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A novel chemosensor is presented for the detection of inorganic phosphate (Pi) in environmental water samples.
The sensing solution is comprised of terbium (Tb>*) chelated to ethylenediaminetetraacetic acid (EDTA) acid
and cetyltrimethylammonium bromide (CTAB)-capped gold nanoparticles (Au NPs). Upon mixing, Tb-EDTA
and Au NPs undergo Forster resonance energy transfer (FRET) in which the luminescence from the lanthanide
ion is quenched. Upon the addition of Pi, Au NPs aggregate and precipitate out of solution. The aggregation of
Au NPs results in the restoration of the Th-EDTA luminescence signal, which correlates linearly to the Pi concen-
tration in the matrix of analysis. The limit of detection (LOD) of the luminescence sensor (83 ng-mL™") is within
the range of LODs previously reported for on-site monitoring of Pi. Quantitative analysis carried out via the mul-

FRET tiple standard additions method provides accurate determination of Pi concentrations in heavily contaminated

Lanthanide luminescence environmental waters.

Time-resolved luminescence
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1. Introduction

Inorganic phosphate (Pi), also known as orthophosphate, is an es-
sential nutrient for plant growth commonly used in fertilizers. In addi-
tion to its agricultural use, Pi finds application in water treatment
plants as a pipe corrosion inhibitor [1,2]. While most Pi binds tightly
to soils, it does leach into aquatic systems as agricultural run-off over
time. This is especially detrimental to closed freshwater bodies where
increased Pi concentrations result in algal blooms [3-7]. Algae blooms
are often toxic and might lead to eutrophication; a process that reduces
the concentration of dissolved oxygen to levels unable to support
aquatic life. For instance, the algal blooms and fish kills witnessed
along Florida's Treasure Coast in the United States of America during
the summer of 2016 are widely regarded as a direct result of the redirec-
tion of nutrient-rich agricultural water from Lake Okeechobee into the
Banana River [8]. Due to the nature of Pi's gradual release from soils
and sediments, it is inherently difficult to predict such eutrophication
events by correlating them to times of fertilization. Routine monitoring
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of water bodies prone to high levels of Pi is therefore needed to predict
and prevent eutrophication.

Although numerous analytical methods are capable of detecting Pi at
concentrations well below those that would herald an algae outbreak,
most approaches are laboratory bound and based on lengthy experi-
mental procedures. This article presents an alternative for the problem
at hand, as it proposes a sensing approach with potential for the on-
site determination of Pi in water samples. Traditional approaches to Pi
detection in aqueous samples are often based on the colorimetric
method first reported by Murphy and Riley [9]. In this method, all
forms of phosphorous are converted to orthophosphate ions under
acid-persulfate digestion. Orthophosphate ions are reacted with ammo-
nium molybdate in acidic solution to form phosphomolybdic acid
(PMA); which - in the presence of ascorbic acid and antimony potas-
sium tartrate - is then reduced to phosphoantimonylmolybdenum
blue (PAMB). The absorbance of this complex correlates to the concen-
tration of phosphorous ions in the water sample.

In its original form [9], the PAMB method is only able to determine
phosphorous ions at the parts-per-million (ug-mL™") concentration
level; it is prone to chemical interference from barium, lead and silver
and/or spectral interference from silicate and arsenate. Pre-
concentration efforts based on solid-phase [10-12] and liquid-liquid
[13,14] extraction have improved the limits of detection (LODs) of the
method to parts-per-billion (ppb, ng-mL™!) concentration levels.
LODs at the ppb level have also been obtained by coupling the PAMB
method to ion pairing [15,16] and electrochemical [17-23] approaches.
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Working electrodes specifically tailored to the detection of Pi provide
electrochemical methods with added selectivity [22,23]. Specificity of
analysis has been also obtained with chromatographic techniques
coupled to inductively coupled plasma-mass spectrometry (ICP-MS).
The advantages of ICP-MS over PAMB-based methods include shorter
analysis times, calibration curves with wider linear dynamic ranges
and lower LODs [24-26].

Particularly relevant to the present work are sensing schemes with
on-site detection capability for field-monitoring applications [27,28].
Reported chemo-sensors have been based on the photoluminescence
properties of quantum dots [29,30] and organic ligands [31] operating
on their own or when combined to lanthanide ions such as europium
(1I1) [32-36] and terbium (III) [37,38]. The long-lived emission of the
lanthanide ion adds selectivity to the chemo-sensor as it provides the
ability to time-resolve short-lived fluorescence from organic matter
often encountered in environmental waters.

