystals, overlay of the elemental map: (D) Cr distribution on the PFOS-exposed crystals and (E) F

distribution on the PFOS-exposed crystals.

also PFAS.>>™*' However, such MOFs were yet to be used in
the direct electrochemical sensing of PFAS contaminants.
Moreover, their direct use on a microfluidic lab-on-a-chip
sensing platform can offer improved transduction to lower the
accessible detection limits and offer unprecedented oppor-
tunities for the detection of environmental contaminants.*”
Therefore, in this work, we combine a MOF-based receptor
with PFOS affinity with nanoporous ultrasensitive capacitive
electrode within a microfluidic flow-through platform™** to
develop an electrochemical PFOS sensor with high sensitivity,
as shown in Scheme 1.

The MOF chosen in this work consists of a hierarchical
porous MIL-101 structure based on a Cr metal center that
contains two types of mesoporous cages (~25-29 A)
connected through microporous pentagonal (~11.7 A) and
hexagonal windows (~16 A) for the sensitive capture of
PFOS."* Our choice of Cr-MIL-101 is dictated by two
considerations: (i) that the structural integrity of the Cr-MIL-
101 is preserved upon PFOS exposure and (ii) the receptor
shows high electronic affinity toward PFOS. The integration of
these receptors into this platform provides three significant
benefits over current PFOS sensors. First, the electrochemical
response is facilitated by the nanoporous geometry, with the
high signal-to-noise ratio of interdigitated microelectrodes
tremendously increasing sensitivity. Nanoconfinement effects
further boost the signal. Second, the nanoporous geometry
increases convective transport of the target to the biorecog-
nition element, reducing diffusion times, and making the
platform more rapid. Third, the convective transport enhance-
ment from the flow removes the parasitic double-layer
capacitance signal, allowing rapid measurements of the binding

signal at significantly reduced noise. It is notable to mention
that although interdigitated electrodes of planar and non-
planar geometries have been used before for detection of other,
non-PFAS targets (as summarized in Table S1), to the best of
our knowledge, herein we present the first example of using a
non-planar interdigitated electrode assembly and microfluidic
platform for the detection of PFAS.

B RESULTS AND DISCUSSION

The key considerations for our choice of receptors for PFOS
uptake were dictated by (i) affinity of our receptor toward
PFOS and (ii) its stability upon PFOS exposure. For
interrogation of stability and affinity, the parent Cr-MIL-101
was compared to the material post-PFOS exposure using
microscopic and spectroscopic techniques for an insight into
the specific host (Cr-MIL-101) and guest (PFOS) interactions.

To characterize any morphological changes in Cr-MIL-101
upon PFOS exposure as well as to evaluate the microscopic
disposition of PFOS onto the Cr-MIL-101 framework,
transmission electron microscopy (TEM) was conducted on
the MOF samples prior to and post-PFOS exposure. The
diffraction patterns of the materials prior to PFOS exposure
can be indexed in the Fd3m space group and are similar to that
reported by Lebedev et al.*’ The electron micrographs shown
in Figure 1A indicate well-defined crystals of Cr-MIL-101
whose shape, geometry, and morphology remain nearly
unaltered upon PFOS exposure (Figure 1B). The dimensions
of the crystals in the unaltered Cr-MIL-101 samples also
remain unchanged, and the cubic symmetry of the crystals, as
reflected in the shape of the crystals, is also preserved after
PFOS exposure, indicating the robust nature of these materials.
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Figure 2. X-ray photoelectron spectra. (A) Cr-MIL-101, (green trace) pre- and (orange trace) postexposure to PFOS; (inset) Cr 3p; /, region of
Cr-MIL-101, pre- and post-PFOS exposure. (B) (black trace) As-received PFOS and (orange trace) PFOS sorbed onto Cr-MIL-101; (inset left) F
1s region of pristine PFOS and postimmobilization of Cr-MIL-101; (right) S 3p region of pristine PFOS and postimmobilization of Cr-MIL-101.
(symbols in the insets) Experimental spectra and (solid lines in the insets) spectral fits.

