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A B S T R A C T

Per- and polyfluoroalkyl substances (PFASs) are emerging contaminants detected ubiquitously and have negative
impacts on human health and ecosystem; thus, developing in-situ sensing technique is important to ensure safety.
Herein, we report a novel colorimetric-based sensor with perfluoroalkyl receptor attached to citrate coated gold
nanoparticles (Citrate-Au NPs) that can detect several PFASs including perfluorocarboxylates with different
chain lengths (PFHxA, PFOA, PFNA, PFDA), perfluorooctanoic sulfonate (PFOS), and perfluorooctanoic phos-
phonate (PFOPA). The sensor detects PFASs utilizing fluorous interaction between PFASs and the perfluoroalkyl
receptor of Citrate-Au NPs in a solution at a fixed salt concentration, inducing changes in nanoparticle dispersity
and the solution color. The rate of spectrum shift was linearly dependent on PFASs concentrations. Citrate-Au
NPs with size between 29 – 109 nm were synthesized by adjusting citrate/Au molar ratios, and 78 nm
showed the best sensitivity to PFOA concentration (with level of detection of 4.96 µM). Citrate-Au NPs only
interacted with PFASs with perfluoroalkyl length > 4 and not with non-fluorinated alkyl compound (nonanoic
acid). The performance of Citrate-Au NP based sensor was strongly dependent on the chain length of the per-
fluoroalkyl group and the head functional group; higher sensitivity was observed with longer chain over shorter
chain, and with sulfonate functional group over carboxylate and phosphonate. The sensor was tested using real
water samples (i.e., tap water, filtered river water), and it was found that the sensor is capable of detecting PFASs
in these conditions if calibrated with the corresponding water matrix. While further optimization is needed, this
study demonstrated new capability of Citrate-Au NPs based sensor for detection of PFASs in water.

1. Introduction

Per-and polyfluoroalkyl substances (PFASs) are a group of com-
pounds that have recently received the most attention. Widespread ap-
plications of PFASs in industrial products, combined with their
persistence, result in ubiquitous presence of PFASs in the aquatic envi-
ronment to cause potential risks to humans and other organisms (Gar-
nett et al., 2021; Pétré et al., 2021). Exposure to PFASs-containing water
has been found to pose acute and chronic harms to living organisms
through bioaccumulation and in-vivo biotransformation (Fenton et al.,
2021; Harris et al., 2017; Zheng et al., 2021). Because of the current
threat of PFASs water contamination by PFASs, it is urgently needed to
develop a sensor that enables easy and timely detection of PFASs in

water.
Colorimetric method is a promising sensing technique to monitor on-

site detection of water contaminants. Colorimetric sensors have advan-
tages in easy-handling and rapid signal gain, and often can be incor-
porated into hand-held devices (Ryu et al., 2021; Umapathi et al., 2022).
Previous studies have developed sensing techniques employing color
development or color change caused by ion paring between PFASs and a
cationic dye (Amin et al., 2020; Menger et al., 2022), by deactivation of
a nano-sized catalyst that oxidizes 3,3′,5,5′-tetramethylbenzidine in the
presence of PFASs (Guo et al., 2023; Liu et al., 2019), and by adsorption
of PFASs to a perfluoroalkylated dye (Taylor et al., 2023, 2021).
Although these studies showed promise, none of the colorimetric sensing
platforms described therein have been fully demonstrated to be widely
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applicable in various water media with sufficient selectivity and sensi-
tivity to PFASs (Menger et al., 2021; Wang et al., 2021). Therefore,
continued efforts are necessary for developing colorimetric sensing
platforms that selectively and sensitively detect of PFASs in water.