Herein, we explore the photoluminescence properties of terbium
(1I1) upon Pi interaction with Au NPs. The sensing mechanism is based
on the FRET that occurs between the emitting donor (terbium-ethyl-
enediaminetetraacetic acid complex; Tb-EDTA) and the acceptor (Au
NPs capped with cetyltrimethylammonium bromide; CTAB). CTAB is
an amine based cationic quaternary surfactant often used to avoid ag-
gregation of Au NPs in aqueous solutions via electrostatic repulsion. In
the absence of Pi, the luminescence signal of the donor is quenched
due to its approximation to the surface of Au NPs. The FRET quenching
distance results from hydrophilic and electrostatic interactions between
CTAB and negatively charged Tb-EDTA ions. Due to its chemical affinity
with CTAB [39-41], the presence of Pi in the sensing solution causes the
aggregation of Au NPs and their precipitation out of solution. Since the
proximity between donor and acceptor no longer exists, the lumines-
cence signal of Tb-EDTA is restored for the quantitative analysis of Pi.

The first application of this approach was geared towards the analy-
sis of urine samples [42]. Herein, we demonstrate its potential for the
analysis of environmental waters with complex chemical composition.
The LOD (83 ng-mL™!) obtained with the proposed sensor is within
the LOD range previously reported for on-site monitoring of Pi
[27-38]. The photoluminescence decay of Th-EDTA provides a direct
way to monitor chemical interference in the sample matrix [43]. The
simplicity of analysis and the relatively simple instrumentation makes
the developed sensor an attractive alternative for the on-site monitor-
ing of environmental waters.

2. Material and methods
2.1. Chemicals and reagents

Nanopure water from a Barnstead Nanopure Infinity water purifier
with a resistance of 18 () was used throughout. All the reagents and sol-
vents were purchased at their highest available purity and used without
further purification. Chloroauric acid (HauCL,) 1% w/v solution was pur-
chased from Medix. EDTA, terbium (III) chloride hexahydrate
(TbCl3-6H,0), CTAB, anhydrous trisodium phosphate, and sodium bo-
rohydride (NaBH,4) were purchased from Sigma Aldrich. Ascorbic acid
and chloroform (CHCl3) were purchased from Fisher. 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer was ob-
tained from Acros. Nylon syringe filters with a 0.2 um pore size were
purchased from Whatman. Polypropylene filters with a 0.2 pm pore
size were purchased from VWR international. Carbon-18 (C18) and sil-
ica solid phase extraction (SPE) cartridges were purchased either from
Sep-pak or Waters (HLB SPE cartridges).

2.2. Synthesis of Au NPs
Au NPs were synthesized according to a slightly modified seed-

mediated growth method originally reported by Nikoobakht and El
Sayed [44]. A seed solution was first prepared by adding 1 mL of 0.2 M

CTAB solution and 1 mL of 0.0005 M HAuCl,4 to a 10 mL beaker. The bea-
ker was gently heated (30 °C) on a hot plate to keep the CTAB from pre-
cipitating out of solution. A 60 L volume of ice cold NaBH, was added to
the beaker and stirred gently until the seed solution changed colors
from yellow to brown. A growth solution was prepared by heating
gently a mixture of 5 uL of 0.2 M CTAB and 5 mL of 0.001 M HAuCl, in
a 10 mL beaker. To this solution, 70 pL of freshly prepared 0.788 M ascor-
bic acid were added and stirred manually causing the solution to change
colors from bright yellow to clear. Still under heating, 15 pL of the seed
solution were transferred to the clear solution and stirred manually for
10 s. The mixture was left to sit for about 15-20 min, time during which
the solution changed colors from clear to deep purple. The purple solu-
tion was removed from the hot plate and stored for later use. Centrifu-
gation was used to remove the excess of CTAB. Prior to centrifugation,
the Au NPs solution was gently heated to dissolve the precipitated
CTAB. 1 mL aliquots of the Au NPs homogeneous solution were then
added to 1.5 mL centrifuge tubes and centrifuged at 13,400 rpm for
three 20 min cycles. After the 1st centrifugation cycle, 800 LL of the su-
pernatant were replaced with 800 L of nanopure H,0. After 2nd cycle,
900 L of the supernatant were replaced with 900 L of nanopure H,0
and, after the 3rd cycle, 900 L of supernatant were replaced with 450
HL of nanopure H,0.

