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ABSTRACT
Ionic mercury (Hg2+) pollution is a common problem in low resource areas where
unregulated coal burning and small-scale artisanal gold mining are prevalent. These
activities pollute surrounding water sources with Hg2+, which can be converted into the
more dangerous methyl mercury by bacteria. Methyl mercury then bioaccumulates in the
food chain, and people that obtain water or fish from these sources can be exposed to
dangerous amounts of mercury. The EPA and WHO limits for mercury in water are 2 and
6 ppb respectively. Many current detection methods that are sensitive enough to detect
mercury at these levels are difficult to utilize in areas where mercury pollution is a
problem. This is because the instruments involved are expensive and require complex
sample preparation and skilled operators. The goal of this research is to design a lateral
flow assay (LFA) that will provide a simpler test for mercury that requires little to no
sample preparation and produces a visible signal. In this work, three rhodamine B based
probes for Hg2+ detection were synthesized and characterized with NMR, IR, UV-Vis,
and fluorescence spectroscopy. The best probe (rhodamine B thiohydrazide) was made
using a two-step synthesis with 83% and 19% yields respectively. In the presence of Hg2+
the probe absorbed light at 560 nm and had a limit of detection of 90 ± 10 ppb Hg2+ in
acetonitrile solution. This probe was then encapsulated in polystyrene nanoparticles,
which were analyzed with dynamic light scattering (DLS) and found to have a
hydrodynamic diameter of 90 ± 10 nm. The particles were then incorporated into lateral
flow test strips and produced a visible signal in the presence of 200 ppb Hg2+.
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INTRODUCTION
Mercury is a heavy metal considered the 3rd most toxic element by the US
Government Agency for Toxic Substances and Disease Registry, coming in behind
arsenic and lead. Mercury exists in an elemental metallic form, an inorganic form as a 2+
ion, or an organic form. While all forms are toxic, organic mercury is considered the most
dangerous. Methyl mercury, a type of organic mercury, is more fat-soluble and not as
easily excreted as the ionic or elemental forms and so gets stored in the body much
longer. In the brain, the half-life of mercury is about 20 years.1 This buildup occurs in
wildlife as well, allowing mercury to accumulate in aquatic food chains, meaning that
even if mercury is removed from water supplies, wildlife from that area can still contain
large amounts of organic mercury for many years. As a result, consumption of
contaminated fish is the most common route of human exposure. Detection of ionic
mercury in water supplies is important because some bacteria present in the environment
can convert ionic and elemental mercury into organic mercury, and also because it is
toxic on its own if contaminated water is ingested. If it is unknown that there is ionic
mercury in certain water sources, people will not be warned to avoid drinking or
consuming fish from those sources.2, 3
Once a human is exposed to mercury, it can cause damage to the brain, nervous
system, and digestive tract among other body systems. Two of the primary mechanisms
by which mercury causes damage include inducing oxidative stress in cells and reacting
with sulfhydryl groups of cysteine residues of proteins, effectively disrupting their
activity. Not only does it increase the amount of reactive oxygen species (ROSs) but it

1

also disrupts some of the enzymes and other molecules that act as antioxidants in cells.
Mercury exposure causes developmental issues in infants and young children, and a
relation to cardiovascular disease has been observed as mercury increases intracellular
calcium levels. In the central nervous system, mercury can cause shaking and loss of
coordination. Exposure has been also been linked to kidney failure and certain cancers.
Common symptoms of low doses of mercury exposure are weakness and fatigue. Higher
doses have been known to reduce color vision, decrease concentration, and induce
polyarthritis, dermatitis, or gingivitus.1
Exposure to mercury is heightened by human activities which increase
atmospheric mercury levels by about 1.5% per year.1 The largest source of mercury
pollution today is artisanal and small scale gold mining (Figure 1). Elemental mercury is
used in this type of mining because it easily forms amalgams with other metals, making it
useful for extracting gold from ore and separating small gold particles from slurries of
dirt. In the second case, the dirt and water, now contaminated with some elemental
mercury, are poured off after the dense amalgam settles, often back into a water source
where mining is not well regulated. Then the elemental mercury, which has a low boiling
point, is burned off to obtain the final gold product, releasing large amounts of ionic
mercury into the atmosphere. Burning coal also releases large amounts of ionic mercury
into the atmosphere as most coal contains trace amounts of mercury (Figure 1). These
practices can pollute water with mercury directly, or the atmospheric mercury can be
deposited into water supplies.2, 4
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Figure 1: Global sources and amounts of mercury emissions5

To prevent a buildup of mercury in the environment, organizations such as the
U.S. Environmental Protection Agency (EPA) and the World Health Organization
(WHO) have set limits for mercury levels in drinking water. The EPA’s limit is 2 parts
per billion (ppb) and the WHO’s limit is 6 ppb.3, 6 In most developed countries detection
of mercury at these levels in environmental samples is easily achieved with available
instrumentation, and the practices mentioned that release mercury are heavily regulated.
However, in regions where these practices are prevalent and not regulated, such as
regions of Asia, Africa, and South America, mercury can reach dangerous levels in the
drinking water, and the instrumentation capable of detecting it is not as readily available
due to high cost.4
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Current instrumental methods for mercury detection include cold vapor atomic
absorption spectroscopy (AAS), inductively coupled plasma-mass spectrometry (ICPMS), and anodic stripping voltammetry. All of these use expensive instruments and
require sample preparation, which in turn requires skilled operators to prepare the
samples, run the instruments, and analyze the data.7 Cold vapor AAS takes advantage of
the low boiling point of mercury to obtain atomized mercury without the use of a flame
or graphite furnace. Once the sample is atomized, the atomic absorption is measured. It
has been used for detection of mercury in aqueous samples for several decades and has
detection limits in the parts per trillion (ppt) range.8, 9 ICP-MS uses a plasma to ionize the
mercury in samples and a mass spectrometer to detect the presence of mercury. It can
also be used to detect mercury in water samples in the ppt range and has shorter analysis
times than other techniques. However mercury easily sticks to instrument components,
and if not washed out properly, buildup in the instrument can affect future analysis.10-12
Anodic stripping voltammetry is a method commonly used to test for the presence of
metals in drinking water. Different potentials are applied to an electrode, and an electric
current is measured at the redox potential of certain metals if they are present.13 It can
also be combined with other methods, such as surface plasmon resonance (SPR) to
improve its sensitivity, reaching LODs in sub ppb ranges.14
Low resource areas that have the most problems with mercury pollution cannot
afford these instruments and would have to send samples away to be tested, which is also
expensive. The goal of this research is to address these problems with the development of
a paper-based lateral flow assay (LFA) for detection of mercury. LFAs are relatively

4

simple and fast, producing a signal that can be read visually without the use of
instrumentation, generally in 5-30 minutes.15 They are also inexpensive as they are
typically composed of cheaper materials like nitrocellulose paper and housed in a plastic
casing.16 LFAs contain a sample pad, a conjugate pad to introduce antibodies or
colorimetric indicators if necessary, a test strip, and an absorbent pad that encourages
flow of the liquid sample along the test strip. The test strip contains both one or more test
lines to determine the presence of analytes and a control line to verify that the test is
working.15 They have been used for detection of various analytes in different aqueous and
biological samples, such as extracts from different foods or urine samples.16, 17 In some
cases, if extra sensitivity is needed, smartphone technology can be used to detect smaller
changes in color than can be seen with the human eye.17
The LFA designed for this project will provide a more affordable alternative for
the detection of mercury in water in low resource areas. For this LFA, no conjugate pad
will be needed as the colorimetric indicator will already be part of the test line. The
sample pad will allow drinking water samples to be analyzed with no preparation, and the
control line will contain a colorimetric indicator that responds to the pH of water. The
signal at the test line will result from nanoparticles that encapsulate a molecular probe
that responds to ionic mercury (Figure 2).
Molecular probes are used in various fields to increase sensitivity in spectroscopic
analysis, with some even allowing for detection with the naked eye. These probes are
molecules that produce a signal when they react or interact with an analyte which

5

Figure 2: Initial design of the LFA for detecting mercury where M is Hg2+

changes their spectroscopic properties. Common analytes detected with molecular probes
are different metal ions and reactive oxygen species. These probes can also be used to
detect changes such as phosphatase activity or changes in pH.18, 19 Most molecular probes
have both a spectroscopic or signaling moiety that produces a fluorescent or visual signal,
and a labeling or recognition moiety that interacts with the analyte. In some probes,
usually smaller ones, there is often not a clear distinction between the moieties. Different
probes can provide signals through various mechanisms including charge transfer or a
change in pi-conjugated systems. Several examples of molecular probes that function by
the second mechanism are fluorescein, rhodamine, and cyanine dyes, which have
extensive conjugation (Figure 3). To make them function as molecular probes, they are
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typically modified in a way that reduces their conjugation as the extent of conjugation is
what determines the color of a probe or whether it is colored at all. When the analyte
interacts with the recognition moiety, a change in the molecule occurs that restores the
conjugation and the spectroscopic signal. The reverse process of an analyte decreasing
the conjugation and signal is occasionally used, though this “signal off” mechanism is
less common.18