Herein, we developed a colorimetric sensing strategy that utilizes
spectrum shifting characteristics of a solution containing gold nano-
particles (Au NPs) functionalized with citrate (henceforth denoted as
Citrate-Au NPs) to detect PFASs in water via a perfluoroalkyl receptor.
Au NPs are frequently employed to design an optical sensing platform
for their high efficiency in absorbing and scattering light (Chen et al.,
2018; Piella et al., 2016). In addition, Au NPs are easily synthesized and
are easy to modify to alter surface characteristics or add receptors that
bind to target molecules (Aldewachi et al., 2018; Fang et al., 2017; Lee
et al., 2021). Perfluoroalkyl receptors are expected to endow high
selectivity to PFASs by fluorous interaction, a phenomenon that the
perfluoroalkyl chain of a PFAS binds to a perfluoroalkyl surface (John-
son et al., 2019; Osei-Prempeh et al., 2008). A colorimetric sensing
strategy utilizing spectrum shifting of negatively-charged Au NPs via
their destabilization in response to electrolyte addition has often been
executed in biosensor developments (Bigdeli et al., 2017; Lee et al.,
2008), while, to our knowledge, it has not been used to develop PFASs
sensors. The general working principle of the spectrum shifting assay
using Citrate-Au NPs is as follows. Citrate-Au NPs in pure water are
electrostatically stabilized due to the negative charge induced by citrate
anions on their surface. In the absence of target chemicals, Citrate-Au
NPs lose their stability by salt addition, leading to shifting of the
absorbance spectrum of the solution. When target chemicals are present,
they interfere with the particle destabilization process by attaching to
receptors on the surface, thereby altering the spectrum shifting char-
acteristics (Fig. 1).

Our colorimetric sensing strategy has been developed by i) synthe-
sizing Citrate-Au NPs under different conditions to yield NPs with
various size ranges, ii) investigating the changes in light absorbance
spectra over time after adding PFASs and salt to the NPs, and iii)
extracting the quantity that aligns well with the amount of PFAS added,
and iv) identifying a size range that fits best for PFASs detection. The
sensing strategy was investigated for selectivity by testing PFASs with
various chain lengths and functional groups, and compounds exhibiting
structural similarity to PFASs. To investigate the practical applicability
of the sensing strategy, it was tested in real water samples and synthetic

water samples containing major water constituents.

2. Results and discussion

2.1. Characterization and stability of citrate-Au NPs

Variation of the citrate/Au ratio enabled controlling the size of
Citrate-Au NPs. Citrate/Au ratio of 0.5, 0.8, 1, and 5 mmol/mmol yiel-
ded the Au NPs with volume-weighted mean sizes of 109, 78, 49, and 29
nm (Figs. 2A and S1), respectively, as determined by the dynamic light
scattering (DLS) analysis. The DLS-determined mean size was mono-
distributed for all cases and coincided well with the size observed in
transmission electron microscopy (TEM) images (Fig. S2). The decrease
in mean size with increasing citrate/Au ratio is attributed to the dual
role of citrate as a reducing agent and surface coating material during Au
NPs synthesis. Previous studies demonstrated that, at higher citrate/Au
ratio, the Au particle nucleus is generated rapidly and then is soon
coated with citrate, which prevents further particle size growth (Polte
et al., 2010; Zabetakis et al., 2012).

The Citrate-Au NPs had a ζ potential range from − 23 mV to − 43 mV
with smaller-sized NPs (i.e., those synthesized at higher citrate/Au ratio)
showing more negative ζ potential (Fig. 2B). This difference is mainly
attributed to the different degree of citrate deprotonation at different
citrate/Au ratios (Ji et al., 2007; Ojea-Jiménez et al., 2010). Because
sodium citrate, a base, was added to an acid (i.e., HAuCl4) solution when
synthesizing Citrate-Au NPs, the solution pH decreased as higher cit-
rate/Au ratio was employed. The pH of the Au NPs solution was 6.2 for
29-nm NPs (citrate/Au ratio = 5 mmol/mmol) and 3.2 for 109-nm NPs
(citrate/Au ratio = 0.5 mmol/mmol) (Fig. 2B). The pKa values of citrate
(pKa1 = 3.15, pKa2 = 4.78, and pKa3 = 6.40 (Lambros et al., 2022))
indicate substantial changes in citrate deprotonation within a pH range
from 3.2 to 6.2.

The Citrate-Au NPs yield fraction data (Fig. 2C), defined as the ratio
of the Au NPs in solution (MAu NPs) relative to the total amount of added
HAuCl4 (MAu0), showed that the Au NPs with mean size equal to or
smaller than 78 nm were more stable than the ones with 109 nm in mean
size. Au NPs with 29, 49, and 78 nm in size exhibited yield fractions
greater than 0.90 with standard deviations of ≤0.04. On the other hand,
the yield fraction of 109-nm-sized Au NPs was 0.80, indicating that only
80% of the synthesized NPs remained suspended in solution with the rest

Fig. 1. Schematic of the colorimetric sensing strategy investigated in the current work.
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being removed by aggregation and precipitation. Relatively large stan-
dard deviation (0.13) was also observed for the yield fraction of 109-nm-
sized Au NPs, undermining the reproducibility of their synthesis.
Because of these drawbacks, 109-nm-sized Au NPs were excluded from
further evaluation. The relative instability of the 109-nm-sized Au NPs is
attributed to their larger size and less negative ζ potential (Fig. 2B), both
of which reduce the stability of NPs (Kobayashi et al., 2005; Pochapski
et al., 2021).