2.3. Characterization of Au NPs

The centrifuged solutions of Au NPs were analyzed via UV-vis ab-
sorption spectroscopy by mixing 250 pL of 2.5 mM HEPES buffer with
250 pL of centrifuged Au NPs. The particle size distribution of Au NPs
was monitored via light scattering measurements using a Zetasizer
Nano ZS9 instrument purchased from Malvern. The synthetized nano-
particles were stable at room temperature and could be stored for sev-
eral months without aggregating.

2.4. Filtration of water samples

Each filtration was performed by drawing 10 mL of water sample
into a plastic syringe. The water was then passed through either a
nylon or polypropylene syringe filter and collected into a clean vial for
further use.

2.5. Liquid-liquid extraction (LLE) of water samples

5 mL of the filtered water sample was mixed with 5 mL of chloro-
form (CHCl3) and mixed vigorously in a separation funnel. Once the
layers had settled, the bottom layer was discarded and the aqueous
layer collected into a clean vial for further use.

2.6. Solid-phase extraction (SPE) of water samples

Solid-phase extractions were carried out with the help of a glass
block SPE vacuum manifold consisting of polypropylene test tube
racks, a bleed valve, and a vacuum control valve. The vacuum rate was
adjusted to 12-13 mm Hg for conditioning and extraction. Each car-
tridge was conditioned with 5 mL of methanol followed by 10 mL of
nanopure water. A 5 mL volume of water sample was processed through
the cartridge and the eluent was collected for photoluminescence
spectroscopy.

2.7. Analysis of environmental waters

Three water samples of known Pi concentration were analyzed with
the developed sensor. Two of the studied samples - namely 06A and 07A
- were obtained from Florida Spectrum Environmental Services. Both
samples consisted of agricultural waters with relatively high concentra-
tions of Pi. According to ion chromatography (IC) and potentiometric
data provided by Florida Spectrum Environmental Services, the water
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sample 06A had the following anion composition: 131.2 pg-mL™" fluo-
ride, 360.2 ug-mL~" chloride, 146.8 ug-mL™! sulfate, and 125.1
pg-mL~" Pi. The anion composition of sample 07A was as follows:
946.9 pg-mL~"' chloride, 245.5 ug-mL ™! sulfate and 1548 pg-mL~" Pi.
These IC data was obtained with an 881 Compact IC Pro (Metrohm
AG) instrument. Filtered samples were separated on a MetroSep A
Supp anion exchange column using carbonate/bicarbonate eluent and
suppressed conductivity detection with an LOD for orthophosphate
(PO3™) of 0.080 mg L™,

The third sample was an untreated wastewater sample collected
from influent at the Iron Bridge Water Pollution Control Facility, located
in the City of Orlando, Florida. The wastewater sample - which is re-
ferred to as BWW - contained the following anion concentrations as de-
termined by ion chromatography: 75.3 pg-mL™" chloride, 1.86 ug-mL™"
sulfate, and 10.4 ug-mL~! phosphate. Anion concentrations were ob-
tained by IC with the aid of a Dionex ICS-1100 series integrated IC sys-
tem (Thermo Fisher Scientific). Filtered samples were separated on a
Dionex Ion Pac AS23 anion exchange column using carbonate/bicarbon-
ate eluent and suppressed conductivity detection. The LOD for ortho-
phosphate was 0.10 mg L.

Due to their rather large Pi concentrations and the possibility of sen-
sor saturation, sample 06A and 07A were diluted with nanopure water
by a factor of 5 and 3, respectively. Sample BWW was analyzed as re-
ceived. All water samples analyzed with the Pi sensor were submitted
to filtration and LLE as previously described.

2.8. UV-vis absorption spectroscopy

Absorbance measurements were made with a double-beam Cary 50
spectrometer equipped with a 75-W pulsed Xenon lamp (spectral radi-
ance from 190 to 1100 nm), a monochromator with a 24,000 nm/min
maximum scan rate and 1.5-nm fixed optical band-pass, a beam-
splitter and two silicon photodiode detectors.