Figure 3: Structures of fluorescein, rhodamine B, and cyanine dyes18

One downfall of using these types of probes for this LFA is that they are not very
soluble in water. This problem will be overcome by incorporating the chosen probe into
amphiphilic polymer nanoparticles which will allow the dye to detect mercury in aqueous
environments. In addition, having the probe in a nanoparticle will help with attachment of
the probe onto the LFA test strip.20 There are two main strategies for incorporating a
probe of this kind into polymer nanoparticle: 1) synthesize a polymer that will form the
nanoparticle with the probe covalently incorporated; 2) encapsulate the probe in
nanoparticles consisting of preformed polymers. One covalent method is RAFT
polymerization, or reversible addition-fragmentation chain-transfer polymerization. This
method allows polymerization of two different organic monomers together and gives
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good control over the size of the resulting polymers.21 Another method, emulsification
polymerization, uses a surfactant to form micelles containing two organic monomers
which are then polymerized within the micelles by addition of a radical initiator to form
polymer nanoparticles.22, 23 A common method for encapsulating colorimetric probes in
polymer nanoparticles is emulsification-solvent evaporation, sometimes called
emulsification-diffusion-solvent evaporation. This method involves dissolving a probe
and one type of polymer in an organic solvent and forming micelles of this mixture in an
aqueous solution containing a more hydrophilic polymer as a stabilizer. The organic
solvent is then evaporated leaving nanoparticles with the probe and one polymer on the
interior and the more hydrophilic polymer on the exterior.23, 24
Using one of these methods to encapsulate the chosen probe will allow for
incorporation of the probe onto the LFA and the detection of mercury in aqueous
samples. Rhodamine B has been chosen for this project as it can be used as a molecular
probe for various metals and anions depending on its modifications. It is a dye with a
large molar extinction coefficient and a high fluorescence quantum yield. It absorbs and
emits at wavelengths longer than 500 nm and is a bright pink when in solution.
Modifications to the carboxylic acid group of rhodamine B with amines can produce a
spirolactam ring which decreases the conjugation, inhibits fluorescence, and renders
dilute solutions of these molecules nearly colorless. With the introduction of an analyte,
such as mercury, the spirolactam ring opens and the florescence and bright pink color is
restored (Figure 4).20, 25
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Figure 4: Example of modified rhodamine B structures with and without mercury
(Hg2+)26

Three rhodamine B based probes have been proposed for detection of Hg2+ in this
research (Figure 5), two of which, Probes #1 and #2, were found in literature concerning
Hg2+ detection.7, 26 The probe designs are based on hard-soft acid base theory and
mercury’s sulfurphilicity. In hard-soft acid base theory, soft acids prefer to interact with
soft bases over hard bases. Hg2+ is a soft acid because has a low charge and is easily
polarizable. Nitrogen and sulfur are softer bases than oxygen, so incorporating nitrogen
and sulfur atoms in the rhodamine B derivatives should increase interactions with
mercury.25 The tendency for mercury to interact with sulfhydryl groups in proteins
demonstrates mercury’s affinity for sulfur.1 All probes modified with nitrogen containing
compounds, either hydrazine or diethylenetriamine (DETA). Probes #1 and #3 exchange
oxygen for sulfur (Figure 5). This should increase the probe’s selectivity for mercury and
decrease the response to harder metal ions such as copper.26
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Figure 5: Structures of Probe #1 (top), Probe #2 (bottom left), and Probe #3 (bottom
right)

For this research the three proposed rhodamine B based molecular probes were
synthesized and their response to mercury tested. The different polymerization/
nanoparticle formation techniques were then attempted with the best performing probe.
These probe containing nanoparticles were then incorporated into an LFA to provide a
more affordable method of mercury detection that can be used by the general population
in low resource areas.

EXPERIMENTAL
Materials. Rhodamine B (Cat.# 296571000), methanol, polystyrene (MW 250
kDa) (Cat.# 178890250), dimethyl formamide (DMF) (Cat.# 408320010), and
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Lawesson’s Reagent (Cat.# 210890250) were purchased from Acros. Diethylenetriamine
(DETA) (A11033), sodium sulfate, and 1,4-dioxane were purchased from Alfa Aesar.
Mercuric chloride (HgCl2) as a source of Hg2+ (Cat.# 215465), benzene, glycidyl
methacrylate (Cat.# 779342), hexyl acrylate (Cat.# 408905), 2(dodecylthiocarbonothioylthio)-2-methylpropionic acid (RAFT agent) (Cat.# 723010),
potassium persulfate (KPS) (Cat.# 216224), sodium dodecyl sulfate (SDS) (L-4509),
poly(lactic-co-glycolic acid) (PLGA) (MW 25-35 kDa) (Cat.# 719870), poly vinyl
alcohol (PVA) (MW 13-23 kDa) (Cat.# 363170), and azobisisobutylnitrile (AIBN) (Cat.#
441090) were purchased from Sigma-Aldrich. Spectra/Por 6 dialysis tubing with a 50
kDa molecular weight cut-off (MWCO) was purchased from Repligen (Cat. # 132542).
Hydrazine hydrate was purchased from Pfaltz and Bauer (H08069) and Acros (Cat.#
196711000). Ethanol was purchased from Pharmaco-Aarper. Sodium polyacrylate was
purchased from Educational Innovations Inc. (GB-6B). Biotin EZ-linkTFPA-PEG3 was
purchased from Thermo Scientific (Cat.# 21303). Streptavidin was purchased from VWR
Life Sciences (E497). Rabbit IgG control (whole molecule) purified was purchased from
GenScript (A01008). Cupric chloride (CuCl2), acetonitrile, dichloromethane, chloroform,
petroleum ether, ethyl acetate, silica, and diethyl ether were purchased from Fisher.
Instrumentation. Infrared (IR) spectra were obtained with a Thermo Scientific
Nicolet iS50 FT-IR spectrometer. NMR spectra were collected on a Varian 400-MR
NMR spectrometer using CDCl3 purchased from Acros as the solvent. The UV-Vis
measurements and spectra were obtained with a Shimadzu UV-2401 PC UV-Visible
Spectrophotometer, and the fluorescence spectra were recorded by a Horiba Jobin Yvon
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Fluorolog-3 FL3-22 spectrofluorometer. Particle size measurements were made by
dynamic light scattering (DLS) with an Anton Paar Lite sizer 500. Sonication during
nanoparticle formation was carried out with a Qsonica Sonicator Ultrasonic Processor
Q500.
Synthesis of Rhodamine B Thiohydrazide (Probe #1). Following a literature
synthesis by Mergu et al.27, rhodamine B hydrazide was synthesized as a precursor to
Probe #1. Rhodamine B (1.9998 g, 4 mmol) was dissolved in ethanol (50 mL) in a 100
mL round bottom flask (RBF). With the mixture stirring at room temperature, 2.5 mL (50
mmol) of hydrazine hydrate was added dropwise. The temperature was increased to 80
°C and the mixture refluxed for six hours with a color change from dark pink to a light
red/orange after one hour (Figure 6). The solvent was evaporated under vacuum, and an
orange solid was obtained. To this solid 1 M HCl (~50 mL) was added for an acid-base
workup, producing a cloudy red solution. The pH of the solution was then brought to 910 by adding 1-2 M NaOH while stirring to precipitate the product as a light pink solid.
The solid was collected by vacuum filtration and washed with 15 mL water 4-5 times.
The solid was then dried overnight under vacuum resulting in an 83% yield of a light
pink powder. IR and 1H NMR were run for identification and compared to literature.27 1H
NMR (ppm): 1.170 (12H, t), 1.543 (s, water), 3.329 (8H, d), 3.619 (2H, s), 6.304 (2H,
m), 6.421-6.451 (4H, m), 7.104 (1H, m), 7.450 (2H, s), 7.937 (1H, t); IR (cm-1): 2969,
1695, 1634, 1614, 1117 (Appendix 1).
Another workup was tried where the initial orange rotovapped solid was dissolved
in dichloromethane and purified by washing with 15 mL of water and brine three times
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each.28 This was done to see if obtaining the product from dichloromethane would result
in less water in the product than the precipitation from an aqueous solution. The product
from the workup was still identified as rhodamine B hydrazide by 1H NMR, but was in a
form that was sticky when wet and would dry into a very hard, dark red-brown coating on
any glassware, making it harder to work with than the powder. Because of this, further
syntheses were carried out following the original synthesis.
From rhodamine B hydrazide, Probe #1 (rhodamine B thiohydrazide) was
synthesized following a literature synthesis by Zheng et al.26 Rhodamine B hydrazide
(0.59 g, 1.3 mmol) and Lawesson’s reagent (0.53 g, 1.3 mmol) were dissolved in benzene
(40 mL) that had been dried overnight with calcium hydride (CaH2) and distilled onto
molecular sieves activated with a heat gun. The reaction mixture was then refluxed for
four hours under N2 atmosphere in a 100 mL RBF, and the color changed from red to a
deep magenta color. The benzene was removed by rotary evaporation and about 2 g of a
dark purple residue was obtained. A column was run to purify the residue with about 40 g
silica and a mobile phase of 3:4 CH2Cl2: petroleum ether. Colorless fractions were
collected, but the purple material did not move down the column. The purple upper
portion of the silica was then scraped out into a beaker and the pink/purple material
extracted from the silica with ethanol. The solvent was then removed under vacuum and
another smaller column run with about 20 g silica. The colored product remained on the
column, but more separation was seen. The silica was removed from the column in
sections, one dark purple (above) and one lighter pink (below), and the colored material
extracted with ethanol. The ethanol was removed from both sections by rotary