2.2. Response of citrate-Au NPs sensor to perfluorooctanoate (PFOA)

The colorimetric assay developed herein is conducted by combining
a NaCl solution with a water sample and Citrate-Au NPs solution to
produce a solution high in electrolytes (0.043 M NaCl), which is then
immediately submitted for UV–Vis spectrometry analysis. The electro-
lyte addition compresses the electrical double layer of the Citrate-Au
NPs, resulting in aggregation of the NPs (Barisik et al., 2014; Wei
et al., 2022). The aggregate formation by this mechanism is expressed as
blue shift in color and change in the absorbance ratio of the blue and the
red spectrum peak (i.e., Ablue/Ared) via UV/Vis spectrometry. A per-
fluoralkyl receptor that contains six perfluoroalkyl carbons with a spacer
of two fully hydrogenated alkyl carbons is grafted to the surface of Au
NPs via an Au-S bond. Binding of PFASs molecules to the receptor alters
the destabilization characteristics of negatively-charged Citrate-Au NPs
in response to NaCl addition. By recording the Ablue/Ared values, the
relative difference in the destabilization characteristics is identified for
solutions with different PFAS concentrations.

Experiments verified that the PFAS sensing mechanism described
above indeed worked. When a blank solution, a Citrate-Au NP solution,
and the NaCl solution were combined, Ablue/Ared decreased over time,

indicating a blue shift in color (Figs. S3 and S4). Precipitation of some
larger-sized aggregates also occurred, as could be identified visually and
by a decrease in absolute absorbance values at the end of the mea-
surements. On the other hand, when 78-nm Citrate-Au NPs were com-
bined with a highly-concentrated PFOA solution (107.14 or 214.29 μM)
and the NaCl solution, Ablue/Ared stayed constant over time, indicating
that the presence of excessive amounts of PFOA prevented the blue shift
(i.e., fully stabilized the Au NPs). TEM images of Citrate-Au NPs com-
bined with a 107.14 μM PFOA solution and the NaCl solution provided a
clear evidence that the Citrate-Au NPs remained dispersed. In contrast,
when a blank solution was used, Citrate-Au NPs aggregated into larger-
sized clusters upon the addition of NaCl (Fig. S5). The likely mechanism
for this PFOA-induced stabilization of Citrate-Au NPs is as follows. When
PFOA is attached to the perfluoroalkyl receptor of Citrate-Au NPs, the
anionic functional group of PFOA, carboxylate, is directed toward the
aqueous solution (Fig. S6). Because of the longer chain length (eight
carbons) of PFOA than citrate (two carbons), PFOA extends the distance
from the Au NPs’ surface that exhibits negative electric potential.
Therefore, the Au NPs become less sensitive to the electrical double layer
compression via electrolyte addition.

Except for the two fully-stabilized cases, the rate of change in Ablue/
Ared decreased as PFOA concentration increased, approaching the
endpoint of Ablue/Ared for blank target solutions. In other words, in most
cases, PFOA retarded the aggregation of Au NPs. Thus, it was the rate of
blue shift that could effectively determine the PFOA concentration using
Citrate-Au NPs. Assuming that the change of the blue shift follows an
exponential function with a starting point of (Ablue/Ared)stable (i.e., Ablue/
Ared when the NPs are fully stable) to an endpoint of (Ablue/Ared)end, it
was represented by the following equation:

Fig. 2. (A) Hydrodynamic mean size of Citrate-Au NPs with variation of citrate/Au ratio, (B) ζ potential of Citrate-Au NPs and pH of the solution with variation of
particle mean size, and (C) yield fraction of Citrate-Au NPs (MAu NPs/MAu0) with variation of particle mean size.
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where (Ablue/Ared)t is the absorbance ratio at time t, k is the rate constant
of spectrum shift (sec− 1), and B (>0) is the fitting parameter (sec).
(Ablue/Ared)stable was determined as the Ablue/Ared at the beginning of
absorbance measurement run at the highest PFOA concentration and
(Ablue/Ared)end as the Ablue/Ared at the end of absorbance measurement
run using a blank sample. Eq. (1) fitted very well with the experimental
data for PFOA concentration range of 0 – 26.79 μM (for 49- and 78-nm
mean size) or 0 – 53.57 μM (for 29-nm mean size), with coefficient of
determination (R2) greater than 0.91.