2.9. Photoluminescence spectroscopy

Photoluminescence measurements were made with a commercial
spectrofluorimeter (Photon Technologies International) using microli-
ter volume quartz cuvettes. All measurements were carried out at a
90° configuration. No sample de-oxygenation was attempted. For
steady state (SS) measurements, the excitation source was a continuous
wave 75 W Xenon lamp with broadband illumination from 200 nm to
1000 nm. Detection was made with a photomultiplier tube with wave-
length range from 185 to 650 nm. For time-resolved (TR) measure-
ments in the milliseconds time domain, the excitation source was a
pulsed 75 W Xenon lamp (wavelength range from 200 to 2000 nm),
variable repetition rate from 0 to 100 pulses per second, and a pulse
width of approximately 3 ps. Detection was made with a gated analog
photomultiplier tube (PMT, Model 1527). Its spectral response ex-
tended from 185 to 900 nm. SS and TR spectra were recorded with ex-
citation and emission monochromators having the same reciprocal
linear dispersion (4 nm-mm™"') and accuracy (&1 nm with 0.25 nm
resolution). Their 1200 grooves/mm gratings were blazed at 300 and
400 nm, respectively. The instrument was computer controlled using
commercial software specifically designed for the system.

3. Results and discussion
3.1. Characterization of Au NPs

The batch-to-batch reproducibility of the synthetic procedure was
monitored via UV-vis spectroscopy and light scattering measurements.
Typical examples of UV-vis absorption spectra and size distribution
data recorded from synthetized batches of Au NPs are shown in
Fig. S1. Each batch of Au NPs had an approximate optical density of
1.5 AU (absorbance units) and a single SPR peak of maximum

absorption wavelength approximately equal to 532 nm. The presence
of only one SPR peak is an indicative of the spherical shape of the
synthetized NPs. The size distribution of the spherical NPs was found
to be in the range of 52 nm, which is consistent with the observed SPR
peak at 532 nm [44,45].

3.2. Photoluminescence probe

Since Pi detection relies on the release of Tb>* into the sample ma-
trix, the LOD of the proposed sensor depends on the ability to measuring
low concentrations of the lanthanide ion in water samples. The long-
lived photoluminescence signal of Th>* allows to time-resolve short-
lived background fluorescence and scattered radiation light from com-
plex matrixes with relatively simple commercial instrumentation
[46,47]. Because its emission involves shielded f-level electronic transi-
tions, the intensity of its luminescence signal is less sensitive to oxygen
quenching than traditional fluorescence dyes. Counterbalancing these
advantages is the low intensity of the photoluminescence signal of T*
* in aqueous media. Upon binding to the lanthanide ion, water mole-
cules quench its luminescence via weak vibronic coupling with the vi-
brational states of the O—H oscillators [48]. Adequate intensities for
analytical use are often obtained with the aid of chelating agents that re-
move water molecules from the primary coordination of Th®>*. Because
the emission of the chelated ion remains in the microsecond to millisec-
onds time domain, discrimination of fluorescence background and light
scattering is still possible with conventional pulsed sources readily
available in commercial instrumentation.

Upon interaction with EDTA*~, the maximum luminescence signal
of Th®* is obtained at a 1:1 EDTA~*:Tb>" molar. At this molar ratio,
EDTA*~ occupies six sites in the first coordination sphere of Th3™,
which leaves 3 additional sites available for chemical interaction with
the surrounding medium [42]. A delay time of 250 ps was sufficient to
time discriminate the fluorescence background of the 25 mM HEPES so-
lution. A gate time of 9 ms provided the best signal to background ratio
under a reasonable time for spectral acquisition. An integration time of
500 ps was found to be optimal for signal measurements. Longer inte-
gration times did not yield any further luminescence enhancements.
Since a 10~* M Tb-EDTA solution provided an acceptable spectral signa-
ture for analytical use, all sensing measurements were then performed
with this chelate concentration at excitation/emission wavelengths of
248/548 nm and delay/gate/integration times of 250 ps/9 ms/500 ps.

3.3. Quenching Effect of Au NPs

The aggregation of Au NPs caused by the presence of Pi in the sensing
solution displaces Tb-EDTA from the proximities of Au NPs to the extent
that FRET does no longer occur. The time it takes for the signal of the
donor to reach its maximum intensity depends on the concentration
of Pi in the water sample and the shaking time after mixing the water
sample with the sensing solution. For the range of Pi concentrations
tested, the longest (15 min) and the shortest (5 min) times were ob-
served with 190 ng-mL™" and 332 ng-mL™" Pi solutions, respectively.
In order to provide enough time for the complete displacement of Th-
EDTA, all further measurements were then made after 15 min of shak-
ing time at 1000 rpm.