13

evaporation, and the light pick section was identified as Probe #1 by comparison of 1H
NMR and IR spectra to literature data.26 This synthesis resulted in a 14% yield. 1H NMR
(ppm): 1.166 (12H, t), 1.546 (s, water), 3.347 (8H, q), 4.814 (2H, s), 6.281 (2H, s), 6.345
(2H, d), 6.431 (2H, s), 7.126 (1H, d), 7.475 (2H, m), 8.098 (1H, d); IR (cm-1): 2968,
1635, 1614, 1118 (Appendix 2).
Probe #1 was synthesized a second time following the same procedure but on a
larger scale with 0.88 g (2 mmol) rhodamine B hydrazide, 0.79 g (2 mmol) Lawesson’s
reagent, and 60 mL of dried benzene. The mobile phase used for the column purification
was also changed to a more polar 25:1 CH2Cl2:methanol mixture, which pulled product
off the column. The lower, light pink fractions were collected, and the solvents removed
by rotary evaporation. The dark purple oily substance obtained was then dissolved in
ethyl acetate and the solvent removed again by rotary evaporation to obtain a less oily
purple solid. The yield with this new purification method was slightly higher at 19%.
After some spectroscopic studies were carried out with the Probe #1 synthesized
by this method, a new synthesis was found in a study by Jin et al.28 A new synthesis was
desired as the Probe #1 being obtained was still a dark purple solid that gave solutions a
pink color even without the presence of mercury, resulting in background noise in the
spectroscopic studies. The new synthesis was attempted twice where 0.50 g (1.1 mmol)
rhodamine B hydrazide and 0.45 g (1.1 mmol) Lawesson’s reagent were dissolved in 35
mL of dry toluene. This mixture was then stirred under nitrogen for four hours at room
temperature, the solvent removed by rotary evaporation, then purified by column
chromatography (Figure 6). Column conditions suggested in this study were initially
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used, including a neutral alumina stationary phase with a 4:1 petroleum
ether:dichloromethane mobile phase. About 35 g of the alumina was used in a medium
sized column and eventually the mobile phase changed to a 2:1 ratio of petroleum ether
to dichloromethane. More petroleum ether was added before removing the solvent by
rotary evaporation. This resulted in a light pink powdery solid still in about a 20% yield.
Synthesis of Rhodamine B Diethylenetriamine (Probe #2). Probe #2 was
synthesized following a literature synthesis by Kaewtong et al.25 Rhodamine B (0.1999g,
0.4 mmol) was dissolved in methanol (30 mL) in a 100 mL RBF and purged with N2 for
ten minutes. The RBF was then attached to the reflux apparatus set up for N2 atmosphere
and brought to 80 °C. Nitrogen purged DETA (0.22 mL, 2 mmol) was added to the
mixture dropwise with a syringe while the mixture was stirred. The reaction mixture was
then refluxed for three days and the color changed from an intense pink to mostly orange
(Figure 7). Methanol was then removed by rotary evaporation leaving a dark orange
residue. After moving the residue to a separatory funnel with water and dichloromethane,
Probe #2 was extracted from the water with three washes of CH2Cl2 (20 mL each). The
dichloromethane layers were combined, washed three times with water (20 mL each),
dried over anhydrous sodium sulfate, and the solvent removed by rotary evaporation. An
orange solid was obtained but did not completely dry. IR and 1H NMR were run and
compared to literature to confirm the product.7, 25 1H NMR (ppm): 1.161 (12H, t), 1.554
(3H, s), 2.447 (4H, m), 2.620 (2H, t), 3.269 (2H, t), 3.341 (8H, q), 6.275 (2H, dd), 6.374
(2H, s), 6.440 (2H, d), 7.090 (1H, m), 7.438 (2H, m), 7.894 (1H, m); IR (cm-1): 2967,
1683, 1632, 1612, 1511, 1115 (Appendix 3). Two larger syntheses of Probe #2 were
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carried out following the same procedures with 0.4006 and 0.4019 g (0.8 mmol) of
rhodamine B respectively, 0.44 mL of DETA (4mmol), and 60 mL of methanol. In the
second synthesis, the dichloromethane layer was dried overnight with anhydrous sodium
sulfate before removal of the solvent to help dry the product further, but no difference
was seen.
Synthesis of Rhodamine B Thiodiethylenetriamine (Probe #3). Probe #3
synthesis followed a similar procedure to the modification of rhodamine B hydrazide
with Lawesson’s reagent in the synthesis of Probe #1.26 Probe #2 (~0.44 g, 0.8 mmol)
and Lawesson’s reagent (0.35 g, 0.8 mmol) were dissolved in dry benzene (40 mL) in a
100 mL RBF, and the mixture was refluxed for four hours under N2 atmosphere (Figure
8). Benzene was removed by rotary evaporation leaving a red/pink residue that was
purified with column chromatography using about 30 g of silica. The mobile phase used
was 5:2 CH2Cl2:petroleum ether which also did not pull the pink product off the column.
The pink layers were extracted from the silica with ethanol, and the solvent removed by
rotary evaporation. NMR and IR were then used to characterize the dark purple solid.
Probe #3 was synthesized again on a smaller scale (0.0796 g, 0.2 mmol Probe #2, 0.0658
g, 0.2 mmol Lawesson’s reagent) following the same procedure but purified with the 25:1
CH2Cl2:methanol as the mobile phase. More separation was seen, and product came off
the column. Two fractions were combined, the solvent removed by rotary evaporation,
and the final product characterized by NMR and IR. 1H NMR (ppm): 1.139 (12H, m),
3.301 (10H, s), 3.766 (8H, m), 5.294 (s, dichloromethane), 6.207 (3H, s), 6.363 (2H, m),
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6.808 (1H, d), 7.065 (1H, s), 7.486 (2H, s), 7.983 (1H, m), 8.092 (1H, s); IR (cm-1): 2966,
1633, 1611, 1514, 1116 (Appendix 4).
Spectroscopic Studies. Based on literature procedure7, UV-VIS spectra were
obtained for all three probes at 10 µM in acetonitrile alone and with 50 µM Hg2+ (Figure
9). Fluorescence spectra were recorded for Probes #1 and #2 with and without mercury at
the same concentrations (Figure 10). Standard curves were made with Probe #1 at
concentrations of 10 and 50 µM with mercury concentrations of 1, 2.5, 5, 10, 25, and 50
µM in acetonitrile (Figures 11 & 13). A similar procedure was carried out with 50 µM
solutions of the Probe #1 synthesized with the new procedure at to see if a lower limit of
detection could be achieved (Figure 14). The optimum concentration of probe was
determined with a standard curve with Hg2+ constant at 10 µM and probe concentrations
at 5, 10, 25, 50, and 75 µM (Figure 12). UV-Vis measurements in aqueous solvents were
attempted, but the probes were not soluble in these mixtures.
Another study was carried out with both rhodamine B hydrazide and Probe #1 to
observe the response of each to both Cu2+ and Hg 2+ as copper is commonly found in
water and produced the second biggest responses in these probes in other studies.26 This
study was done to see if exchanging the oxygen for sulfur made Probe #1 more specific
for mercury than the hydrazide, which was expected to respond more to copper (Figure
15). Solutions of 100 µM probe and hydrazide in acetonitrile were prepared as well as 5
mM solutions of each ion in acetonitrile. Ten drops of each 5 mM ion solution were
added to separate solutions of probe and hydrazide for an ion concentration of about 1
mM.
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Modification of Probe #1 with GMA. Based on a similar synthesis by Geng et
al.20, Probe #1 was modified with glycidyl methacrylate (GMA). Probe #1 (0.1706 g,
0.36 mmol) and GMA (49.2 µL, 0.36 mmol) were dissolved separately in chloroform (2
mL each). The GMA solution was added dropwise over 50 minutes to the probe solution
in a 10 mL RBF at 60 °C with stirring. The mixture was then refluxed for 15 hours under
N2 atmosphere, then rotovapped to remove solvent (Figure 16). The product was purified
with a silica gel column and a mobile phase of 2:1 ethyl acetate:petroleum ether. Light
yellow fractions came off the column, but the following pink and purple sections did not.
The solvent was removed from the yellow fractions by rotary evaporation, and NMR was
run to identify the product.20 86% yield 1H NMR (ppm): 1.162 (12H, t), 1.258 (t, ethyl
acetate), 1.551 (s, water), 1.968 (4H, s), 2.044 (d, ethyl acetate), 2.17 (s, acetone), 2.678
(1H, q), 2.864 (1H, t), 3.255 (1H, m), 3.330 (8H, d), 4.001 (1H, q), 4.111 (q, ethyl
acetate), 4.465 (1H, dd), 4.814 (1H, s), 5.609 (1H, s), 6.165 (1H, s), 6.280 (2H, s), 6.347
(2H, s), 6.432 (2H, s), 7.109 (1H, d), 7.360 (s, benzene), 7.475 (2H, m), 8.098 (1H, d); IR
(cm-1): 3019, 2976, 1719, 1214, 742, 668 (Appendix 5).
RAFT Polymerization. Also based on a procedure from Geng et al.20, the
modified probe was incorporated into a polymer using RAFT polymerization. Modified
Probe #1 (0.0957 g, 0.15 mmol) dissolved in dioxane (1.5 mL) and hexyl acrylate (2.73
mL, 15.5 mmol) were used as monomers, 2-(dodecylthiocarbonothioylthio)-2methylpropionic acid (0.0565 g, 0.15 mmol) was used as the RAFT agent, and AIBN
(0.0025 g, 0.015 mmol) was used as the radical initiator. All reactants were added to a 10
mL RBF, and the reaction mixture was refluxed at 70 °C for 16 hours. The mixture was
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then poured into diethyl ether (60 mL) to precipitate the polymer and vacuum filtered.
The product was washed twice with chloroform (5 mL) while on the filter then
redissolved in dioxane (10 mL) and the process repeated twice.20 NMR and IR were run
to characterize the product and the IR compared to an IR spectrum of hexyl acrylate. 1H
NMR (ppm): 1.555 (s, water), 3.407 (s, dioxane), 7.260 (solvent, s, CDCl3); IR (cm-1):
Polymer – 3268, 2957, 2363, 2343, 1724, 1587, 1446, 1248, 1179, 727, 668, Hexyl
Acrylate – 2957, 2931, 2860, 1724, 1407, 1183, 984, 809 (Appendix 6).
Emulsion Nanoparticle formation. Another type of polymerization was
attempted by forming an emulsion of Probe #1 modified with GMA and hexyl acrylate in
deionized water. This process formed micelles and then polymerization was promoted
with potassium persulfate (KPS) as an initiator. To a round bottom flask was added 100
mg (0.16 mmol) of the modified Probe #1 and 122 µL (0.7 mmol) of the hexyl acrylate
monomer. Next, 20 mL of dI water and 35 mg of SDS were added. This mixture was then
stirred as fast as possible under an N2 atmosphere and heated slightly to help dissolve the
probe. After 18 minutes, KPS was added to initiate polymerization. This mixture was
stirred under N2 for six hours at 75 °C. This resulted in a dark pink solution which was
analyzed by dynamic light scattering, or DLS, a technique that uses light to determine the
size of nanoparticles in solution (Figure 17). Later the particles were dialyzed for 24
hours and the pH increased from 3 to 9 to observe the effect on color.22