Elemental mapping shows that postexposure, the F distribution
on the crystals nearly shadows the Cr elemental map,
indicating an affinity of PFOS for the Cr-MIL-101 material
(Figure 1C—E).

The structural integrity of the bulk samples post-PFOS
exposure was further characterized using powder X-ray
diffraction (PXRD) measurements, as shown in Figure SI.
The PXRD pattern of the Cr-MIL-101 sample post-PFOS
exposure showed no peak changes/shifts compared to the
parent material prior to exposure, clearly indicating no
structural alteration of the framework upon adsorption. To
directly confirm the presence of PFOS on the MOFs, a g
solid-state NMR spectrum was also collected on the PFOS-
exposed Cr-MIL-101 sample, as shown in Figure S2. Even after
flushing the powder sample with DI water to remove any bulk
phase concentrations, a clear '°F signal that was not present in

the Cr-MIL-101 sample prior to exposure could be observed.
The resemblance of this solid-state '"F-NMR spectrum of
PFOS-exposed Cr-MIL-101 with the solution 'YF-NMR
spectrum of PFOS in DI water validates its capture by Cr-
MIL-101.

Having confirmed the sorption of PFOS, it was in our
interest to probe the host—guest interaction between the MOF
metal center and the PFOS to gain further insight into receptor
affinity. X-ray photoelectron spectroscopy was conducted on
the Cr-MIL-101 materials pre- and post-PFOS exposure to
interrogate changes in electron density of the key elements
involved in the capture process that can throw light on
element-specific affinities (Figure 2). As seen in Figure 2, the
full photoelectron profile of the as-received Cr-MIL-101
materials post-PFOS exposure shows clear evidence of capture
of PFOS from the appearance of F and S bands in the exposed
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material. A closer inspection of the data and comparison with
the spectrum of pure Cr-MIL-101, as well as pure PFOS,
allows us to arrive at some key conclusions. First, the Cr region
of the photoelectron spectrum of the as-received Cr-MIL-101
sample (inset of Figure 2A) showed two Cr environments, as
demonstrated by the Cr 2p;, region being resolved into two
species with binding energy values of 577.1 and 578.2 eV,
respectively, with the lower oxidation state being the dominant
contributor (ratio = 4:3). Exposure to PFOS resulted in the
higher oxidation state gaining in intensity at the expense of the
lower oxidation state (ratio = 1:2), suggesting polarization
interaction resulting in oxidation of the Cr center upon contact
with PFOS. Specifically, as Cr-MIL-101 is present in large
excess compared to the PFOS, it is significant to observe any
discernible shift at all in the binding energies of the Cr metal
center of the host framework and indicates a strong, favorable
sorbent—sorbate interaction. The F region of the spectrum
showed a consistent opposite shift; compared to the spectrum
of the as-received PFOS, which showed a single 1s line at 689.3
eV, the spectrum of PFOS sorbed onto Cr-MIL-101 showed an
additional second F environment with lower binding energy of
688.5 eV; suggesting it gaining in electron density (left inset of
Figure 2B). This is suggestive of a synergistic redox process
with the F atoms pulling electrons away from the soft Cr center
and thereby getting reduced. This is supported by our
computational molecular simulation studies between Cr-MIL-
101 and a fluorocarbon, the computed radial distribution
functions (RDFs) between partially positively charged frame-
work Cr atoms and partially negative charged F of a
fluorocarbon, indicating a strong favorable binding Cr---F
interaction. Interestingly, the S region of the photoelectron
spectrum also showed a shift in the same direction as the F
spectrum, albeit with significantly larger magnitude. The S
2p;;, line shifted from 169.5 eV in pure PFOS sample to 168.3
eV when PFOS was sorbed onto Cr-MIL-101, suggesting a
reduced S oxidation environment in the sorbed sample
compared to pure PFOS (right inset of Figure 2B). The
large magnitude of this shift indicates a strong affinity between
the Cr and the S and may be an indication of the strength of
interaction between the MOF framework and the polar,
sulfonate head of the PFOS molecule. Our results suggest that
although the non-polar CF; groups that make up the tail of
sorbate have a clear interaction with the framework, it is, in
fact, the sulfonate moiety that has a stronger affinity for Cr-
MIL-101; a combination of these two can lead to high-PFOS
affinity for Cr-MIL-101.

