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The Magical Combination of Polymer Science
and Fluorometry
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I'am very pleased to announce the publication of “Fluorescent Polymers for Sensing and Imaging”.
This Special Issue includes a review, thirteen articles, and one communication, which represent the
contributions of seventy researchers in nine countries. When I received an invitation to serve as a
guest editor from the editorial office of Polymers, I immediately recalled the first time I read the
striking results published in 2000 by Swager et al., who reported a dramatic increase in pH sensitivity
due to the amplifying effects of polymers [1]. Before obtaining my PhD in 2002, my research was
focused on developing novel fluorescent sensing systems using only small organic molecules. The
Swager paper provided fresh insight into polymeric architecture, which often afforded extremely high
sensitivity that could not be achieved with small molecules. At the same time, a fluorescent polymeric
thermometer with sub-degree temperature resolution was developed in my laboratory [2], which,
amazingly, enabled intracellular thermometry [3]. Of course, the robustness and multiple functionality
of a polymer motif are different advantages.

I have made two contributions to the Special Issue as a guest editor. In my review article [4],
I summarize the findings of a long-term investigation performed in collaboration with Prof. de
Silva on polymer-based sensing systems and polymer-specific microenvironments. In a research
article [5], I present new intracellular thermometry results obtained using a cationic fluorescent nanogel
thermometer. Measuring the temperature within living cells with polymeric sensing materials is a
challenging target. The cationic fluorescent nanogel thermometer, prepared with a new cationic radical
initiator [6], can be taken up by mammalian cells. Sensitive and noncytotoxic fluorescent polymeric
thermometers, based on the combination of a thermo-responsive polymer and a fluorophore sensitive
to polarity and hydrogen bonding, are described in this article. D’Souza et al. compare the fluorescence
properties of BODIPY fluorophores and report a closely related temperature-sensing system [7]. A
sharp response to temperature variation was observed after wrapping one of the BODIPY derivatives in
Pluronic copolymers consisting of hydrophilic poly(ethylene oxide) and hydrophobic poly(propylene
oxide) units.

Ions are the universal targets of fluorescent sensors. As I mentioned at the beginning of the
introduction, polymeric architectures can provide unprecedented sensitivity and selectivity. Three
elegant examples are reported in this Special Issue. Kyhm et al. describe a sensing system for potassium
ion (K*) in aqueous solution. This system combined the characteristics of fluorescent polyfluorene and
a 15 base-aptamer that could pack K* [8]. The aptamer was fluorometrically labeled with fluorescein
and rhodamine. Upon binding K*, variable fluorescence outputs by the sensing system via Forster
resonance energy transfer (FRET) were observed. Lin et al. synthesized novel silane-containing
polythioethers that fluoresced in ethanol [9]. Selective quenching by ferric ions (Fe3*) was achieved
by functionalizing the polythioether end groups with suitable sulfthydryl compounds. Preliminary
experimental data obtained using human epithelial carcinoma (HeLa) cells were also reported. Seitz
et al. prepared poly(N-isopropylacrylamide)-based nanoparticles that contained fluorescein and
anilinodiacetic acid units and utilized them as sensors for cupric ions (Cu?*) in water [10]. While the
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nanoparticles intrinsically responded to changes in temperature, remarkable fluorescein quenching by
Cu?* was observed at a fixed temperature.

Molecular sensors require a special design approach that differs from that used for ion sensors,
because the strong ionic interactions between the sensors and target ions and the coordination between
ligands and target ions are absent. The oxygen sensing mechanism is unique, since quenching
is due to collisions between molecular oxygen and the sensor. Peng et al. prepared ratiometric
luminescent nanoparticles for oxygen sensing [11]. The nanoparticles consisted of polystyrene
and polyacrylate block copolymers. They also contained oxygen-sensitive Ru?* complexes and
oxygen-insensitive Tb3* complexes to afford a ratiometric emission signal. The polymeric structure
around the complexes prevented interferences by other ions and molecules. The authors then
demonstrated its application for sensing oxygen in model tumor spheroids. Zhao et al. developed
a fluorescence sensor for adenosine triphosphate (ATP) in aqueous solution and HeLa cells using
polythiophene that bore boronic acid and quaternary ammonium moieties [12]. The boronic acid
and quaternary ammonium groups in the polymer bound to the diol and phosphate groups in ATP,
respectively. ATP binding by polythiophene led to the formation of supramolecular aggregates, which
quenched polythiophene emission. Tanaka et al. synthesized polyhedral oligomeric silsesquioxane
that attached to Ru** complexes [13]. Electrochemiluminescence by the silsesquioxane was not
significantly quenched by oxygen. In contrast, the water pollutant oxytetracycline markedly quenched
silsesquioxane electrochemiluminescence after the oxidization of oxytetracycline at an electrode.
Oxytetracycline sensing could thus be performed in a phosphate-buffered saline (PBS) without
requiring a degassing procedure.

Molecular imprinting is an extraordinarily powerful polymer chemistry technique used to
construct selective sensors. A polymeric receptor that is extremely specific to a target can be created
via polymerization with the target molecule. Zhang et al. used this technique to prepare luminescent
multilayered nanoparticles [14]. The cores of the nanoparticles contained iron oxides and luminescent
quantum dots. The target molecule, bisphenol A (2,2-bis(4-hydroxyphenyl)propane), could be trapped
in the 3-aminopropyltriethoxysilane-based shells. The nanoparticles were applied for the optical
detection of bisphenol A in tap water and lake water. Bisphenol A bound to the nanoparticles
quenched emission by the quantum dots in the cores in a linear fashion. The same technique can
be extended beyond molecules to detect biological species. Wang et al. molecularly imprinted a
polymer to detect the Gram-positive pathogenic bacterium, Listeria monocytogenes [15]. The polymer
bound to L. monocytogenes, but it did not bind to Escherichia coli, Staphylococcus aureus, or Salmonella.
L. monocytogenes was spiked into milk and pork, and detected through significant quenching of the
luminescent polymer.

I'am less familiar with the themes of the other contributions in this Special Issue, which make them
more interesting to me. Matsumura and Iwai investigated variations in the microenvironment related
to the complexation of poly(acrylic acid) and polyacrylamide using 9-(4-N,N-dimethylaminophenyl)
phenanthrene, a polarity-sensitive fluorophore [16]. Complexation of the polymers was pH-dependent,
and it was accompanied by significant changes in the local polarity. Warman et al. fabricated a
poly(t-butyl acrylate) macrogel 24 mm in diameter, which contained fluorescent pyrene units to mimic
the human eye [17]. The authors suggest that the poly(t-butyl acrylate) macrogel would be useful
for controlling radiotherapy dosage, because the dose-related effects of the beam on the eye can
be visualized in a three-dimensional fluorescence image of the macrogel. Ayesta et al. dissolved
rhodamine B in methanol and inserted the fluorescent dye into poly(methyl methacrylate) optical
fibers [18]. The authors showed that the penetration rate and fluorescence behavior of the rhodamine
B-doped fibers were temperature-dependent. Their findings will be helpful for the development of
new sensor materials. Timofeyev et al. coated fluorescent poly(allylamine hydrochloride)/poly(sodium
4-styrenesulfonate) nanocapsules with polyethylene glycol and monitored their circulation in a model
amphipod, Eulimnogammarus verrucosus [19]. Knowledge about the distribution of the nanocapsules
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over time and their toxicity will hasten their application as sensors to monitor the physiological status
of biological species.

Finally, I would like to express appreciation for the great editorial contributions of Liz Li and Zora

Zhu at MDPL I was kindly encouraged to work as a guest editor during a pleasant conversation with
Ms. Hannah Guo, who attended a MDPI booth at the World Polymer Congress Macro2018 in Cairns,
Australia. It is hoped that the information provided in this Special Issue will facilitate significant
advances in polymer science in the future.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Our experiences concerning fluorescent molecular sensing and logic devices and their
intersections with polymer science are the foci of this brief review. Proton-, metal ion- and
polarity-responsive cases of these devices are placed in polymeric micro- or nano-environments,
some of which involve phase separation. This leads to mapping of chemical species on the nanoscale.
These devices also take advantage of thermal properties of some polymers in water in order to
reincarnate themselves as thermometers. When the phase separation leads to particles, the latter can
be labelled with identification tags based on molecular logic. Such particles also give rise to reusable
sensors, although molecular-scale resolution is sacrificed in the process. Polymeric nano-environments
also help to organize rather complex molecular logic systems from their simple components. Overall,
our little experiences suggest that researchers in sensing and logic would benefit if they assimilate
polymer concepts.

Keywords: fluorescence; polymer; particle; sensor; logic gate; pH; ion; temperature

1. Introduction

It has been our pleasure to investigate molecular-scale devices which communicate with us
at the human-scale. Owing to their subnanometric dimensions, they operate across a range of
larger size-scales and provide us with valuable information from these worlds. Fluorescence signals
provide output while various chemical species serve as input signals. Excitation light powers these
devices wirelessly. In order to carry information, some modulation is required in the fluorescence
signal. Chemical responsiveness provides this by chemically biasing a competition [1-6] for the
deactivation of the fluorophore excited state between fluorescence emission [7,8] and photoinduced
electron transfer (PET) [9,10]. Because of the extreme nature of this responsiveness, it is easy to
regard these devices as ‘off-on’ switches. This leads to the realization that molecular devices share
many attributes with semiconductor logic counterparts [11], while differing in other features [12-38].
Chemical responsiveness of fluorescence signals can also be arranged via ionic/dipolar influences
on internal charge transfer (ICT) excited states [2,8,39]. Extreme versions of this behavior can be
seen in benzofurazan fluorophores which again lead to ‘off-on” switchability. Having a binary digital
basis in electronic engineering does not preclude analog operations for exquisitely fine measurements.
Similarly, the Boolean character of molecular switching devices still allows for the accurate measurement
of tiny changes in the input signal, whether it be a chemical concentration or a physical property,
when substantial populations of molecules exert mass action. Accurate sensing is therefore available
from digital molecular devices. A significant fraction of our research involves polymers of some kind,
sometimes in crucial ways.

Polymers 2019, 11, 1351; d0i:10.3390/polym11081351 5 www.mdpi.com/journal/polymers
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Although each of the authors had their research formation in photoscience of small
molecules [40-43], it is clear to us that macromolecules have uniquely beneficial characteristics
barred to small counterparts [44]. For instance, polymer molecules are large enough to possess
their own environments at the nanometer-scale. Although objects as varied as proteins [45] and
DNA origami [46] could be studied in this way, it would be more immediately productive to pay
attention to simple symmetrical systems such as quasi-spherical detergent micelles in water. We can
consider detergent micelles in water as supramolecular polymer systems held together by hydrophobic
interactions and then examine the region bounded by their surfaces for H* distribution for instance.
These are discussed in Section 2. Especially when cross-linked, polymer molecules are large enough
to create their own phase-separated environments at the nanometer- to millimeter-scale. When solid
particles are formed in this way, they serve as recyclable matrices to carry functional small molecules
such as sensors. Section 3 represents these. Solid polymer particles can also be vehicles for functional
small molecules such as drug candidates during their synthesis and their evaluation. These came to the
fore during the combinatorial chemistry wave [47] and still have roles to play. It would be important
therefore to be able to identify these vehicles individually within large populations. Section 4 presents
a solution to this problem by tagging these vehicles with molecular logic gates. Linear macromolecules
without cross-links can also create their own phase-separated environments in certain instances. Such a
transition of extended linear to globular forms can occur as the temperature is ramped across a threshold
value. Such transitions persist in some cross-linked gel versions as well. Fluorescence readout of these
transitions is possible from polymer-linked probes. This opens the way to molecular thermometers,
which are now throwing light on the foundations of biology (Section 5).

As indicated above, the polymer plays a variety of roles in these systems. These roles will depend
on the chemical structures involved. Nano-environments will be set up by long hydrocarbon chain
monomers carrying hydrophilic termini which aggregate in water. These micelles or membranes are
non-covalent macromolecular (self-assembly) systems which are sisters of synthetic polymers. Some of
these nano-environments will also be employed in an organizational role to assemble logic gates.
Recyclable matrices will be created with diamondoid Si-O lattices. Vehicles for other molecules will be
built from crosslinked polystyrene cores with oligoethyleneglycol shells. Sharp thermoresponsivity
will be introduced with polyacrylamides carrying 2-propyl substituents and relatives.

2. Mapping Membrane-Bounded Species

Since compartmentalization is a key to the origin and maintenance of life, it is crucial to study
membrane-bounded species, especially those which are key players in biology. H* is paramount in
this capacity because of its vital role in bioenergetics [48]. Since fluorescent PET signalling began with
H* sensing [49], Anthracenemethylamine derivative 1 (Scheme 1) is a straightforward adaptation of a
‘fluorophore-spacer-receptor” system [50,51] with the addition of an anchoring module in the form of
a hydrocarbon chain and a spatial tuning module in the form of amine substituents [52]. When H*
is picked up by 1 from its neighbourhood, the amine receptor is no longer able to perform a PET
operation to the anthracene fluorophore, and the fluorescence is switched ‘on’. The neighbourhood
being sampled is determined by the height/depth of the amine lone electron pair relative to the
micelle-water interface, which in turn is controlled by the hydrophobicity of 1 as it gravitates to the
appropriate point along the hydrophobicity/hydrophilicity continuum between polar water and the
apolar micelle interior. The spatial tuning groups make fine adjustments to the positioning of the
amine receptor. The local H density relative to the value in bulk water is related to the difference in
pK; values determined by fluorescence-pH titrations for 1 in micellar media and for a very hydrophilic
version of 1 in neat water [53]. Such ApK, values obtained for structural variants of 1 can be correlated
with the hydrophobicity of the spatial tuning module. These graphs provide a first glimpse into the
spatial distribution of membrane-bounded H* and how it is controlled by electrostatic and dielectric
effects [53].
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Scheme 1. Chemical structures of 1-4.

A more proper mapping of H" in these micellar neighborhoods, in a cartographic sense,
is achievable if the probe position can be determined at the same time as the ApK, measurement.
This is made possible by employing a variant of 1 outfitted with a fluorophore whose emission
wavelength is dependent on environmental polarity. The position occupied by the probe on the
hydrophobicity/hydrophilicity continuum between polar water and the apolar micelle interior will
reflect the local polarity experienced by the probe, and hence its emission wavelength. ICT fluorophores
fit the bill [54-57], and benzofurazans [58-63] are the best of all in our hands. 2 (Scheme 1) and its close
derivatives produce rather educational maps of H* density near neutral Triton X-100 micelles [64] in
water. In these fluorescent sensors, the effects of protonation at the terminal amino moiety (during
H* sensing) on the fluorophore are dominantly observed in fluorescence efficiency but not in original
absorption and emission wavelengths of the fluorophore, which enables accurate monitoring of both
HT density and the environmental polarity simultaneously. As shown in Figure 1, the H density near
Triton X-100 micelles is hardly affected until we approach neighborhoods of an effective dielectric
constant () 40. As sensors go towards the micellar interior from the position of ¢ = 40 to that of ¢ = 15,
H* density becomes suppressed to approximately 4% due to the dielectric repulsion (Figure 1). Our
probes within the family represented by 2 are unable to get any closer to the micelle.
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Figure 1. Local effective proton density (as measured by the shift of the acidity constant relative to bulk
water, ApKa) near Triton X-100 micelles as a function of position (as measured by the local dielectric
constant, ¢). Adapted with permission from reference [64]. Copyright John Wiley and Sons 2018.

Further exploration of planet micelle is possible with 3 (Scheme 1) by providing useful mapping
data from charged micelles. Although structurally close to 2, 3 has no hydrogen-bond donor N-H
group on the fluorophore. This is crucial because the N-H group at the anilino position is free from
both protonation and deprotonation in a wide range of pH (e.g., 3 < pH < 12) in water or aqueous
micellar solutions and thus can engage in multiple hydrogen bondings with anionic head-groups of
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micelles (e.g., sulfate groups with considerable hydrogen bonding ability in sodium dodecyl sulfate
(SDS) micelles [65]) to pin the probe to a narrow location, meaning that detailed mapping was not
possible for anionic micelles via only hydrophobicity tuning. Once N-H is replaced by N-CH3,
this pinning effect disappears and a larger spatial distribution of probe positions opens up [66]. 2 does
not fare much better with cationic micelles because of cation—pi interactions [67] between the micelle
head-groups and the probe pi-system. 4 (Scheme 1) has stronger hydrophobic interactions due to the
dioctyl chains so that the cation-pi interaction is relegated to a minor role. Better mapping is the result,
though higher-resolution data remains our long-range goal.

Sentient beings depend on Na* near nerve membranes to convey and process environmental
signals [68]. Membrane-bounded Na® is estimated by 5 (Scheme 2) [69], which takes a leaf out of
1’s book by using a hydrocarbon chain for gross targeting and anchoring of the probe in the micelle.
Owing to the relative structural complexity of the benzo-15-crown-5 ether receptor in 5 for Na™* vis-a-vis
the H* receptor amine in 1, no spatial tuning module is available so far. Nevertheless, it is gratifying to
find that Na™ is concentrated a 100-fold near the surface of anionic micelles, whereas Na™ is repelled
so much from cationic micelles and even neutral micelles as to be immeasurable with 5. The latter
finding need not be a surprise because hydrophilic Na* would indeed be difficult to accommodate in a
hydrophobic micelle neighbourhood when bulk water is available within travelling distance.
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Scheme 2. Chemical structures of 5-7.

Though nanometric in size, micelles are great containers which can organize sets of functional
molecules. A pair of a fluorophore and a receptor is such an example of a self-assembled fluorescent PET
sensor. Here, the role of the spacer in the fluorescent PET system is taken over by the micelle itself [70].
Inspired by this concept, we extend it to self-assembled AND logic systems with, e.g., a fluorophore
and two different selective receptors [71]. The fact that various logic gates can be constructed by
the step-by-step addition of components allows a ‘plug-and-play’ approach to some of the simpler
molecular logic functions. Covalently bound AND logic gates operated within micelles represent
computing at the smaller end of the nanoscale [72], which semiconductor devices still struggle to do.

We can cross from mapping and logic to the seemingly unrelated topic of photosynthetic
reaction centre (PRC) mimics. In nature, the PRC is a marvel of supramolecular organization within
a membrane in terms of structure and function [73]. This is a good thing too, since our origin
and survival depend on it. We turn to micelles as a model membrane to contain PRC mimics of a
receptor;-spacer;-fluorophore-spacer;-receptor, format [74]. These have two PET pathways originating
from the opposite termini of 6 (Scheme 2), of which one is favoured, somewhat similar to what is seen
in the PRC. In its excited state, 6 has an internal electric field [75] to direct PET in one direction rather
than the other.

3. Solid-Bound Sensors

Being modular, fluorescent sensors of the ‘fluorophore-spacer-receptor” format are easily extended
to ‘fluorophore-spacer-receptor-spacer-particle’ systems, e.g., 7 (Scheme 2) [76]. Beside the practical
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aspect of reusability, this SiO,-bound amine receptor system shows the retardation of PET compared
to homogeneous solution counterparts. Charge-separating processes of this kind are naturally slowed
at solid surfaces because charge-stabilizing orientation polarization of water dipoles is less likely.
Fortunately, this PET process, even after retardation, remains competitive with the radiative rate
and so adequate H*-sensing capability remains. This situation is maintained when H*-sensing PET
systems like 8 (Scheme 3) are embedded in polyvinylchloride, provided the polymer is suitably
plasticized [77], and when Na*-sensing PET systems like 9 (Scheme 3) are bonded to various fibres [78].
Solid-bound PET sensors continue to grow in number [79-82].
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Scheme 3. Chemical structures of 8-12.
4. Molecular Computational Identification (MCID)

In the previous section, the emphasis was on the fluorescent function with the particle being the
new environment. Now the particle takes centre stage with the fluorescent function serving as an ID
tag. As trailed above, polymer particles can be vehicles for various functional molecules but they can
also be models for biological cells showing the way to cell diagnostics.

Whenever we encounter populations of objects, individual object identification is not a problem
if they are at fixed locations. If they are not spatially addressable, some kind of tracking feature
becomes necessary. Metamorphosing objects would also need tracking if some sense is to be made of
their population. Modern information-based society is full of radiofrequency ID (RFID) tags which
serve this tracking need [83], but these are limited to sizes above 10 pm because of the necessary
antenna. Micrometric objects such as polymer particles and cells are therefore untouched by the RFID
revolution and remain at large. Molecules would be capable of rectifying this situation if they possessed
some easily detectable parameter which comes in a sufficiently large number of distinguishable
values. For example, excitation and emission wavelengths of various fluorophores can encode up
to 100 polymer beads, but not much more [84]. However, what about larger populations? It is
possible to amplify these 100 codes many-fold by taking each fluorophore and making it conditionally
switchable [85]. A given logic type represents this light output driven by chemical input. Many single-,
double- and higher-logic types are available [26], e.g., PASS 1 (10, H-input), YES (11, H*-input), and
AND (12, Na*-, H-inputs) (Scheme 3). Ternary logic types can be included as well [86]. Further
amplification of diversity is made by attaching two or more tags to a given particle (Figure 2) [85,87,88].
The fluorescence wavelengths can extend into the near infrared to offer additional bandwidth [88].
MCID has recently been applied to populations, albeit rather small, so that object-to-object variations
can be quantified (Figure 2). The method can then be used to unambiguously divide a population into
sub-populations of a given logic type [88].
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Figure 2. Histogram for the occurrence of various H*-induced fluorescence enhancement factors
(FEp4) in logic-tagged beads for samples of identical copies. Adapted from reference [88] published by
The Royal Society of Chemistry.

The mechanism of switching in YES gate 11, AND gate 12 and the YES logic-based examples in
Figure 2 are PET processes occurring within ‘fluorophore-spacer-receptor-spacer-particle’ and related
type systems. Here, PET originates from an electron donor amine or benzocrown ether and terminates
in an anthracene or azaBODIPY fluorophore. The PET rate is controlled by its thermodynamics as well
as the length of the spacer. As usual, the PET process is arrested by protonation of the amine or by
binding Na* to the benzocrown ether.

It is appropriate to mention some drawbacks, challenges and potential applications of MCID. The
need to wash the samples with a chosen reagent can be considered as a drawback from some viewpoints,
but chemical stimuli are common in biology. Applications of MCID can be imagined in tracking
members of combinatorial chemistry libraries at the level of single polymer beads. The challenge will
be to popularize this application. The road to application in cell diagnostics will be rockier, since MCID
tags responding to suitably benign chemical stimuli would need to be found and validated.

5. Molecular Thermometers

As mentioned in the introduction section, some linear macromolecules switch between extended
and collapsed forms in water as a response to varying temperature. Such cases with hydrophilic
and hydrophobic groups which balance their effects display a lower critical solution temperature.
The high degree of polymerization of these systems leads to strongly cooperative behaviour so that
the transition occurs across a rather narrow temperature range. Outfitting of these polymers with a
small amount of an environment (e.g., polarity and hydrogen bonding)-sensitive ICT fluorophore,
4-N,N-dimethylsulfamoyl-7-aminobenzofurazan (DBD), by means of copolymerization produces
a fluorescent thermometer, 13 (Scheme 4), with greatly increased sensitivity (Figure 3) [89] over
previous versions [90,91]. Other ICT fluorophores such as 7-aminocoumarin [92], BODIPY [93-96],
dansylamine [97,98] and 4-amino-7-nitrobenzofurazan (NBD) [99,100] have also been applied in a
similar way. At lower temperatures, 13 takes an open and extended form, and the solvent water
molecules access the fluorophores in 13 to cause quenching. In contrast, 13 exists in a globular
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form at a higher temperature, where the fluorophores are surrounded by the hydrophobic backbone,
and therefore emits strong fluorescence. In the similar system 14 (Scheme 4), fluorescence lifetime
increases with temperature [101]. In contrast to fluorescence intensity, fluorescence lifetime is not
influenced by the fluctuation of various experimental conditions (e.g., excitation light intensity and
concentration of a sensor). Accordingly, the fluorescence lifetime can be a more reliable variable
than the fluorescence intensity in some applications such as intracellular thermometry where the
experimental conditions are relatively changeable. The downside is the need for more elaborate
instrumentation for lifetime measurements.
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Scheme 4. Chemical structures of 13-17.
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Temperature/°C
Figure 3. Fluorescence intensity (IF) temperature profiles for 13 and 15 and for copolymers including 16

in the feed ratios given. Adapted with permission from reference [102]. Copyright American Chemical
Society 2004.

In addition to high sensitivity, the polymeric design brings functional diversity to fluorescent
thermometry. The functional temperature range can be easily tuned by using substituted monomers,
e.g., 15 (Scheme 4) [89]. Interestingly, the functional temperature range of copolymer 16 (Scheme 4)
with a 1:1 blend of the monomer units in 13 and 15 bisects the ranges of 13 and 15 [102]. So,
the functional temperature range can be finely tuned by varying co-monomer feed ratios (Figure 3) [102].
The fluorescence wavelength of the polymeric thermometers can also be modified by using a different
fluorophore, e.g., 17 (Scheme 4) [103] and 18 (Scheme 5) [104].
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Using an additional component in copolymers can improve physical and chemical features of
fluorescent thermometers. 19 (Scheme 5) is a highly water-soluble thermometer because the ionic
3-sulfopropyl acrylate units prevent interpolymeric aggregation [105]. Such high solubility enables
highly-resolved temperature measurements. In contrast, the incorporation of an H* receptor amine into
a copolymer produces a molecular logic system with temperature and H* as multiple inputs [106-108].
For instance, the polymeric logic gate 20 (Scheme 5) fluoresces strongly only when environmental
H* concentration is ‘low” and temperature is ‘high’ to behave as an INHIBIT gate. High H* levels
protonate the receptor, causing the copolymer to adopt the extended structure. So the fluorophore is
surrounded by water to cause quenching whatever the temperature.

The gelation of solution-based fluorescent polymeric thermometers by adding a crosslinker results
in robust nanogel particles [109]. The representative gel 21 (Scheme 5) exists as nanometric beads and
shows nearly an order-of-magnitude fluorescence enhancement over a small temperature range when
dispersed in water. The switching mechanism is essentially the same as that seen with the soluble
version 13 [89]. The thermo-responsive fluorescent polymeric structure based on 13 has also been used
as a shell structure of multifunctional magnetite nanoparticles [110]. These particles are expected to be
useful in anticancer heat treatment where monitoring the temperature of target tumours is important.

While these fluorescent polymeric thermometers enabled temperature measurements of small
objects such as an aqueous fluid in a heater-equipped microdevice [100,111] and turbid aqueous
media heated with ultrasound-irradiation [112], the most attractive target is certainly biological cells.
Highly water-soluble fluorescent gels (22, Scheme 6) microinjected into monkey’s kidney COS7 cells
showed a temperature-dependent fluorescence signal therein [113]. A linear polymeric thermometer
(23, Scheme 6) unveiled temperature distribution of a COS7 cell with the aid of fluorescence lifetime
imaging microscopy (FLIM), in which the inside of nuclei and neighbourhoods of mitochondria and
centrosomes were remarkably hotter than the other cytoplasmic spaces (Figure 4) [114].

The above breakthrough in intracellular thermometry made biologists imagine the importance
of the temperature at the single cell level and subsequently demand chemists to develop more
user-friendly fluorescent thermometers. A cationic version of linear polymeric thermometers (24,
Scheme 6) [115-117] now avoids microinjection procedures due to its ability to spontaneously enter
cells. In addition, further labelling of this by a BODIPY structure (25, Scheme 6) enabled ratiometric
thermometry, which offered high accuracy even without an expensive fluorescence lifetime imaging
microscope [118]. Thermogenesis of brown adipocytes [119,120] and chemical stimulation of brain
tissue [121] were successfully monitored with these thermometers.
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Figure 4. Intracellular temperature mapping with 23. Confocal fluorescence images of 23 (green) and
Mito Tracker Deep Red FM (red) (left and middle) and fluorescence lifetime image of 23 (right) in a
live COS7 cell. ‘nuc’ indicate the nucleus. The region of interest shown in the white square in the left
panel is enlarged in the middle and right panels. Arrowheads point to local heat production near
mitochondria. Adopted from reference [114].

The future of fluorescent polymeric thermometers looks quite bright. The exemplified application
of fluorescent polymeric thermometers in brain tissue will accelerate their use in in-vivo thermometry
beyond a single cell level. In such cases, NIR (near infrared) ICT fluorophores will be preferred for the
deep penetration of an excitation light and return of an emission signal to a detector. Another challenge
of fluorescent polymeric thermometers is targeting to specific organelles of live cells by incorporating
target signals into their chemical structures. It is expected that the localization of the fluorescent
polymeric thermometer in heat-generating organelles, e.g., mitochondria, improves the detectability
towards intracellular thermogenesis [122]. The cytotoxicity of fluorescent polymeric thermometers has
also been concerning in biological and medical studies, and normal cell division and even differentiation
were observed in a recent progress [123].

6. Conclusions

Whether constructed covalently from monomers or not, whether aqueous soluble or not, whether
cross-linked or not, or whether solid or not, polymers offer unique environments and objects as
playgrounds for sensors and logic designers. These efforts lead to reusable sensors, insights into
the spatial distribution of chemical species near interfaces, membrane-assembled logic systems,
temperature maps within living cells, and identification protocols for submillimetric objects.
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Abstract: We have filled a 24 mm diameter glass sphere with a transparent polymer-gel that is
radio-fluorogenic, i.e., it becomes (permanently) fluorescent when irradiated, with an intensity
proportional to the local dose deposited. The gel consists of >99.9% tertiary-butyl acrylate (TBA),
pre-polymerized to ~15% conversion, and ~100 ppm maleimido-pyrene (MPy). Its dimensions and
physical properties are close to those of the vitreous body of the human eye. We have irradiated the
gel with a 3 mm diameter, 200 kVp X-ray beam with a dose rate of ~1 Gy/min. A three-dimensional
(3D) (video) view of the beam within the gel has been constructed from tomographic images obtained
by scanning the sample through a thin sheet of UV light. To minimize optical artefacts, the cell was
immersed in a square tank containing a refractive-index-matching medium. The 20-80% penumbra
of the beam was determined to be ~0.4 mm. This research was a preparatory investigation of the
possibility of using this method to monitor the millimetre diameter proton pencil beams used in
ocular radiotherapy.

Keywords: radiotherapy eye-phantom; radio-fluorogenic gel; X-ray beam imaging; 3D radiation
imaging; polymer gel dosimetry

1. Introduction

The treatment of ocular tumours is fraught with difficulties due to the proximity of important
healthy tissues involved in sight and/or brain function. Radiotherapy has been an important method
of treatment using either brachytherapy or external beam procedures [1-4]. The small dimension of
the organ makes the use of highly collimated beams of millimetre dimensions imperative. With the
recent proliferation of clinical proton beam sources [5], the incorporation of proton pencil beams in
cancer protocols has become a worldwide reality [6-8]. Because of this, there is a current need for
a medium capable of providing three-dimensional (3D) images with sub-millimetre spatial resolution
of dose deposition in phantoms for confirmation of computer derived treatment protocols, equipment
functioning, and for training clinical personnel [9].

A variety of methods involving 3D matrixes of one- and two-dimensional (2D) individual
detectors are commercially available and presently used in the clinic. However, they are incapable
of achieving the sub-millimetre spatial resolution required for small beam applications. For this,
molecular media that undergo a measureable physico-chemical change on a microscopic scale when
irradiated are required. Since the first suggestion in 1950 by Day and Stein [10] of using a quasi-rigid
gel medium, several methods based on this basic formula have been developed and reviewed [11-17].
Unfortunately, none have become generally accepted in the radiotherapy clinic [18-20]. The reasons
for this lack of adoption can be ascribed to a combination of: the complexity of the gel formulations,
often involving up to five components, and the corresponding difficulty of universal reproducibility;
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the lack of off-the-shelf availability compared with gaseous (IC) or solid-state devices; the delay in
post-irradiation data analysis; and, possibly, the cost.

In this report, we show how a radio-fluorogenic (RFG) polymer-gel [21,22] can be used to provide
a 3D image of the track of a narrow (3 mm diameter) X-ray beam in a volume as small as the human eye.
An RFG gel is a two-component mixture whose components are commercially available, inexpensive,
and whose composition can be accurately determined by optical spectroscopy. The gel, which is tissue
equivalent, becomes permanently fluorescent on irradiation with intensity proportional to the local
dose deposited. The fluorescence can be tomographically scanned on-site immediately after irradiation
and processed within minutes to yield 3D images of the radiation field [23]. The work reported here is
a pilot study investigating the feasibility of applying RFG gel phantoms to the control of radiotherapy
protocols and equipment for proton pencil beam treatment of eye tumours. It was driven by the recent
construction of a proton radiotherapy clinic within the grounds of the authors” institute. The capability
of making 2D bulk images of proton pencil beams in an RFG gel was demonstrated previously by one
of the authors using a high-energy physics particle accelerator [24].

2. Materials and Methods

2.1. RFG Gel Formation

The gel container used is a spherical borosilicate glass bulb 24 mm in outer diameter with a wall
thickness of 1.7 mm; similar dimensions to those of the adult human eye. The bulb contains 5 mL of
a transparent radiofluorogenic (RFG) gel with a gravimetric density of 0.91 kgL.~! and an electron
density of 3.00 x 1026 L1, values that are close to the 1.01 kgL*1 and 3.35 x 102 L1 of the vitreous
body of the eye, and the 1.18 kgL ~! and 3.84 x 10%6 L~! of chemically-related PMMA (often denoted as
“solid water”). The RFG gel consists of 15% pre-polymerised and inhibitor-free tertiary-butyl acrylate
(TBA, Sigma Aldrich purum #01775, Sigma Aldrich company, Zwijndrecht, The Netherlands), to which
is added approximately 100 ppm of the fluorogenic compound maleimido-pyrene (MPy, Sigma Aldrich
P7908, Sigma Aldrich company, Zwijndrecht, The Netherlands).