Emulsion-Diffusion-Evaporation Nanoparticle Formation. This nanoparticle
formation method was attempted with two different polymers, polystyrene and PLGA, to
determine which was better at encapsulating the probe. For the polystyrene nanoparticles,
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1 mg/mL of Probe #1 and 5 mg/mL polystyrene were dissolved in 3 mL ethyl acetate. In
another beaker, 10.7 mg/mL of polyvinyl alcohol (PVA) was dissolved in 6 mL
deionized water. The organic solution from the first beaker was added dropwise to the
aqueous PVA beaker with stirring. The mixtures were then sonicated over ice for five
minutes with the Qsonica sonication probe for five minutes at 20% amplitude with no
pulsing. While stirring, 25 mL of dI water were added to the beaker and the mixture
stirred at room temperature until the organic solvent (ethyl acetate) evaporated. The
solution was then added to 50 kDa MWCO dialysis tubing, and after being dialyzed in
water overnight, the particles were analyzed with DLS (Figure 19). The second attempt
with PLGA used 1.7 mg/mL of Probe #1 and 18 mg/mL PLGA dissolved in 3 mL ethyl
acetate. The following steps of dissolving PVA in dI water, combining the layers,
sonicating the mixture, diluting and allowing solvent evaporation, dialyzing, and
analyzing with DLS (Figure 19) were all the same as the synthesis with polystyrene.24
After the nanoparticles were synthesized, 10 µM Hg2+ in water was added to the two
different nanoparticle solutions to see if an instant color change was still observable
(Figure 18).
Biotinylation of Nanoparticles. The polystyrene nanoparticles were then
conjugated with a biotin EZ-linkTFPA-PEG3 photoreactive linker (Figure 20).29 This
linker binds covalently to the nanoparticle and is used to attach the particles to the
nitrocellulose test strips by the interaction of biotin with streptavidin, which is adsorbed
onto the test paper. The nanoparticles were first concentrated by placing 20 mL of the NP
solution in dialysis tubing and covering this with sodium polyacrylate powder to draw out
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water for about two and a half hours. The powder was moved around or replaced every
20-30 minutes to ensure dry powder was in contact with the tubing. After this time, the
remaining 14 mL of NP solution was removed from the dialysis tubing and 2 mL placed
in a 15 mL centrifuge tube. A solution of 10 mg/mL biotin linker in DMF was made and
10 µL were added to the tube with the NP solution. The tube was then vortexed, and the
solution divided into 200 µL aliquots in 10 wells of a 96 well plate. A long wavelength
UV light was placed directly on the well, or about 5 mm above the solution, for 20
minutes with the particles mixed with a pipet halfway through. The aliquots were
combined, placed in dialysis tubing, dialyzed overnight and then analyzed with DLS
(Figure 21).
Preparation of Nitrocellulose Strips. Before incorporating the nanoparticles
onto the nitrocellulose membranes, the strips were prepared by cutting the needed length
of both the nitrocellulose membrane and an absorbent pad. The bottom adhesive part of
the backed nitrocellulose membrane was removed as a conjugate pad would not be used
for these tests. The absorbent pad was then attached using the designated adhesive part of
the test paper with the pad extending 2 mm past this adhesive area to overlap with the
nitrocellulose strip. The test line was then prepared by taking a solution of 2 mg/mL
streptavidin in a pH 3 sodium citrate/citric acid buffer and spotting it in a thin line on the
test paper with a micropipette set to deliver 0.2 µL. This line was placed about 5 mm
below the absorbent pad. The test paper was then placed in a desiccator overnight. For
later tests, nitrocellulose membranes were prepared with a line of a 2 mg/mL solution of a
different protein, rabbit IgG, in a pH 7 buffer spotted and dried like the streptavidin. In
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several tests no protein was used, and a nanoparticle solution by itself was spotted in a
line on the membrane with the 0.2 µL micropipette and dried for about an hour.
Incorporation of Nanoparticles onto LFA. Various methods of incorporating
the nanoparticles onto the test strips were tried along with testing the strips’ responses to
Hg2+. All tests were carried out in disposable glass vials and used about 300 µL of
whatever solution was being run. Trial 1 followed a traditional incorporation method and
involved cutting two smaller strips of the prepared paper to about 1/4 of an inch wide, the
expected width of the final test design. These strips were placed in small disposable vials
containing about 300 µL of the biotinylated polystyrene NP solution, and the solution
allowed to run up the strip for about 5 minutes. The strips were then removed from the
vials and placed on a KimWipe to dry for ten minutes. They were then placed in vials
containing a 14 µM (~2,800 ppb) solution of Hg2+ in dI H2O and left to sit for about three
hours as no change to a darker pink around the streptavidin line was seen within the first
few minutes (Figure 22).
Trial 2 was similar to Trial 1, but four strips were run in the biotinylated NP
solution and allowed to dry after the run for an hour. Two of these strips were then placed
directly in the 14 µM mercury solution for 15 minutes while the other two were placed in
vials with just dI H2O as a wash. This was done to see if a wash would remove excess
nanoparticles from parts of the strip other than where the streptavidin was adsorbed onto
the membrane. The two strips run in water were dried for an hour again before being
placed in vials with mercury solutions, one the 14 µM solution and one in a 1 mM (~200
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ppm) mercury solution, for 15 minutes to see how the test responded to a much more
concentrated solution.
As the wash in Trial 2 did not remove nanoparticles from all over the tests, strips
for Trial 3 were made by pipetting about 1 µL of either the biotinylated or nonbiotinylated NP solutions directly onto the streptavidin line instead of running the NP
solutions up the strips. This was done so the particles could still interact with streptavidin
and form a test line without sticking to the strip below the streptavidin line. After the NP
solutions were placed, the strips were dried for an hour then placed in vials with a 20 µM
(~4,000 ppb) mercury solution for about ten minutes and removed.
Before the next attempt, the remaining non-biotinylated NP solution was
concentrated further, from 12 mL to about 4 mL, with the same sodium polyacrylate
method used before biotinylating the particles. For Trial 4, these more concentrated NPs
were spotted on a test strip with no streptavidin, dried in a desiccator for 30 minutes, then
cut into three strips. Two strips were the standard 1/4 of an inch and the third was about
1/3 of an inch. The strips were then placed in vials with a 14 µM mercury solution. One
1/4 inch strip was removed after ten minutes while the other two were left in the solution
for 30 minutes (Figure 23). From this point on, all LFA tests utilized a 1/4 inch strip and
were left in mercury solutions for 30 minutes with closer observation for the first 10
minutes.
For Trial 5, the biotinylated NP solution was spotted just beneath streptavidin
spots and allowed to dry in the desiccator about 20 minutes. One test strip of this kind
was run as a blank and another two were run in 10 µM (~2,000 ppb) mercury solution
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(Figure 24). The same technique was tried with the concentrated non-biotinylated
particles spotted under streptavidin line and run in 10 µM mercury solution.
The next several trials tested a different protein, rabbit IgG, in place of
streptavidin to see if a nonspecific interaction with a protein was capable of holding the
NPs in place on the test strips. If the specific biotin/streptavidin interaction is not
necessary, a cheaper protein such as rabbit IgG could be used, further reducing the cost of
the test. For Trial 6, some test strips were spotted with either the biotinylated NPs or the
concentrated non-biotinylated NPs under the protein line and allowed to dry for about 20
minutes. Three strips were run for each, one blank and two in 10 µM mercury solution
(Figure 25).
For Trial 7 different concentrations of the non-biotinylated nanoparticles were
tested since these seemed to streak more than the biotinylated particles. This solution was
more concentrated than the biotinylated NP solution, so if lowering the concentration
eliminates the streaking, it is also evidence that the specific biotin/streptavidin interaction
is not necessary. Dilutions of the NP solution were made at 2x, 3x, 4x and 5x, with the 3x
dilution being the most similar in concentration to the biotinylated particles. Ten strips
were made, five spotted with streptavidin and five spotted with rabbit IgG to see if either
protein would stop streaking at a higher concentration than the other. One of the five nonbiotinylated NP solutions, from not diluted to the 5x dilution, was then placed on both a
streptavidin strip and a rabbit IgG strip. All were run in the 10 µM mercury solution
(Figure 26).
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Decreasing the concentration of the rabbit IgG spotted on the membrane was also
tested in Trial 8. This was done to see if less of the protein could be used while still
eliminating streaking which would also reduce costs of the final LFA design. Paper was
spotted with rabbit IgG at 1, 0.1, 0.01, and 0.001 mg/mL, and dried overnight in the
desiccator. These were then spotted with the 3x dilution of the non-biotinylated NPs just
under the protein and dried for about 30 minutes. Three strips were run for each
concentration, one blank and two in 10 µM mercury solution (Figure 27).
LFA Response to Mercury. Trial 9 was the first trial focused more on the LFA’s
ability to detect lower levels of mercury. Four test strips were spotted with just the
concentrated NPs (no protein) and run with different concentrations of mercury for 30
minutes. The concentrations of mercury used were 0.1, 1, and 10 µM (~20, 200, and
2,000 ppb respectively) along with a blank of only dI H2O (Figure 28).
The last test carried out, Trial 10, had just the 3x dilution of NPs (no protein)
spotted on the test paper and three strips run, one a blank, one each with 1 or 10 µM
mercury solution. This was done to see if the 3x dilution was still capable of detecting 1
µM mercury, the lowest concentration the LFAs in Trial 9 were able to detect (Figure
29).