While these experimental observations do throw critical
insights into the affinity of the Cr-MIL-101 toward PFOS in
deionized water via interaction with both the sulfonate head
groups and fluorine tails, a key consideration that has the
ability to impact and influence the practical application of the
sensor is its ability to recognize and capture PFOS from real-
world source water matrices. Due to the intricate complexities
of multiple components in groundwater systems that make
them inherently more complex than river or tap water and a
bigger challenge to remediate, it was of our interest to test the
ability of the Cr-MIL-101 species to recognize and capture
PFOS from groundwater systems. For these preliminary
experiments, groundwater collected from the well 299-W19-
36 at the Hanford site in Washington, USA, whose
composition is listed in Table S2, was utilized, to which
PFOS was added at the same concentration as deionized water
samples. The ability of the MOF to capture PFOS from this

groundwater solution was monitored using FE NMR, where
the resonance intensity of a groundwater sample spiked with 5
mL of 10 mM of PFOS was monitored pre- and postcontact
with 5§ mg of Cr-MIL-101 for 144 h, as shown in Figure 3.
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Figure 3. Solution phase '’F NMR spectra. (bottom panel) Spectrum
of 5 mL of 10 mM PFOS in groundwater from the well 299-W19-36
at the Hanford site in Washington, USA. (middle panel) Spectrum of
the PFOS spiked groundwater collected postcontact with 5 mg of Cr-
MIL-101 for 144 h. (top panel) Control spectrum of the groundwater
sample without PFOS.

While the initial groundwater sample did not contain any
fluorine species, spiking it with PFOS resulted in a distinct
PFOS signal. Contact of this PFOS spiked groundwater with
Cr-MIL-101 sorbent resulted in a 95% decrease in the intensity
of all the fluorine resonances in the solution phase, suggesting
the capture of PFOS by the sorbent. This demonstrates the
ability of the Cr-MIL-101 to recognize and capture PFOS even
in the presence of groundwater cocontaminants. This
demonstrates the practical applicability of this probe in more
realistic matrices and has implications in the real-world in situ
sensing of PFOS in groundwater matrices.

It should be noted that the absolute PFOS capacity and
uptake rate are yet other performance metrics that will
significantly enhance sensitivity measurements from the
perspective of receptor probe optimization. Given the highly
modular nature of MOF materials, it is possible to use the
insights regarding adsorption mechanisms to design and screen
potential alternate candidates. However, such experiments are
outside the scope of this work and will be explored in detail in
subsequent studies; instead, the focus of this work is to utilize a
representative high surface area MOF framework in con-
junction with a novel sensor device to probe its adsorption
affinity for PFOS and enhance detection limits. For this
purpose, Cr-MIL-101 has shown remarkable applicability and
provided essential design criteria to consider regarding PFOS

affinity.
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Our insight into the PFOS adsorption affinity of Cr-MIL-
101 motivated examination of the direct sensing ability of the
MOF toward PFOS recognition and capture. A microfluidic
platform consisting of microelectrodes was used to detect the
binding of the PFOS to Cr-MIL-101 using electrochemical
impedance spectroscopy (EIS). Figure 4 demonstrates the
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Figure 4. (A) Schematics picture of the non-planar interdigitated
device. It shows the microchannel cut from tape, filled with Cr-MIL-
101, and sandwiched between the top and bottom interdigitated
microelectrode arrays. The placement of the fluid ports is also shown.
(B) Top view of the assembled chip. (C) Optical microscopic image
of an empty microfluidic channel with interdigitated electrodes. (D)
Optical microscopic image of microfluidic channel with interdigitated
electrodes filled with Cr-MIL-101.