2.3. Sensor performance of citrate-Au NPs

It was verified that the rate constant of spectrum shift, k, could be
used to determine PFOA concentration in an aqueous solution. The rate
constant was negatively correlated with PFOA concentration at a range
of 0 – 26.79 μM (for 49- and 78-nm mean size) or 0 – 53.57 μM (for 29-
nm mean size) (Fig. 3). The correlation was fairly linear with R2 of 0.87 –
0.99. This study is the first application of spectrum shift rate to deter-
mine chemical concentration using citrate-reduced Au NPs. Previous
studies used spectrum shift itself but not the rate of the shift. Because the
time-dependence of the spectrum shift was not reported in the previous
studies, we could not identify the essential role of target chemicals on
the aggregation of citrate-reduced Au NPs in these studies. Future
studies should explore the aggregation mechanism of citrate-reduced Au
NPs for a wider range of target chemicals.

Among the Citrate-Au NPs tested, the largest NPs yielded the highest
sensitivity toward PFOA. The slope of the linear calibration curve for 78-
nm-sized Au NPs (− 1.03×10− 3 /sec/μM) was 2000-fold steeper than
that of 29-nm-sized Au NPs (− 5.3 × 10− 5 /sec/μM). The higher sensi-
tivity toward PFOA for the larger-sized NPs is mainly attributed to their

smaller surface area. Because surface area is inversely proportional to
the diameter of spherical particles at a fixed total particle mass, larger-
sized Citrate-Au NPs require less amount of PFOA to alter their surface
chemistry. The slope of the linear regression curves shows that a rela-
tively small change in the size may result in dramatic difference in the
sensitivity of sensing.

2.4. Sensor response to different molecular structures of targets

Testing the response of the 78-nm-sized Citrate-Au NPs sensor to
various molecules revealed that the sensor was highly specific toward
molecules containing perfluoroalkyl groups compared to others. The
sensor responded sensitively perfluorononanoate (PFNA) over a μM

Fig. 3. PFOA calibration curves constructed using Citrate-Au NPs with different mean sizes: (A) 29 nm, (B) 49 nm, and (C) 78 nm.

Fig. 4. Response of Citrate-Au NPs sensor to various target compounds: per-
fluoroalkyl carboxylates with different chain lengths (i.e., PFDA, PFNA, PFOA,
PFHxA, and PFBA) and nonanoic acid.

(Ablue/Ared)t = (Ablue/Ared)end +
[
(Ablue/Ared)stable − (Ablue/Ared)end

]
× e[− k×(t+B)]

. (1)
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range while it did not show any response to nonanoic acid (i.e., a no-
fluorine-containing counterpart of PFNA) even at a sub-mM level
(Fig. 4). This result represents high specificity of intermolecular C-F…F-
C interaction (i.e., fluorous interaction) compared to C-F…H-C inter-
action. Previous studies demonstrated that fluorine in a per-
fluoroalkylated molecule directly interacts with fluorine in an adjacent
perfluoroalkylated molecule (Robalo et al., 2021; Omorodion et al.,
2015). In contrast, C-F…H-C interaction is not favorable due to the
surface and cohesive energy difference between perfluoroalkyl groups
and fully hydrogenated alkyl groups (Dalvi and Rossky, 2010; Jiang
et al., 2021; Krafft and Riess, 2009), as well as the high rotation energy
of fully hydrogenated alkyl chains (Ellis et al., 2004; Jing et al., 2009).