The RFG gel preparation procedure has been described in full previously [21,22]. In summary,
the gel is preformed in the cell by ®Co y-irradiation (~15 Gy at ~1 Gy/min) of pure, de-aerated,
and inhibitor-free TBA to ~15% monomer conversion. Excess monomer is then pumped off, leaving
the polymer network deposited on the cell wall, as shown in Figure 1. The gel is reformed by adding
a dilute solution of MPy in TBA equal to the volume of monomer pumped off and allowing time
(~2 weeks) for reformation of the gel.

Figure 1. Left: The “eye-phantom” cell after radiation-induced polymerization of tertiary-butyl
acrylate (TBA) to ~15% conversion and pumping-off the residual monomer leaving the polymer
network. Right: The clear gel reformed on addition of a dilute solution of MPy in TBA and swelling of
the polymer network.
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2.2. X-ray Beam Irradiation

The gel, contained in the eye-phantom cell, was irradiated with 200 kVp X-rays from a Philips
MCN 321 X-ray tube. The conical beam was restricted by a brass collimator with a circular channel
3.0 mm in diameter and 30 mm long inserted in a 120 x 120 mm? square, 27 mm thick Al/Pb/Al
attenuator. The dose rate at the exit of the collimator, 460 mm from the source target, was ~1.0 Gy/min
for a beam current of 15 mA. The cell was irradiated for 20 min resulting in a total incident dose of
~20 Gy. The basic irradiation set-up with optical rail, collimator and outline laser has been shown in
a previous publication [23].

MD-V3 Gafchromic film (Lot Nr 02101602, Promis Electo-Optics B.V., Wijchen, The Netherlands)
was used as a secondary, 2D dosimeter for monitoring the incident and exit beam dose rates and
cross-sections. The dose sensitivity of the film was calibrated against an X-ray Exposure Meter (Vinten
Instruments) that was routinely calibrated at the Netherlands Metrology Institute. The derivation
of the dose from the measured intensity reflected by the scanned films has been described in full in
reference [25]. The film was attached to the front and rear faces of a 24 mm square borosilicate glass
cell placed at the same position as the 24 mm diameter eye-phantom cell. These control measurements
were made with the square cell containing either air or an identical gel to that used in the eye-phantom.

2.3. Fluorescence Imaging

Fluorescence imaging was carried out using the ultraviolet (UV) slit scanning method previously
reported [23]. This yields a series of tomographic images that can be used to generate a 3D image of the
fluorescence within the gel. The sheet of UV light at 385 nm was 2 mm thick; the cell was transported
in 1 mm steps through the sheet for a total distance of 30 mm. The cell was immersed in a glycerol bath
contained in a 40 x 40 mm? square borosilicate glass container with optically flat sides. This resulted
in close matching of the refractive indexes of the surroundings (glycerol n = 1.47) with that of the
borosilicate glass cell walls (1 = 1.47) and the gel (7 = 1.42). This diminished optical artefacts caused by
lensing and reflections at dielectric interfaces.

3. Results and Discussion

3.1. Test Measurement with a Standard Fluorescent Solution

In Figure 2 we show an image taken of a cell containing a micromolar concentration of the
fluorescence-standard diphenyl anthracene (DPA) in cyclohexane. The image was taken with the UV
excitation sheet positioned at the centre of the cell.

The pixel profile shown in Figure 2 displays a close to uniform fluorescence within the volume
of the cell. The slight (~8%) upward curvature was most likely caused by a lensing effect due to the
difference in refractive index between cyclohexane and glass (1.43 versus 1.47). The black “shadow”
surrounding the liquid was due to the non-fluorescent glass cell wall. The slight increase in fluorescence
outside the glass wall resulted from the fact that, in this measurement, the sample of glycerol used
contained a fluorescent impurity. The presence of the impurity in the glycerol had a positive side to
it, since it allowed us to determine the number of pixels per mm in the images from the accurately
measureable outer diameter of the cell of 24.0 mm. The value determined was 44 pixels per mm,
or 0.023 mm per pixel. This represents the ultimate practical limit to the spatial resolution of the
measurements in the x/y plane. Additionally, thickness of the cell wall and the diameter of the gel
could be accurately determined from the scan in Figure 2 to be 1.7 and 20.6 mm, respectively.
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Figure 2. The fluorescence of a dilute solution of the fluorescence-standard diphenyl anthracene in the
“eye-phantom” cell. The black “shadow” surrounding the cell, and corresponding intensity dips in the
lower pixel profile, result from the non-fluorescent glass wall of the cell surrounded by the slightly
fluorescent glycerol dielectric-matching bath. The position of the pixel profile scan is shown by the
dashed line in the upper image. The pixel to pixel distance represents 0.023 mm in the gel.
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3.2. Radiochromic Film Measurements

An MD-V3 radiochromic film image of the X-ray beam incident on the cell is shown in
Figure 3. As can be seen, the beam was slightly oval with a long axis 14% larger than the short
axis. This phenomenon was attributed to the fact that the 3.0 mm (perfectly) circular collimator was
smaller than the 4 mm dimension of the tungsten target of the source resulting in partial "pinhole

imaging" of the X-ray emission from the target.

Figure 3. Left: The cross-sectional beam geometry as recorded using MD-V3 radiochromic film at
the front face of the cell. Right: The fluorescent image as recorded in the radio-fluorogenic (RFG) gel

MD-V3 Radiochromic film

Radiofluorogenic gel

looking along the propagation (z) axis of the beam.

24




Polymers 2018, 10, 1195

From a pixel profile line scan across the RC beam image in Figure 3 the 20-80% penumbra of
the beam was found to be 0.41 and 0.54 mm for the incident and exit beams, respectively. The spatial
resolution of the film images is 300 dpi or 0.085 mm/pixel. The much larger penumbra value was,
therefore, attributed to edge-dispersion in the intensity of the X-ray beam.

The central optical absorption in the profile scan was used together with Equation (1) to determine
the incident and exit dose rates. For a cell containing air, the values were 0.94 and 0.67 Gy/min;
a decrease by 0.713. For a cell containing an RFG gel, the values were 0.89 and 0.47 Gy/min; a decrease
by 0.528. The decrease in dose rate between the incident and exit films was due to the conical expansion
of the beam from z; (47.6 cm) to z; (50.0 cm) and photon attenuation in the intervening media.

D'(22)/ D' (z1) = (21/22)*exp — (2[MpSlgiass + [MpSlgei} )

In Equation (1) M, p, and J are the mass attenuation coefficient, the gravimetric density,
and the length of the attenuating medium, respectively. For the air-containing cell, the attenuation
by the cell contents was negligible; the overall decrease by a factor of 0.71 lead to a value of
2 [Mpd]glass = 0.244. Taking a borosilicate glass density of 2.3 g/ cm?® and a wall thickness of 0.17 cm
resulted in a mass attenuation coefficient for the cell wall of 0.312 cm?/g. From the dose rate decrease for
the gel-containing cell we determined a value for (2 [Mpé]glass + [Mpé]gel) of 0.540, or [Mpé]gel =0.296
after subtracting the glass wall contribution determined above. Taking for the gel 6 = 2.0 cm and
p =091 g/cm3 resulted in Mge1 =0.163 cm? /g, which is close to the value of 0.154 cm? /g previously
found [26] and within the range of 0.21 to 0.13 cm?/ g determined for 50 to 200 keV photons in PMMA,
a compound of similar chemical composition [27].

3.3. Fluorescent Images of the Irradiated Gel

The irradiated cell was scanned in 1 mm steps with the UV sheet orthogonal to the propagation
(z) axis of the X-ray beam. The resulting 30 tomographic images of the fluorescence were used to
construct a 3D translucent image of the beam within the gel as described in reference [23,26]. This 3D
representation can be viewed here in the form of a video either in full colour or in blue-pixel grey-scale:
Video file links can be found in the Supplementary Materials (“Movie full colorMP4” and “Movie
gray.MP4”).

An end-on view of the fluorescent image is shown in Figure 3 where it is compared with the
incident beam cross-section found using the radiochromic film. The same oval form of the beam cross
section is apparent in the RFG gel. A pixel profile scan across the beam is shown in Figure 4. From this,
a penumbra value of 0.44 mm was found. This lies between the entrance and exit values of 0.41 and
0.54 mm found with the RC film. The spatial resolution of the profile for images taken in the x-y plane
is 0.023 mm/pixel, which is considerably smaller than the penumbra value of 0.44 mm. As for the film
measurements, the penumbra was ascribed to edge-dispersion in the X-ray beam, rather than spatial
resolution of the measurements.

Gray Value

0 50 100 150 200 250 300 350
Distance (pixels)

Figure 4. A pixel profile line scan across the center of the RFG gel image in Figure 3. The spatial
resolution is 0.023 mm per pixel; the average 20-80% rise and fall value (the “penumbra”) is 0.44 mm.
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In Figure 5 (lower) a side view (y/z plane) of the fluorescence reconstruction is shown.
This displays a gradual decrease in intensity with increasing depth in the gel as expected.

100 V\\Nw\—
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Figure 5. Lower: A still image of the reconstructed X-ray beam fluorescence side-on. Upper: A pixel
intensity profile of the image taken along the dashed line shown.

The decrease is quantified in the pixel profile scan in Figure 5 (Upper) which decreases by a factor
of 0.63 over the length of the gel. This is close to the value of 0.67, which would be expected for the
decrease in dose rate across the gel based on the value of [M 95]ge1 =0.296, determined in Section 3.2,
and a conical expansion by 10%.

Precise agreement might not be expected because of the superlinear dependence found
for the fluorescence intensity on dose and the sublinear dependence found on dose rate [22].
These compensatory effects are the object of ongoing research into methods of making corrections to
the experimental data required for dosimetry applications.

4. Conclusions

We have shown that it is possible to produce a three-dimensional, fluorescent image of the energy
deposited by a 3 mm beam of high-energy radiation in a gel medium of physical properties and
dimensions close to those of the vitreous body of the human eye. A 3D video image of the beam,
with submillimetre spatial resolution, can be produced in-house within minutes of irradiation using
a portable tomographic fluorescence-scanning apparatus with refractive index matching. We intend
to apply the method to the study of energy deposition by proton pencil beams and to the control
of radiotherapy protocols and equipment when the Holland Proton Therapy Clinic is eventually
commissioned (www.hollandptc.nl/en/).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/11/1195/
s1, Video S1: “Movie full color.MP4” and “Movie gray.MP4”.
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Abstract: This paper employs the solution-doping technique for the fabrication of active polymer
optical fibers (POFs), in which the dopant molecules are directly incorporated into the core of
non-doped uncladded fibers. Firstly, we characterize the insertion of a solution of rhodamine B and
methanol into the core of the fiber samples at different temperatures, and we show that better optical
characteristics, especially in the attenuation coefficient, are achieved at lower temperatures. Moreover,
we also analyze the dependence of the emission features of doped fibers on both the propagation
distance and the excitation time. Some of these features and the corresponding ones reported in
the literature for typical active POFs doped with the same dopant are quantitatively similar among
them. This applies to the spectral location of the absorption and the emission bands, the spectral
displacement with propagation distance, and the linear attenuation coefficient. The samples prepared
in the way described in this work present higher photostability than typical samples reported in the
literature, which are prepared in different ways.

Keywords: polymer optical fibers; rhodamine B; solution-doping technique; photostability; optical
characterization; penetration of the dopant solution

1. Introduction

In the last few years, interest in the field of photonics has increased as a result of the incorporation
of functional materials into solid-state organic hosts, especially into polymer optical fibers (POFs) [1,2].
As compared to glass fibers, POFs are easier and more economical to manufacture, safer to handle,
and much more flexible [3,4]. As the manufacturing temperature of POFs is much lower than that of
glass fibers, it is possible to embed a wide range of dopants in the fiber core, from organic dyes and
conjugated polymers to other kinds of materials, such as rare-earth ions and quantum dots. Some
of these dopants can generate or amplify visible light at the low-attenuation windows of POFs [5,6].
The emission and absorption features of these dopants can be suitable for achieving luminescence
in the visible region of the spectrum, which is interesting for a wide range of applications [7-9].
Consequently, research on doped POFs is on an upward trend. The results obtained are being applied
for the development of optical sensors [7,8], of solar concentrators that collect and transport solar
light [9], and of superluminiscent speckle-free light sources [5,10]. Additionally, the use of optical
fibers allows for symmetrical output beams, due to their circular symmetry, and for longer interaction

Polymers 2019, 11, 52; doi:10.3390/ polym11010052 29 www.mdpi.com/journal/polymers



Polymers 2019, 11, 52

distances between light and dopant, owing to the guidance of light. Moreover, the confinement of light
as it propagates facilitates connectivity, and the high ratio between surface area and volume in the
fiber improves the heat-dissipation efficiency.

There are different approaches to incorporate the dopant molecules into the Poly(methyl
methacrylate) (PMMA) core. Commonly, the doping is carried out at the pre-polymerization stage.
The dopant molecules are added to the monomer mixture before carrying out the polymerization
process [11,12]. Alternatively, the dopant molecules, together with the melted PMMA, can be mixed
during the extrusion process carried out to fabricate the POF preform [13]. The third approach
consists in introducing the dopant molecules into the microstructured fiber preform by using the
solution-doping technique [14]. However, all these approaches are performed at the fiber preform
level, which means that a fiber-drawing tower is needed to obtain the doped POFs. These towers are
very expensive, so not all researchers can afford to have one. In contrast, this work describes a doping
procedure, based on the solution-doping technique, in which the incorporation of dopant molecules
into the core material is carried out directly into the fiber, instead of into the preform. This procedure
also opens up the opportunity for any research group to prepare their own ad-hoc doped POFs for
any specific application requiring precise characteristics such as distinct dopant molecules or fiber
diameters. To date, few works employing the solution-doping technique in POFs have been reported,
and only the preform or the fiber cladding were doped [14,15]. In [15], cladded POFs were employed.
The dopant molecules could not thereby penetrate into the core, because the interface between the core
and the cladding acted as a barrier for them, while the solvent (methanol) could penetrate. Therefore,
the cladding was the only doped region. However, following the procedure described in this paper,
we can obtain POFs whose core is completely and uniformly doped with active molecules. The dopant
utilized for this work is the organic dye rhodamine B. As far as we know, this is the first time that this
procedure and its optical characterization have been reported.

The paper is organized as follows. First, the method for preparing the samples is explained.
Then, the experimental setup is described, together with the penetration characteristics of the solution
of methanol and dopant into the fiber samples. Afterwards, the optical characterization is shown
and discussed.

2. Materials and Methods

2.1. Sample Preparation

The POF samples employed in this work were fabricated by our research group from Plexiglass®
extrusion rods purchased from Evonik (Essen, Germany). These were 20 mm in diameter and had a
weight-average molecular weight (Myy) of 110301. They were annealed in a C-70/200 climate chamber
(Controltecnia-CTS, Hechingen, Germany) for 7 days at a temperature of 90 °C under low relative
humidity. Afterwards, they were drawn into only core fibers of 500 um in diameter using our own
POF drawing tower, which enabled us to control the fiber diameter with an accuracy of +1% [16].
The refractive-index profile of the fibers was step-index in all cases. Alternatively, there are only core
POFs commercially available, which could also be employed for the preparation of doped fibers.

To incorporate rhodamine B dopant molecules into the pristine only core fibers, we cut samples
of around 5 cm and put them in an oven at a temperature of 60 °C in order to eliminate any possible
residual stress [17]. The solution employed in this work was prepared by dissolving 500 mg of
rhodamine B (Merck kGaA, Darmstadt, Germany) in 200 ml of methanol (Thermo Fisher Scientific Inc.,
Madrid, Spain). As will be shown in this paper, the resultant dopant concentration was high enough
for us to visualize the penetration of the solution into the samples. Rhodamine B is a well-known and
widely used dopant for optical-communication purposes because its emission spectrum is located in
one of the low-attenuation windows of the PMMA material [18]. In any case, other dopants of similar
size, such as different rhodamines or fluorescein, could also be employed in our solution-doping
technique. The reason for utilizing methanol as solvent is that rhodamine B can be easily dissolved in it,
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but not the PMMA.. This property prevents the formation of dopant aggregates, which has detrimental
effects on the light-emission features of doped fibers [19]. In addition, the maximum immersion time
of the host PMMA material in order for it not to be damaged by the solvent is larger with methanol
than with other solvents [17]. Moreover, methanol is also quite volatile, which allows it to be removed
from the PMMA below its glass transition temperature [14]. The solution prepared in this way was
employed for different samples by filling multiple small laboratory glass bottles with the solution and
introducing samples that were to be treated at the same doping temperature in each bottle. Afterwards,
these bottles were kept at different temperatures, depending on the desired doping temperature: in a
fridge (10 °C), in a chamber at room temperature (20 °C), or in a laboratory water bath (from 35 °C to
50 °C). After the desired time of thermal treatment for each bottle, the samples were taken out of the
solution, thoroughly rinsed and dried at room temperature. Then, a close look at the cross-sections of
these samples through an optical microscope allowed us to monitor the different lateral penetrations
of the solution of solvent and dye. To acquire images of these cross-sections, each sample was cut at a
distance of around 3 mm from one of its ends, which was polished by hand using polishing paper. Each
sample was then connectorized with fiber-chuck connectors and placed on the sample holder of the
optical microscope in an upright position, in order for the image of its cross-section to be easily taken.

Some of the doped samples obtained in this way were then cladded with a layer of around
10 microns. For this purpose, the only core doped samples were immersed once for 30 s at room
temperature in a solution containing the material of the cladding. This consisted of the polymer
PC-404PF (Luvantix ADM, Daejeon, Korea) in isopropyl-alcohol at the concentration of 1/3 v/v.
Finally, the cladded samples were cured with UV radiation.

2.2. Experimental Setup

Figure 1 sketches the experimental setup employed to measure the optical spectra by means of the
side-illumination technique [20,21]. The POF sample is excited laterally and the light emitted from the
excitation point propagates along the sample over a distance that can be adjusted by moving the linear
stage employed to hold the sample. The light is finally collected by an optical spectrometer placed at
the end of the sample. This is the procedure followed for all the measurements carried out as functions
of either the propagation distance or the excitation time. The excitation light source was a Mai Tai HP
laser system (Spectra-Physics, Newport, Santa Clara, CA, USA), which emitted Gaussian light pulses
of around 100 fs at a repetition rate of 80 MHz, with peak powers of 300 kW and an average power of
2.5 W. The spot of the laser beam was 1.2 mm in diameter. The wavelength of the original light was
reduced by using a second harmonic generator (Inspire Blue, Radiantis, Barcelona, Spain) in order to
be able to excite from 345 nm to 520 nm. The excitation irradiance was controlled by placing a variable
attenuator after the laser output and adjusting it by hand.

0S
PD
). - 22
ATT BS
xy POS
POF gz

X

Figure 1. Experimental setup employed to measure the emission spectra of our doped POFs. Legend:
ATT: variable attenuator; SHG: Inspire Blue second harmonic generator; BS: beam splitter; PD:
photodetector; PM: power meter; LS: linear stage; xy-POS: xy-micropositioner; OS: optical spectrometer.
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Each of the doped POFs to be measured was held in place with xy-micropositioners standing
on a linear stage, thus allowing for the fiber to be maintained completely horizontal while centering
the incident laser beam on the fiber symmetry axis. For all of the fiber samples, the spectrum emitted
from the polished fiber end was measured by means of a USB4000-UV-Vis spectrometer (Ocean Optics,
Largo, FL, USA) with an optical resolution of 1.5 nm for the full width at half-maximum (FWHM).
All the obtained data were corrected for the response of the detection system. Additionally, a reference
signal was taken using a beam splitter in order to cancel out any power fluctuation of the laser.
By changing the position of the laser-excitation point, the variation of the emission spectrum as a
function of the propagation distance through the doped fiber was also analyzed. For this purpose,
an ILS250CC (Newport, Santa Clara, CA, USA) linear stage driven by an ESP300 (Newport, Santa
Clara, CA, USA) motion controller was utilized. The whole acquisition system was automated by
means of a LabVIEW program elaborated by us.

Additionally, the absorption spectra of the doped fibers were measured by a Cary 50 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). In these measurements, the length
of the fibers was short enough (1 cm) for the absorption bands of the dopant to be detected.

3. Results and Discussion

3.1. Penetration of the Solution

Figure 2 shows cross-sectional images of fiber samples that were immersed in a solution of
rhodamine B and methanol at 10 °C for different time intervals. The lateral penetration of the solution
is clearly visible, because of the clear boundary between the outer ring, which is swollen and orange,
and the intact transparent inner region. As the immersion time increased, the solution penetrated
deeper into the fiber until full penetration was reached. Although Figure 2 only shows the progress in
the penetration process corresponding to 10 °C, the process of formation of an outer ring is analogous
at other temperatures, but the dynamics are different in relation to its evolution with time.

/
200 pim

Figure 2. Microscope images of the cross-sections of POF samples immersed in a solution of rhodamine
B and methanol at 10 °C for different time intervals, namely (from left to right): 0 h, 30 h, 54 h and 96 h.
The image of the pristine fiber was taken in transmitting mode. The images of the doped fibers were
obtained under lateral UV excitation.

To assess the penetration of the solution into the fibers, the ring’s front thickness and the relative
dopant penetration were considered. The latter is defined as the quotient (¢out — ¢i)/ Pout, where
@out is the outer diameter of the fiber and ¢;, is the diameter of the inner unpenetrated region [13].
Both parameters were calculated for three samples doped under the same conditions, and each
experimental point of Figure 3 shows the corresponding average value.

According to the relative values of penetrant mobility and segment relaxation of the polymer,
the diffusion behavior can be categorized into three different cases [21,22]. These are denoted as
follows: Case I, or Fickian diffusion, in which the penetrant mobility is much lower than the segment
relaxation of the polymer; Anomalous Case, in which the penetrant mobility is similar to the segment
relaxation; and Case II, or non-Fickian diffusion, in which the penetrant mobility is much larger than
the segment relaxation. The latter case features a sharp boundary between the outer swollen layer and
the inner core material, which advances with uniform velocity. In all these cases, the front penetration
thickness (d) is related to the immersion time (t) through the following expression [23]:
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d=kt", 1)

where k is a constant and 7 is a real number that varies from case to case: usually 0.5 for Case I, 1 for
Case II, and any intermediate value for the Anomalous Case.
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Figure 3. Temporal evolutions of the relative dopant penetration (blue circles) and of the ring’s front
thickness (green crosses) for six different doping temperatures: 10 °C, 20 °C, 35 °C, 40 °C, 45 °C and
50 °C. The green lines are the fittings of the front thicknesses at each temperature to Equation (1).

The results presented in Figure 3 and in Table 1 demonstrate that the penetration behavior of
our solution of rhodamine B and methanol into our POF samples gradually changed from Case II
to Case I as the temperature increased. For low temperatures (10 °C and 20 °C), both the relative
dopant penetration and the front thickness advanced at constant speed. Moreover, the exponent
n was equal to 1, which means that the category of the diffusion behavior was clearly Case II. For
higher temperatures (above 20 °C), the advance of the front thickness was much faster than before.
However, the diffusion of the solution through the swollen layer could no longer keep a constant
concentration at the front, thus producing a slight deceleration in the advance of the front as the
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penetration approached the center of the fiber considered. Consequently, the value of n shifted towards
0.5, which is characteristic of Case 1.

Table 1. Values of the fittings of the experimental front thicknesses of Figure 3 to Equation (1), and the
corresponding coefficients of determination.

Temperature (°C) k n R?
10 32+01 1+£0.05 0.9961
20 9.6 £0.2 1+£0.05 0.9972
35 33£09 0.97 £ 0.06 0.9972
40 12+£5 0.83 £ 0.09 0.9922
45 18 +12 0.81 £ 0.09 0.9835
50 37+9 0.62 + 0.07 0.9935

At first glance, the use of high temperatures seems to be more interesting from the point of view
of the time required to complete the doping procedure. However, as will be shown in the next section,
the optical characteristics would be negatively affected at doping temperatures that are close to or
above room temperature.

Figure 4 shows the Neperian logarithm of the penetration rates obtained from Figure 3 plotted
against the inverse of the absolute temperature (i.e., the Arrhenius plot), where T is measured in
kelvins. The slope of the fitting of the points to a straight line is proportional to the activation energy
for the occurrence of the diffusion. In our case, this energy is 27.64 kcal/mol, which is close to the
values of some PMMA films immersed in methanol (27 kcal/mol was reported in [24]). This means
that the activation energy is not significantly affected by the presence or not of the dopant or by the
geometry of the PMMA system.
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Figure 4. Arrhenius plot for the solution of rhodamine B and methanol penetrating in PMMA POFs.
The coefficient of determination of the fitting is 0.9901.

3.2. Optical Characterization

The analysis of the doping diffusion at different temperatures revealed that the translucency of
the doped material was much lower when the doping process was carried out above room temperature
(i.e., at any of the temperatures equal to or greater than 35 °C in Figure 3), foreshadowing bad
light-transmission features. This effect is clearly noticeable in Figure 5, and it is a direct consequence of
the interaction between the methanol solvent and the PMMA of the fiber core. It can be explained as
follows: the glass transition temperature (Tg) of a polymeric material can change when it is immersed
in a solvent. In fact, the Ty value of the polymer can be reduced down to room temperature if it is
immersed in methanol [25]. Specifically, the Ty for a methanol-PMMA system can range between
20 °C and 30 °C, depending on the weight-average molecular weight (My) of PMMA (Tg = 20 °C for
My, = 23,500 g/mol, and Ty = 30 °C for My = 550,000 g/mol) [26]. As we mentioned in the section
about the sample preparation, the value of My, for our fibers is 110301, which means that the Ty of our
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samples immersed in methanol should be only slightly higher than 20 °C. When the temperature of
the doping process is higher than the Ty, as was the case in some of our experiments, small holes are
formed in the PMMA material. Moreover, as the doping temperature is increased, the size and the
population of these holes increases, which raises the optical attenuation of the fibers dramatically [27].
This effect can be clearly seen in Figure 6, in which the attenuation coefficients were measured by the
spectrophotometer for different fiber samples immersed in methanol at the temperatures mentioned in
Figure 3. A complete methanol penetration was achieved in all cases. For fibers doped at 10 °C, the
optical attenuation was not much affected by the immersion, obtaining almost the same attenuation
values as those of pristine fibers. This suggests that holes could not grow because the immersion
temperature was still below the corresponding T value. However, at 20 °C, the attenuation began to
be affected, especially in the visible part of the spectrum. As for the rest of the temperatures, i.e., above
35 °C, measurements could not be carried out, because the light attenuation was too high.

s 855 C

Figure 5. External appearance of two doped samples prepared at 10 °C and at 35 °C.
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Figure 6. Attenuation coefficients measured for pristine PMMA POFs and for samples immersed in
methanol at two different temperatures. At the temperature of 35 °C or above it the attenuation was

too high for the measurements.

Heating the immersed fiber above its Tg value also has consequences on the relaxation of internal
stresses in the PMMA material. As a matter of fact, the relaxation is usually followed by changes in the
physical dimensions, such as shrinkages in the axial direction as well as growths in the diameter [28,29].
We observed these effects even at 20 °C, so we can conclude that the most appropriate doping
temperature is around 10 °C for the fibers employed in this work.

Taking the aforementioned results into account, samples of 12 cm were fabricated at the suitable
temperature of 10 °C. Moreover, in a second stage we incorporated a cladding layer of around
10 um of a polymeric material to these optimum samples, in order to improve the light transmission
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features. Additionally, the core material is less prone to being affected by external unwanted agents
if a cladding is added. This process was carried out in the way described in the section about the
preparation of the samples. The absorption coefficient and the emission spectrum of these samples in
the near-ultraviolet and visible regions are shown in Figure 7. The presence of the dopant is apparent
in the prominent absorption band peaking at 558 nm. The emission spectrum was measured by
exciting the sample at 520 nm with 22 nJ/cm? of irradiance. Its maximum value is located at 592 nm.
Actually, the peak wavelength is affected by the red shift produced by reabsorption and reemission
processes along the connectorized initial length of the fiber [30], so shorter emission wavelengths
would be expected if the spectrum were measured in a thin piece of bulk material. In any case, the
obtained absorption and emission peaks are very similar to those reported for PMMA fibers that were
also doped with rhodamine B, but utilizing different doping techniques, such as the interfacial gel
polymerization [31,32]. We have estimated that the dopant concentration of our doped fibers is in the
range between 1 and 10 ppm, by using the method reported in [33], which is based on the red shift of
the emission as the fiber concentration is varied.
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Figure 7. Absorption coefficient and emission spectrum corresponding to our POF doped with
rhodamine B by using the solution-doping technique at 10 °C. The emission spectrum corresponds to
an excitation wavelength of 520 nm and to a propagation distance of 4 cm.

The evolution of the emission spectra obtained for each propagation distance z along the fiber
is illustrated in Figure 8, which corresponds to our POF doped with rhodamine B at 10 °C. These
spectra were not symmetrical, so their evolution is characterized by means of their first and second
moments, Nj and Ny, respectively. The first moment represents the average emission wavelength,
and the square root of the second moment is proportional to the spectral width. As is well known,
separating the excitation point on the fiber away from the detector causes a reduction in the emitted
irradiance, while the spectrum is shifted toward longer wavelengths, with no significant changes in
the spectral widths [19]. The spectral behavior as a function of the propagation distance shown in
Figure 8 for our fibers is the same as that reported for other doped fibers manufactured using other
techniques such as the interfacial gel polymerization. Please note that these kinds of spectral shifts
could be employed for applications such as the manufacture of tunable light sources or the design of
displacement sensors based on doped fibers [34].

The attenuation of each of our doped fibers was calculated by measuring the decrease in the
irradiance of the fluorescence spectra as the light propagation distance z increased. Assuming that the
illuminated fiber section behaves as a plane-wave source, the light irradiance propagating towards the
photodetector at any wavelength A decays exponentially with z as follows [20,21]:

I(A,z) = Io(A)- exp(—a(A)-2), @

where Iy(A) represents the light irradiance measured at z = 0 at the wavelength A, and a(A) is the
linear attenuation coefficient at the considered wavelength. Figure 9 shows the linear-attenuation
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coefficients calculated for our doped fibers by fitting the experimental data to Equation (2) for several
wavelengths [35]. The attenuation values obtained in the way described above are very similar to
those reported in the literature for other doped PMMA POFs, including thermoplastic ones and even
thermosetting ones doped with rhodamine 6G [36]. This implies that the doping procedure employed
in this work did not add extra losses to the fibers with respect to the typical attenuation values of fibers
fabricated by means of more conventional techniques, such as the interfacial gel polymerization. This
holds true as long as the doping temperature is maintained below the corresponding Tg. This result,
together with the previous ones, serves to validate the doping technique employed in this work.

620 35
++F
618 +F -
+ g
-~ +
g + &
£ 616 + + 1e 30 |
Z + Sttt et r by, 4
614 + 1~
+
612 : : : 25 : : :
0 20 40 60 0 20 40 60
a) z (mm) b) z (mm)

Figure 8. Evolution of (a) the first moment (N7) and of (b) the square root of the second moment (1/N3)
as a function of the excitation wavelength for our POFs doped with rhodamine B at 10 °C. The fiber
was pumped at 520 nm with an irradiance of 22 nJ/cm?. The z of the point of the fiber closest to the
detector is normalized to 0.
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Figure 9. Linear attenuation coefficients of our POFs doped with rhodamine B at 10 °C (thick blue
dots), together with those reported in [36] for thermosetting (thin solid line) and thermoplastic (thin
dashed line) PMMA POFs doped with rhodamine 6G. The excitation wavelength and irradiance were
520 nm and 22 nJ /cm?, respectively.

Finally, the photostability of the emitted spectra was also studied for our doped samples by
pumping them at 520 nm with our femtosecond laser at an irradiance of 22 nJ/cm?. The fibers
utilized for this purpose had not been previously exposed to laser light, in order to avoid previous
degradation that would have affected the results. The relative fluorescence intensities were normalized
to 100% at the start of the measurements. As shown in Figure 10, the fluorescence capacity of the
doped fibers was reduced by 32% after 60 min of exposure, which, in this case, was equivalent to
2.88 x 10" laser shots. This reduction is smaller than those reported for other POF samples doped
by means of the polymerization technique when subjected to the same exposure conditions [19,36].
Specifically, the photostability of our doped fibers was, respectively, 7% and 18% higher than those
measured in the same conditions for thermoplastic and thermosetting POFs doped with rhodamine 6G.
Moreover, as Table 2 shows, our doped fibers also presented a greater photostability than that reported
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for POFs doped with some conjugated polymers, such as PFO, F8T2 or PE3T [19]. The improvement
in the photostability can be explained as follows. While the gel-polymerization technique tends to
form dopant aggregates in the fiber core during the fabrication process [37], the doping procedure
employed in this paper is less prone to the formation of such aggregates. The low segmental-relaxation
rates of the PMMA, at least when the temperature is low enough, does not allow the settling of
many dopant molecules together in the fiber core, so individual dopant molecules tend to be more
spaced. The consequent absence of aggregates reduces the number of non-radiative relaxations of the
dye molecules and, therefore, prevents them from optical bleaching [38]. Moreover, as the dopant
molecules are mainly surrounded by the PMMA material, these are partially protected from the
thermally induced degradation effects, so the fibers tend to conserve their emission capacity for a
longer time [39]. The fact that the improvement in photostability is larger in the case of the comparison
with the result reported for the thermosetting fiber could also be related to the much greater dopant
concentration employed in their case. Improvements in photostability were also observed in the case
of rhodamine-6G PMMA films pumped with visible or ultraviolet radiation when they were doped by
means of a diffusion procedure instead of the typical gel-polymerization technique [40]. However, this
is the first time that this effect is observed in POFs, as far as we know, which could be very useful in
the design and development of all-optical devices based on this kind of fibers with longer lifespans.
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Figure 10. Fluorescence intensity as a function of the excitation time in our POF samples doped at
10 °C. The excitation wavelength was 520 nm, the excitation irradiance was 22 nJ/ cm?, and the light
propagation distance was 4 cm.