platform assembly consisting of three layers, top and bottom
layers of interdigitated microelectrode array (IDgE) and a
middle layer consisting of tightly packed Cr-MIL-101, all
contained within a microfluidic channel (the detailed
procedure of platform assembly is shown in Figure S4 and
elsewhere).””** An array of IDuEs (width 10 um and length
500 pm) were used to enhance the signal-to-noise ratio
compared to that of macro electrodes; while the reduced
electrode size/area here restricts mass transport toward its
surface and reduces the signal intensity, an accelerated
decrease in power drop and background currents lowers the
signal-to-noise ratio at a faster rate, significantly improving the
net signal."**” Thus, an array of IDyEs has a higher signal-to-
noise ratio than a single electrode of the same size. IDuEs as
electrochemical transducers offer the added advantages of high
collection efficiencies, a low response time that favors rapid
detection, low ohmic drop, easy fabrication over multiple
substrates, readiness for miniaturization, and eliminates the

need for a reference electrode, allowing easy integration with
microfluidic chips for multiplexed analytical platforms.

Unlike conventional planar interdigitated IDuE, in this work,
we have used a non-planar IDYE (NP-IDKE) to serve multiple
purposes (Figure 4). First the NP-IDuE ensures electric field
penetration throughout the microfluidic channel width and
height. This is critical for a low conductivity receptor such as
Cr-MIL-101, unlike conductive materials conventionally used
in conjunction with IDuE to increase device sensitivity
(examples being carbon nanotubes (CNT) and graphene).so’51
Consequently the electric field penetration from IDyE into Cr-
MIL-101 is minimal and close to the surface. Since the EIS
technique detects PFOS binding to Cr-MIL-101 based on
changes in the charge transport (and hence the electric
current), this limited electric field penetration from planar
IDUE would restrict the ability of Cr-MIL-101 to observe
minute changes in charge transport and consequently minute
changes in target concentrations. The non-planar IDiE chosen
in this work ensures the penetration of the electric field across
the whole Cr-MIL-101. A set of control experiments were
performed, as shown in Figure S9, to test the penetration of
the electric field across the entire Cr-MIL-101 layer. In the first
experiment shown, we used the chip in the absence of any
MOFs in the microfluidic channel and allowed the 0.1X PBS to
flow through. In the absence of electron/ion carriers between
the electrodes, the response is noisy with very high resistance.
The Nyquist response is shown in Figure S9, which indicates
an open-circuit response in EIS, implying no charge carriers are
exchanged between the electrodes. In a second experiment, we
used a copper wire across the top and bottom interdigitated
electrode arrays to show the electrical conductivity. The
Nyquist response shown in Figure S9 shows up as an inductor
in series with a resistor. This is the response of an EIS device
that is shorted, thereby indicating that the electrical
conductivity of the electrodes on each slide. Finally, in a
third setup, when we have a device where the channel is
packed with Cr-MIL-101, and the responses are recorded in
0.1 M KCJ; the Nyquist behavior (Figure S9) shows a response
that is intermediate between an open-circuit response and a
short-circuit response. This demonstrates that the circuit path
is from the top electrode to the bottom electrode through the
Cr-MIL-101 and hence the electric field has penetration
throughout the microfluidic channel.

This uniform penetration of the electric field through the
Cr-MIL-101 layer allows us to significantly enhance the
sensitivity of the nanoporous Cr-MIL-101 electrode extension
by being able to capture any change in interfacial charge
transport at any position within it, while also preserving the
benefits of the Cr-MIL-101 for target capture.

This work also employed a flow-based approach for
detection, as opposed to the conventional stationary methods.
In our approach, microelectrodes, along with the receptor
probes, were aligned in the microfluidic channel; detection
involved the equilibration of the channel and the receptor
probes with a blank buffer solution, which was followed by
flowing the sample solution through the channel, resulting in
target capture. This flow-based approach helps to overcome
the diffusion-based solution resistance and allows for faster
measurement and data collection. Further, the nanoporosity
along with the flow ensures maximal binding of the PFOS with
the Cr-MIL-101 due to decreased diffusion from the increased
convective transport.
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Figure S. Nyquist plot of the EIS response of the Cr-MIL-101 in 0.1X PBS buffer before and postexposure to (A) S0 ug/L PFOS, (B) 250 ng/L
PFOS, and (C) 0.05 ng/L PFOS. (D) Calibration curve of the normalized increase in the charge transfer resistance (Rct) from Cr-MIL-101 with
increasing PFOS concentrations in 0.1X PBS, indicating progressively increased PFOS binding. The error bars are obtained from standard
deviations based on three independent measurements for each of the concentrations. The Rct values are obtained by fitting the Nyquist plot to the

equivalent circuit in (E) using Zview software.