The sensor response to perfluoroalkyl carboxylates (PFCAs) with
different number of perfluorinated carbons demonstrated that the chain
length played an important role in the sensitivity of the 78-nm-sized
Citrate-Au NPs sensor. Fig. 4 displays the sensor response to PFCAs
with different number of perfluorinated carbons [3, 5, 7, 8, and 9 for
perfluorobutanoate (PFBA), perfluorohexanoate (PFHxA), PFOA, PFNA,
and perfluorodecanoate (PFDA), respectively]. As the number of per-
fluorinated carbons increased from 5 (PFHxA) to 9 (PFDA), the slope of
the calibration curve increased 330-fold (i.e., from − 1.2× 10− 4 /sec/μM
to − 4.0 × 10− 2 /sec/μM). However, the sensor did not respond to PFBA
at all although PFBA was tested up to higher concentration (13 mM)
than the others. Studies have suggested that fluorous interaction re-
quires perfluoroalkyl chains longer than a certain length (Du et al.,
2016; Pollice and Chen, 2019; Santiago et al., 2023) and the terminal
functional groups can disturb the interaction (Kiss et al., 2001). Three
perfluorinated carbons that PFBA possesses may be insufficient to attract
the perfluoroalkyl receptor with six perfluorinated carbons via fluorous
interaction. Electrostatic repulsion between carboxylic groups in PFBA
and Citrate-Au NPs, which hinders PFBA from approaching the receptor
is another plausible description for the experimental result.

Analysis of the percent of perfluorooctane phosphonate (PFOPA),
PFNA, and perfluorooctane sulfonate (PFOS) bound to Citrate-Au NPs
relative to the initially added amount confirmed that the
PFASs–receptor binding occurs as long as the PFASs possess per-
fluoroalkyl chains longer than a certain length. For PFOPA, PFNA, and

PFOS, all of which have a perfluoroalkyl carbon chain length of eight,
52.3%, 75.5%, and 86.1%, respectively, attached to Citrate-Au NPs
relative to the initially added amount (Fig. 5B). The order of the affinity
of the three PFASs to Citrate-Au NPs aligned well with the order of
sensor sensitivity. The slopes of linear calibration curve were − 2.6 ×

10− 3 /sec/μM for PFOPA, − 4.5 × 10− 3 /sec/μM for PFNA, and − 1.1 ×

10− 2 /sec/μM for PFOS (Fig. 5A). The influence of functional groups in
PFASs on fluorous interaction in an aqueous solution has not been
identified as much clearly as that of perfluroalkyl chain length. The net
negativity of PFOPA, PFNA, and PFOS were calculated with density
functional theory (DFT) simulation as − 1.449, − 0.800, and − 0.663,
which was in inverse order of their binding affinity to Citrate- Au NPs
(Fig. 5C). As PFASs with lower net negativity tends to have weaker
hydrogen bonding with water molecules, they may bind more favorably
to a perfluoroalkyl receptor. In addition, because both the surface of
Citrate-Au NPs and functional groups in PFAS are negatively charged,
the electrostatic repulsion between the two should be weaker for the
PFASs with lower net negativity, interrupting the fluorous interaction to
a lesser extent.

The limits of detection (LODs) for the six study PFASs with per-
fluoroalkyl chain lengths greater than 4 (i.e., PFHxA, PFOA, PFNA,
PFDA, PFOS, and PFOPA) ranged from 0.083 to 4.962 μM. These values
are comparable to the LODs for other PFAS sensors reported in the
literature (Table S1). The current study focused on developing a sensing
platform and understanding the working principles of the sensing
instead of optimizing Citrate-Au NPs for sensitive PFAS detection. As
such, there are much room for further improving the PFAS detection
sensitivity. The density perfluoroalkyl receptor grafting and ζ potential
of the NPs can be optimized such that the particle stability alters
significantly at lower PFAS levels. The chemical structure of the per-
fluoroalkyl receptor, including the length of the spacer and the per-
fluoroalkyl carbons, is another factor that should be optimized. The
sensor recipe such as the concentration of Citrate-Au NPs, and the
mixing ratio between Au NP solution and target solution may also be
optimized for improved sensor performance.

Fig. 5. (A) Response of Citrate-Au NPs sensor, (B) bound fraction of PFASs to Citrate-Au NPs, and (C) net atomic charge of functional groups for PFASs with different
head groups (i.e., PFOPA, PFNA, and PFOS).
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2.5. Sensor performance in various water matrix

The sensor performance in real water matrices (tap water and filtered
river water) was compared with that in Milli-Q water. While the sensor
responded linearly to PFOA concentration in real water matrices, the
sensitivity was reduced compared to the Milli-Q water case (Fig. 6). The
slope of the linear calibration curve depended on water matrix: − 1.0 ×

10− 3 /sec/μM in Milli-Q water, − 5.0 × 10− 4 /sec/μM in tap water and
− 2.5 × 10− 4 /sec/μM in filtered river water. This result shows that the
Citrate-Au NPs should be calibrated using the standard solutions that
possess chemical constituents close to the sample for accurate PFASs
quantification.