Table 2. Percentage rate of degradation of the fluorescence intensity for several doped fibers under the
same excitation conditions: 60 min of excitation with 22 nJ/em? of irradiance.

Fiber Sample Degradation (%) Reference
Our samples 32 -
Thermoplastic fiber doped with rhodamine 6G 39 [36]
Thermosetting fiber doped with rhodamine 6G 50 [36]
PMMA POF doped with PFO 81 [19]
PMMA POF doped with F8T2 81 [19]
PMMA POF doped with PF3T 45 [19]

4. Conclusions

This paper shows a method of fabrication of active POFs starting from only core PMMA fibers,
by immersing them in a solution of methanol and the organic dye rhodamine B for an appropriate
period of time at a suitable temperature. We demonstrate that the penetration behavior gradually
changes from the ideal diffusion category known as Case II to the one known as Case I or Fickian
diffusion as the temperature is increased from low values (10 °C) to high ones (50 °C). Although the
front penetrates more slowly at lower temperatures, the corresponding linear-attenuation coefficients
are lower, due to the absence of hole formation in the core material if, and only if, the temperature
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of the doping process is lower than the corresponding glass-transition temperature. Moreover, we
also measure and analyze the spectral characteristics and the intensity of the emission of doped
fibers as functions of both the propagation distance and the excitation time. The corresponding
results are in good agreement with those reported for similar active POFs doped by means of other
fabrication techniques, such as the gel-polymerization technique. Furthermore, our fibers present a
higher photostability, owing to the lower probability of formation of dopant aggregates when using our
doping technique. This improvement, together with the rest of optical features and ease of fabrication,
could be very interesting in the design process of all-optical devices based on active POFs, such as
switches, lasers and amplifiers, optical sensors and solar concentrators.
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Abstract: In this work, a novel molecularly imprinted polymer (MIP) with water-soluble CdTe
quantum dots (QDs) was synthesized by oil-in-water Pickering emulsion polymerization using whole
Listeria monocytogenes as the template. Listeria monocytogenes was first treated by acryloyl-functionalized
chitosan with QDs to form a bacteria—chitosan network as the water phase. This was then stabilized in
an oil-in-water emulsion comprising a cross-linker, monomer, and initiator, causing recognition sites
on the surface of microspheres embedded with CdTe QDs. The resulting MIP microspheres enabled
selective capture of the target bacteria via recognition cavities. The target bacteria Listeria monocytogenes
was detected. Scanning electron microscopy (SEM) characterization showed that the MIPs had a
rough spherical shape. There was visual fluorescence detection via quenching in the presence of
the target molecule, which offered qualitative detection of Listeria monocytogenes in milk and pork
samples. The developed method simplified the analysis process and did not require any sample
pretreatment. In addition, the fluorescence sensor provided an effective, fast, and convenient method
for Listeria monocytogenes detection in food samples.

Keywords: pickering emulsion; quantum dots; Listeria monocytogenes

1. Introduction

Foodborne pathogens are an emerging global public health problem [1]. Even with increased
awareness in food safety and quality control, there are still about 48 million cases of foodborne
diseases in the United States every year [2,3]. Salmonella, Escherichia coli O157:H7, Staphylococcus aureus,
Listeria monocytogenes, and Bacillus cereus are the most common foodborne pathogens [4,5]. Of these,
Listeria monocytogenes (L. monocytogenes) is more likely to cause death and is associated with listeriosis.
Aside from its high fatality rate (20-30%), listeriosis can cause many diseases such as sepsis and
meningitis. It readily infects immunocompromised people and in particular neonates, pregnant
women, and people over age 65 [6,7]. Meats, fruits, vegetables, seafood, milk, and dairy products are
common foods associated with Listeria monocytogenes [8,9].

Culture and colony counting are most often used for bacterial identification, but these are
time-consuming and laborious processes and require several steps (sample pre-enrichment, selective
enrichment, and confirmation) [10,11]. To shorten the analysis time, various rapid detection methods
have been presented, including enzyme-linked immunosorbent assay (ELISA) [12], polymerase chain
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reaction (PCR) [13], and surface plasmon resonance (SPR) [14]. These strategies offer good specificity
and sensitivity but require expensive instruments, multiple steps, and well-trained technicians.
For example, the high cost of antibodies and the multiple steps involved in manual applications limit
immunoassays methods [15]. In some PCR-based assays, DNA extraction and false-positive results can
lead to cross-contamination of samples. This is a major drawback of PCR [11]. Hence, a fast, real-time,
and effective detection method is urgently needed for L. monocytogenes in food.

Molecular imprinting technology (MIT) is an attractive strategy for designing a matrix using
customized materials with high selectivity for template molecules or which are related to analogous
compounds. Through continuing development of this technology, molecularly imprinted polymers
(MIPs) have wide potential application in the fields of biosensors [16], separation [17], drug delivery [18],
and catalysis [19]. To date, the synthesis of MIPs of small organic molecules has been straightforward,
but MIT for larger templates such as biomacromolecules (e.g., proteins) and bacteria remains highly
challenging [20].

Pan et al. prepared MIPs via an inverse-phase suspension and bulk polymerization to detect
Staphylococcus aureus using S. aureus protein A (SpA) as a template protein. However, because of the
fragility and complexity of bacteria, it is difficult to generate cavities of a specific size and shape during
the imprinting reaction. To address this problem, Shen et al. presented a novel Pickering emulsion
polymerization strategy for the preparation of a series of small molecules and protein imprinted
polymers [21,22] in which the dispersed liquid droplets are stabilized by solid particles instead of
surfactants. Recently, they further proposed the synthesis of bacteria recognition polymers to detect
Escherichia coli and Micrococcus luteus by exploiting the capability of bacteria to self-assemble at an
oil-water interface [23].

The Pickering emulsion is a solid particle-stabilized emulsion which is either oil-in-water (O/W)
or water-in-oil (W/O) [24]. Versus traditional emulsion polymerization, dispersed liquid droplets are
stabilized by solid particles instead of conventional surfactants [25]. Because of the lower toxicity, well
controlled size, and high mechanical strength, Pickering emulsion polymerization has been widely
applied to synthesize MIPs for the specific recognition of small molecules, such as bifenthrin, malachite
green, and bisphenols [26-28]. However, the application of Pickering emulsion polymerization for
bacteria-based MIPs is still relatively unexplored.

Quantum dots (QDs) are semiconductor nanocrystals with broad absorption spectra, narrow and
tunable emission, and high photoluminescence [29]. Combining the unique optical ability of QDs and
specific recognition of MIPs, the common applications of imprinted polymers in optical sensors have
been reported for the detection of different molecules. For example, Wang et al. developed molecularly
imprinted silica layers coated with QDs for diethylstilbestrol [30]. Feng et al. obtained molecularly
imprinted sensor-coated QDs to determine tetrabromobisphenol-A (TBBPA) by sol-gel method [31].
Huang et al. have described a novel fluorescent sensing platform by employing inorganic perovskite
quantum dots as a fluorescence signal for the detection of omethoate [32]. However, there have been
no fluorescence-imprinted sensor studies used to detect Listeria monocytogenes in food samples.

The objective of this study was, therefore, to fabricate stable, rapid, low-cost, and convenient
fluorescence-imprinted polymers for the visual qualitative identification of L. monocytogenes via a
fluorescence microscope. The fluorescence MIPs were prepared by Pickering emulsion polymerization,
in which whole L. monocytogenes were directly used as the template, and the bacteria-chitosan-QDs
network stabilized the particles. In addition, a novel MIP-based sensor based on the response of
fluorescence intensity was developed for the qualitative detection of L. monocytogenes.

2. Materials and Methods

2.1. Materials

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), chitosan, and
divinylbenzene (DVB) were purchased from Sigma-Aldrich (Shanghai, China). N,N-dimethylacetamide
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(DMAQ), triethylamine, NaBHy, sodium dodecyl sulphate (SDS), and potassium tellurite (K, TeOs)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Tianjin, China). Trimethylolpropane
trimethacrylate (TRIM), N,N-dimethylaniline (DMA), and benzoyl peroxide (BPO) were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China). Thioglycolic acid (TGA) and acryloyl chloride
were purchased from Alfa Aesar (Tianjin, China), and Cd(CH3COO),-2H,0 was purchased from
TianJin Kemel Chemical Reagent Co., Ltd. (Tianjin, China). Before use, the DVB was passed through
an aluminum oxide column to remove the stabilizer.

2.2. Instruments

Scanning electron microscopy (SEM, SU1510, Hitachi, Tokyo, Japan), transmission electron
microscopy (TEM, JEOL-2010 FEF, Tokyo, Japan), Fourier transform infrared (FT-IR) spectrophotometry
(Tensor 27, Bruker, Karlsruhe, Germany), and fluorescence spectrometry (Lumina, Thermo Scientific,
Waltham, MT, USA) were used to characterize the polymers.

2.3. Bacterial Strains and Cultivation of Strains

Listeria monocytogenes strain ATCC 19111, S. aureus strain ATCC 25923, E. coli O157:H7 strain ATCC
35150, and Salmonella strain ATCC 14028 were obtained from the American Type Culture Collection
(ATCC). All bacteria stains were cultivated in Luria-Bertani (LB) broth at 37 °C with shaking overnight.
The bacterial cells were suspended in phosphate buffer solution (PBS buffer) under gentle vortex
mixing [33].

For the Pickering emulsion polymerization, the L. monocytogenes were cultivated to an ODgg
(the optical density was measured at 600 nm by a UV spectrophotometer) of about 0.6 to 0.8. After
centrifugation at 5000 rpm for 5 min, the bacteria cells were collected and washed three times with
PBS buffer. Finally, the bacteria were resuspended in PBS and adjusted to a QDggg of 2, this being the
template in Pickering emulsion polymerization.

2.4. Synthesis of CdTe QDs

The CdTe QDs were synthesized following the method given in [34]. Briefly, 53.2 mg of
Cd(CH3COO0),-2H,0 was dissolved into 50 mL of deionized water in a 100 mL flask. Then, 18 uL of
TGA was added and the pH value was adjusted to 10.5 with a 1 M NaOH solution. After stirring for
5 min, 50 mL of 0.2 mg ml~! K, TeO; solution and 80 mg of NaBH, were successively added to the
solution. Next, the reaction proceeded for another 5 min, and the flask was attached to a condenser
and refluxed for 1 h at 100 °C. After cooling to room temperature, the CdTe QDs with an emission
peak at 556 nm were obtained and stored at —4 °C for subsequent experiments.

2.5. Preparation of N-Acrylchitosan (NAC) and NAC-QD Complex

A NAC preparation method was followed according to the literature with slight modifications [23].
Here, 1.61 g of chitosan was dispersed in 40 mL of DMAC and named solution A. Solution A was
stirred for 12 h at room temperature, purged with argon gas for 10 min at 0 °C, and treated with 600 uL
of triethylamine under continuous stirring. Solution B was prepared by adding 322 puL of acryloyl
chloride to 5 mL of DMAC. This was then added dropwise into solution A. The mixture was stirred at
0 °C for 4 h followed by stirring at 25 °C for 20 h, and successively washed in DMAC, dichloromethane,
and methanol. Finally, the NAC powder was collected by filtration and dried in a vacuum chamber.

The NAC-QD complex was prepared as follows: 1.5 mg of NAC was dissolved in 5 mL of acetic
acid solution (0.03%). Then, 5 mL of CdTe QDs and 5 mg of EDC were separately added dropwise to
the above solution and stirred overnight at room temperature.
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2.6. Synthesis of MIPs by Pickering Emulsion Polymerization

Bacterial-stabilized Pickering emulsions were prepared using a method similar to that described by
Shen et al., except that the NAC-QD complex was used to replace NAC to form a bacteria-pre-polymer
complex [23]. First, 900 pL of the NAC-QD solution and 300 uL of the L. monocytogenes PBS suspension
(ODgpp = 2) were mixed; the mixed solution was set aside for 30 min to form the NAC-QD bacteria
network, which was used as the water phase in the Pickering polymerization. Second, 0.6 mL of TRIM,
0.6 mL of DVB, 6.2 mg of BPO, and 31.3 uL of DMA were added in another 5 mL tube as the oil phase.
Subsequently, the two phases were mixed by vigorous hand shaking for 10 min, such that a stable
Pickering emulsion was established. The Pickering emulsion was stabilized via the NAC-QD-bacteria
network and was kept still for 24 h at room temperature without agitation. To remove the template, the
resulting polymer beads were successively washed with 10% acetic acid, 1% SDS, water, and methanol.
After drying in a vacuum chamber, MIPs with specific binding sites for L. monocytogenes were obtained.

As a control, non-imprinted polymer (NIP) beads were also prepared using the same procedure,
with the exception of the absence of L. monocytogenes.

2.7. Analysis of Bacterial Binding Properties

Adsorption kinetic data were tested as follows: 5 mg of the MIPs was added to 1 mL L. monocytogenes
PBS solution (1.0 X 10° colony forming unit (CFU) mL~!). The supernatant was removed after gently
shaking for different periods of time (0.5, 1,1.5,2, 2.5, 3, 4, 5, 6, and 7 h) and allowing the sample to
settle for 3 min. The target bacteria absorbed on the polymer beads were eluted with 1 mL PBST (PBS
containing 5 mL L~! Tween 20) solution, and the number of bacteria in elution was analyzed by viable
cell counting. The binding amount was calculated as followed:

Here, Q (CFU mg™!) is the adsorption capacity and Cs is the bacteria concentration in the elution.
V (mL) is the volume of bacterial suspension and M (mg) is the adsorption weight.

For the static adsorption testing, 5 mg of MIPs/NIPs were weighed into 1 mL PBS buffer with
different concentrations of bacterial suspension (7.5 x 10!, 1.6 x 102, 7.6 x 102, 1.5 x 10%, 7.5 x 10°,
1.5 % 10* 3.8 x 10%, 7.5 x 10%, 1.6 x 103, and 7.5 x 10° CFU mL™!). After shaking for 2 h, the supernatant
was removed and the binding amount of L. monocytogenes was recorded.

The selectivity study was conducted using two strategies depending on purpose. For visual studies,
5 mg of MIPs were incubated in 1 mL L. monocytogenes and S. aureus for 2 h under the same conditions,
respectively. After removing the supernatant and Gram staining the MIPs, L. monocytogenes and
S. aureus assembled on the polymer beads were directly observed by optical microscope. For a detailed
evaluation, 5 mg of MIPs or NIPs were suspended in a 2 mL mixture containing L. monocytogenes,
E. coli, Salmonella, and S. aureus (each 4.0 x 10* CFU mL™1). The amounts of L. monocytogenes, E. coli,
Salmonella, and S. aureus binding on the polymer beads were recorded via the plate-coating method.

2.8. Aplication to Real Samples

Here, 1 mL of milk was directly inoculated with L. monocytogenes at final concentrations of 1.0 x 10°
and 1.0 x 10° CFU mL"!. After adding 5 mg of MIPs, the mixture was thoroughly shaken for 2 h and
sedimented for 3 min. After removing the supernatant, the residual MIPs were dried in a vacuum
chamber and the fluorescence was directly observed via a fluorescence microscope.

One gram of pork was inoculated with 5 mL of 1.0 X 10% and 1.0 x 10° CFU mL"! of L. monocytogenes
and set aside overnight at 4 °C. Afterwards, 5 mL of the sample solution was collected and mixed with
5 mg of the MIPs. After thoroughly shaking for 2 h and sedimenting for 3 min, the fluorescence color
of the residual MIPs was observed using a fluorescence microscope.
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3. Results

3.1. Design and Preparation of MIPs

The design and preparation of the MIPs is shown in Scheme 1. MIPs were prepared via a Pickering
emulation polymerization, which was composed of a water phase and an oil phase. During imprinting,
an NAC monomer containing enough free amino groups was first prepared by reacting acrylotl
chloride with the amino groups in chitosan. Meanwhile, the CdTe QDs were functionalized with the
carboxyl group from the TGA. NAC-QDs were obtained through the amide bond between the amino
groups from the NAC and the carboxyl group from the CdTe QDs. The positively charged NAC-QD
complex was easily bound with the negatively charged template L. monocytogenes via electrostatic
interactions in the water phase [35]. The oil phase consisted of TRIM and DVB as co-cross-linkers and
BPO as an initiator. After mixing the two phases, a stable emulation was obtained after vigorous hand
shaking (see Figure 1), indicating the high efficiency of the self-assembled bacteria-NAC-QD network
to construct a stable Pickering emulsion as a surfactant.

When polymerization was induced, the NAC-QD complex at the oil-water interface and the
co-cross-linkers in the oil phase (TRIM and DVB) polymerized to form solid polymer beads; the
template bacteria were located on the surface of the polymer beads. After removing the template
bacteria, the imprinted sites were generated and were completely fitted with the template. Furthermore,
the fluorescence intensity of MIPs decreased when the template was bound to the MIP beads; the
intensity could recover after removing the template.

Water phase  Qil phase

3
\\ k? »  self-assemble \ \ 'II'DR\’/I‘I;/I
+ A
\, b j{ 6 _ \ BPO
e N N[ om
Bacteria NAC-QDs Hand
lshaking
lPonmerization

Remove

template

Scheme 1. Molecularly imprinted polymer (MIP) synthesis process (NAC, TRIM, DVB, BPO, and DMA
relate to N-Acrylchitosan, trimethylolpropane trimethacrylate, divinylbenzene, benzoyl peroxide, and
N,N-dimethylaniline).
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Figure 1. Optical images of emulsions obtained by shaking the oil-water mixture of (a) MIPs and
(b) non-imprinted polymers (NIPs).

3.2. Characterization of Polymer Beads

The polymer beads were carefully characterized to validate this preparation concept. Figure 2
displays TEM images of the CdTe QDs and the NAC-QD complex. The diameters of the NAC-QDs
were much larger than those of the original QDs, indicating a successful introduction of the NAC and
formation of the NAC-QD complex. The morphology and size of the MIPs and NIPs were characterized
by SEM (see Figure 3a,b). Both the MIPs and NIPs exhibited a uniform spherical structure with a
particle diameter of about 200 um. Furthermore, the surface of the MIPs was rough and irregular due
to their imprinted cavity; the NIPs were relatively smooth. These results were confirmed via magnified
SEM images, which can be seen in Figure 3¢,d. A large number of effective and tailor-made imprinted
sites were found on the surface of the MIPs; there were none on the NIP surfaces.

FT-IR spectra were used to analyze the surface groups of the MIPs and NIPs. The remarkable
peaks at 1633 cm™! and 1463 cm™! were attributed to C=C stretching vibrations and the benzene ring
vibration of DVB, respectively [36,37]. Strong bands were observed near 1160 cm ™! and 1720 cm™~! which
corresponded to the C-O—-C stretch and C=0 vibration from cross-linking TRIM [38]. Furthermore,
there was no significant difference between the FT-IR spectra of the MIPs and NIPs, confirming that
the template was removed completely.

Figure 3f shows the optical properties of the QDs, NAC-QDs, MIPs, and NIPs. Compared
with the emission peak of the pure QDs, the spectra peak position of the NAC-QDs had a slight
red-shift to ~340 nm due to the aggregation of QDs during the self-assembly of the NAC-QDs [39].
The fluorescence intensity of the NAC-QDs was much higher than those of the pure QDs because of
the surface passivation of the QDs [40]. However, the comparative blue shift in the emission peaks of
the MIPs and NIPs was obvious. This might be because of the reduction in the surface charge of the
QDs because of electrostatic interactions, leading to a smaller Stokes shift.

Figure 2. Transmission electron microscopy (TEM) images of (a) quantum dots (QDs) and (b) the
NAC-QD complex.
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Figure 3. Characterization of polymers. Scanning electron microscopy (SEM) images of (a) MIPs and
(b) NIPs which correspond to magnified SEM images of (¢) MIPs and (d) NIPs, respectively; (e) Fourier
transform infrared (FI-IR) spectra of MIPs and NIPs; and (f) fluorescence emission spectra of the QDs,
NAC-QD complex, MIPs, and NIPs.

3.3. Adsorption Performance of MIPs and NIPs

3.3.1. Bacterial Binding under Overloading Conditions

Equal amounts of MIPs and NIPs (5 mg) were incubated with 1 mL of L. monocytogenes suspension
(ODggp = 0.1, almost 1.0 x 103 CFU mL™!) for 3 h. After removing the supernatant, the polymer beads
were directly observed via SEM. Figure 4a,b show the surface morphology of the treated MIPs and
NIPs with L. monocytogenes; the target bacteria are clearly visible on the surface of the polymer beads
and the density of the cells absorbed on the MIPs was significantly greater than that of the NIPs due to
the high adsorption efficiency of MIPs for L. monocytogenes.

Figure 4. SEM images of (a) MIPs and (b) NIPs after the adsorption of L. monocytogenes
(1.0 x 10® CFU mL™!). CFU means the colony forming unit.
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To further investigate the adsorption performance, equilibrium binding analysis, adsorption
isotherms, and selectivity adsorption were also studied, as discussed below.

3.3.2. Kinetics Adsorption of MIPs

The kinetic adsorption curves of the MIPs and NIPs were all evaluated to explore the adsorption
rate (see Figure 5a). A high adsorption rate was performed, and the binding amount linearly increased
with increasing contact time before reaching an adsorption equilibrium. At bacteria concentrations
of 1.0 X 10° CFU mL!, the equilibrium time of the polymer beads was almost 2 h, which could be
shortened upon reducing the bacterial concentration. The fast adsorption rate could have occurred
because the bacterial-NAC-QD complex in the water phase was used as the surfactant to construct the
stable O/W Pickering emulsion during the imprinting process; thus, the template bacteria were located
on the surface of the polymer beads. After removing the template, several effective and tailor-made
imprinted sites remained on the MIP surface. These were easily accessible for the rebinding of template
bacteria. In addition, a small reduction of adsorption amounts on the polymer beads occurred over an
extended time. One possible reason for this observation is that the bacteria died through a nutrient
deficiency in the PBS, resulting in a gradual decrease in L. monocytogenes viability.
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Figure 5. (a) Kinetic data of MIPs and NIPs, (b) static isotherm curve of MIPs and NIPs, and (c) the
selectivity adsorption of MIPs and NIPs on four bacteria mixing solutions.

3.3.3. Adsorption Isotherm Analysis

To further investigate the binding performance of MIPs and NIPs, static adsorption data were
collected at initial concentrations of L. monocytogenes ranging from 7.5 x 10! to 7.5 x 10> CFU mL~..
Figure 5b shows the adsorption isotherm curve: the binding capacity increased with increasing initial
bacteria concentrations and the MIPs exhibited a significantly higher adsorption capacity than that of
the NIPs across the tested concentration range (p < 0.05). These results were mainly due to the specific
adsorption of imprinted sites, leading to superior adsorption of L. monocytogenes. A trace of bacteria
was absorbed on the NIPs simply based on non-specific adsorption. At an initial concentration of
3.8 x 10* CFU mL!, the adsorption capacities of the MIPs (355.6 CFU mg‘l) were almost 4.57-fold
that of the NIPs (77.8 CFU mg ™), while the imprinting factor (IF) value reduced to 2.04 when the initial
concentration increased to 7.6 x 10° CFU mL™1. At high concentrations, the surface-bound bacteria
were able to attract more bacteria cells to self-assemble and aggregated as a membrane-bound cluster
on the surface polymer beads, leading to an increase in non-specific adsorption.
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3.3.4. Selectivity Study

For visual observation of the selectivity of MIPs, L. monocytogenes and S. aureus were separately
absorbed on MIPs and were directly observed via an optical microscope (Figure 6). Many
L. monocytogenes were observed, indicating the high binding uptake for template bacteria. By contrast,
only a few S. aureus were absorbed onto the MIPs, showing that the spherical S. aureus did not fit into
the imprinted sites. Those that were generated were completely fitted with the rod L. monocytogenes.
The low binding capacity for S. aureus was simply dependent on the non-specific adsorption.

Figure 6. The optical images of MIPs absorbing (a) L. monocytogenes and (b) S. aureus.

The interference experiment evaluated selective recognition of the template bacteria. Some
commonly foodborne pathogens were selected as competitors, including E. coli, Salmonella, and
S. aureus. Figure 5¢c shows the adsorption capacities of MIPs and NIPs on different bacteria. Under the
same conditions, the binding capacities of the MIPs on L. monocytogenes and the other three bacteria were
significantly different (p < 0.05). The imprinted polymers expressed the highest specific adsorption for
L. monocytogenes with significantly lower adsorption of other bacteria. By contrast, the NIPs absorbed
fewer template bacteria than the MIP beads because of the absence of selective imprinted recognition
sites. Therefore, other than the electrostatic interactions, the recognition mechanism of the MIP beads
was closely related to the complementary shape and size of binding sites that were produced by the
template bacteria. The results indicate that the high recognition specificity of the imprinted polymer
enabled the MIP beads to bind the target bacteria.

3.4. Establishment of a Detection Method

During MIP preparation, several imprinted sites remained on the surface of the MIPs containing
QDs. As aresult, the template bacteria were easily bound to the polymer beads and caused a significant
change in the fluorescence intensity. To confirm the utility of these materials, the MIPs and NIPs were
first incubated with 10® and 10° CFU mL™! concentrations of bacteria and the fluorescence intensity of
the resulting polymer beads was directly observed using a fluorescence microscope under an ultraviolet
lamp. Images are presented in Figure 7. The beads differed in brightness at different concentrations
of L. monocytogenes, and the original MIPs and NIPs exhibited the brightest blue luminescence. With
increasing bacteria concentrations ranging from 103 to 10> CFU mL~!, the color of the polymer beads
became increasingly darker with a more pronounced change in the MIPs. Considering that microbial
imprinting has not reached the level of precision that can be achieved by imprinting small molecules,
the fluorescence MIPs sensor was applied for fast and qualitative detection of L. monocytogenes with a
limit of detection (LOD) of 103 CFU mL™!.
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Figure 7. Images of MIPs (for a—c, the concentrations of bacteria were 0, 103, and 10° CFU mL‘l)
and NIPs (for d—f, the concentrations of bacteria were 0, 103, and 10° CFU mL’l) adsorbing different
concentrations of bacteria.

3.5. Analysis in Real Samples

Milk and pork samples were purchased from a local supermarket and were verified to be free of
L. monocytogenes according to the National Standard GB/4789.30-2016. Thus, to evaluate the binding
performance of the MIP beads in real samples, the milk and pork samples were analyzed by spiking
them with two levels (10> CFU mL™! and 10° CFU mL™!). Figure 8 shows MIP beads irradiated
under an ultraviolet lamp. Due to matrix effects, the original MIPs exhibited bright blue-green
fluorescence. The color of the MIP beads clearly became much darker with increasing concentrations of
L. monocytogenes, indicating that this method could be applied for the rapid detection of L. monocytogenes
in real samples.

Figure 8. Images of MIPs in (a-c) milk and (d-f) pork. (for a—c and d—f, the concentrations of bacteria
were 0, 10, and 10° CFU mL‘l).

4. Conclusions

In this work, novel fluorescence imprinted polymers were synthesized via an oil-in-water
Pickering emulsion polymerization, in which the whole bacteria was used as the template, and a
bacteria-NAC-QD complex was used as the stabilization particle at the oil-water interface. The MIPs
provided a fast mass transfer rate and excellent specific adsorption for L. monocytogenes. In addition,
the obtained MIPs offered sensitive and visual detection of L. monocytogenes in milk and pork samples
based on changes in their fluorescence color under UV lamp excitation. We believe this strategy will
promote the development of fluorescence bacteria imprinted technology and have the potential to be
extended to the analysis of other foodborne pathogens.
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Abstract: A boronic acid groups-bearing polythiophene derivate (L) was designed and synthesized
for highly sensitive fluorescence detection of ATP based on a multisite-binding coupled with
analyte-induced aggregation strategy. L has a polythiophene backbone as fluorophores and two
functional side groups, i.e., quaternary ammonium group and boronic acid group, as multibinding
sites for ATP. When various structural analogues such as ADP, AMP, and various inorganic phosphates
were added into the aqueous solution of L, only ATP caused a remarkable fluorescence quenching of
about 60-fold accompanied by obvious color changes of solution from yellow to purple. The detection
limit is estimated to be 2 nM based on 3¢/slope. With the advantage of good water solubility, low
toxicity, and highly selective response to ATP, L was successfully utilized as a probe to real-time assay
activity of adenylate kinase (ADK) and map fluorescent imaging of ATP in living cells.

Keywords: ATP detection; fluorescent probe; polythiophene; multisite binding; analyte-induced
aggregation

1. Introduction

Nucleotide adenosine triphosphate (ATP) is one of the critical biological anions in all living
organisms. It serves as a universal energy source in various cellular events and plays significant roles
in many biological processes including biosynthesis, DNA replication, cell signaling, and so on [1-5].
The intracellular ATP levels have been demonstrated to be closely relevant to pathogenesis of many
diseases including Parkinson’s disease, ischemia, and hypoglycemia, etc. [5-8]. Therefore, sensitive
and selective detection of ATP is highly desired for biochemical research and clinical diagnosis.

In recent years, fluorescent probes are considered as powerful tools for the visible detection
and identification of biological substances owing to the good selectivity, high sensitivity, real-time
analysis capability, and high temporal and spatial resolution [9-14]. Thanks to the strong light-harvesting
and signal-amplification properties of conjugated polymers (CPs), water-soluble CPs-based probes have
been demonstrated to be efficient probes for detection of diverse bio-related species such as nucleotides,
DNA, proteins, protease, etc. [15-17]. Among various CPs, polythiophene (PT) derivatives have received
extensive attention because of their sensitive chain conformation transition responsive to external
stimuli [7,8,18-21], providing unique advantages over other CPs on keeping the balance between
simplicity (colorimetric mode) and sensitivity (fluorescence mode). In previous reports including ours,
several PTs derivatives have been designed for the fluorescent detection of ATP with moderate selectivity
and sensitivity [19,22-25]. These reported PT-based ATP probes contain generally cationic groups on their
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side chains, for example, quaternary ammonium [18,19,25,26], imidazolium [22], or phosphonium [23], to
offer essential water solubility and recognition site for ATP. Thus, in most cases, electrostatic interaction
is the primary driving force for the binding of polymer probes with ATP, resulting in these assays being
sensitive to ionic strength. This will prevent practical application of these probes in more complex
environments like cells and even living body. On the other hand, the selectivity of the reported ATP
probe was not satisfying since the electrostatic attraction was nonspecific. To address these challenges,
herein, we propose a multisite-binding coupled with analyte-induced aggregation strategy to develop
PT-based probes for highly selective ATP detection and imaging.

It is well known that boronic acids can bind vicinal diols with high affinities via reversible
boronate formation in weak-base aqueous solution, which has been widely used to develop synthetic
receptors for saccharides detection [6,26-29]. In the present contribution, both boronic acid groups
and quaternary ammonium groups were introduced to the side chain of polythiophene as binding sites
of ribose and phosphate of ATP, respectively, to produce a new ATP probe (L) with strong and selective
affinity for ATP (Scheme 1a). L and ATP come together easily by the electrostatic attraction, at the same
time, the neighboring boronic acid group on the side chains of L further anchors ATP via formation
of pentacyclic borate to restrict the rotation of L backbone and thus, promote polymer aggregation
through the interchain 7—7t stacking interaction (Scheme 1b). This process will lead to the significant
fluorescence quenching of L. Based on the sensing strategy, L can distinguish ATP from its analogues
ADP and AMP as well as various inorganic phosphates, etc. Taking advantage of high selectivity of L
to ATP, the activity assay of ATP-related enzyme in buffer solution and the fluorescence imaging of
ATP in living cells were successfully achieved.
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Scheme 1. (a) The possible binding pattern of L with ATP; (b) Conformation transition and the formation
of aggregates of L induced by ATP.

2. Experimental

2.1. Materials

Adenosine 5’-riphosphate (ATP), adenosine 5’-diphosphate (ADP), adenosine 5’-nophosphate
(AMP), and adenylate kinase (ADK) were provided by Aladdin (Shanghai, China).
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). 2-Amino-2-hydroxymethyl-1,3-propanediol hydrochloride
(tris-HCl) was bought from Alfa Aesar (Tianjin, China). The ultrapure water in this study was obtained
by a Millipore filtration system (Millipore, Darmstadt, Germany). All other chemicals were used
as received without further purification. The polymer concentration was calculated on the basis of
the repeat unit.