RESULTS AND DISCUSSION
Synthesis of Rhodamine B Thiohydrazide (Probe #1). The synthesis of Probe
#1 consisted of two steps, first converting rhodamine B into rhodamine B hydrazide then
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converting this to Probe #1 (Figure 6). The synthesis of rhodamine B hydrazide found in
the literature produced a light pink powdery product in high yields. The NMR and IR
spectra used to identify rhodamine B hydrazide are shown in Appendix 1. A water
impurity can be seen in the NMR spectrum, which was later found to be partially from
the CDCl3 solvent, otherwise the NMR and IR spectra matched well with spectral data in
literature.8 The peaks of most interest on the NMR spectrum are those for the protons of
the hydrazide (peak j) at 3.619 ppm and the aromatic proton (peak i) at 7.937 ppm. These
two peaks were expected to shift the most when the oxygen is exchanged for a sulfur
atom. On the IR spectrum, the carbonyl stretching peak at 1695 cm-1 is of the most
interest as it would change to a C=S stretching peak with the conversion.

Figure 6: Synthesis of Probe #1

The syntheses for Probe #1 found in the literature gave lower yields, and the
resulting products did not match the descriptions given in the literature as well as
rhodamine B hydrazide. The first attempts to synthesize Probe #1 resulted in dark purple,
hard solids while literature reported white solid.28 In later attempts, a product that was
lighter in color and more powdery was obtained by rotary evaporation from a solvent
consisting of mostly petroleum ether. This product was much easier to work with than the
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hard, dark purple solid product obtained previously and gave less background noise in
spectroscopic studies. The NMR and IR spectra used to identify Probe #1 (rhodamine B
thiohydrazide), both from the original synthesis and the new synthesis, are shown in
Appendix 2. A water impurity is present in these NMR spectra as well, but otherwise the
spectra match well with literature.26, 28 As expected, a shift was seen in the hydrazide and
aromatic proton peaks (i and j) which were now found farther downfield at 4.814 and
8.098 ppm respectively, suggesting the modification was successful. No IR spectrum was
reported in the literature, but when compared to the IR spectrum of rhodamine B
hydrazide, the same peaks are present except peak at 1695 cm-1 (C=O). While a specific
C=S stretching peak was not identified, the disappearance of the carbonyl peak and
changes in the NMR suggest that the change from oxygen to sulfur was successful in
both syntheses (Appendix 2).
Synthesis of Rhodamine B Diethylenetriamine (Probe #2). Probe #2 was
synthesized by modifying rhodamine B with diethylenetriamine (DETA) as shown in
Figure 7. The NMR and IR spectra used to identify Probe #2 (rhodamine B modified with
DETA) are shown in Appendix 3. The NMR data matched well with literature spectral
data suggesting modification with DETA was successful.6 Peaks corresponding to the
two different groups of aromatic protons as well the protons on the ethyl groups are
present as with the rhodamine B hydrazide. Extra peaks are present due to the extended
chain of DETA compared to hydrazine. Some difference in the integration of the amine
peak (2.447 ppm) suggest a water impurity. Again, peaks i and j, at 7.894 and 3.269 ppm
respectively, were of interest as they should shift the farthest downfield after
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modification with sulfur to produce Probe #3. No IR data was present in the literature,
but a similar peak at 1683 cm-1 corresponding to the C=O stretch was seen as in the IR
for rhodamine B hydrazide.

Figure 7: Synthesis of Probe #2

Synthesis of Rhodamine B Thiodiethylenetriamine (Probe #3). Probe #3 was
synthesized in a similar way as Probe #1 but used Probe #2 as a precursor instead of
rhodamine B hydrazide (Figure 8).The NMR and IR spectra used to characterize Probe
#3 (Probe #2 sulfonated with Lawesson’s reagent) are shown in Appendix 4. This product
has not been reported in the literature, so the spectra were compared to those from Probe
#2, and the changes seen between Probe #2 and Probe #3 compared to the changes seen
in the conversion of rhodamine B hydrazide to Probe #1. The NMR spectrum for the
hydrazide showed no peaks above 8 ppm, but the spectrum for the thiohydrazide did.
Similarly, the NMR spectrum for Probe #2 shows no peaks above 8 ppm, but in the
spectrum for Probe #3, peak i is at 8.092 ppm. As for the DETA modification, not only
peak j, but peaks j-o all shifted farther downfield in the Probe #3 NMR spectrum. Also,
the IR spectra of the hydrazide and the thiohydrazide are very similar, except for the peak
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corresponding to the C=O bond at 1695 cm-1 in the hydrazide spectrum that is absent in
the spectrum for the thiohydrazide. This change was seen again, and the peak at 1683 cm1

in the Probe #2 spectrum is not present in the IR spectrum for Probe #3 which together

with the NMR spectra suggest that the exchange of oxygen for sulfur was successful.