3.4. Sensing solution

The volume of the Au NPs solution needed to reach the maximum
quenching of the Th-EDTA signal depends on the volume and the con-
centration of the donor solution added to the sensing solution. For 50
L of a 10~% M Th-EDTA, maximum quenching of the luminescence sig-
nal was observed with 250 LL of an Au NPs solution with optical density
= 1.50 AU. Since 200 pL of 2.5 mM HEPES buffer was found to have
ample buffering capacity to hold the pH at ~7.4 upon addition of micro-
liter volumes of environmental water samples, the sensing solution for
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Table 1
Analytical figures of merit for the analysis of Pi in nanopure water.
Nexc/Nem® ta/ty/ti> (ms) LDR® R¢ y = mx SR LOQ® LoD"
(nm) (ppb) +b° (cps) (ppb) (ppb)
248/548 250/9000/500 130-332 0.9860 2.11x + 274 130 39
2109
? Nexc/Nem = excitation and emission wavelengths used to measuring signal intensities.
b tq = delay time; t; = gate time; and t; = integration time.
¢ LDR = linear dynamic range of the calibration curve.
4 R = correlation coefficient.
€ y = mx + b = the best linear fitting obtained via the least squares method, where m = slope and b = intercept.
T sg = standard deviation of the reference signal of the sensor based on 16 determinations of the blank signal.
g

LOQ = limit of quantitation = 10sg / m.
b LOD = limit of detection = 3sg / m.

all further studies was comprised of 50 uL of a 10~* M Tb-EDTA, 250 pL
of Au NPs solution with optical density 1.5 AU and 200 pL of 2.5 mM
HEPES buffer prepared in nanopure water.

3.5. Limit of quantitation and limit of detection

Table 1 summarizes the analytical figures of merit of the proposed
sensor. The calibration curve was built with external standards
consisting of pure Pi solutions prepared in HEPES buffer (pH =~ 7.4).
Each data point plotted in the calibration graph corresponded to the av-
erage intensity of single measurements made from three sensing solu-
tions mixed with Pi standards. No efforts were made to
experimentally determine the upper concentration limit of the linear
dynamic range. The lower concentration limit corresponds to the limit
of quantitation (LOQ = 130 ng-mL~") calculated as 10sg/m; where sg
is the standard deviation of the sensor in the absence of Pi (reference
signal) and m is the slope of the linear plot obtained with the least
squares method. The limit of detection (LOD = 39 ng-mL™") was calcu-
lated as 3sg / m. According to previously reported data [30,49,50], these
levels of detection are adequate for the analysis of Pi in environmental
water samples.

3.6. Filtration of water samples

Prior to Pi analysis, water samples 06A, 07A and BBW were filtered
to remove the presence of suspended solids. Solid particulate is
known to interfere with optical measurements due to scattering of exci-
tation and/or emitted radiation. Two types of filters were investigated
for the purpose at hand; namely nylon and propylene filters. Both
types of filters showed equivalent capabilities for removing particulate
matter.

Possible Pi losses due to filtration were investigated by monitoring
the aggregation of Au NPs as a function of Pi concentration in the eluent
of a filtered Pi standard solution. As shown in Fig. S2, the addition of Pi to

Table 2
Effect of inorganic ions to the photoluminescence intensity of the probe.

b

10~4 M Tb-EDTA ! Signal intensity® (cps)  texp

2.5 mM HEPES buffer 1324 + 14 -

500 ppm PO3~ 1268 + 24 349
250 ppm SO3~ 1281 £ 10 432
900 ppm Cl~ 1278 £ 6 5.23
250 ppm SOZ~ + 900 ppm Cl~ 1271+ 10 533
500 ppm PO3~ + 250 ppm SO3~ + 900 ppm CI~ 1280 + 5 5.13

¢ Reported values are the average of three signal intensity measurements performed
from three aliquot samples. Excitation and emission band-pass = 4 and 3 nm,
respectively.

b Experimental value of t obtained from significance test (P = 95%) comparing the
signal intensity of the sensor in the absence (npH,0) and the presence of inorganic ion.
texp 2 teric = 2.776 indicates statistical difference in the absence or presence of the inor-
ganic ion.

a solution of Au NPs causes a red shift in the maximum SPR wavelength
of the Au NPs as well as a reduction in the optical density of the solution.
The red shift can be attributed to the gold nanoparticles aggregating to
form conglomerates with a larger diameter and therefore a longer SPR
wavelength. The reduction in optical density can be attributed to aggre-
gates precipitating out of solution once they reach a size that is too large
for them to remain suspended in water.