2.2. Instruments

'H NMR spectra were performed on a Bruker Avance ITI-400 NMR spectrometer (400 MHz, Bruker,
Fallanden, Switzerland) using tetramethylsilane (TMS) as an internal standard. Gel permeation
chromatography (GPC) trace was obtained with a Waters 1515 liquid chromatography system
(Waters, MA, USA) equipped with a Waters 2414 refractive index detector (Waters, MA, USA)
and Phenogel GPC columns (Waters, MA, USA) using pullulan as the standard and H,O as the eluent
ata flow rate of 1.0 mL min~" at 35 °C. FTIR spectra were recorded with a ALPHA II FTIR spectrometer
(Bruker, Rheinstetten, Germany). Circular dichroism (CD) spectra were collected on a Jasco J-715 WI
spectropolarimeter (Jasco, Tokyo, Japan) operating at room temperature. UV-Vis absorption spectra were
measured on a Shimadzu UV-2550 spectrometer (Shimadzu, Tokyo, Japan). Fluorescent spectra were
recorded with a Hitachi F-4600 fluorescence spectrophotometer (Hitachi, Chiyoda ku, Japan) equipped
with a xenon lamp excitation source. Fluorescence quantum yields were achieved by comparison with
fluorescien in water as standard. The pH values were determined with a Mettler-Toledo Delta 320
pH meter (Mettler-Toledo, Greifensee, Switzerland).

2.3. Synthesis

2.3.1. Synthesis of 3-(3-Bromopropoxy)-4-methylthiophene (1)

The monomer 1 was synthesized according the procedure described in the previous work reported
by our group [18]. Yield 81%; "H NMR (400 MHz, CDCl3) & 6.72 (s, 1H), 6.08 (s, 1H), 3.96 (m, 2H), 3.48
(m, 2H), 2.23 (m, 2H), 1.99 (s, 3H).

2.3.2. Synthesis of 3-(4-Methyl-3’-thienyloxy)propyltrimethylammonium Bromide (2)

Trimethylamine (10 mL) was added into a solution of 1 (2.68 g, 11.4 mmol) in THF (100 mL).
The mixture was stirred 48 h at room temperature, and then evaporated to dryness. The crude product
was washed with THF to give 2 (2.62 g, 78% yield). "H NMR (400 MHz, d¢-DMSO) 6 7.01 (s, 1H), 6.48
(s, 1H), 4.15 (m, 2H), 3.51 (m, 2H), 3.14 (s, 9H), 2.30 (m, 2H), 2.06 (s, 3H).

2.3.3. Synthesis of Copolymer (3)

Copolymer 3 was synthesized according the procedure as following: anhydrous FeClz (649 mg,
4 mmol) was added to the freshly dry CHCI; (20 mL), and the mixture was stirred for 30 min
at room temperature under N, atmosphere. Then, the solution of 1 (235 mg, 1 mmol) and 2 (294 mg,
1 mmol) dissolved in dry CHCl3 (10 mL) was added dropwise to the above as-prepared FeClsz solution.
The mixture was stirred for 48 h at 35 °C. The reaction mixture was then concentrated to about 2 mL.
The residue was precipitated by addition of MeOH (200 mL). The precipitate was collected by filtration,
and the resulting crude product was extracted by Soxhlet extraction with MeOH for 24 h to remove
possibly residual FeCl;. The residual solid was filtrated and dried under reduced pressure to give
copolymer 3 (331.6 mg, 63%). GPC (H,O, pullulan standard): My: 6.3 kDa, PDI: 1.819.

2.3.4. Synthesis of Copolymer L

Copolymer 3 (200 mg) was dissolved in a mixed solvent of DMF (30 mL) and THF (20 mL).
3-Pyridineboronic acid (300 mg, 2.44 mmol) was then added into the above solution. The mixture was
stirred at 70 °C under a N atmosphere for 48 h. The mixed solution was concentrated to about 2 mL,
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and the residue was then dropwise added into THF (60 mL). The resultant precipitate was collected
by filtration, washed with THF (50 mL X 3), and dried under vacuum at room temperature to obtain
polymer L (211 mg, 86% yield) as a dark-red solid.

2.4. Sample Preparation for Spectroscopic Analysis

All spectroscopic experiments were carried out at 25 °C. The stock solution of the probe
(L = 2.0 x 1073 M) in water was diluted to 50 uM for UV-Vis absorption spectrum and 10 pM
for photoluminescence spectrum.

2.5. Cell Culture and Cytotoxicity Assays

HeLa cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin
at 37 °C in a humidified 5% CO,-95% air atmosphere.

The cytotoxicity of L was evaluated by typical MTT assay. HeLa cells (1 x 10* cells/well) were
seeded onto 96-well plates in 100 uL DMEM and allowed to attach for 24 h. After cell attachment,
the medium was removed and the cells were washed with PBS three times, then 100 pL of fresh
medium containing L with different concentrations ranging from 0 to 50 uM was added and incubated
for 24 h. After 24 h incubation, the cell viability was evaluated by MTT assay.

2.6. Fluorescence Imaging

HeLa cells (1 x 10° cells/well) were seeded onto petri dish in 2 mL DMEM and allowed to attach
for 24 h. After cell attachment, the medium was replaced with 2 mL of fresh medium containing L
(10 uM, 2 mL) for 2 h, then the medium was removed and the cells were washed with PBS three times.
Fluorescence images were recorded with a confocal laser scanning microscope (CLSM) (Olympus
FV1000-IX81, Tokyo, Japan). The excitation wavelength used was 405 nm, and all images were analyzed
with Olympus FV1000-ASW.

3. Results and Discussion

3.1. Synthesis of L

The synthetic route for the probe L is outlined in Scheme 2. The traditional chemical oxidative
polymerization with FeCl; in chloroform in the presence of equivalent 1 and 2 gave the random
copolymer product 3 with a moderate number-average molecular weight of 6.3 kDa, determined by GPC
using pullulan as the standard and H,O as the eluent, respectively. Subsequently, 3-pyridineboronic
acid groups were linked to the side chain of 3 by nucleophilic substitution reaction to produce
the target L. The strong absorption peaks at 1,360 and 1,485 cm! in FTIR of L were assigned to
the characteristic symmetric and unsymmetric stretching vibration of the B-O bond, respectively
(Figure S1, Supplementary Materials), suggesting that the boronic acid groups were successfully
introduced into the side chain of L. The ratio of the three repeated units in L was determined to be
0.17:0.83:1 for Br, boronic acid and quaternary ammonium contained ones, respectively, by inductively
coupled plasma (ICP) analysis. In other words, the molar content of boronic acid-containing moieties
in the total polymer was about 41.5%.
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Scheme 2. Synthesis of the probe L. (i) N(CHs);, THF, rt, 48 h; (ii) FeCl;, CHCl3, 35 °C, 48 h;
(iii) 3-Pyridineboronic acid, DMF/THF (3:2 v/v), Ny, 70 °C, 48 h.

3.2. Screen of pH of Assay System

Since pH values of the aqueous solution influences strongly the formation of ester between boronic
acids and vicinal diols [6,26], the pH conditions for ATP sensing using L as a probe were first optimized.
The pyridinium hydroxyboronate moiety in our probe L has a very low pKa value of about 4.0 [30].
Thus, the weakly alkaline conditions with pH values ranging from 7.0-10.0 were carefully assessed.
As shown in Figure S2a (Supplementary Materials), the changes on absorption spectra of L (50 uM) in
water were almost ignored within the total tested pH ranges. Upon addition of 1 equiv. of ATP to L
aqueous solution (50 uM) with different pH values, the absorption spectra of solutions at pH = 7.4, 8.0,
and 9.0 gave the significant responses (Figure S2b, Supplementary Materials). Based on these results,
the aqueous solution of physiological pH 7.4 was chosen as assay system for the evaluation of sensing
properties of L.

3.3. Selectivity

Selectivity of the probes is one of the key parameters for evaluating their performances. We first
checked the response of L to a wide range of the biologically relevant anions including C1~, PO,3,
HPO42~, HyPO,~, P,O;2~, as well as ATP and its analogues ADP and AMP by absorption and emission
spectra. As shown in Figure 1, after addition of 1 equiv. of these anions to aqueous solution of L, most of
the solutions remained yellow with slight changes of Amax, except for that containing ADP, which gave
orange solutions with the shifts of the absorption peaks from 450 to 468 nm. Compared with those
anions, the most remarkable influence was observed upon adding ATP, which gave a purple solution
along with the significant red-shifts of Amax. The significant color change indicated that L can serve
as a “naked-eye” indicator for ATP in aqueous solution. On the other hand, the addition of 3 equiv.
of ATP resulted in almost complete quenching (about 60-fold) in photoluminescence intensity of L
(Figure 2). However, the addition of other related anions had no obvious effect on the fluorescence
emission of L, except that adding ADP produced a slight decrease in emission intensity. These results
indicated that the probe L had high selectivity to ATP over other tested anions in aqueous solution.
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Figure 1. Absorption spectra of L (50 uM) upon addition of various bio-related sodium salts of anions
including ATP, ADP, AMP, Cl~, PO,3~, HPO,2~, H,PO,~ and P,07%~ (50 uM) in water at pH 7.4.
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Figure 2. Fluorescent emission changes of L (10 uM) upon addition of various bio-related sodium
salts of anions including ATP, ADP, AMP, Cl-, PO,3~, HPO,2~, H,PO,~ and P,0%~ (30 uM) in water
atpH7.4.

3.4. UV-Vis Spectral Response of Probe L to ATP

The interaction of L with ATP in tris-HCI buffer solution (10 mM, pH = 7.4) at room temperature
was carefully investigated by UV-Vis absorption spectroscopy. As displayed in Figure 3a, the tris-HCl
buffer solution (10 mM, pH 7.4) of L (50 uM) exhibited a maximum absorption band at 450 nm
with e = 1.2 x 10* M~! em™1, which is attributed to 7—7* transition of polythiophene backbone with
a random-coil conformation [19,31,32]. As the concentrations of ATP increased, the Amax was gradually
red-shifted from 450 to 540 and 588 nm, accompanied with a distinct solution color change from
yellow to purple. The significant shift and the appearance of two vibronic bands are characteristic of
the aggregation of the polythiophene backbone [19]. Job’s plot (Figure S3, Supplementary Materials)
indicated a near 1:1 stoichiometry of complex formed between L and ATP. The binding constant of L
with ATP was estimated to be about 4.02 x 105 M~! with R? of 0.995 based on the double-reciprocal
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plot of 1/(A — Ap) versus 1/(ATP), as shown in Figure 3b [33-35]. Further, the control homopolymer
PTB, which just contains boronic acid groups on its side chains, exhibited the binding constant of
2.68 x 10* M! (Figure S4, Supplementary Materials). In summary, comparing with other PT-based
ATP probes which only contained quaternary ammonium groups [18,24] or boronic acid groups on
their side chains, the relatively larger binding constant of L with ATP implied stronger affinity between
the both, probably due to synergistic interactions.
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Figure 3. (a) UV-Vis absorption spectra of L (50 tM) with the addition of ATP with concentrations

ranging from 0 to 13.6 uM in tris-HCl buffer solution (10 mM, pH = 7.4); (b) Absorbance at 540 nm of L

as a function of ATP concentration. A is the initial absorbance of L at 540 nm, and A; is the recorded

absorbance of L in the presence of ATP with different concentrations. Error bars represent the standard

deviations of three trials.

Further, we confirmed the formation of L supermolecular aggregates induced by ATP by circular
dichroism (CD) measurements. As shown in Figure 4, both L and ATP are optically inactive, and no
CD pattern in the 7—m* transition region can be detected. These results indicate that free L adopts
an achiral random-coiled conformation in water. However, upon binding with ATP, an intense split-type
induced CD (ICD) in the 7t—t* transition region appeared, and as the ATP concentration increased,
the ICD intensity increased gradually, suggesting the formation of chiral 7-stacked aggregates of L in
the presence of ATP [36].
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Figure 4. Circular dichroism (CD) spectra of ATP (15 uM) and L (30 uM) in the absence and the presence
of various amounts of ATP in water (pH 7.4).
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3.5. Fluorescence Spectral Response of Probe L to ATP

Figure 5a displays the changes of fluorescent spectra of polymer L (10 uM) in the presence of
different amounts of ATP in tris-HCI buffer solution (10 mM, pH 7.4). The fluorescence spectra of L
exhibited a strong fluorescence at 570 nm upon excitation at 450 nm (¢ = 0.304). The titration of ATP
into L buffer solution caused that the fluorescent intensities of the emission band centered at 570 nm
decreased gradually with the increasing concentrations of ATP. The significant quenching of the emission
of L could be explained by the formation of 7-stacked aggregates of L induced by ATP, as demonstrated
by UV-Vis and CD studied, quenching light emission via other nonradiative pathways [24,25].
The quenching constant Ksy was determined according to the well-known Stern-Volmer equation [37].
As seen from the Stern-Volmer plot (Figure 5b), there was a linear relationship between (Fy — F;)/Fy,
and the concentrations of ATP ranging from 0 to 0.8 uM and Kgy were estimated to 1.08 x 106 M~!
(R? =0.997). The high quenching efficiency indicated the strong affinity between L and ATP. In addition,
for our system, only 0.16 equiv. of ATP almost completely quenched the fluorescence of L, but in case
of the PT-based ATP probe bearing only quaternary ammonium groups, about 1 equiv. of ATP was
required to produce such a degree of quenching under similar detection conditions [19]. Thus, it is
reasonable to believe that boronic acid groups were involved in binding of L with ATP, which promoted
the conformational transformation and subsequent aggregation of L.
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Figure 5. (a) Fluorescence spectra of L (10 uM) with the addition of various concentrations of ATP
in tris-HCI buffer solution (10 mM, pH 7.4); (b) Plot of (Fy — F;)/Fy at 570 nm vs. concentrations of
ATP. Fy) is the initial emission intensity of L (10 M), and F; is the recorded emission intensities of L in
the presence of ATP with different concentrations. Excitation wavelength: 450 nm. Error bars represent
the standard deviations of three trials.

From the changes in ATP concentrations-dependent fluorescence intensities (Figure S5,
Supplementary Materials), the detection limit was estimated to be 2.07 x 10~ M based on the 30/slope
(where o is the standard deviation of the background and slope is the sensitivity) [24,38]. Such a low
detection limit should be very competitive with most of previously reported fluorescence or colorimetric
probes for ATP [18-25] (Table S1, Supplementary Materials). The high sensitivity of L for ATP should
be closely related to the strong synergetic interactions between L and ATP.

In order to further confirm that cyclic borate can be formed between 3-pyridineboric acid of
L and ribose of ATP in weakly basic aqueous solution, 'H NMR spectra of 3-pyridineboric acid,
ATP, and their mixture at pH 8.0 in D,O were collected, as shown in Figure S6. From Figure S6
(Supplementary Materials), it is obviously seen that both the strong peak at 6 7.42 in 'H NMR
of 3-pyridineboronic acid (Figure S6A, Supplementary Materials) assigned as the 5-position H,
and the peak at 6 6.08 in 'H NMR of ATP (Figure S6B, Supplementary Materials) corresponding to
Hj, of ribose in ATP moved towards higher field in 'H NMR of 3-pyridineboronic acid/ATP mixture,
along with more complex splits (Figure S6C, Supplementary Materials). It could be explained as follows:
the neutral form of the boronic acid group serves as an electron-withdrawing group, but after complex
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with vicinal diols of ribose in ATP, it is transformed into the anionic form, which will act as an electron
donor group [28]. These results indicated the formation of covalent bonds between 3-pyridineboronic
acid and ATP in a weakly alkaline environment.

3.6. Assay for ADK

Since L can selectively recognize ATP from phosphate-containing anions, particularly ADP
and AMP, L was applied to set up a real-time fluorescence assay for ATP-relevant enzyme activity.
For instance, adenylate kinase (ADK) is an important enzyme which is involved in maintaining cellular
energy homeostasis. It can catalyze the reversible reaction: ATP + AMP = 2ADP. As shown in
Figure 6a, L (50 uM) exhibited an absorption peak at about 450 nm in tris-HCl buffer solution (10 mM,
pH 7.4) containing 0.2 mM MgCl,. When the ATP (20 uM) and AMP (20 uM) were added into the above
solution, the absorption band of the solution red-shifted to 535 and 578 nm along with an obvious
color change (Inset, Figure 6a). After incubating with ADK ((ADK) = 100 mU/mL) for 15 minutes
at 37 °C, the conversion reaction from ATP and AMP to ADP happened, resulting in that the Amax
returned to 450 nm and the solution color became yellow (Figure 6a). It was interesting to note that
the resultant absorption spectra was almost identical with the control spectra of L with 40 uM of
ADBP, indicating the ATP and AMP can be converted to ADP thoroughly under the catalysis of ADK.
These results demonstrated preliminarily that L can be used as a probe to monitor ADK activity in
buffer solution.
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Figure 6. (a) Absorption spectra of L before and after incubating with ADK in buffer solution. Inset:
The photographs taken from L (1) and L/ATP/AMP before (2) and after (3) incubating with ADK.
(L) =50 uM, (ATP) = (AMP) = 20 uM, (ADP) = 40 uM, (ADK) = 100 mU/mL. Incubating time was 15 min;
(b) Time-trace plots of the conversion from ATP and AMP to ADP catalyzed by various concentration
of ADK (5-20 mU/mL) monitored by the emission ratio F;/Fy. (L) = 10 uM, (ATP) = (AMP) =2 pM.
Excitation wavelength: 450 nm. All measurements were performed in tris-HCl buffer solution (10 mM,
pH 7.4) containing 0.2 mM Mg2+ ions.

Figure 6b shows the dependence of the fluorescence intensity ratio (Fj/Fp) at 570 nm of L on
the concentration of ADK and incubating time. In this study, the fluorescent spectra were measured
at 2 min intervals. From Figure 6b, it is seen that the reaction rate was accelerated with the increase in
ADK concentration and after about 10 min, all reaction reached equilibrium. These results indicated
that L has great potential for facile real-time monitoring of enzyme activity to elucidate their functions
in biological systems.

3.7. Cell Imaging

Before applying to cell imaging, the biocompatibility of L was investigated by MTT assay.
As shown in Figure S7 (Supplementary Materials), as the concentration of L increased, the average
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cell viability was greater than 80%, suggesting low cytotoxicity of L to living cells in the range of
tested concentrations.

The applicability of in situ sensing ATP using L as a probe in living cell was further
investigated by a confocal laser scanning microscope (CLSM). After incubation of HeLa cells
with L (10 uM) for 2 h at 37 °C, the strong green fluorescence of L was observed in the cells
(Figure S8, Supplementary Materials), demonstrating that L can be uptaken by HeLa cells with good
biocompatibility. The photostability measurement (Figure S8, Supplementary Materials) showed
almost negligible changes in the fluorescence intensities of L in HeLa cells after continuously irradiating
at 405 nm for 100 s.

The sensing ability of L in HeLa cells was subsequently assessed by extracellular addition of ATP
(4 uM). Figure 7 shows the representative CLSM images of L-loaded HeLa cells that were cocultured
with ATP for various times. It was observed that the fluorescence intensity of L was decreased gradually
with the prolonged incubation time. After about 30 min, the fluorescence of L was almost completely
quenched. As a control, the fluorescence intensity of L itself in HeLa cells did not change significantly
within the same test time. These results suggested that L had the potential to detect the fluctuation of
ATP concentration in living cells.

200 8 min

(]
2
<
[=]
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Figure 7. CLSM images of L-loaded HeLa cells incubated with ATP (4 uM) for various times from
0 to 34 min (a-h). (i): Brightfield; (j): Overlay of (a) and (i); (k): Dot representing the integrated
optical density (IOD/area) of the probe L from the fluorescence images at each time point. Scale bars:
20 pm. Aex = 405 nm, Aem = 564-633 nm. Error bars represent the standard deviations of three

independent experiments.

4. Conclusions

A new water-soluble polythiophene-based fluorescent probe L with boronic acid groups on its
side chains was designed and synthesized for the detection of biologically important ATP. L exhibited
effective and selective recognition ability for ATP over other structurally similar nucleotides such
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as ADP and AMP in aqueous solution at physiological pH 7.4. A remarkable fluorescent quenching
took place upon addition of ATP into the buffer solution of L due to the formation of chiral aggregates
induced by ATP via multi-sites binding between L and ATP. The change in fluorescent intensities for
ATP is much larger than that for ADP and AMP, which is large enough to discriminate ATP from
ADP and AMP. Based on the highly selective recognition of L for ATP, L was successfully utilized
as a fluorescent probe for continuous and facile assays of ADK activity. In addition, L has been
demonstrated to be a useful probe for monitoring the ATP levels in living cells by fluorescence imaging.
With the advantages of good water solubility, high selectivity to ATP, and low cytotoxicity, further work
to inspect the practical applicability in the real-time detection of enzyme activity in living cells is being
carried out in our group.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/7/1139/s1.
Scheme S1. Synthesis of the control polymer PTB; Figure S1. FTIR spectra of L; Figure S2. Effect of pH on
absorption spectra of L and L/ATP complex; Figure S3. Job’s plot; Figure S4. Determination of the binding
constant between PTB and ATP; Figure S5. Determination of detection limit of L; Figure S6. Study on interaction
of 3-pyridineboronic acid with ATP by "H NMR. Figure S7. Cytotoxicity of L; Figure S8. Photostability of L;
Table S1. Comparison of cation or boronic acid-contained polythiophene-based probes for the detection of ATP.
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Abstract: We report the oxygen-resistant electrochemiluminescence (ECL) system from the polyhedral
oligomeric silsesquioxane (POSS)-modified tris(2,2’-bipyridyl)ruthenium(Il) complex (Ru-POSS). In
electrochemical measurements, including cyclic voltammetry (CV), it is shown that electric current
and ECL intensity increase in the mixture system containing Ru-POSS and tripropylamine (TPrA) on
the indium tin oxide (ITO) working electrode. The lower onset potential (Eqnset) in CV is observed
with Ru-POSS compared to tris(2,2’-bipyridyl)ruthenium(II) complex (Ru(bpy)32+). From the series of
mechanistic studies, it was shown that adsorption of Ru-POSS onto the ITO electrode enhances TPrA
oxidation and subsequently the efficiency of ECL with lower voltage. Moreover, oxygen quenching of
ECL was suppressed, and it is proposed that the enhancement to the production of the TPrA radical
could contribute to improving oxygen resistance. Finally, the ECL-based detection for water pollutant
is demonstrated without the degassing treatment. The commodity system with Ru(bpy)s;2* is not
applicable in the absence of degassing with the sample solutions due to critical signal suppression,
meanwhile the present system based on Ru-POSS was feasible for estimating the amount of the target
even under aerobic conditions by fitting the ECL intensity to the standard curve. One of critical
disadvantages of ECL can be solved by the hybrid formation with POSS.

Keywords: electrochemiluminescence; POSS; ruthenium(Il) complex; oxygen resistance

1. Introduction

Electrochemiluminescence (ECL), also called as electrogenerated chemiluminescence, is light
emission from the excited species generated through multiple redox reactions on an electrode [1,2].
ECL has many advantages as a platform of sensing materials. Owing to unnecessary light excitation,
background noise in the luminescence detection can be drastically reduced by removing scattering
of incident light. Compared to chemiluminescence which is produced through chemical reactions,
it is relatively easy to achieve temporal and spatial control for emission generation. Therefore, the
ECL techniques are recognized as a powerful analytical tool and are used in various areas, such
as immunoassay, genosensors, and for monitoring small molecules [1-6]. Although a variety of
substances can potentially work as a source of ECL, ruthenium(II) (Ru(Il)) complexes, especially
tris(2,2’-bipyridyl)ruthenium(II) (Ru(bpy)32+), are conventionally used because of many superior
properties, such as high chemical stability, recyclability, redox properties, and long lifetime in the
excited state [2-4]. Meanwhile, oxygen is well known to be a crucial quencher to the photo-excited
state of Ru(II) complexes [7-9], followed by the reduction of the ECL intensity [10-12]. Thereby,
pretreatments for deoxygenation with the analytical samples are essential before conventional ECL
detection. Hence, improvement of oxygen resistance of the ECL system is strongly needed not only for
improving accuracy and sensitivity in detection but also for extending applicability to future sensing
technologies such as real-time monitoring with the native samples.

Polymers 2019, 11, 1170; d0i:10.3390/polym11071170 71 www.mdpi.com/journal/polymers
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Polyhedral oligomeric silsesquioxane (POSS) attracted attention as an “element-block” which is
the minimum unit containing heteroatoms for constructing functional materials [13,14]. We report
unique and useful properties of POSS-containing hydrophilic materials [15-19]. In aqueous media, it
was shown that the water-soluble POSS-containing materials can efficiently capture various types of
guest molecules in the distinct hydrophobic spaces created around the POSS units and are applicable
for sensors [20-24]. It is proposed that the cubic core is favorable for adsorbing various guest molecules
with hydrophobic interaction. In particular, it is shown that the captured molecules in the POSS-core
dendrimer are protected from photobleaching. It should be noted that stimuli responsiveness is
compatibly observed from the captured guest molecules, although these molecules are isolated by
POSS. Because of the steric structure of POSS, accessibility of reactive oxygen species which are
promised to induce degradation can be lowered. Meanwhile, energy and electron transferring is
acceptable through the POSS scaffold. Owing to these characters, environment-responsive photon
upconversion including multiple energy transferring steps [23] and photo-triggered redox reactions [24]
are accomplished in the POSS-containing materials.

Inspired by the enhancement of environmental resistance of POSS without losses of stimuli
responsiveness, we presume that oxygen resistance in ECL systems might be reinforced. On the basis
of this assumption, we synthesize the modified POSS tethered to the tris(2,2’-bipyridyl)ruthenium(II)
complex (Ru-POSS) and evaluate the influence of dissolved oxygen on the ECL properties in the
aqueous mixture system containing tripropylamine (TPrA, coreactant). Initially it is shown that ECL
intensity and electric current can be enlarged by the connection to POSS. Moreover, from the comparison
studies, it is clearly indicated that ECL quenching by oxygen is suppressed in the Ru-POSS/TPrA
system. We elucidate how this phenomenon could originate from the improvement of TPrA oxidation
by Ru-POSS adsorption onto the ITO electrode. Finally, we also accomplish the ECL-based detection
for the water pollutant without the degassing pretreatment. The oxygen-resistance enhancement
and target detection which tend to show the trade-off relationship are compatible by employing the
POSS element-block.

2. Results and Discussion

2.1. Characteristics of Ru-POSS

The chemical structures and preparation of the Ru(Il)-containing materials involving Ru-POSS
and the model compound, Ru-Model are shown in Scheme 1. As is often the case with luminescent
dyes, concentration quenching is occasionally induced through non-specific intermolecular interaction
in the accumulation of the chromophores. To avoid reduction of sensitivity, we designed Ru-POSS to
have the single Ru(II) complex. To obtain the target material, we used octa-substituted ammonium
POSS (Amino-POSS) as a scaffold and connected it to the bipyridine ligand for complexation with
the Ru(Il) ion [24]. After complexation with the commodity reaction condition, the introduction ratio
of the Ru(Il) complex to the POSS unit in Ru-POSS was estimated from the integration ratios of the
signal peaks from the side chains in the 'H NMR spectrum. Purification with Ru-POSS was only
precipitation and Ru-POSS was obtained as mixtures containing variable numbers of the Ru complex.
The structures of synthesized compounds were confirmed by 'H, 13C and 2°Si NMR spectroscopies
and high-resolution mass spectrometry (HRMS). The detailed procedures are shown in the Supporting
Information. The structures of the compounds used, such as Ru(bpy)s2*, Ru(bpy)(dmbpy)** (dmbpy
= dimethylbipyridine) and tripropyl amine (TPrA), are listed in Figure S1.
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Scheme 1. Syntheses of the Ru-POSS and the Ru-Model.

2.2. ECL Properties of Ru(1I)-Containing Materials

Optical measurements were performed to evaluate the influence on the electronic structure of
the Ru complex moiety by the connection with POSS (Figure S2). ECL and photoluminescence (PL)
spectra of the materials are shown in Figure 1 and Table 1. All compounds containing Ru(II) exhibited
the emission bands at similar positions, indicating that ECL originated from the metal-to-ligand charge
transfer transition in the triplet excited state ®MLCT) in the Ru(II) complex moiety [2-4]. By subtracting
TPrA or Ru(bpy);?*, critical reduction of electric currents was obtained (Figure S3), supporting the
conclusion that ECL is produced from the redox cycles including the Ru(II) complex and TPrA through
the several proposed mechanisms (Scheme S1). The increase in the Ru(bpy)g,zJr concentration was
minimally influenced on the enhancement of ECL intensity (Figure 54). Concentration quenching could
occur under condensed conditions. Slight bathochromic shifts were observed in UV—vis absorption
and ECL spectra of the solutions containing Ru-POSS and Ru-Model compared to the ECL spectrum of
Ru(bpy)32+. It is likely that a substituent effect is responsible for these negligible changes [25]. From
these results it was shown that electronic structure at the Ru(Il) complex moiety is hardly influenced
by connecting to the POSS unit.
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Figure 1. ECL (jagged line) and PL spectra (smooth line) of the Ru(II)-containing materials. The spectra
of Ru(bpy)3>* and Ru-Model are shifted in the y-axis direction for clarity.

Table 1. Luminescent properties of the Ru(I)-containing materials “.

Aabs_LC Aabs_ MLCT Aem_PL o) ¢ d Aem_ECL Intensity
Compounds ¢ ) (nm) amb P 7 (us) (nm) (x10% a.u) ©
Ru-POSS 286 456 634 5.6 0.44 607 135
Ru-Model 286 456 632 5.8 043 631 9.5
Ru(bpy)g,Z* 286 454 623 6.3 0.50 632 8.8

“ Based on the concentration of the Ru(Il) complex unit (1.0 X 107> M). b Excited at Aabs mrcr. © Calculated as an
absolute value.  Measured with the excitation light at 375 nm. ¢ Determined at the peak value in CV experiments.

The cyclic voltammograms and corresponding ECL profiles in the TPrA co-reactant system are
shown in Figure 2. The POSS unit in Ru-POSS induced significant changes in electric and optical
properties. There are two advantageous issues resulting from the connection of the Ru(II) complex to
POSS. First, it was found via Ru-POSS that ECL appeared in the lower voltage region. HOMO energy
levels were estimated from the onset values (Eonset) in the oxidative wave of the CV curves (Figure
S5). Obviously, the Egnset of Ru-POSS decreased compared to the Ru-Model, as well as Ru(bpy)32+.
Although it was reported that the substituent effect can decrease Eonset [26], the degree of change was
several times larger by the connection to POSS than those in the previous work. In our ECL system,
another pathway for decreasing Eqnset could exist. Additionally, even in the absence of TPrA, lower
Eonset values were obtained from the Ru(Il)-containing materials except for Ru(bpy)g.2+ (Figure S6),
proposing that the lowering value of Egnset might be induced by changes in molecular morphology on
the electrode. The discussion will be made in a later section. Second, a larger anodic current and ECL
intensity were obtained from Ru-POSS than those from Ru(bpy)32+ and Ru-Model. To understand the
roles of POSS in these changes, further experiments were executed.
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Figure 2. Cyclic voltammograms (solid lines) and corresponding ECL profiles (dashed lines) of 0.1 mM
Ru(Il) complexes and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with an ITO electrode at a scan rate
of 100 mV/s (n = 3). The concentration of Ru-POSS was based on the Ru(II) complex unit.

In the bulk electrolysis (BE) at 1.2 V vs. Ag/AgCl, it was also observed that a larger current was
able to be generated from Ru-POSS than those of Ru(bpy);?* and Ru-Model (Figure S7). In particular,
the initial non-faradaic current was one order magnitude larger. To explain these behaviors, including
lower Eonset, We initially investigated the possibility that Ru-POSS could adsorb at the electrode
surfaces and accelerate the redox reactions. To evaluate the validity of this speculation, we examined
BE with Ru(bpy);2* in the presence of Amino-POSS under the same condition as above (Figure S8). It
was clearly indicated that the connection to POSS was essential for obtaining a larger ECL. Next, the
electrodes modified by immobilization of Ru(II) complexes were prepared, and their properties were
examined. The ITO electrode was immersed in the ECL reaction solution containing the series of Ru(II)
complexes, such as Ru-POSS, Ru(bpy);>* and Ru-Model, rinsed with deionized water and dried in
vacuo. Then, the BE and ECL properties were evaluated in the buffer solution containing only TPrA
without adding Ru(Il)-containing molecular species in the solution (Figures S9-5S11). The reduction
in current intensity and disappearance of ECL were observed in the ITO electrodes treated with
Ru(bpy)32+ and Ru-Model, while a large current and ECL were still detected in the Ru-POSS-immersed
ITO electrode. This data clearly indicated that the adsorption of Ru-POSS occurred on the ITO electrode.
It has been reported that ammonium groups can form tight interaction to the ITO electrode from the
studies regarding self-assembling monolayers [27-29], poly-L-lysine [30-32], and cytochrome C [33].
It is likely that the multiple ammonium groups in Ru-POSS play a critical role in adsorption to the
electrode. Moreover, from the adsorption experiments under variable pH conditions, enhancement of
ECL was observed by using the modified ITO electrode immersed with Ru-POSS solution in an acidic
condition (pH 5.2), supporting the conclusion that the ammonium-ITO interaction is responsible for
anchoring Ru-POSS onto the electrode surface (Figure S12). The assembly of functional groups into the
compact space as well as the high symmetry of POSS might be favorable for tight interaction.
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Regarding the lowering Egnset, it was reported that modification of ITO electrodes with CNT [34],
poly(amidoamine) (PAMAM) dendrimer [35], Au nanoparticles [36], and thin film consisting of
vertically aligned silica mesochannels [37] lowered the onset potentials and enhanced ECL intensities
by facilitating the redox cycles at the electrode surfaces. Similar to these modifications, it is proposed
that Ru-POSS could promote the redox cycles for the generation of ECL. Bard et al. reported about the
influence of molecular morphology on intensity. They claimed that some degree of distance would be
needed for obtaining emission from the Ru(II) complex adsorbed to electrodes, otherwise direct quench
by the electrode would occur [38]. From our experiments, although POSS could induce adsorption of
Ru(Il) species on the electrode, larger ECL was obtained. It is implied that steric hindrance of the silica
cube might prevent quenching by the electrode.