It is well established in EIS that at low frequencies (Hz) the
current is dominated by the charge transfer resistance (electron
transfer between electrode surface and electrolyte), while at
high frequencies (kHz to MHz) the double-layer capacitor
(interfacial polarization of the electrolyte) dominates.
Typically the electrode surface or the charge transfer resistance
is of interest to most people working with EIS-based sensors as
it is an accurate representation of the signal from the sensor
(typically an electrode). The double-layer capacitor is seen as a
parasitic signal and the most significant source of noise in EIS.
Hence, EIS is generally recorded at lower frequencies to
overcome the parasitic double-layer capacitance (Cdl).
However, low-frequency EIS is plagued by low signal-to-
noise and environmental disturbances. Thus, it becomes
significantly more challenging to measure low-frequency EIS
and detect subsequent changes in the EIS spectrum.

Further, the time needed to measure EIS at a low frequency
increases from instantaneous at high-frequency EIS to a couple
of minutes at low-frequency EIS. To address this, we employed

a tight packing of the Cr-MIL-101 receptors within the
microfluidic channel; such close packing resulted in disruption
of the double-layer capacitor due to the higher Péclet number
(convective fluxes) from the nanoporous packing density akin
to a packed bed reactor. This shifts the relaxation frequency of
the double-layer capacitor to high frequency (MHz), allowing
us to observe the charge transfer or polarization resistance at
much higher frequencies (kHz). This allowed us to measure
EIS at significantly higher frequency ranges (until 1 kHz) with
an applied AC voltage of 100 mV, allowing us twin advantages
over conventional EIS measurement, namely, rapid measure-
ments and enhanced signal-to-noise.

The EIS spectrum (Nyquist curve) of Cr-MIL-101 in 0.1 M
PBS buffer was characterized by a conventional semicircular
region followed by a linear region. The introduction of PFOS
in the analyte stream of PBS buffer showed a marked change in
the impedance profile of the Cr-MIL-101 receptors compared
to that of the buffer solution itself, with a discernible increase
in the radius of curvature of the semicircular region of the
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Nyquist curves shown in Figure 5. The EIS response upon
PFOS capture by Cr-MIL-101 receptors packed between the
NP-IDuE was modeled using the transmission line equivalent
circuit model (commonly used for porous IDuE) shown in
Figure 5 using Zview software.””” In the equivalent circuit, Re
is the inherent resistance in the device, Le is the parasitic
inductor in the device due to external noises, Rs is the
resistance of the solution filling the device, Cdl is the double-
layer capacitance, Rct is the charge transfer resistance, Ws is
the Warburg element as the impedance associated with the
diffusion rate of the reactants, and Cc is the direct capacitance
between the two electrodes (Figure 4). Cc or the cell
capacitance is the capacitance between the two non-planar
finger electrode combs of the NP-IDuE. Rs, the resistance of
the solution, represents the total impedance of the interface
between the gold electrode and electrolyte. Cdl is the double-
layer capacitance that is due to the interfacial ionic polarization
between the electrolyte and the tightly packed Cr-MIL-101
receptors. Ret and the Warburg impedance are in series and are
parallel to Cdl since both phenomena occur simultaneously.
The charge transfer or polarization resistance Rct is associated
with the transfer of the electrons from the electrolyte onto the
tightly packed Cr-MIL-101 receptors. Rct is heavily dependent
on several factors like the available surface area of the tightly
packed Cr-MIL-101 receptors among others. Hence, the
capture and binding of PFOS by Cr-MIL-101 presumably
leads to alteration of the charge transfer or polarization
resistance due to change in the available electrode surface area.
This is the key contributor to the sensor signal, with all other
circuit elements being chiefly parasitic and not contributing
significantly. On the basis of this model, the increase in the
radius of curvature of the semicircular region indicates that the
charge transfer resistance (Rct) increases in the Cr-MIL-101
post-PFOS exposure (Figure S; the detailed plots are shown in
Figure SS; the fits are shown in Figures S6 and S7).