Filtration experiments were conducted with a 1147 pg-mL™! Pi
standard solution prepared in 2.5 mM HEPES. 10 mL of the standard so-
lution were filtrated and 10 L of the filtrate were added to 500 L of an
Au NPs solution (optical density = 1.5 AU) prepared in 2.5 mM HEPES.
The final mixture was shaken for 15 min at 1000 rpm and its absorbance
was measured immediately after shaking. The absorption spectra re-
corded from the filtrates were then compared to the absorption spec-
trum recorded from a “control solution” consisting of 10 pL of 1147
pg-mL~! Pi and 500 pL of Au NPs (optical density = 1.5 AU) prepared
in 2.5 mM HEPES. This procedure was repeated three times with three
10 mL aliquots of 1147 pg-mL~" Pi standard for each type of investi-
gated filter. The obtained results are shown in Fig. S3-A and -B.

Comparison of the maximum SPR wavelengths in Fig. S3-A indicates
that the Pi solution that was passed through the nylon filters did not
cause as much aggregation of Au NPs as the control (unfiltered) Pi solu-
tion did. This is an indication that nylon retains some of the Pi and de-
creases its concentration in the filtrated solution. On the other end,
Fig. 3S-B shows similar redshifts of SPR maximum wavelengths for fil-
tered and unfiltered (control) Pi standard solutions. This is an indication
that polypropylene does not retain Pi to the same extent that nylon
does. The observed difference is likely due to the largely alkaline nature
of the polypropylene polymer, which does not have any hydrogen bond
accepting or donating functional groups. Nylon filters consist of amide
bonds which, like Pi, are capable of hydrogen bonding. The lone pairs
on the nitrogen and oxygen components of the polymer chain act as hy-
drogen bond acceptors while the hydrogen attached to the nitrogen acts
a hydrogen bond donor. The Pi standard solutions were made in 2.5 mM
HEPES buffer and therefore have a pH of about 7.4; at this pH the dom-
inant Pi species is H,PO, , an anion with accepting and donating hydro-
gen bonding capability. It can therefore be assumed that some Pi is
retained in the nylon filter due to hydrogen-bonding interaction.

Table 3

Effect of environmental waters® on the photoluminescence properties of the FRET sensor.
Water sample® Lifetime (ms)® texp® Intensity (cps)® texp®
06A 601 + 23 26.4 643 + 13 61.7
07A 914 + 20 15.1 807 + 43 19.8
BWW 1213 £ 59 2.187 1106 + 21 15.0

¢ Untreated water sample.

b Average of three measurements made from individual water samples. Excitation and
emission band-pass = 4 and 3 nm, respectively.

¢ Experimental value of t calculated from the averages and standard deviations from the
previous column and the control. tey, < tere = 2.776 indicates statistical equivalence with
the control.
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Fig. 1. Fluorescence excitation-emission matrix (EEM) and excitation and fluorescence spectra of the following pre-treated water samples: (A) 06A (B) 07A (C) BWW. Each water sample
was pre-filtered with polypropylene filters. Excitation and emission band-pass values were set at 3 nm. EEMs were collected by emission scans from 410 to 700 nm at 1 nm steps with
excitation wavelengths from 200 to 400 at 5 nm steps. Excitation and fluorescence spectra were recorded at excitation and emission maxima using 1 nm monochromator steps.
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Fig. 2. Relative fluorescence intensities of environmental water sample 07A before and after extraction cycles of LLE or SPE. Each water sample was pre-filtered with polypropylene filters.
Each intensity value (in percentage) is the ratio of the average of three intensities over the intensity of the control (no extraction) recorded after independent extractions of three aliquots

of water sample.

Based on these results, all further studies were performed with polypro-
pylene filters.