2.3. Resistance to Oxygen Quenching

Oxygen resistance of this ECL system was evaluated (Figure 3 and Table 2). To examine the
influence of oxygen on the luminescent and electric properties, the dissolved oxygen (DO) levels in
the samples were tuned by argon (DO: less than 1 mg/mL) and oxygen bubbling (ca. 20 mg/mL)
before monitoring. As readily expected, the aerated sample containing Ru-complex showed critical
annihilation of ECL prepared by oxygen bubbling, whereas significant influence were hardly observed
in the electric currents (Figure S13). It is well known that DO readily facilitates non-radiation decay of
the triplet-excited state, resulting in emission annihilation. In contrast, it was shown that the intensity
level from the hypoxic sample containing Ru-POSS was maintained at the higher DO level. These data
clearly indicated that the connection of Ru-complex to POSS was responsible for improving oxygen
resistance in the ECL system.
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Figure 3. Time courses of ECL with (a) Ru-POSS, (b) Ru(bpy)32+ and (c) Ru-Model in BE with 0.1 mM
Ru(II) complexes and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with Ar (solid line) and O, bubbling
(dashed line) with an ITO electrode at 1.2 V vs. Ag/AgCl. The concentration of Ru-POSS was based on
a Ru(Il) complex unit.

76



Polymers 2019, 11,1170

Table 2. Residual rates of maximum ECL intensities and onset increase rates in BE in the aerated
solutions compared to the hypoxic ones.

Compounds IgctM™ oo/TecLMx_ar (%) mecLM™_oa/mpcLMX_ar (%)
Ru-POSS 78 51

Ru(bpy)s>* 38 9
Ru-Model 61 13

m: Slope of onset intensity curve.

To obtain further insight regarding the detailed mechanism and the role of POSS in enhanced
oxygen resistance, we performed measurements under various conditions. It was shown that the
connection of the Ru(Il) complex was necessary for expressing oxygen resistance in the former section
(Figure S8 and Table S1). From the PL measurement with the Ru-POSS sample under the aerated
condition, it was found that emission annihilation was induced (Figure S14), meaning that oxygen
access for the Ru(II) complex moiety could be maintained even in the presence of POSS. Therefore, it
was proposed that the rate of TPrA oxidation could be significantly enhanced in the Ru-POSS system.
The pH effect on ECL of Ru-POSS was initially investigated (Figure S15 and Table S2). The ECL
intensities of all Ru(II)-containing materials drastically decreased under acidic conditions. It should be
emphasized that even in the Ru-POSS system, which had high resistance against DO, a lower intensity
was shown at pH 5.2 than that at pH 8.8. According to previous literature, deprotonation in TPrA
followed by oxidation of TPrA [39-41] could be suppressed under acidic conditions. Therefore, the
redox cycle for generating ECL should be inhibited. It is already known that there are several pathways
in the ECL mechanism of Ru(bpy)32+/1" PrA system (Scheme S1) [12,40—44]. In these mechanisms, the
TPrA oxidation should be the critical step before presenting luminescence. Furthermore, it was reported
that the excess amount of TPrA radicals (TPrA®) generated by the TPrA oxidation can contribute
to reducing of the amount of DO near the ECL reaction layer and subsequently can suppress ECL
quenching [12]. In summary, the enhancement of the TPrA oxidation by Ru-POSS might be responsible
for improving oxygen resistance in the ECL system as well as ECL intensity.

2.4. Analysis of Antibiotics without Deoxygenation

Because ECL is usually obtained from the triplet-excited state, most conventional ECL systems
always suffer from emission quenching by DO in the pristine sample. Therefore, degassing for
lowering DO levels in the sample was previously needed in practical usage. To demonstrate the
advantage of oxygen-resistant ECL based on Ru-POSS, we finally performed the detection without
degassing as a pre-treatment. By evaluating the decrease in ECL intensity, the target concentration was
determined [45—49]. By adding oxytetracycline (OTC), which is an anti-bacterial agent for domestic
animals that often induces water pollution near livestock barns, to the samples, the changes in ECL
intensity were monitored. The OTC aqueous solution was added to the buffer containing 0.1 mM
Ru(II) complex and 0.1 M TPrA with stirring and then ECL measurements in BE (1.2 V vs. Ag/AgCl) of
the mixtures were taken (Figure 4). Apparently, ECL intensity from the Ru(bpy);>*/TPrA system was
too small to discriminate the target, meanwhile critical decrease in emission intensity was detected
from the Ru-POSS sample, meaning that the existence of OTC was able to be detected even in the
aerobic sample. In particular, the linear relationship between Algcy, and the concentration in the
range from 1.3 x 107 to 2.0 X 107* M (R? = 0.993) was obtained when using Ru-POSS. The limit
of detection was 9.8 x 107 M (S/N = 3). It was suggested that ECL quenching may be caused by
oxidized OTC at the electrode, which is a benzoquinone derivative [45]. Benzoquinone groups are well
known to have the ability to quench ECL [48,49]. The decay of the excited state of the Ru(II) complex
and TPrA intermediate-radical quenching were induced by benzoquinone and the latter pathway
was predominant when TPrA direct oxidation occurred [49]. Regarding the detection limit, it has
been reported that the OTC concentrations in wastewater are in the range between 107¢ and 10~ M
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order [47]. The detection limit of our system was not so high compared with the other ECL system [45],
however, our method could be directly applicable for detecting serious contaminated conditions.
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Figure 4. Time courses of ECL with (a) Ru(bpy)32* and (b) Ru-POSS in BE of 0.1 mM Ru(Il) complexes
and 100 mM TPrA and various concentrations of OTC in 0.20 M PBS buffer (pH 8.8) stirred for 20 min
with an ITO electrode at 1.2 V vs. Ag/AgCl. (c) Standard curve prepared from the data from (b) (Igcr.
and Igcy, o represent the maximum ECL intensity in the time course of BE with and without OTC,
respectively).

3. Conclusions

We demonstrate the Ru(II) complex-modified POSS and its application for oxygen-resistant ECL
system. By employing POSS, various beneficial effects were obtained. Electronic currents and ECL
intensities were enhanced in the electro- and optical measurements, and Egnset in CV was lowered
compared to Ru(bpy);>*. Moreover, ECL quenching by oxygen was suppressed in the Ru-POSS/TPrA
system. From our mechanistic studies, adsorption of Ru-POSS to the ITO electrode, followed by efficient
TPrA oxidation on the ITO electrode were suggested. Finally, oxygen quenching was compensated
by generation of the TPrA radical. Our findings and materials could be a scaffold for developing
future sensing technologies based on ECL, such as real-time monitoring for small molecular pollutants
which it is difficult to detect with conventional environment sensors. Furthermore, compared to the
conventional system, the oxygen-resistance can be improved by connecting to POSS at this stage. As
mentioned in the introduction, POSS has significant properties for capturing hydrophobic molecules
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under aerobic conditions. In combination with the unique capturing property of the POSS unit,
improvement of sensitivity and selectivity for the target detection might be proposed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/7/1170/s1,
Figure S1: Structures of Ru(bpy)gz*, Ru(bpy), (dmbpy)ZJr and TPrA, Figure S2: (a) UV—vis absorption and (b)
PL spectra of 1.0 x 10~ M solutions containing Ru(bpy);>*, Ru-Model and Ru-POSS in H,O. The excitation
light at Aaps_mrcT Was used for PL measurements. Inset figure in (a) is the inset around the MLCT band. The
concentration of Ru-POSS was based on the Ru(II) complex unit, Figure S3: Cyclic voltammograms of 0.10 mM
Ru(bpy)32+ and/or 0.1 M TPrA in 0.20 M PBS buffer (pH 8.8) at ITO electrode at a scan rate of 100 mV/s (n =
3), Figure S4: Time courses of ECL in BE of 0.50 mM Ru(b1:>y)32+ and 100 mM TPrA in 0.20 M PBS buffer (pH
8.8) with deoxygenation (solid line) or aeration (dashed line) with an ITO electrode at 1.2 V vs. Ag/AgCl, Figure
S5: The determination of onset potential (Egnset). The onset potentials were determined from the intersection
of the tangents between the baseline and the signal current, Figure S6: Cyclic voltammograms of 0.10 mM
Ru(Il)-containing materials in 0.20 M PBS buffer (pH 8.8) with an ITO electrode at a scan rate of 100 mV/s (n = 3).
The concentration of Ru-POSS was based on the Ru(II) complex unit, Figure S7: Initial time courses of current in
BE of 0.10 mM Ru(II) complexes and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) at ITO electrode at 1.2 V vs.
Ag/AgCl (n = 3). The concentration of Ru-POSS was based on the Ru(II) complex unit, Figure S8: Time courses of
ECL with 0.1 mM Ru(bpy)3*, 0.1 mM Amino-POSS and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with Ar
(solid line) and O, bubbling (dashed line) with an ITO electrode at 1.2 V vs. Ag/AgCl, Figure S9: Time courses of
ECL in BE of 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with the modified ITO electrodes at 1.2 V vs. Ag/AgCl,
Figure S10: Cyclic voltammograms (solid lines) and corresponding ECL curves (dashed lines) at a scan rate of 100
mV/s with 0.1 mM Ru-POSS and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with an ITO electrode (Red line)
and 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with the modified ITO electrode (Blue line). The concentration
of Ru-POSS was based on the Ru(Il) complex unit, Figure S11: Time courses of currents with (a) Ru-POSS (b)
Ru(bpy)3>* (c) Ru-Model in BE of 100 mM TPrA in 0.20 M PBS buffer (pH 8.8) with (solid line) or without 0.10
mM Ru(II) complexes (dashed line) at ITO electrode at 1.2 V vs. Ag/AgCl (n = 3). The concentration of Ru-POSS
was based on the Ru(Il) complex unit, Figure S12: Time courses of ECL in BE of 100 mM TPrA in 0.20 M PBS
buffer (pH 8.8) at 1.2 V vs. Ag/AgCl with the modified ITO electrodes immersed into the solution containing 0.1
mM Ru-POSS (based on the Ru(I) complex unit) with 100 mM TPrA in 0.20 M PBS buffer with variable pH values
(pH 5.2: orange line and pH 8.8: blue line), Figure S13: Time courses of electric currents with (a) Ru-POSS, (b)
Ru(bpy)s*, () Ru-Model and (d) Ru(bpy)s>* + Amino-POSS in BE of 0.10 mM Ru(II) complexes and 100 mM
TPrA in 0.20 M PBS buffer (pH 8.8) with Ar (solid line) and O, bubbling (dashed line) with and ITO electrode
at 1.2 V vs. Ag/AgCl. The concentration of Ru-POSS was based on a Ru(Il) complex unit. The concentration
of Amino-POSS in (d) was adjusted to the same as the POSS unit in (a), Figure S14: Residual rates of emission
intensities of the photo-excited Ru(II) complexes in aerated solutions consist of 0.01 mM Ru(II) complexes and 0.1
M TPrA in 0.2 M PBS solution (pH 8.8). Excitation wavelengths were A,ps MmrcT Residual rates were calculated
from the equation, Ipy,_air/Ipr, Ar, Where Ipp, ajy is the intensity at Aey™® in aerated solutions and Ipy, A, is in the
hypoxic solutions, Figure S15: Cyclic voltammograms (solid lines) and corresponding ECL curves (dotted lines) of
0.1 mM Ru(II) complexes and 100 mM TPrA in 0.20 M PBS buffer (pH 5.2) with an ITO electrode at a scan rate of
100 mV/s (n = 3). The concentration of Ru-POSS was based on a Ru(Il) complex unit, Table S1: Residual rates of
maximum ECL intensities and onset increase rates in BE in the aerated solution compared to the hypoxic one,
Table S2: Egnset in various conditions. Scheme S1: The summary of the ECL mechanisms in the Ru(bpy)32+/TPrA
system (TPrA®* = PrsN®*, TPrA® = Pr,NC®*HCH,CHj3, P; = Pr,N*CHCH,CHj).
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Abstract: In order to clarify the local environment during interpolymer complex formation between
poly(carboxylic acids) and poly(acrylamide derivatives) with different N-substitutions, a fluorescence
label technique was used. 3-(2-propenyl)-9-(4-N,N-dimethylaminophenyl) phenanthrene (VDP)
was used as an intramolecular fluorescence probe. All polymers were synthesized by free
radical polymerization. Interpolymer complexation was monitored by charge transfer emission
from the VDP unit. Both of the poly(carboxylic acids) formed interpolymer complexes with
poly(N,N-dimethylacrylamide) (polyDMAM). The micro-environments around the VDP unit in
the acidic pH region for the poly(methacrylic acid) (polyMAAc) and polyDMAM mixed systems
were more hydrophobic than those of the poly(acrylic acid) (polyAAc) and polyDMAM mixed
systems, as the a-methyl group of the MA Ac unit contributed to hydrophobicity around the polymer
chain during hydrogen bond formation. This suggests that, when the poly(carboxylic acids) and
poly(acrylamide derivatives) were mixed, with a subsequent decrease in the solution pH, a hydrogen
bond was partially formed, following which the hydrophobicity of the micro-environment around
the polymer chains was changed, resulting in the formation of interpolymer complexes. Moreover,
the electron-donating ability of the carbonyl group in the poly(acrylamide derivatives) had an effect
on complexation with poly(carboxylic acids).

Keywords: poly(acrylic acid); poly(methacrylic acid); poly(acrylamide derivatives); complexation;
fluorescence label technique

1. Introduction

Poly(acrylic acid) (polyAAc) has been shown to form interpolymer complexes with poly(ethylene
glycol) and poly(acrylamide) [1]. Interpolymer complexes have been recently intensively investigated
in the field of developing new bio-compatible materials [2]. These interpolymer complexes are formed
by hydrogen bonding between polymers containing hydrogen bond-donating groups and polymers
containing hydrogen bond-accepting groups. Interpolymer complexes of polymer solutions or polymer
blends have been widely investigated in the pharmaceutical field, especially in the study of drug
delivery techniques [3]. Recently, polymer—polymer complexes between poly(carboxylic acids) and
thermo-responsive polyacrylamides were investigated in an organic solvent [4]. However, the processes
of interpolymer complex formation, including the local environment around the polymer chains, have
not been studied much.

Fluorescence methods are powerful tools for investigating the conformational changes of polymers
and micelle formation. This method has been widely used in the study of polymer—polymer interactions
and micelle formation [5]. When a fluorescent probe is added into the interpolymer complex formation
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system, the environment around the fluorescent probe, located somewhere in the system, can be
determined. However, information on the environment of the polymer chains cannot be obtained.
In our previous paper, we reported the thermo-responsive behavior and micro-environments of
poly(N-isopropylacrylamide) microgel particles labeled with the polarity-sensitive fluorescent molecule
3-(2-propenyl)-9-(4-N,N-dimethylaminophenyl)phenanthrene (VDP) (chemical structure shown in
Figure 1) dispersed in water [6]. The VDP units inside the microgel particles became hydrophobic in
conjunction with the phase transition of the microgel particles. Thus, information around the polymer
chain where the VDP unit exists can be obtained by using VDP as an intrapolymer fluorescent probe.

C[‘Hs C,H;
CH,—

@@ ©C§

O O

H,C" CH, H,C \CH3
vDP EtDP

Figure 1. Chemical structures of 3-(2-propenyl)-9-(4-N,N-dimethylaminophenyl)phenanthrene (VDP)
and 3-ethyl-9-(4-N,N-dimethylaminophenyl) phenanthrene (EtDP).

In this paper, the fluorescent labeling method was used in order to clarify the local
environment during interpolymer complex formation. Poly(acrylic acid) (polyAAc) and
poly(methacrylic acid) (polyMAAc) were the poly(carboxylic acids) used, and three kinds
of poly(acrylamide derivatives) with different N-substituents, poly(N,N-dimethylacrylamide)
(polyDMAM), poly(N-ethyl-N-methylacrylamide) (polyEMAM), and poly(N,N-diethylacrylamide)
(polyDEAM), were employed.

2. Materials and Methods

2.1. Materials

Acrylic acid (AAc) and methacrylic acid (MAAc) were purchased from Wako Pure Chemicals
(Osaka, Japan) and purified by vacuum distillation. N,N-Dimethylacrylamide (DMAM) was
purchased from Tokyo Kasei Kogyo (Tokyo, Japan) and purified by vacuum distillation. oot
‘-azobisisobutyronitrile (AIBN) was purchased from Wako Pure Chemicals (Osaka, Japan) and
recrystallized twice from methanol. N-ethyl-N-methylacrylamide (EMAM) was prepared by the
acrylation of N-ethyl-N-methylamine with acryloyl chloride. N,N-diethylacrylamide (DEAM) was
prepared by the acrylation of N,N-diethylamine with acryloyl chloride. All other reagents were of
guaranteed reagent grade and used without further purification. The fluorescent probe monomer VDP
and its monomer unit model compound 3-ethyl-9-(4-N,N-dimethylaminophenyl) phenanthrene (EtDP)
(chemical structure shown in Figure 1) were used as previously prepared [6].

2.2. Synthesis of VDP-Labeled Polymers

All polymers were synthesized by radical polymerization, using AIBN as an initiator, as reported
previously [7]. PolyAAcand poly(VDP-co-AAc) were synthesized as follows: AAc (1 mol/L), fluorescent
monomer VDP (0 or 1 mmol/L), and AIBN (5 mmol/L) were dissolved in methanol. The solution
was degassed by the freeze-pump-thaw method, heated to 60 °C for 6 h, and then cooled to room
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temperature. The reaction mixture was poured into a 20 times amount of ethyl acetate. The obtained
polymer was purified by re-precipitation, using methanol as a solvent and ethyl acetate as a precipitant.
The obtained polymers were dried under vacuum for 24 h. The VDP unit contents in the polymers
were determined from the absorbance of methanol solutions (8-10 mg/10 mL), as compared to
EtDP (¢ = 16,100 mol~!-L-cm™! at 314 nm) [6] as a model compound. The absorption spectra were
measured on a HITACHI U-3200 spectrophotometer. PolyMAAc, poly(VDP-co-MAAc), polyDMAM,
poly(VDP-co-DMAM), poly(VDP-co-EMAM), and poly(VDP-co-DEAM) were prepared by a similar
procedure, as shown in Table 1.

Table 1. Recipes for polymerizations 1.

Reaction mol% of VDP Monomer

Precipitan . i 9
Polymer Solvent ecipitant Time (h) In Feed In Polymer Yield (%)
PolyAAc methanol ethyl acetate 6 0 0 727
Poly(VDP-co-AAc) methanol ethyl acetate 6 0.1 0.12 74.1
PolyMAAc methanol diethyl ether 6 0 0 68.0
Poly(VDP-co-MAAc) methanol diethyl ether 6 0.1 0.15 61.0
PolyDMAM benzene n-hexane 1 0 0 52.9
Poly(VDP-co-DMAM) benzene n-hexane 1 0.1 0.17 50.5
Poly(VDP-co-EMAM) 2 benzene n-hexane 1 0.1 0.14 474
Poly(VDP-co-DEAM) benzene n-hexane 1 0.1 0.15 57.6

1 AIBN = 5 mmol/L, ¥, monomer = 1 mol/L at 60 °C. 2 ¥ monomer = 0.5 mol/L.

2.3. Fluorescence Measurements

The stock polymer solutions were separately prepared at a concentration of 0.01 w/v% using
distilled water. The polymer solutions were mixed with equal amounts of polymer solution and
distilled water and bubbled with nitrogen gas at 25 °C for 30 min. The pH of the solution was changed
by adding 0.02 mol/L of NaOH or 0.02 mol/L of HCl solution under a nitrogen atmosphere and
measured using a Horiba D-13 pH meter. The fluorescence spectra of the polymer solutions were
measured at 25 °C under a nitrogen atmosphere using a Hitachi F-2500 fluorescence spectrophotometer.
The excitation wavelength was set at 320 nm to excite the VDP unit in the polymers.

2.4. Fraction of Dissociated Carboxyl Group (a) of Poly(Carboxylic Acids)

A pH titration was performed by adding 0.02 mol/L NaOH solution to 50 mL of polymer solution
(0.005 w/v%). The fraction of dissociated carboxylic group of the poly(carboxylic acids) (x) was
calculated using the equation:

o= (Ca + Cuy — Con)/Cp 1)

where C,, Chy, Con., and Cp denote the concentrations of sodium ions (mol/L), protons (mol/L),
hydroxide ions (mol/L), and the initial polymer (unit mol/L), respectively.

3. Results and Discussion

3.1. pH Responsive Behavior of VDP-Labeled Polymers

Typical fluorescence spectra of poly(VDP-co-AAc) and poly(VDP-co-DMAM) solutions at various
pH are shown in Figure 2. All of the VDP-labeled polymer solutions exhibited emission at 340-400 nm
from protonation of the nitrogen atom of the VDP units, and a broad intramolecular charge transfer
(ICT) emission (400-600 nm) from the VDP units. The wavelength at the maximum intensity (Amax) for
ICT emission at pH 4.3 of the poly(VDP-co-AAc) solution shifted to a shorter wavelength, compared
with that at pH 10.2. On the other hand, the Amax values of the poly(VDP-co-DMAM) solution were
not changed with varying pH. This blue-shift of the Ayax value reflects an increase of hydrophobicity
around the VDP units, as reported previously [6]. When the pH of the poly(carboxylic acids) solutions
was changed from acidic to alkaline, the carboxylic groups dissociate and electrostatic repulsion
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occurred between the carboxylate anions. The conformation of the polymer chains was changed from
a hypercoiled structure to a water-swollen state with a decrease in the solution pH [8,9]. As the Amax
value for poly(VDP-co-DMAM) was not affected by the pH of the polymer solution, the VDP units in
the polymers could sense and report this formation of the polymer chains in response to the pH.
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Figure 2. Fluorescence spectra of the VDP-labeled polymer solutions: (a) poly(VDP-co-AAc) and
(b) poly(VDP-co-DMAM).

As discussed in detail, the fraction of dissociated carboxyl group (x) and the Ayax values for
poly(VDP-co-AAc) and poly(VDP-co-MAAc) are plotted against pH in Figure 3. The dissociation
constants for poly(VDP-co-AAc) and poly(VDP-co-MAAc) were 7.3 and 8.1, respectively, meaning
that poly(VDP-co-MAAc) was a weaker acid than poly(VDP-co-AAc). Poly(VDP-co-AAc) showed
a one-step dissociation, whereas poly(VDP-co-MAAc) showed a two-step dissociation. It has been
reported that polyMAAc presents small-scale rearrangements in structure around the acidic region,
rather than a large-scale expansion, which is then followed by a macroscopic change in dimension
at the neutralization point [8]. The Anax value gradually blue-shifted with decreasing pH for both
polymer solutions. The Amax values were almost constant at 490 nm, with above 50% dissociation of the
carboxyl group for both poly(carboxylic acids), and was blue-shifted with a decrease in the dissociation
degree, meaning that the hydrophobicity around the VDP unit increased. In the acidic region, the Amax
values for poly(VDP-co-MAACc) (420 nm at pH 3.3) were smaller than those for poly(VDP-co-AAc) (453
nm at pH 3.3). The Ayax values were linearly correlated with the solvent polarity (¢), and the following
equation was obtained by least-squares analysis (where the r value is the correlation coefficient), as
reported previously [6]:

Amax (nm) = 0.9859 ¢ + 418.24 (r = 0.998). )
1 1 500
0.9 0.9 o 9*;0
0.8 0.8 I 480
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Figure 3. The fraction of dissociated carboxylic group () and fluorescence Amax values for 0.005 w/v%
poly(VDP-co-carboxylic acids) solutions: (a) poly(VDP-co-AAc) and (b) poly(VDP-co-MAACc).
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The micro-environmental polarity near the VDP units in the polymers was estimated from the
observed Amax value using Equation (2). The estimated ¢ value for poly(VDP-co-MAAc) at pH 3.3
was <8, which was smaller than that for poly(VDP-co-AAc) (estimated ¢ = 35). The estimated ¢
values were 73 at pH 9 for both polymers. The MAAc unit has an x-methyl group, which affects the
polymer conformation where the hydrogen bond is formed between the carboxylate groups. This
means that the hydrophobicity around the VDP units in poly(VDP-co-MAAc) is large, compared to
that in poly(VDP-co-AAc). On the other hand, in the alkaline pH region, where the electric repulsion
causes the hypercoiled form, the VDP units sense a similar hydrophilic environment.

3.2. Complexation Between PolyDMAM With Poly(Carboxylic Acids)

Polymers containing hydrogen-donating groups were mixed with polymers containing
hydrogen-accepting groups, resulting in the formation of interpolymer complexes, as shown in
Figure 4. When poly(VDP-co-AAc) was mixed with polyDMAM, the scattering intensity increased
in the acidic region (under pH 4), as shown in Figure 5a. The increase in scattering intensity means
that the turbidity of the solution increased. This increase in scattering intensity was also observed
for the polyAAc and poly(VDP-co-DMAM) mixed system. These phenomena were also observed for
the polyMAAc and polyDMAM mixed systems, as shown in Figure 5b. Poly(carboxylic acids) can
form complexes with polyDMAM by hydrogen bonding between the H atom of the carboxylic acid in
the AAc unit and the O atom of the carbonyl group in the DMAM unit [10,11]. This hydrogen bond
formation results in interpolymer complex formation and an increased turbidity of the mixed solution.

H
pOlyAAC —+ CHZ*C: kS
O
|
H
(EH; ¢ Hydrogen bond

CHsz\C‘//O

polyDMAM ~+CH—CHzy;

Figure 4. The polymer complexation of poly(acrylic acid) (polyAAc) with

poly(N,N-dimethylacrylamide) (polyDMAM) by hydrogen bonding.

When poly(VDP-co-DMAM) was mixed with polyAAc or polyMAAc, the fluorescent Ayax value
blue-shifted with a decrease in the solution pH, ataround pH 6, as shown in Figure 5¢,d. As interpolymer
complexation caused an increase in turbidity, this blue-shift means that the hydrophobicity around the
VDP unit increased, as discussed above, and that interpolymer interaction occurred even above pH
values where the interpolymer complexations were occurred. Thus, these findings suggest that, with
decreasing solution pH, interpolymer hydrogen bonds were partially formed, following which the
interpolymer complex formed. The fluorescent Amax profile for the poly(VDP-co-DMAM) and PAAc
mixed system was different, compared to that of the polyDMAM and poly(VDP-co-AAc) mixed system.
The fluorescent Amax values for poly(VDP-co-AAc) were smaller than those of poly(VDP-co-DMAM)
in the polymer mixed systems, in the range of pH 4-6. This blue-shift was also observed under
pH 4, where the interpolymer complex had formed. On the other hand, the fluorescent Amax value
for poly(VDP-co-MAAc) was of a shorter wavelength than that for poly(VDP-co-DMAM), in the
range of pH 6.5-7, and was the same under pH 6.5. The fluorescent Amax profiles differed with the
poly(carboxylic acids) used. The micro-environment around the VDP unit in polyMAAc was more
hydrophobic than polyAAc in the acidic pH region, as the a-methyl group in the MAAc unit affected
the hydrophobicity around the polymer chain during hydrogen bond formation.

87



Polymers 2019, 11, 1196

@
=3

®

S

ly(VDP-co-DMAM)
E () OPOIY(VDP-(O-DMAW E * T‘:li‘t\".’l’ L: L)\b:\li‘l’\LAAL
S  poly(VDP-co-DMAM)+PAAC S P VD e ARG POMANM
& 60 ol (VDP-co ARG & 60 | + poly{(VDP-co MAA) +PDMA)
poly(VDP-co-AAc)PFDMAM g
™ - © poly(VDP-co-MAAc)
O poly(VDP-co-AAQ) w
2 2
# ] G .
§40 ° §40
i L] 5 o
[
£ ° & ‘e
520 L £ 20 1
= £ ‘e
5 * g .
? -] &2 o,
i | O%ms® “oree seeieBSPosin e
o 1 rondimone sEnnenGed i @ By | 0 ® ‘oo, W38 3 0528 <o
2 4 6 8 10 12 2 4 6 8 10 12
pH pH
(a) (b)
500 500
im =
o o ROCRL
480 " 480 * O
J *
oo c?.ﬁ-ﬁm-) ® e ©O® @O @ Gddd 0 © e
£ 460 - [ ] £ 460 0‘3
£ i £ @,
p P ¥ N
H il g o
< 440 4 < 440 +
Opoly(VDP-co-DMAM) @ . o [ o poly(VDP-co-DMAM)
420 © poly(VDP-coDMAM)“PAAC 020 1 ooumss® %00 | L oyvorcoprAV) PAAC
® poly(VDP-co-AAc)*PDMAM o + poly(VDP-co-MAAG) ‘PDMAM
O poly(VDP-co-AAc) © poly(VDP-co-MAAc)
400 T T T 400 T T T T
2 4 6 8 10 12 2 4 6 8 10 12
pH pH
() (d)

Figure 5. Scattering intensity at 320 nm (a,b) and fluorescence Amax values (c,d) as a function of pH:
PolyDMAM and polyAAc mixed systems (a,c) and polyDMAM and poly(methacrylic acid) (polyMAAc)
mixed systems (b,d).

3.3. Complexation Between PolyAAc and VDP-Labeled Poly(Acrylamide Derivatives)

Drastic changes in the micro-environments around the polymer chains were observed
during complex formation when polyDMAM was labeled with the VDP unit. In the case of
complex formation between polyAAc and poly(acrylamide derivatives), the VDP unit labeled the
poly(acrylamide derivatives). When polyAAc was mixed with poly(VDP-co-acrylamide derivatives),
the scattering intensities at 320 nm were increased for all polymer mixed solutions with decreased pH,
where the threshold pHs were 4.2, 4.8, and 4.9 for poly(VDP-co-DMAM), poly(VDP-co-DEAM),
and poly(VDP-co-EMAM), respectively (Figure 6a). Complex formation was observed for all
poly(acrylamide derivatives) and polyAAc mixed systems. On the other hand, the fluorescence
Amax Values were shifted to short wavelengths at a pH of 6.3, 5.7, and 5.3 for poly(VDP-co-DEAM),
poly(VDP-co-EMAM), and poly(VDP-co-DMAM), respectively (Figure 6b). These pH values were
higher than those of the interpolymer complex formations. This suggests that, when the poly(carboxylic
acids) and poly(acrylamide derivatives) were mixed and then the pH was decreased, a hydrogen
bond was partially formed and, when the micro-environment around the polymer chains became
hydrophobic, the formation of the interpolymer complexes resulted. It has been reported that
complexation between polyMAAc and polyDEAM occurs due to the formation of hydrogen bonds,
and a ladder model was proposed at low pH [12]. In the case of our study, this proposed ladder model
was also applicable to the structures of the polyAAc and poly(acrylamide derivative) complexes. The N
atom is an electron donor, which will increase the electron density on the carbonyl O. Thus, the carbonyl
O in poly(acrylamide derivatives) may increase hydrogen bond probability. The electron-donating
ability of the N side-chain has been explained in terms of the oxidation potentials of amines with
different N-substituents. The oxidation potentials for trimethylamide, dimethyl-ethylamine, and
triethylamine were 0.76, 0.74, and 0.69 eV (vs. SCE in Britton—Robinson Buffer solution at pH 11.9),
respectively [13]. The electron-donating ability of the ethyl group is larger than that of the methyl
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group. The electron-donating ability of the carbonyl group in poly(acrylamide derivatives) is affected
by the electron-donating ability of the amine group. As the polymers with higher electron-donating
ability had a strong proton acceptor, poly(VDP-co-DEAM) formed an interpolymer complex with
polyAAc at the highest pH region of the three poly(acrylamide derivatives). The micro-environment
around the VDP unit in the acidic pH region was affected not only by the proton-accepting ability, but
also by the hydrophobicity of the poly(acrylamide derivatives) used.
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Figure 6. Scattering intensity at 320 nm and fluorescence Amax values of the mixed solutions of
poly(VDP-co-acrylamide derivatives) and polyAAc, as a function of pH.