Testing the sensor using salt-, dissolved organic matter (DOM)-, or
acid/base-added Milli-Q water as target solutions identified potential
contributors to the sensor signal change in real water samples. At NaCl
concentration of ≥50 mM and MgCl2 concentrations of ≥0.5 mM, ag-
gregation of Au NPs occurred very rapidly, showing low Ablue/Ared value
from the beginning of the spectrum measurement (Figs. S6 and S7). This
result suggests that electrolytes, particularly divalent cations, signifi-
cantly impact the sensor signal. At a dissolved organic carbon (DOC)
concentration range from 0 to 10 mg/L, the rate of spectrum shift slowed
down as DOC concentration increased (Fig. S8). A plausible explanation
to this phenomenon is that DOM binds to the NP surface, retarding the
aggregation of Au NPs via steric stabilization (Baalousha et al., 2013;
Topuz et al., 2015). Tests performed at pH 4, 7 and 10 by acid or base
addition indicate that a lower pH promotes the aggregation of Citrate-Au
NPs. This suggests that protons (H+) function similarly to other cations.
The potential impact of ionic and organic water constituents on aggre-
gation of Citrate-Au NPs underscores the necessity of constructing a
calibration curve using standards close to the composition of a target
solution.

3. Conclusion

This study proposed a novel colorimetric sensor that detects PFASs
via the rate of spectrum shift of Citrate-Au NPs capped with a per-
fluoroalkyl receptor. The sensor detected medium- to long-chain PFASs
(PFHxA, PFOA, PFNA, PFDA, PFOS, and PFOPA) down to sub-μM or μM
level with linear responses to PFASs concentrations. Use of a per-
fluoroalkyl receptor to attract PFASs via fluorous interaction resulted in
high selectiveness toward perfluoroalkyl carbons compared to fully
hydrogenated alkyl carbons. Sensitivity of the sensor depended strongly
on the chain length of the perfluoroalkyl group and the head functional
group, representing the dependence of fluorous interaction on the mo-
lecular structures of PFASs. Testing the sensor performance in real water
matrices showed both opportunities and challenges. The sensor worked
reasonably well in tap water and surface water; however, calibration
using the corresponding water matrix was necessary because the sensor
response was significantly affected by DOM, divalent cations, and pH.

With optimization of the NP synthesis procedure, structure of the re-
ceptor, and sensor recipe, we believe the PFASs sensing platform
employed in this study can be substantially improved to allow highly
sensitive and selective analysis of PFASs in water.

4. Materials and methods

4.1. Materials

Chemicals used to synthesize the Au NPs were chloroauric acid
(HAuCl4•XH2O, 99.8%, Strem chemicals), sodium citrate tribasic
dehydrate (for molecular biology, ≥99%, Sigma-Aldrich),
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanethiol (97%, Sigma-
Aldrich), and Milli-Q water (resistivity ≈ 18.2 MΩcm, Merck Milli-
pore®). PFBA (99%, Alfa Aesar), PFHxA (≥97%, Sigma-Aldrich), PFOA
(95%, Alfa Aesar), PFNA (97%, Alfa Aesar), PFDA (96%, Sigma-
Aldrich), PFOS potassium salt (≥98.0%, Sigma-Aldrich), nonanoic
acid (≥97%, Sigma-Aldrich), and PFOPA (95%, Toronto Research
Chemicals) were experimented as potential target chemicals for sensing.
Sodium chloride (99.5%, Daejung Co., Ltd.) was used as a salt that
induced aggregation of Citrate-Au NPs. For instrumental quantification
of PFASs, 2000 ng/mL of native PFASs standard solution, 50 μg/mL of
PFOPA standard solution, and 2000 ng/mL of 13C-labeled PFASs internal
standard solution were purchased from Wellington Laboratories. The
solution pH was adjusted using 1 N of HCl or 2% of NaOH solution
(Daejung Co., Ltd.). Suwanee River NOM (RO isolation, International
Humic Substances Society) was obtained and used to represent surface
water DOM.