Figure 8: Synthesis of Probe #3

Spectroscopic Studies. Spectroscopic analysis of the rhodamine probes was
carried out in acetonitrile.7 The use of more aqueous solvent systems reported by other
researchers was attempted, but the probes would not dissolve in these solvents.26 This
illustrates one of the reasons that in this project the probe will be incorporated into a
amphiphilic polymer, as this step will allow for detection mercury in aqueous
environments.22 The first tests with the probes (10 µM) and mercury (50 µM) looked for
a visibly detectable change when mercury was added. This was only seen with Probe #1
as Probes #2 and #3 did not visibly change. UV-Vis measurements were taken for all
probes with and without mercury at these concentrations, and the spectra are shown in
Figure 9. Similar to the visual changes, Probe #1 showed a much greater response to
mercury than Probes #2 and #3. This could be due to the longer chain in Probes #2 and
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#3 interfering with ring opening. Also, because of the location of the amines that mercury
would form a complex with on DETA compared to the thiohydrazide, a more stable
complex is likely formed with ring opening of Probe #1. In this case a five-membered
ring would be formed with the sulfur, nitrogen, and mercury ion. In the case of Probes #2
and #3 a less stable 7-membered ring would be formed between the sulfur, mercury, and
the nitrogen closer to the ring.

Figure 9: UV-Vis spectra of Probe #1 (top), Probe #2 (bottom left), and Probe #3
(bottom right). Legend applies to all graphs
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Fluorescence spectra were also recorded for Probes #1 and #2 and are shown in
Figure 10. It is more evident in the fluorescence spectrum that Probe #2 does respond to
mercury, but to a much lower extent than Probe #1.

Figure 10: Fluorescence spectra of Probe #1 (left) and Probe #2 (right). Legend applies
to both graphs

Given that Probe #1 responded best to mercury, all further tests were done with
Probe #1 only. The standard curve of Probe #1 at 10 µM with increasing mercury
concentrations is shown in Figure 11. The limit of detection (LOD) calculated from this
curve was 1.05 ± 0.06 µM Hg2+, or 210 ± 1 ppb Hg2+.
A standard curve for the optimization of probe concentration is shown in Figure
12. The probe concentration was optimized to determine what concentration of Probe #1
would give the most signal in further spectroscopic studies. As seen in the curve, there is
an increase in signal with an increase in probe concentration until around 50 µM, after
which very little signal increase is seen. The optimum concentration of probe was
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determined to be 50 µM, and another standard curve with varying concentrations of
mercury was made with the probe at this concentration.

Figure 11: Standard curve with 10 µM Probe #1 in acetonitrile

Figure 12: Standard curve with 10 µM Hg2+ of increasing concentrations of Probe #1 for
probe optimization
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A new standard curve of increasing mercury concentrations was made with the
optimized concentration of Probe #1 (Figure 13). The LOD calculated from this curve
was 2.6 ± 0.1 µM Hg2+, or 520 ± 20 ppb Hg2+. This is higher than the limits of the EPA
and the WHO and shows the reason for incorporating the probe into a lateral flow assay.
As the water sample would travel down the test strip, mercury ions from more and more
of the sample would interact with the probe, effectively increasing the concentration of
mercury at that area and making the LOD of the assay lower than the LOD of the probe
by itself in solution.

Figure 13: Standard curve with 50 µM Probe #1 in acetonitrile

After Probe #1 was synthesized with an alternate procedure28 another standard
curve was made with the new probe at 50 µM. When this new procedure was used, a
lighter pink probe resulted, producing a lower background signal and resulting in a lower
LOD of 0.43 ± 0.05 µM Hg2+ (90 ± 10 ppb Hg2+). This LOD is an order of magnitude
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better than the previous LO, and this is because the previous synthesis resulted in a more
purple probe which gave more of a signal even when mercury was not present. This new
concentration curve is shown in Figure 14.
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Figure 14: Standard curve with 50 µM new Probe #1 in acetonitrile

The test to observe the change in selectivity from rhodamine B hydrazide to Probe
#1 showed that, while there was a difference in how the molecules responded to mercury,
both the hydrazide and the thiohydrazide responded to copper. Rhodamine B hydrazide
turned blue when mercury was introduced, while the thiohydrazide (Probe #1) turned
pink when mercury was introduced (Figure 15). The change in response to mercury is
additional evidence that the conversion of oxygen to sulfur was successful as it suggests
the sulfur increases interactions with mercury compared to the oxygen.26
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Hg2+

Cu2+
Cu2+

Hg2+

Rhodamine B hydrazide

Probe #1

Figure 15: Selectivity test of rhodamine B hydrazide and Probe #1 (rhodamine B
thiohydrazide) with Cu2+ and Hg2+

Copper was used in this test to hopefully show that while the hydrazide would
respond more to copper, Probe #1 would respond more to mercury. However, Probe #1
responded to copper similarly or more than it responded to mercury. As copper is also
commonly found in drinking water, this low selectivity of Probe #1 presents a challenge
to this probe being used to detect mercury. To overcome this problem, a molecule that
would interact with and trap copper ions could be incorporated into the sample pad so
that it would not interact with the probe on the test line, which is another advantage of the
LFA design. This test was not redone with the purer Probe #1 synthesized later, which
may be more selective as well as more sensitive.
Modification of Probe #1 with GMA. The synthesis for modifying Probe #1
with glycidyl methacrylate (GMA) was based on a literature procedure20 and is shown in
Figure 16. This was done so that Probe #1 could be covalently incorporated into polymer
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nanoparticles by radical polymerization techniques. The NMR and IR spectra used to
characterize Probe #1 modified with GMA are shown in Appendix 5. This product is not
reported in the literature, so the NMR spectrum was compared to the NMR spectra of
Probe #1 and GMA respectively. All peaks in the product spectrum matched a peak in the
spectra of the reactants or were a solvent impurity from some step in the synthesis or
purification. Integration values were somewhat unexpected as there seemed to be more
hydrazide protons and fewer GMA protons than there should have been if each probe
molecule had bonded with a GMA molecule. Also, there were different ratios of GMA
protons to Probe #1 protons in the two fractions collected. These results indicate that the
modification with GMA was inefficient. The IR spectrum of the product also did not
have a large peak above 3000 cm-1 which should have appeared with the opening of the
epoxide ring and conversion to an alcohol, again suggesting that the modification was not
effective.

Figure 16: Modification of Probe #1 with glycidyl methacrylate (GMA)

RAFT Polymerization. Using the GMA modified Probe #1 and hexyl acrylate as
monomers, the synthesis of a polymer was attempted by RAFT polymerization even
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though the results of modification were not promising. The NMR and IR spectra used to
characterize the polymer containing Probe #1 are shown in Appendix 6. The NMR
spectrum shows only solvent peaks, but the IR spectrum shows clear evidence of hexyl
acrylate with the same peaks at 2957 and 1724 cm-1 corresponding to the alkene and
carbonyl of hexyl acrylate respectively. There is not much evidence of the monomer
containing Probe #1, but the peak at 668 cm-1 may be the same as the peak in same place
in the IR spectrum for that monomer. The IR spectrum of the polymer is different from
the IR spectra of the two monomers with much broader peaks and a broad peak at 3268
cm-1 suggesting some reaction occurred and more functional groups with overlapping
frequencies are present in the product, which could come from the RAFT agent or
initiator.
Very little product was made or precipitated in this reaction, which could be a
result of the small reaction size or an inefficient reaction or collection. During filtration,
most of what did precipitate got stuck in the filter paper. Soaking the paper in dioxane
over the weekend did allow enough product to be recovered for characterization with
NMR and IR, but nothing more. As this method did not produce significant product and
was a dark purple color which would cause significant background noise, other
polymerization strategies were evaluated.
Emulsion Nanoparticle Formation. Emulsion nanoparticle formation22 was
attempted as another method to covalently incorporate the modified Probe #1 into a
polymer nanoparticle with by polymerization with hexyl acrylate. This method
simultaneously forms nanoparticles as polymerization takes place within micelles. The
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resulting nanoparticles had an average hydrodynamic diameter (Dh) of 27 ± 2 nm with a
15 ± 5% polydispersity index (PDI) as measured by dynamic light scattering, or DLS
(Figure 17 and Table 1). DLS measures how particles that are dispersed in solution
scatter light to determine their hydrodynamic diameter, or size, and their polydispersity
index, which is a measure of how consistent the particle size is. Generally, a PDI below
18% is desired and below 10% is considered good. While the DLS results were
promising for NP formation and allowed the probe to be stable in aqueous conditions22,
the nanoparticles were a dark pink color. This property was not good for our application,
as the nanoparticles displayed color without mercury. It is known that the spirolactam
ring opens as a function of pH, so we tried to adjust pH to minimize this signal. The
change to a more basic pH did lighten the color of the particles but did not make them
colorless.