4. Conclusions

In this paper, the interpolymer complexes between two kinds of poly(carboxylic acids) and three
kinds of poly(acrylamide derivatives) with different N-substituent groups were investigated. Both of
the poly(carboxylic acids) formed interpolymer complexes with polyDMAM. The micro-environments
around the VDP unit in the acidic pH region for the polyMAAc and polyDMAM mixed systems
were more hydrophobic than those in the polyAAc and polyDMAM mixed systems, as the x-methyl
group of the MA Ac unit affected the hydrophobicity around the polymer chain during hydrogen bond
formation. This suggests that when the poly(carboxylic acids) and poly(acrylamide derivatives) were
mixed and then, the solution pH was decreased, a hydrogen bond was partially formed, following
which the micro-environment around the polymer chains changed in hydrophobicity, resulting in
the formation of interpolymer complexes. The electron-donating ability of the carbonyl group in the
poly(acrylamide derivatives) affected the complexation with polyAAc.
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Abstract: We recently implemented highly sensitive detection systems for photo-sensitizing potassium
ions (K*) based on two-step Forster resonance energy transfer (FRET). As a successive study
for quantitative understanding of energy transfer processes in terms of the exciton population,
we investigated the fluorescence decay dynamics in conjugated polymers and an aptamer-based
6-carboxyfluorescein (6-FAM)/6-carboxytetramethylrhodamine (TAMRA) complex. In the presence
of K* ions, the Guanine-rich aptamer enabled efficient two-step resonance energy transfer from
conjugated polymers to dyed pairs of 6-FAM and TAMRA through the G-quadruplex phase. Although
the fluorescence decay time of TAMRA barely changed, the fluorescence intensity was significantly
increased. We also found that 6-FAM showed a decreased exciton population due the compensation
of energy transfer to TAMRA by FRET from conjugated polymers, but a fluorescence quenching
also occurred concomitantly. Consequently, the fluorescence intensity of TAMRA showed a 4-fold
enhancement, where the initial transfer efficiency (~300%) rapidly saturated within ~0.5 ns and the
plateau of transfer efficiency (~230%) remained afterward.

Keywords: FRET; time-resolved photoluminescence; two-step FRET; potassium ion detection

1. Introduction

In the context of various optical sensing applications, Forster resonance energy transfer (FRET)
has been extensively investigated over decades due to its superior capacity to detect unknown particles
and their conformational change at the molecular scale as well as their energy harvesting nature via
amplification in the selected spectral windows [1-6]. FRET is a distance-dependent phenomenon,
which is built on the basis of non-radiative energy transfer from energy donors to energy acceptors
within close proximity (~10 nm) via long-range dipole—dipole interactions [7]. Thus, the design of
FRET-based optical sensing assays always needs a platform for a proper intermolecular distance and a
specificity for target molecules. Most of the myriad of recent FRET configurations are relevant to this
intrinsic sensitivity to nanoscale change between two dipoles and the selection of proper materials,
including fluorophores and recognition elements [8].

Conjugated polymers (CPs) have been utilized as an optical platform for many bio- or chemical
applications due to their useful optical and electronic properties characterized by delocalized
m-electrons [5,9-18]. In particular, cationic CPs with terminal quaternary ammonium groups were
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recently used in optical DNA sequence detection through electrostatic complexation, which provides a
noble route to molecular distance control [1,2,5].

Aptamers are nucleic acid molecules that bind to specific targets, forming a secondary-folded
structure [19,20]. Recently, they have attracted attention as an alternative conventional recognition
component such as antibodies and various biosensor applications [21]. The advantages of aptamers
compared with conventional recognition elements lies in their cost-effective production, easy
modification, and low immunogenicity [22]. In particular, some specific single-stranded aptamers with
guanine (G)-rich base sequences have a high affinity and high specificity for alkali metal ion. They can
construct a secondary-folded structure, a so-called G-quadruplex, in the presence of specific alkali
metal ions through hydrogen bonding [23,24].

As a one of the main cations in intracellular fluids in living bodies, potassium ion plays an
important role in physiological activities as well as biological processes, for example, in maintenance
of muscular strength, extracellular osmolality, enzyme activation, and apoptosis [25-27]. Because
many diseases like diabetes, anorexia, bulimia, and heart disease are also closely related to abnormal
potassium ion concentration, monitoring of potassium levels is crucial for clinical diagnosis [28].
Various studies for the detection of K* ions have been reported; however, selectivity against other
intra/extra-cellular cations (Na*) and detection sensitivity still need to be improved.

Recently, we demonstrated a noble potassium ion detection assay consisting of water-soluble
CPs and dye-labeled aptamers based on FRET [1]. In this FRET system, dye-labeled aptamers play
two roles simultaneously, as not only a scaffold for FRET signaling but also a receptor for metal
ions. The presence of K* ions within a solution results in the conformational change of complex
molecules consisting of positively charged CPs and negatively charged aptamers. This phenomenon
was observed through a dramatic fluorescence enhancement. Nevertheless, the dynamics of sequential
energy transfers are completely unknown.

When FRET is occurring, donor fluorophores absorb the energy under the irradiation of incident
light, then transfer the excited energy to nearby acceptor materials. In the presence of proper acceptors,
efficient energy transfer leads to significantly quenched donor fluorescence intensity, providing
the amplified acceptor fluorescence. This intensity variation is often measured by time-integrated
fluorescence measurement. However, the fluorescence intensity can easily vary due to the changes
in intensity fluctuations of excitation light, photobleaching, and light scattering [29]. In particular,
the presence of metallic particles can alter the surrounding conditions, which may influence the optical
properties of molecules. They may also act as collisional quenchers of fluorescence [30]. Moreover,
we have to separately distinguish complexation-induced quenching from FRET-based fluorescence
signals to increase our understanding of the molecular dynamics. In general, the correlation between
FRET efficiency and changes in donor lifetime can be supported by the equation below:

q!):l_T';A 1)

where Tpa and 1p are the fluorescence lifetimes of the FRET donor in the presence and absence of the
FRET acceptor, respectively [31]. Since FRET efficiency is inversely proportional to the fluorescence
lifetime of the donor fluorophore, the higher the FRET efficiency means, the shorter donor lifetime,
suggesting a decrease in the excited lifetime of the donor is great evidence of FRET. Observing the
time-related fluorescence of the FRET system will be helpful to optimize the condition for maximized
FRET efficiency as well as to understand dynamic events involved in the intermolecular energy transfer
phenomenon.

In this paper, we investigated the fluorescence decay dynamics of the conjugated polymer and
aptamer-based 6-FAM/TAMRA complex. Following our previous demonstration of the two-step
FRET-based K* ion detection assay, we studied the dynamics of sequential energy transfer processes in
terms of exciton population variation of FRET partners. When CPs were excited with 380 nm light,
the population dynamics of CPs, 6-FAM, and TAMRA were compared in the absence and presence of K*
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ions, respectively. Regarding the intermediate energy level of 6-FAM located in between the high-level
CPs and the low-level TAMRA, we also excited 6-FAM selectively using 490 nm light. This enables the
study of FRET from 6-FAM to TAMRA selectively. Those results allowed us to investigate the two
different FRET processes separately, whereby the detection of K* ions was evaluated quantitatively.

2. Materials and Methods

2.1. Materials

All chemicals were purchased from Aldrich Chemical Co. (St. Louis, MA, USA) for measurement
at room temperature. As a FRET donor, the polyfluorene-based CP was synthesized via the Suzuki
coupling reaction of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl1)-9,9-bis(6’-bromohexyl)fluorene
and 2,7-dibromo-9,9-bis(3,4-bis(2-(2-methoxyethoxy)ethoxy)phenyl)fluorene using (PPh3)4Pd(0) as
a catalyst in toluene/water (2:1, volume ratio) at 85 °C for 36 h (yield: 66%), followed by successive
quaternization with condensed trimethylamine at room temperature. As a FRET acceptor, 6-FAM
and TAMRA dyes were used. Both dyes were labeled to a high-pressure liquid chromatography
(HPLC)-purified molecular aptamer with 15 bases (5’-6-FAMGGTT GGTG TGGT TGG-6-TAMRA-3")
obtained from Sigma-Genosys (The Woodlands, TX, USA). For sensing of K* ions, 20 pL of the aptamer
stock solution was diluted to 2 mL buffer, and the resulting solution was incubated at 60 °C for 30 min
with and without K* ions. Detailed information about the sample fabrication including chemical
synthesis and polymerization can be found elsewhere [1].

2.2. Time-Integrated Fluorescence and Quantum Yield Measurement

The fluorescence spectra of three fluorophores (CPs, 6-FAM, and TAMRA) dissolved in water
solution were obtained by spectrofluorometer (Jasco, FP-6500, Hachioji, Tokyo, Japan), where a xenon
lamp was used as an excitation source. The corresponding quantum yield of the CPs was estimated
relative to a freshly prepared fluorescein solution in water at pH = 11.

2.3. Time-Resolved Fluorescence Measurement

The ultrafast decay dynamics of three fluorophores in the absence and presence of K* ions were
measured using a conventional time-correlated single photon counting (TCSPC) system (SPC-130EM,
Becker & Hickl GmbH, Berlin, Germany). For excitation light sources, 380 and 490 nm were used,
which were obtained by second harmonic generation from the fundamental laser light (680~1080 nm)
of a femtosecond oscillator (Chameleon Ultra-II, Coherent, Santa Clara, CA, USA). The pulse duration
and repetition rate of femtosecond light was 70 fs and 80 MHz, respectively. For the detection of
time-resolved fluorescence, a high-speed single photon detector (PMH-100, Becker & Hickl GmbH)
and a photomultiplier tube (PMT) were used. The temporal resolution was around 190 ps.

3. Results and Discussion

3.1. Two-Step FRET Process in CPs and Two-Dye-Labeled Aptamer Complex

Two-step FRET systems with three fluorophores have advantages compared to one-step FRET
systems, such as efficiency enhancement through relay stations and better detection sensitivity due to
the lower background fluorescence of acceptors [32-34]. We carefully designed the optical potassium
detection system based on the sequential energy transfer. As the energy donors and acceptors for FRET,
three fluorophores (CPs, 6-FAM, and TAMRA) were selected. The three fluorophores emit different
colors (blue, green, and red). Based on Bazan’s scheme [2], which enables tuning of intermolecular
distance at the molecular scale by Coulomb interaction between donor and acceptor fluorophores,
CPs as FRET donors were positively charged due to their side chains, including cations. On the other
hand, a guanine (G)-rich aptamer containing 15 bases (GGTT GGTG TGGT TGG) as a scaffold for FRET
was negatively charged. Two dyes (6-FAM and TAMRA) were labeled to both ends of the aptamer.
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In particular, the molecular interaction between CPs and aptamer, such as electrostatic and hydrophobic
interaction, can be controlled by varying the charge ratio of CPs and aptamer. For efficient attractive
interaction (i.e., all aptamers were complexed with CPs), the concentration of CPs was adjusted by
changing its repeating units on the backbone.

Figure 1 shows our potassium ion detection system schematically, which consists of CPs and the
two-dye-labeled aptamer complex. Since both CPs and aptamer are flexible in water solvent, they
will be randomly distributed in a solution after complexation. The complexation by the attractive
interaction between CPs and aptamer keeps the two dyes (i.e., 6-FAM and TAMRA) in close vicinity
of the CPs. While the excitons generated optically in the CPs will be diffused over the backbone of
CPs due to its delocalized electronic nature, the excitation energy of CPs can be transferred to the
two adjacent dyes of 6-FAM and TAMRA by dipole—dipole coupling. The dipole-dipole interaction
depends on the dipole orientation factor (x2) [30], and x? is calculated by the consideration of the
spatial distribution of donor and acceptor dipoles and the freedom of dipole motion, which are limited
by surrounding environment. Nevertheless, the allowed range of the dipole motion may be narrowly
defined or close to isotropic [35]. In our FRET system, we assumed that x> was 2/3 by the dynamic
averaging of fluorophores [36].

@ o o BB e o )

Figure 1. Schematics for potassium detection based on FRET. (a) In the absence of K* ions, the dominant
energy transfer process occurs from CPs to 6-FAM or TAMRA, that is, one-step FRET; (b) In the presence
of K* ions, by preferred molecular interaction between metal ions and guanine bases, the secondary
structure (g-quadruplex) leads to the sequential energy transfer from CPs to 6-FAM to TAMRA, that is,
two-step FRET; (c) The chemical structure of CPs, 6-FAM, and TAMRA.

In order to understand the energy migration mechanisms within a system, we assumed the
simple case of a single donor-aptamer pair and the effective intermolecular distance for the energy
transfer. The average separation between CPs and aptamer was in the 1~10 nm range. As shown
in Figure la, the energy of CPs was transferred to both 6-FAM and TAMRA simultaneously. It is
noticeable that the size of an aptamer is much longer than the effective FRET distance. Thus, only
one-step energy transfer from CPs to 6-FAM or TAMRA is possible, i.e., CPs are a FRET donor while
both 6-FAM and TAMRA will act as FRET acceptors. The energy transfer efficiency by FRET will be
determined by the extent of the resonance coupling among each of the donor-acceptor pairs. However,
FRET partners will also result in unwanted fluorescence quenching by the surrounding environment.
The environmental factors, including electrostatic complex between charged molecules and physical
response (hydrophobic or hydrophilic) of constituents over the solvent can affect fluorescence intensity.
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As a result, some of the energy can be dissipated through the exciton deactivation process, resulting in
fluorescence quenching. In the case of organic molecules, various fluorescence quenchings often occur
by molecular contact between the fluorophores and quenchers. Thus, if the intermolecular distance
is sufficiently short and the energy levels of acceptors is low enough compared to that of donors,
excitons can be separated into individual charges or the separated electrons and holes of donor can be
transferred to acceptors by photo-induced charge transfer (PCT) [37]. When quenchers are randomly
distributed, the fluorescence quenching near the radiation boundary is determined by the encounter
distance and the quencher concentration [30]. Furthermore, delocalized excitons migrating along the
CPs’ chains can also be scattered or dissociated into charge carriers by hole polarons or trap sites [38].
We have assumed that the intrinsic optical properties of constituents are unaffected or unchanged
by the complexation and the addition of new molecules in order to simplify our understanding on
phenomenological dynamics. Therefore, total energy transfer will be determined by the competition
between energy harvesting one-step FRET and energy-wasting PCT because both processes have an
intermolecular distance-dependent nature: FRET rate (kgrg) is inversely proportional to the sixth
power of the donor-acceptor distance (~ 1/ R6D ), while PCT rate (kpcr) has an exponential distance
dependence (kpcT o eRpa) [39].

The presence of K* ions leads to a new molecular configuration due to the specific binding
between aptamers and metal ions, as shown in Figure 1b. This molecular configuration is known
as g-quadruplex, with a planar motif generated from the pairing of four guanine residues through
Hoogsteen-like hydrogen bonding [40,41]. Guanine (G)-rich base sequences of aptamers can make
secondary-folded structures in the presence of metal ions. In practice, our guanine-rich aptamer is
designed for this specific capturing of K* ions, while there is no spectral shift in the intrinsic emission
of 6-FAM and TAMRA [1]. In this case, one-step FRET is no more a dominant emission process. Since
guanine tetrad (g-quartet) shortens the intermolecular distance among two dyes attached to both
edges of an aptamer, both additional energy transfer between the two dyes and the sequential energy
transfer from CPs to TAMRA via 6-FAM (two-step FRET) are possible. The 6-FAM will act as not only
an intermediator for the two-step FRET, but also as a FRET acceptor in the one-step FRET. On the other
hand, TAMRA always performs as a FRET acceptor due to its low bandgap energy. Consequently,
TAMRA'’s emission will be enhanced by CPs and 6-FAM. In other words, the fluorescence enhancement
in TAMRA indicates the detection of K* ions. The detailed molecular structures of CPs, 6-FAM, and
TAMRA are given in Figure 1c.

3.2. The Spectral Overlap between Conjugated Polymer, 6-FAM, and TAMRA

Figure 2a—c shows the intrinsic optical properties of three fluorophores (i.e., CPs, 6-FAM, and
TAMRA), respectively. Absorption spectra were shown in terms of the molar extinction coefficient and
emission spectra were normalized by the maximum fluorescence intensity. The three fluorophores of
CPs, 6-FAM, and TAMRA show a broad absorption and emission spectrum with a Stoke shift. Their
mirror symmetric shape between absorption and emission spectra is attributed to the overlap of the
initial and final wave functions relevant to the vibronic transition at thermal equilibrium [42], and the
spectral intensity is determined by the probability amplitude of energy levels involved in the vibronic
transition. From the absorption measurement, the molar extinction coefficient of CPs calculated by
the Beer-Lambert law was 0.52 x 10* M~'.cm™! and CPs had an absorption maximum at 397.8 nm.
Unlike absorption spectra, the blue color emission spectrum of CPs showed two peaks (i.e., 426.6
and 451.0 nm). The quantum efficiency of CPs was 0.58 in a water solvent. Both the spectrum of
6-FAM and TAMRA showed perfect mirror symmetry with high molar absorption coefficients (1.25 x
10* M~L.em™! for 6-FAM and 1.96 x 10* M~l.em™! for TAMRA). The maximum absorption peaks of
two dyes appear at 490.4 and 567.6 nm, respectively. 6-FAM shows a greenish color emission with
the peak wavelength at 514.4 nm. The TAMRA showed a reddish color emission with the emission
maximum at 590.2 nm.
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Figure 2. The optical properties of the three fluorophores (i.e., CPs, 6-FAM, and TAMRA) and the
spectral overlap among them. The absorption and the emission spectra of (a) CPs; (b) 6-FAM; and
(c) TAMRA were characterized in terms of the molar extinction coefficient and normalized by the
maximum fluorescence intensity, respectively; (d) The spectral overlap between the three fluorophores
was calculated by integrating the product of the absorption spectra and the emission spectra.

Since FRET phenomenon is analogous to the interaction of a coupled oscillation system, where
two oscillators harmonically interact with each other at a separation R, the spectral overlap among
FRET partners represents the extent of resonant coupling [43]. In FRET measurement, spectral overlap
(J) can be simply calculated by integrating an overlap area between the normalized emission spectra of
the donor fp(A) and the absorption of the acceptor with a molar extinction coefficient (¢4 (1)) [30]:

J= [fo(A)ea(A)A%dA 2)

Figure 2d shows a spectral overlap in three fluorophores. The calculated spectral overlap between
CPs and 6-FAM (2.47 x 1072 M~1.nm*) was higher than that between CPs and TAMRA (8.00 x 10~
M~1.nm?). This result implies that the excitation energy of CPs can be transferred effectively to 6-FAM
compared to TAMRA when only one-step FRET process is considered in the absence of K* ions. It is
noticeable that the spectral overlap between 6-FAM and TAMRA (5.00 x 10726 M~!-nm*) was higher
than that involved with CPs. Furthermore, we can calculate a characteristic Forster distance (Ry)
from the spectral overlap, where the FRET efficiency becomes 50% [8]. Regarding the three FRET
partners, the three Forster distances were calculated for CPs/6-FAM (33.1 A), CPs/TAMRA (274 A),
and 6-FAM/TAMRA (44.8 A), respectively. These results imply that a selection of FRET partners and a
system design is theoretically suitable for efficient FRET. Along with the spectral overlap, the Forster
distance also provides a clue for the conformational change in molecular scale, and this can help us
estimate a relative donor—-acceptor distance through a theoretical FRET efficiency estimation [30,44].
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However, the accuracy of the relative intermolecular distance calculation is limited due to the presence
of various quenching processes because the original FRET equation assumes that the variation in
energy transfer efficiency has only resulted in FRET. Although the intermolecular distance calculation
for individual energy transfer processes is difficult due to the complexity of system, we can estimate
total energy transfer efficiency regardless of the number of transfer steps.

3.3. The Fluorescence Decay Dynamics of the Conjugated Polymer, 6-FAM, and TAMRA

For a better understanding of the energy transfer processes among FRET partners in the absence
and presence of K* ions, we measured the time-resolved fluorescence. First of all, we measured
the fluorescence decay of fluorophores before the complexation with the two-dye-labeled aptamer
(denoted by “Free”) was measured individually to understand the intrinsic fluorescence decay time of
fluorophores. Then, we compared it with the measured data in the absence and presence of K* ions.
The measured fluorescence decay curve was fitted by single- or multi-exponential decay function taking
into account the change in the decay curvature [30]. In the fluorescence decay curve, the multiple decay
components generally implied the contribution of additional decay pathways due to the molecular
interaction to the whole fluorescence decay. Thus, we distinguished fast and slow decay components
from the multi-exponential decay curvature by taking into account the intrinsic fluorescence decay
time of fluorophores.

To calculate the energy transfer efficiency of FRET, we used a rate equation or its time-dependent
differential equation. In general, the fluorescence decay rate (kp) is defined by the sum of all radiative
(kraq) and non-radiative decay (knonrad) components [30].

1 1

kF = krad + knonrad =
Trad Tnonrad

®)

where Ty,g and Tponrad Tepresent radiative and non-radiative decay time, respectively. Since the
fluorescence intensity (I) is proportional to the exciton population (N), the time-dependent fluorescence
decay can be characterized by a differential equation form of exponential function [39,45].

I(t) = [N(t)dt 4)
dN(t) N(t)
T ©)

where g indicates carrier (exciton) generation function by excitation light. 7i,; represents an intrinsic
fluorescence decay time including all radiative and non-radiative decay components. When decay
pathways of FRET and charge transfer are involved, the rate equation can be modified by an additional
non-radiative decay time (7, ) [45].

T — -0 20 ©

,,
T
nonrad

In particular, this differential rate equation effectively provides the relation between an individual
fluorescence decay rate and a time-dependent exciton population.

3.3.1. The Fluorescence Decay of Conjugated Polymers

Figure 3 shows the fluorescence decay curve of CPs under 380 nm excitation where this wavelength
corresponds to the absorption maximum of CPs and minimizes the direct absorption by 6-FAM. Free
CPs before the complexation with aptamer show a single exponential decay curve with 0.38 ns (without
K*) and 0.43 ns (with K*) decay time. In the absence of K* ions, the fluorescence decay time of
multi-exponential components in CPs were 0.35 ns (fast) and 1.76 ns (slow), respectively. In particular,
the fluorescence decay curve of CPs with K* rarely changed compared to that of Free CPs, and at initial
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decay time, one-step FRET occurs. This result represents that the complexation effect hardly changed
the intrinsic fluorescence decay time of CPs. On the other hand, the addition of K* ions significantly
affected the fluorescence decay dynamics of CPs. Within 0.50 ns, the time-resolved fluorescence
intensity of CPs showed a significant decrease, whereby two decay times of 0.19 ns (fast) and 1.46 ns
(slow) were obtained. Regarding the FRET process occurring within several hundred ps time, we can
infer that the energy transfer became effective due to the emergence of additional decay pathways
relevant to the presence of K* ions, i.e., two-step FRET.

Normalized Intensity

Free CP
—— CP/6-FAM/TAMRA (w/o K*)
—— CP/6-FAM/TAMRA (with K*)

0.0 0.5 1.0 1-6 20

Time (ns)

Figure 3. Fluorescence decay dynamics of CPs without the complexation with the two-dye-labeled
(i.e., 6-FAM and TAMRA) aptamer (Free CP), in the absence (w/0) and presence (with) of K* ions after
the complexation with the two-dye-labeled aptamer.

Given the fluorescence decay rate equation including an additional exciton decay, we estimated
the decay rate of CPs. The total rate equation and its variation (Ak(t)) before and after molecular

interaction can be described as: AN
t _
k) - { T2 o "

Ak(t) = ki(t) —ke(t) ®)

where subscripts denote initial (Free) and final states (complexation or after K* ion addition). In the
presence of K* ions, the decay rate of CPs (3.58 ns™!) involved in the two-step FRET was the fastest
compared to other cases (2.29 ns™! for Free CPs and 2.58 ns™! for complexation) at the start moment
of fluorescence decay. Afterward, the decay rate of CPs with K* ions drastically decreased while the
decay rate of other cases barely changed until 1 ns. This result shows our prediction of an additional
non-radiative decay pathway is plausible.

3.3.2. The Fluorescence Decay of 6-FAM

The fluorescence decay dynamics of 6-FAM or TAMRA in the complexation phase of CPs and
aptamer were also measured. The fluorescence decay of individual dyes (i.e., Free 6-FAM and Free
TAMRA before complexation) was undistinguishable due to their low absorption coefficient at 380 nm
excitation. First, we investigated the fluorescence decay dynamics of 6-FAM. The 6-FAM performs the
role of an intermediator in the two-step FRET process in the presence of CPs, but it always becomes
a FRET donor in the absence of CPs. To clarify the different roles of 6-FAM associated with CPs,
we measured the fluorescence decay dynamics of 6-FAM in the absence and presence of K* ions,
as shown in Figure 4a. Two kinds of excitation lasers (i.e., 380 and 490 nm) were used. The 380 nm
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excitation excited carriers mostly in CPs, giving rise to a FRET from CPs to 6-FAM. On the other hand,
490 nm excitation generated carriers in 6-FAM selectively without any excitation in CPs. Hence, no
FRET occurred from CPs to 6-FAM. Regardless of K* ions, the fluorescence intensity of 6-FAM at the
moment of excitation rarely changed under 380 nm excitation. However, under 490 nm excitation,
the presence of K* ions led to a significant decrease of the fluorescence intensity at 6-FAM. When FRET
occurs, a decrease in the fluorescence intensity is generally observed in a donor molecule as evidence of
the energy transfer. Thus, this decreased intensity at 6-FAM resulting from 490 nm excitation indicated
a one-step FRET from 6-FAM to TAMRA, where 6-FAM was a donor in the FRET process. One should
be reminded that no carrier was excited in CPS when 490 nm excitation was used. However, with 380
nm excitation, 6-FAM seemed to play a role as the two-step FRET intermediator. Initially, carriers were
excited in CPs, then transferred to 6-FAM. Because the energy transfer from 6-FAM to TAMRA was
efficient, the carriers in 6-FAM are immediately transferred to TAMRA. As a result, the population of
6-FAM remains constant due to the dynamic compensation effect. The intrinsic decay time of Free
6-FAM was 3.72 ns under 490 nm excitation. However, we observed multi-exponential decay in the
absence of K* ions. The two decay times were 0.36 ns (fast) and 2.09 ns (slow) at 490 nm excitation,
respectively. The fast decay component also indicated FRET from 6-FAM to TAMRA. On the contrary,
the fluorescence decay at 6-FAM with 380 nm excitation showed a single exponential shape with a
longer decay time of 0.49 ns compared to that with 490 nm excitation. The elongated decay time
possibly resulted from the population increase resulting from the energy transfer from CPs to 6-FAM.
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Figure 4. (a) The fluorescence decay of 6-FAM in the absence and presence of K* ions. Time-resolved
fluorescence decay was measured by two kinds of excitation wavelength (blue for 380 nm and green
for 490 nm); (b) The energy transfer efficiency of 6-FAM for one-step FRET (dotted line for 490
nm excitation) and two-step FRET (solid line for 380 nm excitation) was calculated using Equation
(9), respectively.
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Upon the addition of K* ions, the fluorescence lifetime of 6-FAM at initial decay times decreased
regardless of the excitation wavelengths. In the case of 490 nm excitation, the fast decay time was
0.25 ns and the slow decay time was 2.18 ns, respectively. With 380 nm excitation, the fluorescence
decay time was 0.33 ns. Those results suggest the presence of K* ions accelerated the fluorescence
decay of 6-FAM through two-step FRET in addition to one-step processes. In particular, it was very
noticeable that the fast decay component within 0.50 ns were identically observed at the different
excitation wavelengths, while the decay curvatures barely changed afterward. This implies that each
energy transfer pathways can be resolved in different timescales within temporal resolution of our
experimental system. Nevertheless, the fluorescence intensity and decay curvature were determined
by the combination of all decay pathways.

For a quantitative evaluation of the two-step FRET, we calculated the time-dependent energy
transfer efficiency in the absence and the presence of K* ions. From the change in time-resolved
fluorescence intensity before and after K* ion addition, the total energy transfer efficiency (Eiotal ()) Of
6-FAM can be theoretically calculated by [44]:

B kereT (*) _ Ip(t) —Ipalt)
Etotal(t) - knonrad(t) +kFRET(t) B ID(t) (9)

where Ip(t) and Ipa (t) are the fluorescence intensity of a donor (D) in the absence and presence of an
acceptor (A), respectively. Similar to the fluorescence decay of CPs, we found that the fast decrease of
the energy transfer efficiency occurs within 0.5 ns regardless of the excitation wavelength as shown
in Figure 4b. Afterward, the total transfer efficiency remained constant. Those results confirm the
presence of a two-step energy transfer gain. In particular, the minus sign of the transfer efficiency
indicating the reduction of the total energy was noticeable. Interestingly, we found that a loss of exciton
population due to the energy transfer and the fluorescence quenching at 6-FAM was compensated
by CPs.

3.3.3. The Fluorescence Decay of TAMRA

Finally, we measured the fluorescence decay dynamics of TAMRA in the absence and presence of
K* ions, respectively. To discern individual energy migration by one- or two-step FRET from the total
energy transfer process, the fluorescence decay of TAMRA without 6-FAM (single dye-labeled aptamer
denoted by “CP/TAMRA”) was also measured. Figure 5a shows the fluorescence decay of TAMRA
under 380 nm laser excitation. As discussed above, the addition of K* ions resulted in an enhancement
of the acceptor’s exciton population by not only an additional energy transfer but also the fundamental
interaction of the complexation with CPs. Consequently, in the presence of K* ions, the fluorescence
intensity of TAMRA significantly increased compared to that of the fundamental one-step energy
transfer. The four-folded enhancement of fluorescence intensity can be understood as a result of
the energy transfer since TAMRA is always an energy acceptor in our FRET system. Interestingly,
TAMRA without 6-FAM had the highest fluorescence intensity at the moment of excitation despite
their weak absorption coefficient at 380 nm and the narrow spectral overlap. Its fluorescence intensity
was much higher than that of others. This unusual feature may be attributed to the number of FRET
participants regarding the total amount of energy CPs offered was fixed. In the case that there is
no 6-FAM, the energy exchange with TAMRA is the only possible pathway. But, the preferential
direction of the energy migration is decided by the spatial distance from CPs to dyes as well as
the probability wavefunction distribution of the two dyes in the solution. Assuming that the total
amount of energy transferred from CPs is equal to the fluorescence intensity of TAMRA without
6-FAM, the fluorescence intensity ratio at the moment of the excitation are Ig /It oniy ~ 0.19 without
K* ions and Ipr /It only & 0.64 with K* ions, where It only and Ipr indicate the fluorescence intensities
of TAMRA-labeled and two-dye-labeled aptamers, respectively. Since the emission of TAMRA is
irrelevant to that of 6-FAM in the absence of K* ions, we can predict the probabilistic apportionment of
the excitation energy. On the other hand, as expected by the Forster distance, this result may indicate
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that one-step FRET from CPs to TAMRA is preferred compared to 6-FAM in spite of a weak absorption
and narrow spectral overlap. Since the size of the aptamer is smaller than that of polymers, CPs may
surround the aptamer within the system and the average separation of TAMRA from CPs may be closer.
Considering that the quenching effect was not observed in TAMRA unlike 6-FAM, this assumption
may be reasonable.
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Figure 5. (a) To confirm the energy transfer from CPs to TAMRA, the fluorescence decay of TAMRA
without 6-FAM was measured (light red, CP/TAMRA). The fluorescence decay of TAMRA in the
absence (red) and presence (wine) of K* ions; (b) The total transfer efficiency TAMRA gained by
two-step FRET was calculated using Equation (10).

Despite the fluorescence enhancement in the presence of K* ions, the fluorescence decay curvature
(~1 ns decay time) of TAMRA barely changed due to the non-radiative transfer nature of the FRET,
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as shown in the inset of Figure 5a. Furthermore, we estimated the energy transfer efficiency (1(t)) of
TAMRA described in Reference [44]:

o flwith K+ (t)dt - flw/o K+ (t)dt
[T,y 0 + (Bt

where I i+ (t) and I, ¢+ (t) indicate the fluorescence intensity of TAMRA at time ¢ in the absence
and presence of K* ions, respectively. This equation was described in the view of the gain or loss of the
exciton population during the two-step FRET process. In the absence of K* ions, the population of
TAMRA was supported by CPs through one-step FRET. The fluorescence intensity of TAMRA in the
absence of K* ions was 100 at 2 ns in arbitrary units. On the other hand, if K* ions were involved,
an additional two-step FRET occurred from CPs to TAMRA via 6-FAM. The TAMRA plays an important
role as an intermediator, where the energy transfer from CPs to TAMRA is mediated. The energy
transfer efficiency equation enables to estimate the transferred fluorescence from TAMRA in terms
of the normalized ratio to the fluorescence intensity of TAMRA in the absence of K* ions. When the
increased fluorescence intensity of TAMRA at 2 ns was 330, the energy transfer efficiency of 230%
was obtained. It is surprising that two-step FRET resulted in a remarkable population enhancement.
Such a large enhancement can be attributed to the delocalized electronic nature of CPs, giving rise to
the energy harvesting effect.

In summary, Table 1 shows the fitted parameters for the fluorescence decay of CPs, 6-FAM,
and TAMRA. The fluorescence decay time is calculated by single- or multi-exponential fitting, as given
below [30]:

n(t) (10)

t t
I(t) =1 +aq exp(—a) +ap exp(—T—z) (11)

where a; and a; are the weight factors of each of the decay components. 71 and 7, are decay time. In the
presence of additional decay pathways due to the conformational change or molecular interaction,
the fluorescence decay time decrease and its curvature can be changed from single exponential to
multi-exponential shapes as well as intensity variation. Before and after complexation, this phenomenon
representing occurrence of one- or two-step FRET was commonly observed in CPs and 6-FAM. In the
case of TAMRA, the reduction in decay time may result in a change in the surrounding environment.
In the presence of K* ions, the two-step FRET process can be accelerated owing to a shortened
intermolecular distance and, therefore, fluorescence decay time decreases more.

Table 1. The fitted parameters for the fluorescence decay of CPs, 6-FAM, and TAMRA.