To quantify the effect of varying PFOS concentrations as
well as to account for the non-identical MOF loading from
across chips, the EIS signal from the chip was normalized using
the relation 1:

Symbol = (RPFOS — RMOF]
Ryor (1)
where Rppos and Ryiop are the charge transfer resistance (Rct)
from Cr-MIL-101 post-PFOS exposure and prior to PFOS
exposure, respectively. Using this normalization scheme, the
charge transfer resistance showed a linear correlation with
PFOS concentrations (Figure 5), allowing us to establish a
limit of quantification based on the smallest concentration of
PFOS that we were able to accurately analyze using this setup.
Based on this, a limit of quantification of 0.5 ng/L is obtained
which, to our knowledge, is unprecedented for portable
approaches for PFOS detection and quantification.

Our achieved quantification limits thus far are significantly
lower than other electrochemical methodologies reported thus
far; notably, potentiometric methods using fluorous membrane
ion-selective electrodes achieved a detection limit of ~0.07 ppb
or 70 ng/ L,”* while a more recent report using MIP method
achieved a detection limit of 0.04 nM (20 ng/L) for PFOS.>*
Using similar MIP-based receptor probes albeit a different,
complementary detection technique such (namely, photo-
electrochemical mode) showed electrode dependent variations,
namely, using hybrid AgI-BiOI hybrid microelectrodes, the

limit of PFOA detection was indirectly estimated as 10 ng/L
(ie, 0.01 ppb).” On the contrary, TiO,-based micro-
electrodes resulted in a significant decline in the sensitivities,
with the LOD being estimated as 86000 ng/L (or 86 ppb).*
However, our method shows a significant improvement as we
can directly detect, measure, and quantify a concentration of
0.5 ng/L (ie, 0.5 ppt) rather than relying on an indirect
estimation, indicating a superior sensitivity of our approach.
Further, based on our previous observations that a luminescent
mode can further enhance sensitivities, our method can be
improved to achieve further lower LODs.

The obtained limit of quantification is significantly improved
compared to other techniques and methodologies, namely,
HPLC—FLD and GC—ECD"* techniques (around 10 ppb to 1
ppm) and colorimetry (10 ppb). Therefore, our method shows
an unprecedented limit of quantification compared to other
prevalent in situ techniques and is comparable to state-of-the-
art ex situ techniques. (Comparison of different methods for
sensing and quantification of PFAS are listed in Table I,

Table 1. Comparison the Limits of Detection (LOD) for
PFOS with Our Portable Electrochemical Technique
Relative to Various State-of-the Art Lab-Based Ex Situ
Techniques

technique LOD reference
LC—-MS/MS: liquid ~1 ng/L Chen et al.*®
chromatography tandem mass
spectrometry
TOF MS: time-of-flight mass 1-10 ng/L Berger et al®
spectrometry

PIGE: fluorine by particle- ~10 nmol/cm*  Schaider et al*

induced y-ray emission

spectroscopy

NMR: nuclear magnetic 10 pug/L Weiss-Errico et al.**
resonance

TOP: total oxidizable precursor 1-10 ng/L Zhang et al®®

Our electrochemical technique 0.5 ng/L This work

Section SS). Currently, the most accepted approach to PFOA/
PFOS analysis is LC—MS/MS methods, which could allow for
better detection limits (0.01 ppt—0.01 ppb).”” However, the
reported lowest detection limits with LC—MS/MS require pre-
treatment and pre-concentration steps, and therefore, may not
be readily adapted for portable deployments, demonstrating
the value of our methodology for rapid, on-site PFOS
detection.