4.2. Citrate coated gold nanoparticles (Citrate-Au NPs) synthesis

The Citrate-Au NPs were synthesized by following the Turkevich
synthesis method (Turkevich et al., 1951). Twenty milliliters of 0.5 mM
aqueous HAuCl4 solution was boiled in a 40 mL glass vial by a hotplate
stirrer combined with a heating mantle while stirring vigorously and
continuously. To the boiling HAuCl4 solution, 0.1 M of sodium citrate
solution was added at once, and the boiling and stirring were continued
for 15 min to allow reduction of Au and formation of Au NPs. The vol-
ume of the sodium citrate solution was varied such that the terminal
citrate/Au molar ratio of 0.5 – 1 mmol/mmol was achieved. After
cooling down the solution to room temperature, 3,3,4,4,5,5,6,6,7,7,8,8,
8-tridecafluoro-1-octanethiol was added to provide perfluoroalkyl re-
ceptors to the Au NPs formed. The amount of the perfluoroalkyl receptor
added was 0.5 times that of Au in terms of moles. The solution was then
incubated for 24 hours without agitation in order to form the Au-S
bonding.

4.3. Sensor performance test

The standard sensor recipe of the spectrum shifting assay using
Citrate-Au NPs was to combine as-prepared Citrate-Au NPs solution, a
target sample (i.e., solution for PFASs analysis), and NaCl solution at a
volume ratio of 3:3:1 to be 0.7 mL. The first two solutions were com-
bined first, followed by the addition of the NaCl solution. This standard
recipe was determined by a trial-and-error approach. The amount of
NaCl, which was used to promote aggregation of Citrate-Au NPs, was to
provide NaCl concentration of 0.043 mM in the final 0.7-mL solution.
After a brief manual agitation of the combined solution, it was quickly
placed in a UV/Vis spectrometer (Cary UV–Vis Multicell, Agilent Tech-
nologies, Inc.) since the aggregation of Au NPs occurred immediately
after the NaCl addition. The absorbance data was collected at a range of
400 – 800 nm wavelength with 1 nm of interval, 3000 nm/min of scan
rate, 0.02 sec of averaging time, and 2 nm of spectral bandwidth for 5
min. The absorbance peak of an Au NPs solution slightly varies
depending on the size of Au NPs (Amendola and Meneghetti, 2009; Haiss
et al., 2007; Martinez et al., 2012) and the degree of dispersion (Keene

Fig. 6. PFOA calibration results for different types of water matrices: Milli-Q
water, tap water, and filtered river water.
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et al., 2011; Zook et al., 2011). Therefore, different wavelengths were
used when reading the absorbance at red wavelength (Ared) and the
absorbance at blue wavelength (Ablue) for Citrate-Au NPs synthesized at
different citrate/Au molar ratios. A procedure employed to determine
wavelengths for Ared and Ablue is detailed in Text S1. Calibration curves
of Citrate-Au NPs were constructed by linear fitting of the performance
test results using the least squares method. The limit of detection (LOD)
was determined as the three standard deviations of the blank signals.

A routine procedure to prepare a target sample for the sensor per-
formance test was to dissolve a single PFAS solute in Milli-Q water. For
investigation on interference by background compositions in natural
water, 53.57 μM of PFOA was spiked in Milli-Q water containing varying
concentrations of MgCl2, NaCl, HCl, NaOH, or DOM. MgCl2 and NaCl
solutions were tested at concentrations of 0.05, 0.5, 5, 50, and 500 mM
and DOM at a DOC value of 0.5, 1, 3, 5, and 10 mg/L. HCl or NaOH was
added to obtain a pH value of 4, 7, or 7. Additionally, the sensor per-
formance was evaluated using collected water samples (i.e., tap water
and river water) which were spiked with PFOA at a range of concen-
trations. The river water was collected from the intake pipe of a water
purification plant in South Korea and passed through a 0.45 μm poly-
ethersulfone membrane filter prior to use (Jet Biofiltration Co., Ltd.).
Tap water was collected from a tap in the laboratory and used without
pretreatment.

4.4. Investigating binding affinity between PFASs and citrate-Au NPs

The dependence of PFASs functional group on their binding affinity
to the receptor of Citrate-Au NPs was investigated. To this end, three
different PFASs with identical perfluoroalkyl carbon chain length (C =

8) but with different functional groups such as carboxylic acid (PFNA),
sulfonic acid (PFOS), and phosphonic acid (PFOPA) were studied. The
Citrate-Au NPs solution, a solution containing one of the three PFASs,
and Milli-Q water instead of NaCl were mixed at a volume ratio of 3:3:1
to mimic the sensor recipe. After a vigorous hand-mixing, the solution
was filtered with an Amicon filter (3 kDa MWCO) through centrifugation
at 13,000 rpm to separate unbound PFASs. The percentage of PFASs
bound to Citrate-Au NPs (Bound PFASs,%) was determined as the ratio
of the difference between the initial PFASs concentration and PFASs
concentration after the filtration relative to the initial PFASs
concentration.