Aex Free wfo K* with K*
Fluorophores (nm) (ns) (ns) (ns) (ns) (ns)
T1 a T1 ap T2 aq T1 ap T2
CPs 380 | 043 WithK') | 094 035 006 176 | 073 019 027 146
380 - - 049 - ; - 033 - -
6-FAM 490 3.72 051 036 049 209 | 061 025 039 218
TAMRA 380 | 1.01(withCPs) | - 087 - ) - 090 - :

4. Conclusions

We investigated the ultrafast fluorescence decay dynamics in CPs and the aptamer-based
6-FAM/TAMRA complex. In this FRET system, the conformational change by K* ions promoted
the sequential energy transfer from CPs, through 6-FAM, to TAMRA, as well as the fundamental
one-step FRET due to the complexation. To understand the energy migration mechanisms within the
system, we phenomenologically analyzed and modelled in terms of the exciton population. Also,
we experimentally observed the evidence of two-step FRET and the role of three fluorophores thorough
the time-resolved spectroscopic technique. As we expected, the presence of the two-step FRET process
due to the presence of the K* ion was identified by the fluorescence enhancement (4 folded) and
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the change in the decay curvature. In particular, we found the role of the transition of 6-FAM as an
intermediator as well as the energy receiver during the energy transfer process. To distinguish the
individual energy transfer step, we also calculated the energy transfer efficiency by the rate equation.
Our transfer efficiency calculation, relevant only to total energy variation, minimizes the overestimation
due to the theoretical FRET rate calculus. Consequently, a steady energy transfer efficiency (230%) was
observed within the period of radiative decay time.
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Abstract: In this study, magnetic fluorescence molecularly imprinted polymers were fabricated
and used for the selective separation and fluorescence sensing of trace bisphenol A (BPA) in
environmental water samples. The carboxyl-functionalized FeOx magnetic nanoparticles were
conjugated with mercaptoethylamine-capped Mn?* doped ZnS quantum dots to prepare magnetic
FeOy and ZnS quantum dot nanoparticles (FeO,/ZnS NPs). Additionally, molecular imprinting
on the FeO,/ZnS NPs was employed to synthesize core-shell molecularly imprinted polymers.
The resulting nanoparticles were well characterized using transmission electron microscopy, Fourier
transform infrared spectra, vibrating sample magnetometer and fluorescence spectra, and the
adsorption behavior was investigated. Binding experiments showed that the molecularly imprinted
FeOx/ZnS NPs (FeO,/ZnS@MIPs) exhibited rapid fluorescent and magnetic responses, and high
selectivity and sensitivity for the detection of bisphenol A (BPA). The maximum adsorption capacity
of FeOy/ZnS@MIPs was 50.92 mg~g_1 with an imprinting factor of 11.19. Under optimal conditions,
the constructed fluorescence magnetic molecularly imprinted polymers presented good linearity
from 0 to 80 ng mL~! with a detection limit of 0.3626 ng mL~! for BPA. Moreover, the proposed
fluorescence magnetic polymers were successfully applied to on-site magnetic separation and real-time
fluorescence analysis of target molecule in real samples.

Keywords: molecularly imprinted polymer; fluorescence magnetic polymer; fluorescence sensing;
magnetic FeOy/ZnS quantum dots; bisphenol A

1. Introduction

Multifunctional polymers with special physical and chemical properties (such as optical, electrical,
thermal, chirality, and magnetic characteristics) have drawn increasing attention due to their potential
application in numerous areas [1-4]. As a kind of luminescent nanomaterial, quantum dots (QDs)
have high quantum yields, excellent photostability, broad excitation and narrow symmetric emission
spectrum, and a size-dependent band gap, therefore, they have attracted considerable attention [5,6].
On the other hand, magnetic nanoparticles (MNPs), which are used as an important magnetic
nanomaterial, have great potential applications in magnetic resonance imaging (MRI), drug delivery,
catalysis, chemo/biosensors, and medicine diagnosis [7-10]. MNPs have a large surface area and high
mass transference based on their size, which enables them to promote fast electron transfer [11-13].
Moreover, MNPs can be directly separated; this facilitates ultra-trace analyte enrichment without
going through centrifugation and filtration steps in bioassay, and improves the detection efficiency
and sensitivity.
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By combining quantum dots with magnetic nanocrystals, an advanced nanocomposite polymer
with excellent functionalities can be prepared, which simultaneously integrates the optical and
magnetic properties [14,15]. A magnetic nanoparticle coupled with quantum dots can be directly
separated and is then able to generate readable optical signals for analysis. The ability to combine
the purification process with the detection procedure in one step means that magnetic quantum dot
polymers have a promising future and novel applications in bio-detection, biomedicine, drug delivery,
and environmental monitoring [16-18]. However, when dealing with a complex matrix, the synthesized
magnetic quantum dots demonstrate nonspecific binding in the separation process, which results in
high level background fluorescence response and restricts their specificity and sensitivity for analysis.
To enhance the specificity and sensitivity of magnetic quantum dots, a molecular imprinted polymer
(MIP) layer can be loaded on the surface of the magnetic quantum dot nanocomposite to tailor the
selectivity of analytes using molecular imprinting technology [19-22].

Molecular imprinting is a well-established technique to design an artificial molecular recognition
unit that involves polymerizing functional monomers in the presence of template molecules [23].
MIPs exhibit excellent selectivity and affinity with the template molecules [24]. The MIP layer
coated on the surface of magnetic quantum dots will introduce the selectivity recognition sites to the
nanocomposites and prevent interfering molecules from binding with the nanocomposites. MIPs have
been introduced as promising recognition elements with high selectivity for detecting trace analyte.
Zhang et al. developed imprinted polymer coating CdTe quantum dots for specific recognition of
BHb [25]. Zhao et al. prepared ZnS QDs-based molecularly imprinted polymer composite nanospheres
for fluorescent quantification of pesticides [26]. Zhao et al. used molecularly imprinted water-soluble
CdTe QDs for Listeria monocytogenes detection in food samples [27]. As CdTe QDs suffer from
bio-compatibility issues, ZnS QDs based MIPs with low biotoxicity are preferable [28]. Furthermore,
magnetic nanoparticles involving fluorescent multifunctional nanoparticles can facilitate magnetic
separation, also the fluorescent response is quicker because the magnetic nanoparticles promote faster
electron transfer. So together with MIPs’ selectivity, this novel multifunctional sensor is expected to
demonstrate improved properties for trace target detection.

In this work, an innovative magnetic fluorescent sensor based on FeO,/ZnS@MIPs was
prepared for the separation and detection of trace BPA in complex samples. Bisphenol A
(2,2-bis(4-hydroxyphenyl)propane) is an estrogenic endocrine disruptor. It is a common chemical that
has been extensively used in the manufacture of polycarbonate plastics and epoxy resins for the linings
of food, beverage packaging, and other consumer products [29]. Increasing evidence indicates that BPA
can migrate from containers into foods and beverages, and trace residue levels of BPA can be released
into environmental water through diffusion or degradation, which carries a high risk of causing adverse
effects on human reproductive health and the ecosystem [30,31]. Because of BPA’s ubiquity in nature and
its potential implications in human health and the ecological environment, various analytical methods
have been developed for monitoring or detecting BPA [32-41]. However, many of those analytical
techniques for BPA need sophisticated instrumentation, and the procedures involve pre-concentration,
extraction, purification or derivatization [42—44]. Those methods are costly and time-consuming,
and require well trained and experienced personnel to guarantee the accuracy of results. Therefore,
it would be highly advantageous to develop a low-cost, selective method for the convenient and rapid
separation and detection of BPA. The prepared FeO,/ZnS@MIP enables fluorescence analysis and
the efficient separation of BPA without any expensive instruments or time-consuming procedures.
Based on the fluorescence quenching being proportional to the concentration of the target molecule,
FeOy/ZnS@MIP was successfully applied to the direct fluorescence sensing of BPA without any further
pretreatment. Notably, FeO,/ZnS@MIP has the advantage that it can be easily recycled and rapidly
removed from the trace contaminant in the environment. The FeOyx/ZnS@MIPs could specifically
bind and magnetically enrich trace BPA, which avoids interfering substances in complex matrices
and enhances the detection efficiency and sensitivity. Additionally, the proposed methods for the
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preparation of FeO,/ZnS@MIPs exhibits promising potential to isolate and detect proteins and other
target molecules in biology detection applications.

2. Materials and Methods

2.1. Materials

All of the solvents and chemicals used were of analytical grade and were used without
further purification. Zinc sulfate (ZnSO4-7H,0), sodium sulphide (NayS-9H,0), manganese
chloride (MnCl,-4H,0), ferric chloride crystal (FeCl3-6H,0), anhydrous sodium acetate (NaAc)
and trisodium citrate dihydrate (Na3Cit-2H,0) were purchased from Beijing Chemical Works (Beijing,
China). Bisphenol A, 4,4’-bisphenol (BP) and ethylene glycol (EG) were obtained from Sinopharm
Chemical Reagent Co. Ltd. (Beijing, China). 1.1-Bis (4-hydroxyphenyl) cyclohexane (BPZ) was
received from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Mercaptoethylamine (MEA),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) were purchased
from Macklin Biochemical Co. Ltd. (Shanghai, China). Tetraethyl silicate (TEOS), 4-tert-butylphenol
(PTBP), 3-aminopropyltriethoxylsilane (APTES) were purchased from Beijing J&K Chemical Technology
Co. Ltd. (Beijing, China). All solutions were prepared with double deionized water (DDW).

2.2. Instrumentation

All the fluorescence measurements were recorded using a spectrofluorometer (Shimadzu, RF-6000,
Kyoto, Japan). BPA adsorption data were recorded on a UV-Vis spectrophotometer (Shimadzu, Kyoto,
Japan). The magnetization measurements of the FeOx MNPs, MNP/QDs and MNP/QD@MIPs were
carried out using a vibrating sample magnetometer (VSM, Lake Shore 7307, Columbus, OH, USA) at
room temperature. The morphology of the QDs was characterized by a JEM-2100F high resolution
transmission electron microscopy (TEM, JEOL, Tokyo, Japan). The shape and structures of the magnetic
nanomaterials were examined using a H-800 transmission electronic microscopy (Hitachi, Tokyo,
Japan). The Fourier transform infrared (FI-IR) spectra were determined on a Vertex 70v spectrometer
(Bruker, Karlsruhe, Germany).

2.3. Synthesis of Amino-Modified ZnS: Mn?* QDs and Carboxyl-Functionalized MNPs

The MEA-modified Mn?*-doped ZnS QDs (ZnS: Mn** QDs@MEA) and the carboxyl-
functionalized FeOy magnetic nanoparticles (FeOx@COOH MNPs) were synthesized based on
previously reported methods with some modification [45-47]. The preparation procedures are
presented in the Supplementary Materials.

2.4. Synthesis of FeO,/ZnS Nanoparticles

The FeOx/ZnS NPs was synthesized via an EDC/NHS reaction process. Briefly, 20 mg of
FeO,@COOH MNPs were first dispersed in 20 mL citrate buffer solution (0.02 mol L1, pH = 6.4) to
prepare magnetic fluids. Then, 2 mL of magnetic fluids were added in 50 mL EDC/NHS activating agent
(112g L~1). The above mixture was stirred for 2 h, followed by 30 mg of as-prepared amino-modified
QDs being added and incubated at 30 °C for 20 h. The brown solutions were collected by magnetic
decantation, and washed with water and ethanol to remove the residual substance, then redispersed in
buffer solution for further use.

2.5. Fabrication of FeOy/ZnS@MIPs

The FeO,/ZnS@MIPs for BPA were prepared through molecular imprinting on the surface of
magnetic fluorescence nanoparticle. For the fabrication of FeO,/ZnS@MIPs, 10 mL of a methanol
solution containing 10 mg BPA and 60 uL APTES were first added to a 25 mL flask and stirred for 30 min.
Then, 60 mg of the as-prepared FeOy/ZnS nanoparticle and 100 uL. TEOS were added in sequence.
After continuously stirring for another 30 min, 2.5 mL of 5% NH;3-H,O (the catalyst) was added.
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The solution was deoxygenated by purging with nitrogen and stirred overnight. Non-imprinted
polymers (FeO,/ZnS@NIPs) were prepared by the same procedure but without the addition of BPA.
The resultant products were magnetically decanted and washed with a mixture of methanol and acetic
acid (9:1, v/v) to remove the template molecules until the fluorescence intensity of FeO/ZnS@MIPs
was not changed and was similar to that of the FeO,/ZnS@NIPs ones.

2.6. Fluorescence Sensing of BPA

All of the fluorescence measurements were examined using the same condition. The excitation
wavelength was set to be 311 nm with the fluorescence intensity recorded at 586 nm. The recording
fluorescence emission spectrum was ranged from 350 to 700 nm.

The standard solution of bisphenol A was prepared first. Then, various samples in concentrations
ranging from 1.0 to 80 ng mL~! were made by diluting with citrate buffer solution (0.02 mol L1,
pH = 6.4). Two milligrams of FeO,/ZnS@MIPs or FeO,/ZnS@NIPs were dispersed in 10 mL testing
samples. After incubating the samples for 5 min at room temperature, the changes in the fluorescence
intensity of the solutions were recorded using a spectrofluorometer. This fluorescence quenching
model was in accordance with the Stern—Volmer equation [48]:

Fo/F = 1+ KsyCppa 1)

where Fj is the initial fluorescence intensity in the absence of the BPA, F is the fluorescence intensity in
the presence of the BPA, Kgy is the quenching constant, and Cgpy is the concentration of BPA.

2.7. Binding Selectivity

The selectivity experiments were carried out with PTBP, BP and BPZ as structural analogs of BPA
to run a batch rebinding test. Briefly, PTBP, BP and BPZ samples in the concentration ranged from 1.0 to
80 ng mL~! and were made by diluting with citrate buffer solution. Two milligrams of FeOx/ZnS@MIPs
or FeO,/ZnS@NIPs were dispersed in 10 mL testing samples and incubated for 5 min. Then the changes
in the fluorescence intensity of different samples were recorded, and the imprinting factor (IF) and
selectivity coefficient (SC) were used to evaluate the selectivity properties of FeO,/ZnS@MIPs and
FeO,/ZnS@NIPs toward the template BPA and structural analogs [25]:

IF = Kwre/Knp (2

SC = IF/irs 3)

where Kygip and Kyp are the slopes of the linear equation of FeO,/ZnS@MIPs and FeO,/ZnS@NIPs with
the target molecule, respectively, IF and IF” are the imprinting factor for template BPA and structural
analogs, respectively.

2.8. Analysis of Real Samples

The prepared FeO,/ZnS@MIP was directly applied to the detection of BPA in drinking water, tap
water, and lake water. The drinking water was commercial pure water purchased from the market.
The tap water was collected from the laboratory. The lake water samples were collected from three
different lakes (located in Beijing, China). All the samples were filtered through a 0.45 um filter and
stored at 4 °C.

The detection strategy was divided into two steps: (a) the enrichment and separation of BPA
and (b) fluorescence detection (Figure S1). Firstly, the FeO,/ZnS@MIPs were dispersed in the water
samples. The target BPA molecule was specifically bound onto the MIP layer of the FeO,/ZnS@MIPs
after incubating at room temperature. Secondly, the fluorescence quench of FeO/ZnS@MIPs in each
sample was recorded and the concentration of analytes in the samples was calculated. There were
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no other pretreatment procedures employed in the sample preparation. To evaluate the developed
method, a recovery test was carried out by using the samples spiked with BPA standard solution.

3. Results and Discussion

3.1. Synthesis of the FeO,/ZnS@MIPs

The design of the FeO,/ZnS@MIPs was mainly based on coating the molecularly imprinted
polymer layer on the surface of FeOy/ZnS NPs. Figure 1 illustrates the two major synthetic steps of
the proposed fluorescence sensing polymer. In the first step, mercaptoethylamine was grafted onto
the surface of the Mn?*-doped ZnS QDs. The mercapto of MEA was tightly bound at the surface
of the bare QDs through ligand competition. The introduction of amino group to the QDs not only
increases the water dispersion ability of QDs, but also provides the possibility of being combined
with FeOx magnetic nanocrystals. FeOy magnetic nanocrystals were successfully synthesized by a
modified solvothermal method. The -COOH was grafted onto the surface of FeOy in just one synthesis
step. The carboxyl-functionalized FeOx NPs were conjugated with MEA capped QDs to prepare
the multifunctional nanocomposites. The FeO,/ZnS NPs integrated the distinct properties of the
optical characteristics of QDs, and the magnetic separation ability of MNPs through an EDC/NHS
reaction process. In the second step, APTES was chosen as a functional monomer that had noncovalent
interactions with bisphenol A [49]. The monomer (APTES) interacted with the template molecule
(BPA) through a hydrogen bond to form a “pre-polymerization” complex (Figure 1). The resultant
FeO,/ZnS NPs were used as substrate, TEOS and NH3-H,O were used as the crosslinker and catalyst,
respectively. The pre-polymerization complex was subsequent immobilized on the surface of FeO,/ZnS
NPs through a facile molecular imprinting process. The imprinting layer was coated on the FeO,/ZnS
NPs to produce a “core-shell” structure. This core-shell composite provides selectivity to the template
and prevents other interfering molecules from contacting the FeO,/ZnS NPs. After the removal of
the template molecule BPA, the MIP layer with imprinted cavities complementary to the BPA in size,
shape, and functional groups was obtained. The quantum yield (QY) of the FeO,/ZnS NPs was 20.6%,
as calculated by equation S1. The resultant FeOy/ZnS@MIPs, as an ideal candidate material, was able
to be used as a multifunctional sensor for high selectivity and sensitivity magnetic separation and the
fluorescent detection of target BPA.
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Figure 1. Schematic illustration of the process for the fabrication of the FeOy/ZnS@MIP-based sensor.
BPA: bisphenol A.
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3.2. Characterization

The morphology of the obtained FeO,/ZnS NPs and FeO,/ZnS@MIPs was investigated by
transmission electron microscopy. As shown in Figure 2a, the particles of FeOy/ZnS NPs were spherical
in morphology, and they were about 135.2 + 16.7 nm. The magnetic nanoparticles were tightly
surrounded by ZnS: Mn?* QDs@MEA through the EDC/NHS reaction, which created a rough surface
on the FeO,/ZnS NPs. After the molecular imprinting process, the size of the resulting FeO,/ZnS@MIPs
increased to about 198.6 + 13.5 nm and displayed a smooth surface (Figure 2b). As can be seen,
an MIP layer had been well coated on the surface of FeOy/ZnS NPs, and an interface could be clearly
distinguished between the inner FeO,/ZnS NPs core and the imprinting polymer shell.

S

(a (b)
Figure 2. TEM images of (a) FeOy/ZnS NPs and (b) FeOy/ZnS@MIPs.

The structure of ZnS: Mn2* QDs@MEA, FeO,@COOH and FeO,/ZnS NPs was analyzed by FT-IR
spectroscopy. As shown in Figure 3, the characteristic Fe~O bands were present in FeO,/ZnS (632 cm™1)
and FeO,@COOH MNPs (594 cm™!), respectively. Peaks at 1598 cm™! (amino groups), 925 cm™
(bending vibration) and the disappeared peaks at 2550-2670 cm™! (S-H thiol group) in the curve
b indicated that the MEA was modified on the surface of ZnS: Mn?* QDs through covalent bonds
formed between thiols and Zn2* surface atoms [50]. The Peak at 1413 cm™ corresponded to C-O on
the FeOx, and a peak at 1605 cm™! corresponded to the vibration of water molecules adsorbed on
Fe304 [13]. Compared with the ZnS: MnZ*t QDs@MEA and FeO,@COOH (curve b and c), FeO,/ZnS
NPs (curve a) showed characteristic peaks at 3425 cm™! (N-H stretching vibration), 1625 cm ™! (N-H
bend), and 1400 cm™!(C-N stretching vibration), revealing that an amide bond was formed. The results
suggested that the ZnS: Mn?* QDs@MEA and FeO,@COOH were successfully combined through an
EDC/NHS reaction process.

To study the influence of surface modification on the magnetic behavior of FeO,@COOH MNPs,
FeO,/ZnS NPs and FeO,/ZnS@MIPs, the VSM magnetization curves of the as-prepared magnetic
materials were compared in Figure 4. As shown in Figure 4, all of the magnetic hysteresis loops of
the magnetic materials displayed a typical super-paramagnetic characteristic and high magnetization,
and the magnetization saturation values of FeOx@COOH MNPs, FeO,/ZnS NPs, and FeO,/ZnS@MIPs
were about 57.348, 45.1033, 24.5796 emu g™, respectively. The magnetization saturation value of
prepared NPs was lower than that of pure Fe304 magnetite (about 80 emu g‘l), which is due to
some mixed Fe,O3 that lowers the magnetization saturation. The as-prepared magnetic NPs still
demonstrated a strong magnetic response and FeOy was used to represent the mixture to describe
the magnetic behavior in this paper. The magnetization saturation values of FeO,/ZnS@MIPs were
lower than that of FeOx@COOH MNPs, which may be attributed to the MIP shell on the surfaces
of FeOx/ZnS NPs. Additionally, the as-prepared magnetic nanocomposites also showed a rapid
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magnetic response to the applied magnetic field. Once the magnetic field was removed, the magnetic
nanocomposites homogeneously and quickly redispersed with a slight shake. This demonstrates that
the FeOx/ZnS@MIPs possess rapid magnetic responsivity and good dispersibility, which enables them
to be practically used for the rapid separation or enrichment of analyte in complex samples.
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Figure 3. FT-IR spectra of (a) FeOx/ZnS NPs, (b) ZnS: Mn2* QDs@MEA and (c) FeO,@COOH nanoparticles.
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Figure 4. The magnetic hysteresis loops of (a) FeOx@COOH magnetic nanoparticles, (b) FeO/ZnS NPs,
and (c) FeOx/ZnS@MIPs.

The optical properties of ZnS: Mn?>* QDs@MEA and FeOy/ZnS NPs were investigated by UV-Vis
spectra and fluorescence spectra. As shown in Figure S2a,b, the QDs and FeO,/ZnS NPs exhibit
semblable absorption spectrum, indicating the QDs successfully combined with the FeOx MNPs.
Compared with ZnS: Mn?* QDs@MEA, the absorption peak of FeOy/ZnS NPs is less pronounced,
which attributed to the broad and strong absorption of the combined Fe3O4 MNPs [51]. The ZnS:
Mn2+ QDs@MEA and FeO,/ZnS NPs show well-resolved emission spectra, with both of the maximum
emission peaks located at 586 nm. The characteristic emission peak of FeO/ZnS NPs corresponded to
the ZnS: Mn2+ QDs@MEA, implying that the fluorescence property was not significantly affected in
the EDC/NHS reaction process. Both samples possess a narrow and symmetrical emission peak and
large Stokes shift, which is more suitable for fluorescence labeling in vivo or biosensing target analytes
in complex biological samples.

3.3. Fluorescence Response to Time and Adsorption Kinetics

The effect of reaction time on the fluorescence intensity and the adsorption kinetics curves of
BPA onto FeOy/ZnS@MIPs are presented in Figures S3 and 54, respectively. As shown in Figure S3,
the fluorescence intensity of FeO,/ZnS@MIPs showed a rapid decrease in the first 2 min and achieved
stable fluorescence intensity after being incubated for 5 min, which corresponded closely to the
adsorption equilibrium time (Figure S4). The adsorption equilibrium for the FeO,/ZnS@NIPs
emerged at 4 min in the experiment; however, the fluorescence quenching and adsorption amount of
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FeO,/ZnS@NIPs was lower than that of the MIP ones. This is due to the non-specific binding cavities
that are formed in the FeO,/ZnS@NIPs’ synthesis process, the non-specific adsorption was dominant
in the FeO,/ZnS@NIPs, which resulted in a lower binding capacity and lower fluorescence quenching.
These results verified that the optimal reaction time of the FeO,/ZnS@MIPs for detecting BPA was
5 min.

3.4. Binding Performance

The adsorption isotherm was investigated through a batch affinity adsorption experiment of
FeO,/ZnS@MIPs. A series of BPA standard samples were used to evaluate the adsorption isotherms of
BPA on the FeO,/ZnS@MIPs and FeO,/ZnS@NIPs. As shown in Figure 5, the adsorption capacity of
FeO,/ZnS@MIPs increased quickly with the increasing concentration of BPA. The FeO,/ZnS@MIPs
exhibited a higher binding amount of BPA than that of the FeO,/ZnS@NIPs. Because of the 3D-imprinted
cavities in FeOy/ZnS@MIPs, which possessed better chemical and structure matching with the template
BPA, a large number of empty recognition cavities were available in the FeO,/ZnS@MIPs, which
enabled BPA molecules to easily enter, and resulted in excellent adsorption capacity. To further study
the adsorption performance of FeO,/ZnS@MIPs, the experimental data were fitted with Langmuir and
Freundlich isotherm models. Fitting results showed that the binding properties were best described
by the Langmuir isotherm model (R = 0.9930), which revealed that the adsorption behavior of
FeO,/ZnS@MIPs was basically monolayer adsorption onto a surface with a homogeneous system.
The Langmuir isotherm equation of FeO,/ZnS@MIPs for BPA was C¢/Q = 0.2302 + 0.01964 Ce, and the
maximum adsorption capacity calculated by the Langmuir isotherm model was 50.92 mg g~ 1.

MIP

NIP

0 2 4 6 & 10 12
C, (ngmL")

Figure 5. The adsorption isotherm and Langmuir fit of FeOyx/ZnS@MIPs. Experimental conditions:

citrate buffer solution (0.02 mol Lt pH = 6.4), room temperature.

3.5. Fluorescence Sensing of BPA

To maintain the fluorescence stability of the FeOy/ZnS@MIPs, all experiments were performed in
citrate buffer solution at pH 6.4. The typical fluorescence quenching of imprinted FeOy/ZnS NPs in
the concentration of BPA ranged from 1.0 to 80 ng mL~!, as shown in Figure 6. It can be seen that the
FeO,/ZnS@MIPs showed noticeable fluorescence emission responses to different concentrations of
BPA. As a control, the FeO,/ZnS@NIP was slightly quenched by BPA because of there being no specific
recognized site on the surface of the NIPs; thus, fewer BPA molecules were bound by non-specific
interactions. In contrast, the fluorescence emission of the FeO,/ZnS@MIPs quenched gradually with
the increasing concentration of BPA. The fluorescence intensity of FeOx/ZnS@MIPs in the presence of
BPA (80 ng mL~!) was only 32.7% compared to that in the absence of BPA. The experiment results
showed that the fluorescence quenching of the FeO,/ZnS@MIPs depended on the specific binding with
template BPA. Therefore, FeO,/ZnS@MIPs can be used for the detection of trace BPA. Under optimal
conditions, the plot of fluorescence intensity change (Fo/F-1) versus the concentration of BPA (ng mL™1)
showed a good linear relationship. The linear relationship between fluorescence intensity and the BPA
concentrations was in the range of 0 to 80 ng mL~! with a correlation coefficient of 0.9968 (n = 11).
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The corresponding limit of detection (LOD) following the IUPAC criteria (30/S) was calculated as
0.3626 ng mL~!. This value of LOD was lower than the permitted maximum residue limits of BPA
in drinking water (10 ng mL~!, GB 5749-2006) [40], indicating that the as-prepared FeOx/ZnS@MIPs
can be employed for environmental and drinking water safety monitoring. The comparison of this
performance with other reported analytical methods for BPA detection is shown in Table 1. The results
showed that the strategy presented is more rapid, selective and sensitive than the traditional methods.
The proposed magnetic/fluorescence molecularly imprinted polymer coated FeO/ZnS nanocomposites
not only have the merits of convenience and low cost, but also have high selectivity and a comparable
or lower limit of detection, which makes them a promising fluorescent sensor for the selective and
sensitive detection of target molecules.
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Figure 6. Fluorescence emission spectra of (a) FeOyx/ZnS@MIPs and (b) FeOy/ZnS@NIPs with increasing
concentrations of BPA. Inset graphs: the linear calibration of the fluorescence intensity change (F/F)
versus BPA concentration. Experimental conditions: BPA (0, 5, 10, 20, 30, 40, 50, 60, 70, 80 ng mL"! ),
citrate buffer solution (0.02 mol Lt pH = 6.4), room temperature.

Table 1. The comparison of the results of different analytical techniques for the detection of BPA.

Liner Range LOD Imprinting

Detection Technique (ng mL-1) (ng mL-1) Factor (IF) References
MIP/SERS 5.0 x 102-2.28 x 10* 120 1.90 [32]
MIP-coated Au NCs 0-2.98 x 103 22.8 2.25 [33]
Colorimetric method 35-1.40 x 102 0.11 / [34]
Fluorescent aptasensor 10-80 1.86 / [35]
MIP-coated CDs 22.8-9.60 x 107 6.84 / [36]
Voltammetric sensor 11.4-2.28 x 10° 1.82 / [37]
Imprinting SiO;-coated CdTe NPs 11.4-2.28 x 10? 1.368 52 [38]
Ferrocenyl-based MIP 1.07-1.8 0.7296 1.84 [39]
Colorimetric sensor-MIP 2.28-2.28 x 102 141 / [40]
Electrochemical sensor-MIP 18.4-2.28 x 10* 8.66 / [41]
MIP-SPE/HPLC 0.11-22.8 0.11 1.97 [42]
GC-MS 1-200 1.0 / [43]

FeOy/ZnS@MIPs 0-80 0.3626 11.19 This Work

SERS: surface enhanced Raman scattering; GC-MS: gas chromatography-mass spectrometer; SPE: solid-phase
extraction; Au NCs: gold nanoclusters; CDs: carbon dots; LOD: limit of detection.

3.6. Rebinding Selectivity

The specific recognition ability of FeO,/ZnS@MIPs was further investigated. The imprinting
factor (IF) and selectivity coefficient (SC) were used to evaluate the selectivity of the FeO,/ZnS@MIPs
towards the template BPA and structural analogs (Figure S5). The imprinting factor is the ratio of the
Kyrp and Knpp (K is the slope of the linear equation), and the selectivity coefficient is the ratio of IF for
the template molecule and structural analogs (Table S1).

As shown in Figure 7, the BPA molecule exhibited a significant fluorescence quenching effect on
the FeO,/ZnS@MIPs. Table S1 shows that the imprinting factor for BPA was 11.19, which is much larger
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than that of BPZ, BP, and PTBP (1.47, 1.66, and 1.39, respectively). This was because the template BPA
had more access to the recognition cavities of FeO,/ZnS@MIPs, which were formed in the imprinting
process. Conversely, there are no complementary binding sites formed between FeO,/ZnS@NIPs and
analyte molecules. The BPA and its analogs bound on the FeO,/ZnS@NIPs are mainly bound through
non-specific interactions. Therefore, the Kyjp for the BPA and structural analogs (BPZ, BP and PTBP)
was almost the same, and a lower fluorescence quenching effect on the FeO,/ZnS@NIPs was observed
(Figure 7). The experimental results showed that the selectivity of the MIPs for template BPA was
much higher than that of structural analogs, indicating that a molecular imprinting process can greatly
enhance the selectivity of FeO,/ZnS@NPs.
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Figure 7. The quenching constant (Ksv) and the imprinting factor (IF) of BPA, 1.1-Bis (4-hydroxyphenyl)
cyclohexane (BPZ), 4,4’-bisphenol (BP) and 4-tert-butylphenol (PTBP).

3.7. Analysis of Real Samples

In order to demonstrate the practical applicability of FeO,/ZnS@MIPs in real samples, different
water samples (drinking water, tap water, and lake water) were used to evaluate the separation
effectiveness and detection accuracy. The detection strategy is shown in Figure S1.

As shown in Table 2, the detected BPA values in the lake sample were 1.52, 7.39 and 6.54 ng mL1,
respectively. BPA was not found in drinking water and tap water at the detection limit level of
0.36 ng mL~!. The recovery rates of the present FeOx/ZnS@MIPs ranged from 90.8% to 103.1%, and the
relative standard deviation (RSD) values were between 2.7% and 5.4% (n = 3). The above results
proved that the prepared FeO,/ZnS@MIPs could be successfully applied to the magnetic separation
and fluorescence detection of the target molecule in practical applications.

Table 2. Detection of BPA in real water samples using FeOy/ZnS@MIPs sensor.

Sample Detected Added Measured Recovery (%) RSD
P (ng mL-1) (ng mL-1) (ng mL-1) 2 A (n =3, %)
L. 2.28 2.20 96.5 35
a

Drinking water nd 22.80 2244 98.4 2.7
Tap water d 2.28 2.12 93.0 4.1
P n 22.80 21.15 92.8 3.3
Lake water 1.5 2.28 2.07 90.8 4.2
samplel ’ 22.80 20.73 90.9 49
Lake water 739 2.28 2.35 103.1 53
Sample2 ’ 22.80 22.25 97.6 4.5
Lake water 6.54 2.28 2.31 101.3 54
Sample3 . 22.80 21.98 96.4 3.8

@ Average value; RSD: relative standard deviation.
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3.8. Recyclability and Stability

The recyclability test was done by observing the changes in fluorescence intensity with six
rebind/elution cycles. As shown in Figure S6a, the fluorescence properties of the FeO,/ZnS@MIPs
performance slightly decreased in five regeneration cycles. However, the fluorescence intensity
decreased 25.5% and 31.1% in the next two regeneration cycles, respectively. This indicates that too
much binding/removing template will affect the structure of the FeO,/ZnS@MIPs. The stability of
FeO,/ZnS@MIPs was evaluated by measuring the initial fluorescence intensities and those after 1-35
days of storage under dark conditions (Figure Séb). It can be seen that the fluorescence intensity showed
no significant change after being stored for a long time. These results suggest that FeO,/ZnS@MIPs
have good regeneration capacity and stability.