Distribution (%)

20

15

10

5

0
1

10

100

1000

10000

Particle Size (nm)

Figure 17: DLS measurements of particle size distribution by number of nanoparticles
formed with the emulsion method
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Emulsion-Diffusion-Evaporation Nanoparticle Formation. The emulsiondiffusion-evaporation nanoparticle formation method24, which non-covalently
encapsulates Probe #1, gave more promising results than the two covalent methods. Two
different polymers were tested with this method, PLGA and polystyrene, to see if one
allowed the probe to respond better to mercury than the other. The nanoparticles
synthesized with PLGA were pinker than those made with the polystyrene, both during
initial formation of the NPs and even more so after dialysis (Figure 18). This result could
be due to the acidity of the PLGA because the spirolactam ring can open in acidic
conditions. The greater hydrophilicity of PLGA in comparison to polystyrene could also
be a factor as the probe seemed to become darker pink in earlier experiments when it
came in contact with water. The NPs made with polystyrene were almost colorless. This
characteristic should improve mercury detection as a change from colorless to pink is
easier to detect than a change from light pink to darker pink (Figure 18). Both probecontaining nanoparticles showed an instant response to ionic mercury and were a
noticeably different color with a mercury concentration in the 10 µM range.
When analyzed with DLS the nanoparticles made with polystyrene had a
hydrodynamic diameter of 90 ± 10 nm and a PDI of 25 ± 3%. This PDI is higher than the
desired 18% or below, but the synthesis used was optimized for PLGA with only slight
modifications for the polystyrene attempt.24 Since polystyrene gave less colored
nanoparticles and will be used in further studies, synthesis conditions can be optimized
for polystyrene which should result in a lower PDI. The NPs made with PLGA had a
hydrodynamic diameter of 96 ± 8 nm and a PDI of 16 ± 8% (Figure 19). Table 1
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compares the DLS results of the different nanoparticle syntheses and the biotinylation of
the polystyrene nanoparticles.

Blank

10 µM
Hg2+

Blank

10 µM
Hg2+

Figure 18: Probe #1 encapsulating nanoparticles made with polystyrene (left) and PLGA
(right)

Table 1: DLS data for various nanoparticle syntheses and modifications
Nanoparticle synthesis/modification

Dh (nm)

PDI (%)

Emulsion

27 ± 2

15 ± 5

Solvent evaporation – polystyrene

90 ± 10

25 ± 3

Solvent evaporation – PLGA

96 ± 8

16 ± 8

107

16

Biotinylated polystyrene
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Figure 19: DLS measurements of particle size distribution by number of nanoparticles
formed with the emulsion-diffusion-evaporation method. Polystyrene (top) and PLGA
(bottom)

Biotinylation of Nanoparticles. The polystyrene NPs were then covalently
bound to a biotin EZ-linkTFPA-PEG3 linker (Figure 20) to aid in incorporating them onto
the LFA by taking advantage of the strong biotin/streptavidin interaction. The TFPA
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(tetrafluorophenyl azide) group can bind covalently to the nanoparticle by insertion into
C-H bonds after nitrene formation caused by exposure to long wave UV light.29 DLS
measurements were taken to see if the size of the nanoparticles increased to suggest a
successful biotinylation. The hydrodynamic diameter after the reaction was 107.44 nm
and the PDI was 16.1% (Table 1 & Figure 21). The length of linker is about 3.5 nm29, so
this increase in the size of the nanoparticles by about 7 nm is promising as the linker
would bind all around the NPs.

Figure 20: Structure of the biotin EZ-linkTFPA-PEG3 linker29
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Figure 21: DLS measurement of particle size distribution by number of biotinylated
polystyrene nanoparticles
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Incorporation of Nanoparticles onto LFA. After biotinylating the particles,
experiments were carried out to determine the best method of incorporating them onto the
nitrocellulose membranes. The conditions and results of all LFA tests are tabulated in
Table 2. In Trial 1 the biotinylated NP solution was run up a strip spotted with
streptavidin, and these conditions resulted in nanoparticles sticking to the whole strip
instead of just where the streptavidin was spotted as expected (Figure 22). As soon as the
strips were placed in the mercury solution the bottom of the strip turned a darker pink,
but there was not much of a change higher up on the strip where the streptavidin line was.
Based on later tests, at this concentration of mercury it is likely that most of the mercury
was trapped by the probe on the bottom of this strip even after sitting for three hours. If
any mercury did make it to the streptavidin line, it was likely not concentrated enough to
cause a visible change.

Figure 22: LFA test of Trial 1 (NPs run with no wash)
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6

Streptavidin

3
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Streptavidin

2
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Streptavidin
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1
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application

5

Protein

Trial

non-biotinylated
3x dilution

non-biotinylated
concentrated

non-biotinylated
3x dilution

non-biotinylated
diluted

biotinylated/
non-biotinylated

biotinylated/
non-biotinylated

non-biotinylated

biotinylated/
non-biotinylated

biotinylated

biotinylated

NP type

15 min.

10 min.

10 min./
30 min.

14 µM/
1 mM
20 µM

14 µM

30 min.

30 min.

30 min.

blank/ 0.1,
1, 10 µM
blank/ 1,
10 µM

30 min.

10 µM

blank/
10 µM

30 min.

blank/
10 µM

30 min.

3 hr.

14 µM

blank/
10 µM

Run
time

Hg conc.

Table 2: Preparation, running conditions, and results for various LFA trials
tests
2+

NP conc.
dependent
no

very little

no

yes, less with decreased NP
concentration
blanks, no
10 µM strips, yes
blank and 0.1 µM, no
1 and 10 µM, yes, 10 more
blank, no/ 1, darker bottom of
line/ 10, more, whole line

yes

yes, bottom of NP line, more
with 30 min.

no

yes

slight, bottom of NP
placement

blank, no/ 10 µM yes, darker
at bottom of line

NPs all over
test

4 µM, bottom of strip/ 1 mM,
yes, all over

very little

NPs all over
test

yes, bottom of strip

blank, no
10 µM yes, all test line

Streaking

Color change

For the Trial 2 LFA test where a wash with water in between the runs with
nanoparticle and mercury solutions was carried out, a similar result with pink all over the
strip was obtained as the wash did not seem to remove the excess NPs. Of these strips,
the ones placed in the 14 µM mercury solution showed darker pink on the bottom of the
test strip. The strip placed in 1 mM mercury solution eventually became darker pink up
the whole strip as if the mercury was also flowing up the strip after the initial flow of
water. For this test, it is likely that with the higher concentration, there was enough
mercury in the solution to travel farther up the strip.
The Trial 3 test, with both the biotinylated and non-biotinylated NP solutions
placed only on top of the streptavidin line, resulted in pink streaking from where the NP
solutions were placed up to the absorbent pad. A slight color change to darker pink at the
bottom of where the NPs were on top of the streptavidin was seen. In these and further
tests, since the NPs were not all over the strip, the mercury was able to reach the test lines
even at lower concentration.
A similar streaking from the placement of the non-biotinylated NPs to the
absorbent pad was seen in Trial 4 when no protein was used (Figure 23). In these tests a
darker pink line could be seen at the bottom of the pink section and was darker on the
strips left for thirty minutes than the one left for ten. The flow was also more irregular on
the wider strip, and for these reasons the 1/4 inch strip and 30 minute run time were used
for the rest of the LFA tests.
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Blank

14 µM Hg2+

No streptavidin
Figure 23: LFA test of Trial 4 (NPs spotted with no protein)

Trial 5 with biotinylated NPs spotted under a line of streptavidin had much less
streaking of the NPs up the rest of the test strip. A darkening of the bottom of the thin NP
line was seen almost immediately when the 10 µM mercury solution flowed past it, and
after the 30 minute run, the whole NP strip had turned noticeably darker than the blank
(Figure 24). The similar test with concentrated non-biotinylated NPs under the
streptavidin line gave similar results in response to mercury, but more streaking was seen.
Possible reasons are that the non-biotinylated particles solution was about 3x more
concentrated than the biotinylated solution or that the interaction between the biotin and
streptavidin helped with stopping the streaking.
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Blank

10 µM Hg2+

Figure 24: LFA test of Trial 5 (NPs spotted under streptavidin line)

Since streptavidin did reduce the particle streaking even for the non-biotinylated
particles, though not to the same extent, another cheaper protein, rabbit IgG, was spotted
on the test paper for Trial 6 to see if just the presence of a protein in the paper could
prevent the particles from streaking. This could help save money as this rabbit IgG
protein is cheaper than streptavidin/biotin combination and saves a step as the particles
would not need to be biotinylated. The results of spotting concentrated nanoparticles
under a line of the rabbit IgG protein is shown in Figure 25. The NP lines on the test
strips exposed to mercury are darker than on the blank strip, with the darkest area at the
bottom of the line. This suggests that most of the mercury is trapped in and causes a
response at the probe nanoparticles it encounters first. Whatever mercury is left flows
farther and causes less of a change in the NPs farther up the test strip. If more
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nanoparticles can be kept concentrated in a thinner line, this should increase the test’s
signal.