4.5. Analytical methods

The hydrodynamic particle sizes of the synthesized Au NPs were
measured with DLS (Zetasizer Nano ZS, Malvern Panalytical) at 25 ◦C
with 90◦ measurement angle. The refractive index (RI) and the ab-
sorption value of Au NPs was set as 0.2 and 3.320, respectively, and the
viscosity and RI of solution (i.e., water) as 0.8872 mPa•s and 1.330,
respectively, following the Malvern software. The DLS measurement
result was cross-validated using an image obtained using TEM (JEM
1010, JEOL Ltd.), which was operated at an accelerating voltage of 80
kV. The size of Au NPs in the TEM image was analyzed with an image
analysis tool, image J.

The amount of Au NPs available in solution for sensing was deter-
mined as follows. One milliliter of Au NPs solution was retrieved from a
synthesized batch and placed in a 15-mL conical tube. All the Au NPs in
the solution were converted to Au ions by adding 2 mL of aqua regia and
1 mL of hydrogen peroxide. The digested solution was diluted with an
acid solution containing 0.5% of HCl and 1% of HNO3 prior to analysis.
Au was analyzed using inductively coupled plasma optical emission
spectrometry (ICP-MS 7800, Agilent Technologies, Inc.) equipped with a
MicroMist nebulizer and a nickel sampler cone. The operation condi-
tions were optimized with automatic tuning using Agilent ICP-MS tun-
ing solution before the analysis. The integration time/mass was set as
0.3. The Au concentration determined by this procedure allowed
calculation of the yield fraction of Au NPs (MAu NPs/MAu0).

The concentrations of PFOS, PFNA, and PFOPA was determined with
liquid chromatography (1290 infinity II, Agilent Technologies, Inc.)
coupled to a triple quadrupole mass spectrometer (6470 LC-MS/MS,
Agilent Technologies, Inc.). Analytes were separated using a ZORBAX
RRHD eclipse plus C18 (95 Å, 2.1 × 100 mm, 1.8 µm, Agilent Tech-
nologies, Inc.) column and an InfinityLab PFC delay column (4.6 × 30
mm, Agilent Technologies, Inc.). Samples were injected at an amount of
5 μL and detected using the dynamic multiple reaction monitoring
method. The gas temperature and flow rate were 350 ◦C and 4 L/min,
respectively. Eluents were composed of 20 mM of ammonium acetate in
Milli-Q water and methanol, which flowed at 0.4 L/min. The eluent
gradient program and mass spectral parameters are given in Tables S2
and S3. The MS was run in negative ionization mode with the following
details: nebulizer pressure of 15 psi, sheath gas temperature of 350 ◦C,
flowrate of 12 L/min, and capillary voltage of 2500 V (pos.) and 2500 V
(neg.).

Total organic carbon (TOC) content of the river water was analyzed
with the non-purgeable organic carbon method using a TOC analyzer
(ASI-V, Shimadzu). Electrical conductivity and pH were measured with
Orion Star™ A325 (Thermo Scientific). ζ potential was measured with
Zetasizer Nano ZS (Malvern Panalytical).

4.6. Computational determination of net atomic charge of PFASs

The natural population analysis (NPA) was conducted to calculate
the net atomic charges of PFOS, PFNA, and PFOPA using a DFT simu-
lation program. The DFT simulation was performed with ORCA 5.03
software by following the method described in Park et al. (Park et al.,
2020). The geometries of PFASs were drawn and optimized with
MMFF94 force fields using Avogadro software to generate input files for
DFT analysis. Geometry optimization of molecules was performed
before simulation using B3LYP functional. For basis set and auxiliary
basis set, def2-TZPP and def2-TZPP/C were adopted, respectively. SCF
convergence tolerance was set to be VeryTightSCF. The effect of water
was analyzed with conductor-like polarizable continuum model. Then,
from the DFT simulation result, the NPA result was obtained with
JANPA software, an open source program.
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