3.7. Lifetime analysis

The luminescence lifetime of the probe ([Tb-EDTA] ') provides a
qualitative parameter for monitoring chemical interference in environ-
mental waters. Previous report investigated the potential interference
of inorganic ions often present in urine samples [42]. These included
NO57, CH;CO0—, NO5, OH™, CO52, 1, CI~ and F~. All the tests were
done with ion concentrations at the 10~ mol-L~" level. No interference
was observed from NO3~, CH3COO ™~ and OH™. While quenching of the
luminescence signal was observed in the presence of I~ and NO5, the
presence of CO5 2, CI~ and F~ caused and enhancement of the lumines-
cence signal of the sensor [42].

Table 2 compares the response of the probe - i.e. 50 pL ofa 1074 M
Tb-EDTA in 450 pL of 2.5 mM HEPES buffer - in the absence (npH,0)
and the presence of the three inorganic ions (PO, SO;~ and CI™)
known to be present in water samples 06A, 07A and BBW. The ion con-
centrations were adjusted to mimic the composition of the water sam-
ples under investigation. The statistical differences (o« = 0.05; Ny = N,
= 3) of the signal intensities of the probe (Th-EDTA) in the absence and
the presence of PO3~, SO~ and Cl~ suggest potential interference in
the analysis of Pi in environmental waters.

Table 3 reports the photoluminescence lifetimes and the signal in-
tensities of the probe (50 pL of a 10~% M Tb-EDTA in 450 pL of 2.5 mM
HEPES buffer) in the presence of water samples 06A, 07A and BWW.
All the lifetime values are statistically different (o« = 0.05; Ny = N, =
3) to the average lifetime of the probe in 2.5 mM HEPES buffer (T =
1324 4 14 ms). The observed differences are a strong indication of

50uL
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(Optical Density = 1.5 au) (15 min at 1,000 rpms) "] solution
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Photoluminescence
measurement
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Sensing solution 1 (mb) l
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C | Pre-treated water sample } 2 (Wb)
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Pi standard solution

Fig. 3. Experimental procedures for the preparation of sensing solution (A); pre-treatment of water samples (B); and (C) determination of Pi concentrations in environmental water
samples. Final volume of the analytical sample (Vroa) = 500 L = V; + V, + V3; where V; = volume of sensing solution, V, = volume of water sample; V3 = volume of Pi standard

solution.
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chemical interference from the sample matrix, including POz, SO5~,
Cl™ and dissolved organic matter (DOM). DOM has a significant effect
on metal complexation in aquatic systems. In addition to its potential
for chemical interaction with Tb>* interference, DOM absorbs strongly
in the ultraviolet and visible regions of the spectrum. Statistical compar-
ison (e = 0.05; N; = N, = 3) of the photoluminescence intensity of the
probe in the absence (1324 £ 14; N = 3) and the presence of environ-
mental waters shows a significant intensity drop that can be attributed
to DOM inner filter effects. Similar to PO3~, SO~ and CI~, the presence
of DOM in the analytical matrix could lead to inaccurate Pi
concentrations.

381
3.8. LLE and SPE of environmental water samples

Among the photoluminescence techniques we often use to monitor
DOM in water samples [51-53], we chose room-temperature
fluorescence/excitation-emission matrix (RTF-EEM) spectroscopy [53].
The emission profile of a mixture with numerous fluorescence compo-
nents varies with the excitation wavelength. EEMs gather this informa-
tion in a single data format that provides the true signature of the total
fluorescence of a sample. EEMs were recorded within 200-350 nm (ex-
citation) and 400-800 nm (emission) using 5 nm and 1 nm monochro-
mator steps, respectively. Scatter interference was avoided with the use
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Fig.4 (continued).

of appropriate cut-off filters. As shown in Fig. 1, water 06A, 07A and
BWW gave EEMs with maximum intensities at similar excitation and
emission wavelengths; namely 356/442 nm (06A and 07A) and 352/
431 nm (BWW). Water sample 07A showed a maximum fluorescence
intensity approximately three times higher than the maximum fluores-
cence intensities of water samples 06A and BWW. The extraction effi-
ciencies of the LLE and SPE procedures, therefore, were investigated
by monitoring the fluorescence intensity of water sample 07A at its
maximum excitation and emission wavelengths.