Blank

10 µM Hg2+

Figure 25: LFA test of Trial 6 (NPs spotted under rabbit IgG line)

Trial 7 tested whether a decreased concentration of the non-biotinylated
nanoparticles would result in less streaking on the test. The results are shown in Figure
26. For the streptavidin strips (left) the fully concentrated particles and 2x diluted
particles did still streak with no streaking seen for 3x to 5x dilutions. As for their
responses to mercury, the fully concentrated NPs showed a darker line at the bottom of
the NP line with the rest of the line lighter above. The lines of the 2x to 5x dilutions
turned darker pink over the whole line with the 2x line the darkest and the color
decreasing to the 5x dilution. For the rabbit IgG strips (right), streaking was again seen
on the fully concentrated and 2x strips and not on the 3-5x strips. All lines turned darker
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pink overall with a decrease in the color change from the fully concentrated strip to the
5x strip (Figure 26). After this test, it was concluded that the higher concentrations of
nanoparticles turned darker pink with increased streaking. From this point on the 3x
dilution was used because it still gave a good signal but without visible streaking of the
NPs.

1x

2x

3x

4x 5x

1x

Streptavidin

2x

3x

4x

5x

Rabbit IgG

Figure 26: LFA test of Trial 7 with streptavidin (left) and rabbit IgG (right). Dilutions of
NP solution indicated by 1x-5x with 1x being no dilution

For Trial 8 the amount of protein on the strips was reduced to see if less protein
could be used and reduce costs, and the results are shown in Figure 27. No streaking was
seen on any of the strips, but on those with 1 mg/mL of protein, the flow of water slows
and becomes irregular around the spots like with the 2 mg/mL used in other tests. This
change in the flow of water was not seen in the runs with 0.1-0.001 mg/mL of protein.
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All strips run in mercury became darker than the blanks (Figure 27). Based on the results
of this test, if the 3x dilution of NPs is used, a lower concentration of protein, 0.01 or
even 0.001 mg/mL, could be used to ensure that no streaking of the NPs farther up the
test strip occurs.

3x diluted non-biotinylated NPs

1 mg/mL
Rabbit IgG

0.01 mg/mL
Rabbit IgG

Blank
Blank

10 µM
Hg2+

10 µM
Hg2+

0.001 mg/mL
Rabbit IgG

Blank
Blank

10 µM
Hg2+

0.1 mg/mL
Rabbit IgG

10 µM
Hg2+

Figure 27: LFA test of Trial 8 (3x diluted NPs spotted under varying concentrations of
rabbit IgG)

LFA Response to Mercury. The results from Trial 9 with a blank and 0.1, 1 and
10 µM mercury solutions run on LFAs spotted only with concentrated NPs and no
protein are shown in Figure 28. Slight streaking of the NPs was seen on all strips and
only a slight color change was seen between the blank and the 0.1 µM run. A darker pink
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line was easily seen at the bottom of the 1 µM run, and the whole NP line turned a darker
pink in the 10 µM run (Figure 28).

Blank

0.1 µM 1 µM
Hg2+
Hg2+

10 µM
Hg2+

Figure 28: LFA test of Trial 9 testing mercury response (NPs spotted with no protein)

Trial 10, with strips containing the 3x dilution of non-biotinylated NPs and no
protein, gave the results shown in Figure 29. The strips were run in a blank, 1 and 10 µM
mercury solutions. No streaking was seen with the less diluted particles and a clear
difference could be seen between the blank and the two mercury concentrations. Only the
bottom of the NP line became darker in the 1 µM solution while the whole line turned
darker in the 10 µM solution by the end of the 30 minute run. The results from this test
show that using a protein to keep the NPs from streaking may not be necessary. However,
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if it is determined that a better signal is necessary requiring more concentrated
nanoparticles, a protein may need to be used.

Blank

1 µM
Hg2+

10 µM
Hg2+

Figure 29: LFA test of Trial 10 testing mercury response (3x diluted NPs spotted with no
protein)

CONCLUSION
The goal of this research was to create an LFA capable of detecting Hg2+ in
aqueous samples at low ppb concentrations. Mercury pollution is a growing issue as
human activities increase the amount of mercury in the environment each year. Because
of mercury’s high toxicity, health and government organizations typically set limits on
mercury concentrations in water sources to low ppb levels. While instrumentation exists
capable of detecting mercury in this range, it is expensive and impractical for those in
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lower resource areas where mercury pollution is more prevalent because of fewer
regulations. A paper-based LFA would allow for an affordable detection strategy and one
that could be utilized by the general population as it produces an easy to interpret visible
signal.
In this research, progress was made towards the design of this LFA. Three
rhodamine B based probes were synthesized and characterized. Probe #1 (rhodamine B
thiohydrazide) showed the most promising response to mercury and had an LOD of 90 ±
10 ppb in acetonitrile. This is higher than the EPA and WHO limits of 2 and 6 ppb,
respectively, but incorporation into an LFA format can possibly decrease the LOD to the
low ppb range. Nanoparticles containing Probe #1 were synthesized by several methods,
with the encapsulation method in polystyrene being the most favorable. These
nanoparticles display a color change in water in the presence of ionic mercury, showing
that incorporation into an amphiphilic polymer nanoparticle does allow the probe to be
used for aqueous samples.
The polystyrene nanoparticles were then concentrated and biotinylated, and
various methods of attaching them to the nitrocellulose test strips were evaluated.
Different conditions for running the test strips, such as the presence of a protein, run time,
and nanoparticle concentration were also tested. The best method to date involves having
a line of rabbit IgG present on the test strip and spotting a thin line of the 3x diluted NP
solution under the protein line. This prevents the nanoparticles from streaking on the test,
keeping the signal stronger by concentrating it to one area. Though a signal begins to
appear after 10 minutes, the best signals result after allowing the test to run for 30
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minutes, after which the signal no longer increases. As of now, the lowest concentration
of mercury detected with the tests was about 200 ppb. While this is also higher than the
safety limits and higher than the LOD of the probe in solution, lower concentrations have
not yet been tested using the optimized method of incorporation of NPs at the LFA test
line.
Future work includes optimizing the polystyrene nanoparticle synthesis and
improving the incorporation of the NPs onto the LFA test strip even further to increase
the sensitivity of the test. This result may be achieved through testing methods that
produce an even thinner line, or methods that allow more concentrated nanoparticle
solutions to be used without streaking. After this, lower concentrations of mercury will be
analyzed using the optimized method of NP incorporation. In the end, a simple, quick and
inexpensive LFA for detection of Hg2+ at low ppb levels is expected.
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Appendix 1: Rhodamine B hydrazide spectra
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H NMR spectrum of rhodamine B hydrazide
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C=O stretch

IR spectrum of rhodamine B hydrazide
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Appendix 2: Rhodamine B thiohydrazide (Probe #1) spectra
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H NMR spectrum of rhodamine B thiohydrazide (Probe #1) - Original synthesis
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H NMR spectrum of rhodamine B thiohydrazide (Probe #1) - New synthesis
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C=O stretch

IR spectrum of rhodamine B thiohydrazide (Probe #1) - Original synthesis
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C=O stretch

IR spectrum of rhodamine B thiohydrazide (Probe #1) - New synthesis
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Appendix 3: Rhodamine B diethylenetriamine (Probe #2) spectra
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H NMR spectrum of rhodamine B diethylenetriamine (Probe #2)
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C=O stretch

IR spectrum of rhodamine B diethylenetriamine (Probe #2)
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Appendix 4: Rhodamine B thiodiethylenetriamine (Probe #3) spectra
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H NMR spectrum of rhodamine B thiodiethylenetriamine (Probe #3)

68

C=O stretch

IR spectrum of rhodamine B thiodiethylenetriamine (Probe #3)
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Appendix 5: Probe #1 modified with glycidyl methacrylate (GMA) spectra

1

H NMR spectrum of Probe #1 modified with GMA
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-OH stretch

IR spectrum of Probe #1 modified with GMA
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Appendix 6: RAFT polymerization spectra

1

H NMR spectrum of RAFT polymerization product
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C=O stretch

IR spectrum of RAFT polymerization product
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C=O stretch

IR spectrum of hexyl acrylate monomer
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