B CONCLUSIONS

Overall, this work demonstrates a microfluidic, affinity-based
electrochemical sensor platform for rapid PFOS detection that
offers unprecedented sensitivity through a combination of
receptor probe design, electrode configuration, and their
combination within the microfluidic lab-on-a-chip platform.
Our approach of using MOF-based receptor probes for
targeted PFOS capture offers high specific affinity benefits,
while the non-planar interdigitated microelectrode design
ensures the potential limitations to sensitivity that could arise
from using the non-conductive Cr-MIL-101-based MOF
receptors as electrode extensions are eliminated. The non-
planar electrodes ensure the penetration of the electric field
across the whole Cr-MIL-101, which enables the use of these
receptors directly on a sensing platform, thereby allowing us to
capture even the minutest of changes in interfacial charge
transport at any position within it. This leads to a high
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sensitivity of 0.5 ng/L, as opposed to 70 ng/L set by the
United States Environmental Protection Agency, which is
unprecedented for in situ analytical PFOS sensors. Further, the
close packing of the receptors within the microfluidic channel
due to the nanoporosity allows us to operate at high
frequencies, which allows for rapid detection and analysis.

The ability of Cr-MIL-101 to recognize PFOS from a
multicomponet groundwater matrix and demonstrate near
quantitative capture represents significant implications of this
work for environmental monitoring. The added benefit of the
proposed methodology is that this work can be readily
expanded to other targets as well. While most of the present
regulations are focused on PFOS, or its carboxylate analogue
perfluorooctanoic acid (PFOA), there are a total of ~6500
different PFAS molecules that are known, with recent studies
showing that the smaller chains can be more toxic (namely,
GenX). This work provides a proof-of-concept of the detection
of PFOS and its quantification at levels significantly lower than
the health advisory limits. It also provides a strategy by which
similar techniques can be designed for the detection and
quantification of other PFAS targets (such as GenX) through
the design of the capture probe. Furthermore, this design can
also be extended to other challenging contaminants of interest
through design and selection of appropriate receptor probes
and can also be synergized with alternate approaches of
contaminant capture, recognition, and detection, opening
promising new opportunities in the diverse areas of CBRNE
detection.”®’

B EXPERIMENTAL SECTION

Chemicals and Materials. Chromium(III) nitrate nonahydrate
(Cr(NO;);-9H,0) and terephthalic acid (BDC) were obtained from
Sigma-Aldrich and were used as received. Perfluorooctanesulfonic
acid (PFOS; 40% in water) was obtained from Sigma-Aldrich. N, N-
dimethylformamide was obtained from Alfa Aesar and was used
without further purification. Ultrapure water (resistivity >18 MQ)
was used during the experimental process. Standard glass slides
(1304G) with ground edges, 90° corners, and size 25 mm X 75 mm X
1 mm were used for impedance measurements and were procured
from Globe Scientific Inc., Mahwah, New Jersey, USA. Double-sided
polypropylene (PP) tape (90880) with SR-26 silicone pressure-
sensitive adhesives on both sides and a thickness of 142 ym was
obtained from ARcare. Adhesives Research Inc., Glen Rock,
Pennsylvania, USA. A PBS buffer (1X) was obtained from VWR.

For testing the recognition of PFOS from groundwater matrices,
the groundwater medium was collected from the well 299-W19-36 at
the Hanford site in Washington, U.S. The major inorhganic
constituents present in the groundwater are listed in Table $2.°"°'

Instrumentations. For electrochemical experiments, the fabrica-
tion of the microelectrode assembly was done at the Nanofabrication
Facility Advanced Science Research Centre at the City University of
New York. A 4294A precision impedance analyzer from Keysight
Technologies was used for all the electrochemical impedance
measurements. A EVG620 mask aligner from EV Group was used
for contact lithography. A NE-300 syringe pump obtained from New
Era Pump Systems, Inc, Farmingdale, New York, USA. was used for
solution injection.