Fig. 2 summarizes the fluorescence intensities of water sample 07A
submitted to three consecutive LLE or SPE cycles. Comparison of signal
intensities indicates that the LLE procedure removes a larger fraction
of fluorescence concomitants than the SPE procedure. This is probably
due to the polar nature of the organic compounds in the water sample.
A polar organic solvent such as CHCls is probably better than a C-18 sor-
bent for their extraction. Since no significant improvement was ob-
served after two LLE cycles, all further studies were carried out with
filtered water samples submitted to two LLE cycles. As expected, the
photoluminescence lifetimes of the sensor in the presence of pre-
treated water sample 07A (1295 + 35 ms) was statistically equivalent
(ot = 0.05; N; = N, = 3) to the lifetime of the sensor in the presence
of nanopure water (T = 1303 4 40 ms).

Possible Pi losses due to the LLE procedure were investigated by
monitoring the aggregation of Au NPs in Pi standard solutions before
and after LLE. An example of the obtained results is shown in Fig. S4.
The statistically equivalent (o« = 0.05; N; = N, = 3) absorbance inten-
sities of Au NPs before and after LLE indicate that CHCl; does not remove
significant amounts of Pi from the standard solution. This observation is
in good agreement with the fact that CHCl3 does not form hydrogen
bonding with Pi.

3.9. Analysis of water samples
The concentration of Pi in environmental waters was determined via

the multiple standard additions (MSA) method. Fig. 3 summarizes the
main steps involved in the preparation of the sensing solution (A),

pre-treatment of water samples (B) and MSA method (C). Fig. 4
shows the calibration plots obtained for the three analyzed samples.
The four data points plotted in each graph include the original sample
signal - i.e. no standard addition - and signals recorded from three sam-
ple aliquots previously spiked with single standards. All the signals plot-
ted in the MSA graphs were blank subtracted. Blank solutions were
prepared with nanopure water following the MSA procedure in
Fig. 3C. In all cases, the volume of Pi standards (V3) used for the multiple
additions was 10 L. The concentrations of Pi standards and the volume
of water sample (V;) were adjusted according to the original signals of
the analyzed samples. The volume of sensing solution (V) varied with
the analyzed sample to provide a 500 L total volume (Vrota) Of analyt-
ical sample.

Table 4 summarizes the results obtained for the three water samples.
The tabulated values obtained with the Pi sensor account for the dilu-
tion factors of the studied samples, namely 255 (07A), 75 (06A) and
8.5 (BWW). Their comparison to the concentrations obtained via
established methodology shows statistically equivalent results (o =
0.05; N; = N, = 3).

4. Conclusion
A sensing approach was developed to detect Pi in water samples at

concentration levels that pose a threat to environmental health and
safety. The sensing mechanism is based on the FRET that occurs

Table 4

Comparison of Pi concentrations in environmental water samples.
Water sample Sensor (ppm-Pi) Established method (ppm Pi) texp”
06A 122.7 £ 23.2 125.7 4+ 8.97 0.209
07A 1422 +53.2 1508 + 12.4 2.727
BWW 10.88 4 1.23 10.82 4 0.89 0.068

2 Experimental value of t calculated from the averages and standard deviations of the
concentrations of Pi determined by the sensor or the established method (ion chromatog-
raphy). texp < terie = 2.776 indicates statistical equivalence of the concentrations deter-
mined by the two methods.



M. Johnson et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 213 (2019) 375-383 383

between Th-EDTA (donor) and Au NPs (acceptor). In the presence of Pi,
Au NPs aggregate and precipitate out of solution. The aggregation of Au
NPs results in the restoration of the Th-EDTA signal, which correlates to
Pi concentration in the matrix of analysis. The relatively long emission
decay of the lanthanide ion allows the analyst to time-discriminate
the strong fluorescence background often present in environmental
water samples. This feature provides the sensor with the ability to de-
tect Pi at the parts-per-billion (ng-mL™") concentration levels. The lu-
minescence lifetime of Th-EDTA makes possible to interrogate the
sensor for potential chemical interference in the sample matrix. This
feature becomes particularly relevant for the analysis of environmental
waters with high levels of DOM. Although water filtration followed by
LLE alleviates the interference of organic matter, quantitative analysis
via the calibration curve method is prone to inaccurate results. The al-
ternative for quantitative analysis of heavily contaminated water sam-
ples was the MSA method. Despite its well-known limitations [54], the
MSA method provided accurate determination of Pi concentrations in
three environmental water samples. The simplicity of analysis and the
commercial availability of rather inexpensive portable phosphorimeters
make the developed sensor an attractive alternative for the on-site
monitoring of environmental waters.
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