The characterization of the materials upon PFOS capture was done
using correlative microscopic, spectroscopic, and diffraction measure-
ments consisting of solid-state 'F nuclear magnetic resonance
(NMR), infrared (IR) and X-ray photoelectron (XPS) spectroscopies,
transmission electron microscopes (TEM), and powder X-ray
diffraction (PXRD) studies. Liquid-state "F NMR measurements
were performed on a 750 MHz NMR spectrometer (Agilent, Santa
Clara, California, USA) with a S mm wideband HXY probe at room
temperature as a function of time with the time interval of 30 min up

to ~40 h. F NMR spectra were accumulated on the Larmor
frequency of 705.83 MHz using a single pulse excitation. Solid-state
F NMR spectra were accumulated with a 4 mm HFXY magic angle
spinning (MAS) probe on a 600 MHz solid-state NMR spectrometer
(Agilent) on the Larmor frequency of 564.68 MHz using a spin—echo
sequence at spinning speed of 14 kHz. The '°F chemical shift for both
liquid- and solid-state experiments was calibrated with CF;CH,OH
(=78 ppm) as an external reference.

X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Kratos Axis Ultra DLD spectrometer, which consists of an Al
Ka monochromatic X-ray source (1486.6 €V) and a high-resolution
spherical mirror analyzer. The X-ray source was operated at 105 W,
and the emitted photoelectrons were collected at the analyzer
entrance slit normal to the sample surface. The data acquisition was
carried out in hybrid mode with analysis area of 700 ym X 300 pm.
The survey spectra were collected at pass energy of 160 eV with a 0.5
eV step size, and high-resolution spectra were recorded at pass energy
of 40 eV with step size of 0.1 eV. The pass energy 40 eV in the 700
pum X 300 um analysis area is referred to the fwhm of 0.7 eV for Ag
3ds),. The charge neutralizer with low energy electrons was used to
compensate the surface charge buildup at the surface. All the XPS
peaks were charge referenced to C 1s binding energy at 285 eV. XPS
data were analyzed by CasaXPS software using mixed Gaussian/
Lorentzian (GL(30)) line shape and Shirley background correction.

PXRD was used to analyze the structural integrity of the materials.
Experiments were performed with a Rigaku MiniFlex 600 X-ray
diffractometer (XRD). The sample was placed in a powder sample
holder under ambient conditions, and a pattern was collected from
the 20 range 1—50°. The step size was 2° min™".

TEM data were collected using two instruments. The sample not
exposed to PFOS was imaged on an FEI Titan 80-300 Environmental
TEM equipped with a field emission electron gun and operated at 300
kV under low-dose conditions. Images were collected with a US 1000
2k X 2k charge capture device (CCD) camera (Gatan, Inc.) operated
via Digital Micrograph (Gatan, Inc.). The PFOS-exposed sample was
imaged in an FEI Tecnai T20 TEM (Thermo Fisher Scientific)
equipped with a field emission gun and operating at 200 keV in bright
field and scanning TEM modes. Image capture was performed on an
FEI Eagle charge capture device (CCD) camera using TIA software
(Thermo Fisher Scientific). Energy-dispersive X-ray spectroscopy
(EDS) was performed using an EDAX TEAM EDS Analysis System
equipped with a silicon drift detector (EDAX Inc.).

Specimens for TEM were prepared by sonicating the suspended
solids in ethanol for 3 min before placing a single drop on a 200-mesh
copper TEM grid coated with holey carbon film (Electron
Microscopy Supplies) and allowing it to dry. The drop was pipetted
from the upper portion of the supernatant to maximize the likelihood
of capturing particles that were thin enough for TEM and electron
diffraction, rather than those large enough to settle due to gravity.

Receptor Probe. Cr-MIL-101. Cr-MIL-101 was synthesized under
hydrothermal conditions following the literature protocols,”” as
described in the Supporting Information Section S1.

Cr-MIL-101 Exposed to PFOS. MOF samples were exposed to a 10
mM aqueous PFOS solution with subsequent DI water washes to
leave behind only adsorbed phase concentrations.

Chip Fabrication and PFOS Sensing Protocol. The procedure
for the microfluidic chip fabrications described in the Supporting
Information Section S2, and the similar scheme is shown in Figure S3.
The subsequent packing of the Cr-MIL-101 is described in Section
S3, while the sensing protocol is described in Section S4. The readers
are directed to other publications by the Basuray group to get more
insight into the device.””** Three independent EIS measurements
were recorded at each experimental concentrations to ensure
reproducibility and reliability of measurements.
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