4. Conclusions

In this study, a novel approach for the preparation FeOy/ZnS@MIPs has been successfully
developed. The fabricated core-shell nanocomposites integrated selective magnetic separation and
fluorescence analysis, therefore, they can be used for direct magnetic separation and the selective
detection of trace BPA in complex environmental or biological matrices. A series of rebinding
experiments showed that the proposed FeO,/ZnS@MIP-based sensor has better selectivity and
sensitivity for target BPA than its analogues. The FeO,/ZnS@MIPs also showed good reusability and
stability in practical applications. Moreover, by changing the template molecule, this novel approach to
multifunctional sensor preparation can be expanded to other organic molecules or protein biomolecules.
Such superior optical and physical merits endow the FeO,/ZnS@MIPs with promising potential in
food, environmental, clinical diagnostic, and biomedical research.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/2073-4360/
11/7/1210/s1.
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Abstract: A series of poly(thioether)s containing silicon atom with unconventional fluorescence were
synthesized via successive thiol click reaction at room temperature. Although rigid m-conjugated
structure did not exist in the polymer chain, the poly(thioether)s exhibited excellent fluorescent
properties in solutions and showed visible blue fluorescence in living cells. The strong blue
fluorescence can be attributed to the aggregation of lone pair electron of heteroatom and coordination
between heteroatom and Si atom. In addition, the responsiveness of poly(thioether) to metal ions
suggested that the selectivity of poly(thioether) to Fe?* ion could be enhanced by end-modifying
with different sulfhydryl compounds. This study further explored their application in cell imaging
and studied their responsiveness to Fe3* in living cells. It is expected that the described synthetic
route could be extended to synthesize novel poly(thioether)s with superior optical properties. Their
application in cell imaging and ion detection will broaden the range of application of poly(thioether)s.

Keywords: poly(thioether); ion detection; cell imaging; organosilicone; fluorescence quenching

1. Introduction

Poly(thioether) are important base polymers that exhibit excellent physical and chemical properties,
such as good chemical and weather resistance, high impermeability, and high heat insulation
properties [1]. These excellent properties made it to become a promising functional polymer for the
application of optical materials, medical impression materials ion detection probes, energy storage
and conversion materials [2—4]. Thus far, many methods have been developed for the ion detection,
including microelectrode, absorption spectroscopy [5]. However, these methods are difficult to
dynamically monitor cellular ion changes. By contrast, fluorescence spectroscopy has become a
powerful tool for fluorescent labeling, ion sensing and cell imaging due to its high sensitivity, excellent
selectivity and dynamic monitoring [6,7]. However, as one kind of functional polymer, poly(thioether)s
are rarely applied in cell imaging, especially for Fe ion detection in living cells.

At present, two synthetic routes were adopted to prepare poly(thioether). One is the ring-opening
polymerization of episulfide [8,9], and the other is thiol click polymerization between dithiols and
dienes or dithiols and alkyne [10-12]. As one of most widely used and important reactions, the thiol
click reaction has served as useful tool to fabricated dendrimer and block polymer [13,14], and also has
been used for end-/side-group functionalization and surface modification [15,16].

Trimethylsilylacetylene (TMSA) is a versatile precursor to prepare important intermediates
or unsaturated compounds with unique properties, and also to be used as a protecting group for
functional modification. NaKa group and Miura group reported the synthesis of silyl-substituted
thiophene derivatives and silyl-substituted fulvene derivatives based on TMSA, respectively [17,18].
Yokozawa et al. described the synthesis of ethynyl-functionalized poly(3-hexylthiophene) with one
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terminal ethynyl group, which has been very suitable for subsequent preparation of block copolymers
via a click reaction [19]. Grirrane et al. synthesized a novel family of dipropargylamines through a
double catalytic A3-coupling of primary amine, formaldehyde and TMSA, and subsequent deprotection
of two terminal trimethylsilyl (TMS) groups endow them with high values of post-modification [20].
Furthermore, Alejandro and Pilar reported metal-monolayer-metal molecular electronic devices based
on oligoynes (Me3Si—(C=C);-SiMe3) through fluoride-induced deprotection of terminal trimethylsilyl
(TMS) groups [21,22], and this nascent surface modification technique provided new perspectives for
the fabrication of molecular electrochemical sensors.

Among the above reports, studies on poly(thioether)s using TMSA are rare. Here, this study
reported the synthesis of functionalized poly(thioether)s containing silane via a two-step successive
addition reaction (Scheme 1). Firstly, the addition of trimethylsilylacetylene (TMSA) to a dithiol with
different molar ratio yielded a series of poly(thioether)s. Secondly, vinyl poly(thioether) (P1 and
P2) was selected as intermediates, and reserved vinyl groups further reacted with thiol and finally
gained the functionalized poly(thioether)s. The authors further explored their fluorescence properties
and used them in cell imaging and ion detection. It was found that the post-functionalization of
poly(thioether)s obviously enhanced their responsiveness to Fe>* and avoided the disturbance of
Fe?*. The obtained poly(thioether)s and post-functionalized products provided a simple route to
synthesize sulfur-containing organosilicone polymer with superior optical properties and extended
their application in the field of cell imaging and ion detection.
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Scheme 1. The synthesis route of functionalized polythioether containing silane.
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2. Materials and Experiments

2.1. Materials

Trimethylsilylacetylene (TMSA), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 1,2-ethanedithiol
(EDT), and 3,6-dioxa-1,8-octanedithiol (DODT) were purchased from Aladdin Co. (Shanghai, China)
and used directly. Furfuryl mercaptan, trimethoxysilylpropanethiol, and methyl 3-mercaptopropionate
were supplied by Macklin biochemical (Shanghai, China) Co., Ltd. and used as received. All solvents
were bought from Chemical Technology (Shanghai, China) Co., Ltd. and directly used without
further purification.

2.2. Characterization and Measurements

NMR (*H and 3C) spectra were recorded by Bruker AVANCE 400 MHz using CDCl; as solvents,
and without tetramethylsilane as the internal standard. Thermogravimetric analysis (TGA) was
measured using SDTQ 600 at 10 °C-min~! under N,. The luminescence emission spectra of the
poly(thioether)s were recorded by using a Hitachi F-4500 fluorescence spectrophotometer with Xe
lamp as an excitation source. The data of molecular weights was measured by gel permeation
chromatography (GPC) using a Waters 515 liquid chromatograph with a refractive index detector 2414
and using tetrahydrofuran (THF) as the elution solvent.

2.3. Synthesis of Poly(thioether)

The synthetic route and structure of poly(thioether)s have been shown in Scheme 1. The detailed
procedure for P1 was as follows: TMSA (0.98 g, 10.0 mmol), EDT (0.75 g, 8.0 mmol) and DMPA (1 wt%)
were placed in a glass vessel. The above mixture was exposed to a UV light source (365 nm, 100 w)
with stirring for 20 min at room temperature. The crude product was washed three times with cold
methanol and then reduced pressure distillation. The obtained light-yellow solid was P1. Yield: 96%.
A series of poly(thioether)s (P2, P3, P4, P5, and P6) were synthesized according to the same above
reaction condition and the treating process.

The data of P1: 'H-NMR (400 MHz, CDCls, ppm): & = 0.05-0.20 (-SiCH3), 2.05 (-SiCHCH,S-),
2.69-3.14 (-SiCHCH,S-, -SCH,CH,S-), 5.72 and 5.77 (s, -SiCH,=CH,S-), 6.47 and 6.52 (s, -SiCH,=CH,S-).
13C-NMR (400 MHz, CDCls, ppm): § = 3.0 (SiCHs), 31.6 (-SiCHCH,S-), 32.8 and 36.5 (-SCH,CH,S-,
-5iCHCH,S-), 110.7 and 133.0 (-SiCH,=CH,S-).

The data of P2: 'H-NMR (400 MHz, CDCls, ppm): § = 0.07-0.13 (-SiCHz), 2.07 (-SiCHCH,S-),
2.75-2.95 (-SiCHCH,S-, -SCH,CH,0-), 3.03-3.08 (-OCH,CH,0-), 3.61-3.70 (-SCH,CH,0-), 6.49 and 6.53
(-SiCH,=CH,S-). 3C-NMR (400 MHz, CDCls, ppm): 2.06-2.07 (SiCH3), 29.7 and 32.89 (-OCH,CH,S-),
31.7 (-SiCHCH,S-), 36.7 (-SiCHCH,S-), 70.7 (-OCH,CH,0-), 70.9 (-SCH,CH,0-), 110.9 and 133.1
(-SiCH,=CH,S-). Yield: 95%.

The data of P3: 'H-NMR (400 MHz, CDCl;, ppm): & = 0.06-0.19 (m, -SiCH3), 2.07 (-SiCHCH,S-),
2.79-3.09 (-SiCHCH,S-, -SCH,CH,S-). 3C-NMR (400 MHz, CDCl;, ppm): —3.0 (SiCH3), 24.6
(-SCH,CH,SH), 31.6 (-SiCHCH,S-), 32.9 (-SCH,CH,S-), 33.7 (-SCH,CH,SH), 36.5 (-SiCHCH,S-).
Yield: 97%.

The data of P4: "H-NMR (400 MHz, CDCl3, ppm): & = 0.07-0.13 (-SiCH3), 2.07 (-SiCHCH,S-),
2.73-2.91 (-SiCHCH,S-, -SCH,CH,0-), 3.02-3.06 (-OCH,CH,0-), 3.62-3.68 (-SCH,CH,0-). 3C-NMR
(400 MHz, CDCl3, ppm): 2.06-2.07 (SiCH3), 29.8 and 32.9 (-OCH,CH,S-), 31.8 (-SiCHCH,S-), 36.9
(-SiCHCH,S-), 70.8 (-OCH,CH,0O-), 70.9 (-SCH,CH,O-). Yield: 93%.

The data of P5: TH-NMR (400 MHz, CDCl;, ppm): & =0.05-0.16 (m, -SiCH3), 1.35 (-SCH,CH,SH),
2.05 (-SiCHCH,S-), 2.69-3.05 (-SiCHCH,S-, -SCH,CH,S-). *C-NMR (400 MHz, CDCl;, ppm):
—-1.76 (SiCH3), 24.6 (-SCH,CH,SH), 31.6 (-SiCHCH,S-), 32.9 (-SCH,CH;S-), 33.7 (-SCH,CH,SH),
36.5 (-SiCHCH,S-). Yield: 92%.

The data of P6: "H-NMR (400 MHz, CDCl3, ppm): & = 0.07-0.16 (-SiCH3), 1.34 (-OCH,CH,SH),
2.09 (-SiCHCH,S-), 2.74-3.07 (-SiCHCH,S-, -SCH,CH,0-), 3.62-3.64 (-OCH,CH,0-), 3.70-3.75
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(-SCH,CH,0-, -OCH,CH,SH). '3C-NMR (400 MHz, CDCl3, ppm): 2.07 (SiCH3), 21.0 (-OCH,CH,SH),
29.6 and 32.9 (-OCH,CH,S-), 67.1-71.3 (-OCH,CH,0O-, -SCH,CH,0-, -OCH,CH,SH). Yield: 94%.

Methyl-mercaptopropionate, trimethoxysilylpropanethiol and furfuryl mercaptan were selected
and used to the functionalization of P1 and P2. Taking methyl-mercaptopropionate as an example, the
above obtained P1, methyl-mercaptopropionate (4.0 mmol) and DMPA (1 wt%) were dissolved in THF
(2 mL) and reacted following the above-mentioned procedure. The crude product was washed three
times with cold methanol and then reduced pressure distillation. The obtained light-yellow solid was
P1-1. Yield: 93%. A series of functionalized poly(thioether)s (P1-1, P1-2, P1-3, P2-1, P2-2, and P2-3)
were synthesized according to the same procedure.

The data of P1-1: 'H NMR (400 MHz, CDCly): 0.03-0.09 (SiCHj3), 2.21 (SiCHCH,S),
2.47-2.51(SCH,CH,COOCH3), 2.60-2.99 (SiCHCH,S, SCH2CH,S), 3.61 (COOCH;3). 13C-NMR
(400 MHz, CDCl3, ppm): —3.01 (SiCH3), 29.6 (SCH,CH,COCHj3), 31.61 (SCH,CH,O0), 32.7 (SiICHCH,S),
33.4 (SCH,CH,COCH3), 36.5 and 38.1 (SiCHCH,S), 69.8 (OCH,CH,S), 172.1 (COOCH3).

The data of P1-2: 'H NMR (400 MHz, CDCls): 0.01-0.10 (SiCH3), 2.23 (SiCHCHS,S), 2.51 and
3.18 (SiCHCH,S), 2.58-3.01 (SCH,CH,S), 3.33-3.43 (SCH,CO), 6.27 and 6.40 (C=CH,CH,CH;0),
7.58 (C=CH,CH,CH,0). '3C NMR (400 MHz, CDCl;): —1.75 (SiCH3), 30.0 (SCH,CO), 31.0 and
31.6 (SCH,CO), 32.6 and 34.6 (SiCHCH,S), 36.4(SiCHCH,S), 106.9-111.1 (-C=CHCH=CHO-), 142.3
(-C=CHCH=CHO-), 151.4 (-C=CHCH=CHO-). Yield: 94%.

The data of P1-3: 'H NMR (400 MHz, CDCl,): 0.01-0.15 (SiCH3), 0.56-0.74 (OSiCH,CH,CH,S),
1.53-1.66 (OSiCH,CH,CH,S), 2.17-2.26 (SiCHCH,S), 2.43-2.52 and 3.18 (SiCHCH,S), 2.63-3.04
(SCH,CH,S), 3.41-3.50 (OCHj3). *C NMR (400 MHz, CDCl3): —2.0 (SiCH3), 8.35 (SiCH,CH,CH,S),
9.65 (SiCH,CH,CH,S), 31.4 and 31.7 (SCH,CH,S, SiCHCHS,S), 33.1 (SiCH,CH,CH,S), 36.7 (SiCHCH,S),
48.9 and 50.2 (OCHs). Yield: 93%.

The data of P2-1: 'H NMR (400 MHz, CDCl3): 0.07-0.10 (SiCHj;), 2.23 (SiCHCH,S),
2.59-2.65 (SCH,CH,O), 2.66-2.76 (SiCHCH,S), 2.78-2.85 (SCH,CH,CO,), 3.52 (OCH,CH,0),
3.54-3.60 (SCH,CH,0), 3.61 (OCH3). *C-NMR (400 MHz, CDCl;, ppm): —1.89 and —0.53 (SiCH3),
29.8 (SCH,CH,COCH3), 31.61 (SCH,CH,0), 32.9 (SiCHCH,S), 33.6 (SCH,CH,COCH3), 36.7 and 38.3
(SiCHCH,S), 51.9 (COOCH3), 69.8 (OCH,CH,0), 70.9 (OCH,CH,S), 172.3 (COOCH3). Yield: 92%.

The data of P2-2: 'H NMR (400 MHz, CDCls): 0.01-0.09 (SiCHj), 2.24 (SiCHCHS,S), 2.67-2.76
(SCH,CH,0), 2.51 and 2.76-2.92 (SiCHCH,S), 3.52-3.54 (SCH,CO), 3.55-3.59 (OCH,CH,0), 3.75-3.95
(SCH,CH,0), 6.26 and 6.38 (-C=CHCH=CHO-), 7.57 (-C=CHCH=CHO-). 13C NMR (400 MHz, CDCl;):
—1.74 (SiCH3), 29.7 (SCH,CO), 31.0 and 31.8 (SCH,CH,O0), 32.8 and 34.7 (SiCHCH,S), 36.6(SiCHCH,S),
70.0 (OCH,CH,0), 70.8 (SCH,CH,0), 106.9-111.0 (-C=CHCH=CHO-), 142.7 (-C=CHCH=CHO-), 151.8
(-C=CHCH=CHO-). Yield: 94%.

The data of P2-3: 'H NMR (400 MHz, CDCl,): 0.07-0.10 (SiCH3), 0.58-0.72 (OSiCH,CH,CH,S),
1.55-1.62 (SiCH,CH,CH,S), 2.24 (SiCHCH,S), 2.43-2.52 and 2.99 (SiCHCH,S), 3.42 (SCH,CO), 3.48-3.59
(OCH,CH;0), 3.50-3.54 (OCH3), 3.42-3.59 (SCH,CH,0). *C NMR (400 MHz, CDCl3): —1.9 (SiCH3), 8.33
(SiCH,CH,CH,S), 9.67 (SiCH,CH,CHS,S), 31.3 and 31.7 (SCH,CH, O, SiCHCH,S), 32.9 (SiCH,CH,CH,S),
36.7 (SiCHCH,S), 48.9 and 50.1 (OCH3), 70.0 (OCH,CH,0), 70.9 (SCH,CH,0). Yield: 91%.

2.4. Fluorescence Property and lon Detection

Poly(thioether)s were dissolved in ethanol (0.3 mg/mL) and their fluorescent emission spectra
were measured under excitation wavelengths of 330 nm.

The responsiveness of poly(thioether)s to ions were detected by adding corresponding chlorine
salt (100 puL, 1 mmol/L) to poly(thioether)s solution (900 uL, 0.2 mg/mL).

The HeLa cells were incubated with 4.0 ug of poly(thioether)s for 20 min at 37 °C and washed
with phosphate buffer solution (PBS). The cell images of poly(thioether)s in HeLa cells were observed
under a confocal microscope after adding new culture medium. In addition, the responsiveness of
poly(thioether)s to Fe3* in HeLa cells were measured by successively adding 10 uL, 30 uL, 50 uL
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and 70 pL Fe®* ion (1 mmol/L), respectively. The response process was observed in situ under
confocal microscopy.

3. Results and Discussion

3.1. Synthesis of Poly(thioether)s and Post-Functionalization

A series of poly(thioether)s were synthesized using different molar ratio (1:0.8, 1:1.0, and 1:1.2)
between TMSA and dithiol (Scheme 1). In view of the same reaction condition and purification step,
1,2-ethanedithiol based poly(thioether)s (P1, P3, and P5) was selected to be analyzed and their H
NMR have been shown in Figure 1. The characteristic peak of alkenyl groups (-CH=CH-) appeared
at approximately 5.75 ppm and 6.5 ppm only existed in the polymer when the molar ratio was 1:0.8.
By the same token, the characteristic peak of sulfhydryl groups (-SH) appeared at approximately
1.7 ppm and was presented when the molar ratio was 1:1.2. The appearance of the peak at 1.7 ppm
when the molar ratio was 1:1 could be attribute to the low boiling point of TMSA, which resulted in the
volatilization of part of TMSA in the reaction process. In addition, the thiol-alkyne reaction proceeded
under a radical step-growth mechanism involving a two step addition. Therefore, the dithiol radicals
can react with alkynyl groups from different active sites and generate two types of product structures
(x-addition and -addition) which exist simultaneously in the polymer backbone. The appearance of
peak at 1.35 ppm belonged to x-addition products. However, a small amount of x-addition could not
have had a significant influence on the fluorescent property of poly(thioether)s. This is because the
integral structure of linear polymer chain is likely to remain unchanged. 'H-NMR data indicates that
the thiol-alkyne click reaction is a simple and an efficient approach to prepare poly(thioether)s with a
special functional group by simply changing the molar ratio. Further, the remained end functional
group could be used for further modification.

(a)

-CH=CH- -SH oa-addition

X I IL e

(b)

(c)

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 23 20 1.5 1.0 0.5 0.0
f1 (ppm)
Figure 1. 'H NMR data of (a) P1, (b) P3, and (c) P5.
Theoretically, the reaction with a molar ratio of 1:1 is likely to react completely and maximize the
molecular weight of polymers. However, the obtained polymers in this situation did not have reactive
sites. When one monomer is excessive, the non-stoichiometric alkyne-to-dithiol molar ratio may result
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in a handful of functional groups in chain end of polymers. The polymers can possess short polymer
chains and low molecular weight. In addition, these maintained functional groups could be used for
post-functionalization and naturally various polymers with interesting properties. Carbon-carbon
double bonds were maintained in chain end when the molar ratio was 1:0.8, and unreacted sulfhydryl
groups were maintained when the molar ratio was 1:1.2. Moreover, the excessive dithiol can lead to the
polymers possessing shorter chain lengths than excessive alkyne. Therefore, among the three different
molar ratios, the sequence of their molecular weight may be as follows: My (1.1) > Mw (1:0.8) > Mw (1:1.2)-
This speculation has been confirmed by the test outcome. The molecular weight of polymers was
measured by GPC and the detailed data have been depicted in Table 1.

Table 1. Gel permeation chromatography (GPC) data for the poly(thioether)s (P1 to P6).

Mn My M,

Sample (g.mol-1) (gmol1) (g.mol?) PDI MMy
P1 3210 4000 4910 1.24 1.23
P2 3400 4320 5380 1.27 1.24
P3 9420 14950 21020 1.58 1.40
P4 22800 44460 78360 1.95 1.76
P5 1860 1990 2150 1.07 1.08
P6 2340 2800 3440 1.19 1.23

The thiol-alkyne reaction proceeded via radical step-growth involving two successive addition
processes. The first addition generates an intermediate that contains alkenyl group, and subsequent
thiol-alkene reaction yields poly(thioether)s. When one monomer is excessive, the non-stoichiometric
alkyne-to-dithiol molar ratio can result in a handful of functional groups in the chain end of polymers.
Poly(thioether)s containing alkenyl (P1 and P2) were selected to further modification. A series of
functionalized poly(thioether)s (P1-1, P1-2, P1-3, P2-1, P2-2, and P2-3) were synthesized with different
sulfhydryl compounds via thiol-alkene click reaction (Scheme 1), and a detailed synthetic procedure was
described in the experimental section. The modified sulfhydryl compound can bring new and interesting
properties to poly(thioether)s, although the number of modified functional groups is very small.

3.2. Fluorescent Properties

Poly(thioether)s (P1, P2, P3, P4, P5, and P6) and functionalized poly(thioether)s (P1-1, P1-2, P1-3,
P2-1, P2-2, and P2-3) emit a blue color in the solution and their emission spectra excited by 330 nm as
shown in Figure 2. P1, P3, and P5 were synthesized with different molar ratios between TMSA and
EDT, their fluorescence intensity (Figure 2a) decreased sharply as the molar ratio of dithiol increased.
While P2, P4, and P6 were synthesized with different molar ratios between TMSA and DODT, their
fluorescence intensity (Figure 2b) slightly decreased as the molar ratio of dithiol increased. The
unconventional fluorescence can be attributed to the aggregation of long pair electrons of heteroatom
(O atom and S atom). Meanwhile, the coordination bonds of O — Si and S — Si were both conducive
to cause strong blue photoluminescence in poly(thioether)s [23,24]. The aggregation and coordination
in poly(thioether)s containing the O atom (P2, P4, and P6) were stronger than poly(thioether)s without
the O atom (P1, P3, and P5). The interaction between heteroatom and silicon atom resulted in the
significant difference of fluorescence intensity among poly(thioether)s (P1, P3, and P5) and negligible
difference of fluorescence intensity among poly(thioether)s (P2, P4, and P6).

The introduction of sulfhydryl compounds can bring new properties to poly(thioether)s (P1
and P2). The end modified poly(thioether)s demonstrated different trends of fluorescent intensity.
The functionalized poly(thioether)s (P1-1, P1-2, and P1-3) based on P1 showed obvious fluorescence
quenching after the end-modification (Figure 2c). The introduction of three sulfhydryl compounds
all resulted in the decreasing of fluorescence intensity, especially to methyl-mercaptopropionate.
The functionalized poly(thioether)s (P2-1, P2-2, and P2-3) based on P2 showed slight fluorescence
enhancement after the end-modification (Figure 2d). The introduction of three sulfhydryl compounds
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did not show a significant difference to the fluorescence intensity of P1. The difference between two
types of functionalized poly(thioether)s indicated that the end modified functional groups had an
obvious influence on the fluorescent property of poly(thioether)s, although the number of modified
functional groups was very small. The different effect of the end modified groups to P1 and P2
could be attributed to the structure of the polymer chain. The oxygen atom in the main chain
enhanced the structural stability of P2 and weakened the influence of the end modified groups on the
fluorescent properties of poly(thioether)s. The above results indicated that the fluorescent properties
of functionalized poly(thioether)s were influenced by the end modified groups and the structure of the
polymer chain.
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Figure 2. Fluorescence spectra of poly(thioether)s (a) P1, P3 and P5, (b) P2, P4 and P6, and functionalized
poly(thioether)s (c) P1-1 to P1-3 and (d) P2-1 to P2-3 at 0.2 mg/mL final concentration in ethanol solution
(slits = 10 nm).

3.3. Ion Detection and Cell Imaging

As one types of most important bioactive substances in biological systems, metal cations are vital to
the stability and effectivity of the immune system. To study the responsiveness of poly(thioether)s to
various cations, a series of chloride salts (AI**, Ba?*, Ca?*, Co%*, Cu?*, Fe?*, Fe3*, Mg2+, Ni%*, and Sn2*)
were added to the solutions of poly(thioether)s (P1 and P2) and their end-modified derivatives. As shown
in Figure 3a,e, the fluorescence intensity of P1 and P2 both decreased at different levels after adding metal
ions, and especially for Fe?* and Fe>*. This behavior of fluorescence quenching of poly(thioether)s after
adding metal ions can be attributed to the coordination between heteroatom (O atom and S atom) and
metal ion, especially for Fe3*. This coordination destroyed the interaction between heteroatom and Si
atom, and subsequently decreased the aggregation extent of the long pair electrons of heteroatom. These
two factors described above resulted in the fluorescence quenching of poly(thioether)s.

In addition, the end-modified with different sulfhydryl compounds resulted in significant
differences between their responsiveness to Fe?* and Fe’*. The introduction of methyl
3-mercaptopropionate did not bring obvious changes of P1-1 to iron ions (Fe?* and Fe>*) compared to P1
(Figure 3b), while P2-1 had negligible selectivity to Fe?* and Fe>* compared to P2 (Figure 3f). However,
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the introduction of furfuryl mercaptan and trimethoxysilylpropanethiol significantly enhanced the
selective responses of P1 and P2 derivates to Fe>*. It can be observed that P1 derivates (Figure 3c,d)
and P2 derivates (Figure 3g,h) all exhibited good selective to Fe>*. The above results suggested that
end-modified functional groups with a very small amount could obviously change the fluorescent
properties of poly(thioether)s.
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Figure 3. Fluorescence intensity response of functionalized poly(thioether)s (a) P1, (b) P1-1, (c) P1-2,
(d) P1-3, (e) P2, (f) P2-1, (g) P2-2, and (h) P2-3 to different metal cations (0.1 mM) in ethanol solution.
(Aex = 330 nm, slits = 10 nm).

Regarding the good selectivity of functionalized poly(thioether)s to Fe3*, this study further explored
their fluorescence behaviors in living cells. First, the HeLa cells were stained with poly(thioether)s (P1 to
P6) for 20 min at 37 °C and washed with PBS solution. Their confocal fluorescence images were observed
and depicted in Figure 4. The images show visible blue fluorescence in the dark filed and mainly
distributed in the cytoplasm. The distribution was due to the way the poly(thioether)s entered into the
cell. The polymers enter the cell by simple diffusion. The blue fluorescence of poly(thioether)s belonged
to unconventional fluorescence because rigid 7-conjugated structures and heterocycle structures did
not exist in the obtained poly(thioether)s. Furthermore, silicon atoms in the polymer chain could
enhance their fluorescent properties due to their empty 3d orbital [25]. The fluorescence intensity of
poly(thioether)s containing the O atom (P2, P4 and P6) in cells were stronger than poly(thioether)s
without containing the O atom (P1, P3 and P5). This may relate to the structure of the polymer chain.
The O atom in the main chain enhanced the coordination in polymers, therefore poly(thioether)s
containing O atom exhibited stronger fluorescence in living cells. In addition, it can be observed that
some poly(thioether)s absorbed on the surface of the cells in the bright filed. The results suggest that
poly(thioether)s could easily enter living cells and could be absorbed on the surface of the cells.
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Figure 4. Confocal fluorescence images of (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, and (f) P6 in HeLa cells.
bar = 20 um.

To further investigate the responsiveness of poly(thioether)s to Fe* in living cells, P1 and P2
derivates were selected as a sample and their fluorescent quenching behaviors were observed in situ
under confocal microscopy. HeLa cells were stained only with poly(thioether)s and their cell images
were observed under confocal microscopy. The responsiveness of poly(thioether)s to Fe3* in HeLa cells
were measured by successively adding Fe3* ions. The fluorescence intensity of HeLa cells in the blue
field was calculated by confocal microscopy. Confocal fluorescence images of P1 and their derivates
were observed as shown in Figure 5. With the increasing Fe>* concentrations, the fluorescence intensity
of P1 remained roughly unchanged. Meanwhile, the end-modification with different sulfhydryl
compounds brought obvious responsiveness to Fe>*. P1-1 showed slightly fluorescence quenching
after adding successive concentrations of Fe>*. P1-2 and P1-3 both exhibited obvious fluorescence
quenching with the increasing Fe>* ions, especially for P1-3. Similarly, the fluorescence intensity of
P2 remained roughly the same with the increasing Fe3* concentrations (Figure 6). Three types of
end-modified poly(thioether)s show a similar trend in the change of fluorescence quenching.
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Figure 5. Confocal fluorescence images and quantified relative fluorescence intensity of P1 and their
derivates after adding successive concentrations of Fe>* ions in HeLa cells. bar = 20 um. The statistical
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Figure 6. Confocal fluorescence images and quantified relative fluorescence intensity of P2 and their
derivates after adding successive concentrations of Fe>* ion in HeLa cellss. bar = 20 um. The statistical
analyses were performed with student’s t-test (1 = 4). *5.2 x 10~ < p < 2.39 x 107® and the error bars
represent standard deviations (+ S. D.).

3.4. Thermogravimetric Analysis (TGA)

To evaluate the thermal stability of poly(thioether)s, P1 and P2 were selected and their
thermodynamics properties were measured by TGA analysis at 10 °Cmin~" in N,. The TGA
data indicated that the poly(thioether)s exhibited high thermal stability (Figure 7). The thermal
decomposition temperature (T4) of P1 and P2 were at approximately 290 °C and 320 °C, respectively.
P2 possessed higher T4 than P1, which indicated that the presence of oxygen atoms in the polymer chain
increased the thermal performance of poly(thioether)s. In addition, P1 exhibited two degradation steps.
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The first weight loss step of P1 before 250 °C could be ascribed to the sublimation of low molecular
weight of poly(thioether)s. The second weight loss of P1 can be attributed to the decomposition and
sublimation of the main chain. The high T4 of P1 and P2 suggested that the good thermal stability of
poly(thioether)s, which was prepared by simple thiol-alkyne click reaction at room temperature.
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Figure 7. Thermogravimetric analysis (TGA) curves of P1 and P2.

4. Conclusions

A series of silane-based poly(thioether)s and functionalized poly(thioether)s were synthesized
via successive thiol click reaction. These poly(thioether)s exhibited excellent fluorescent properties in
solutions and showed visible blue fluorescence in living cells. The responsiveness of poly(thioether)s to
metal ions can be adjusted by end-modifying with different sulfhydryl compounds. The functionalized
poly(thioether)s showed high selectivity to Fe>* detection and still exhibited responsiveness to Fe>*
ions in living cells. The synthetic route of poly(thioether)s described herein could be extended to
synthesize novel organosilicone fluorescent materials, and their application in ion detection and cell
imaging can extend the application field of poly(thioether)s.
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Abstract: Layer-by-layer assembled microcapsules are promising carriers for the delivery of various
pharmaceutical and sensing substances into specific organs of different animals, but their utility
in vivo inside such an important group as crustaceans remains poorly explored. In the current
study, we analyzed several significant aspects of the application of fluorescent microcapsules covered
by polyethylene glycol (PEG) inside the crustacean circulatory system, using the example of the
amphipod Eulimnogammarus verrucosus. In particular, we explored the distribution dynamics of
visible microcapsules after injection into the main hemolymph vessel; analyzed the most significant
features of E. verrucosus autofluorescence; monitored amphipod mortality and biochemical markers of
stress response after microcapsule injection, as well as the healing of the injection wound; and finally,
we studied the immune response to the microcapsules. The visibility of microcapsules decreased
with time, however, the central hemolymph vessel was confirmed to be the most promising organ
for detecting the spectral signal of implanted microencapsulated fluorescent probes. One million
injected microcapsules (sufficient for detecting stable fluorescence during the first hours after injection)
showed no toxicity for six weeks, but in vitro amphipod immune cells recognize the PEG-coated
microcapsules as foreign bodies and try to isolate them by 12 h after contact.

Keywords: biocompatibility; immunity; implantable sensors; invertebrate; layer-by-layer; primary
cell cultures

1. Introduction

Various implantable nano- and micro-scaled structures have great potential for becoming the
foundation of novel technologies for monitoring and manipulating the state of diverse organisms.
Such structures are, for example, polyelectrolyte microcapsules produced by the layer-by-layer (LbL)
adsorption technique [1,2]. This technique is based on the deposition of some polymers onto various
colloidal microparticles [3-5], including porous structures, such as calcium carbonate in the form of
vaterite that can be preloaded with certain substances and further dissolved to obtain soft microcapsules
with the substances inside [6,7]. These microcapsules can be easily prepared, using either biodegradable
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or non-biodegradable polymers to control their stability inside an organism for different applications [3].
Strongly charged poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS)
are among the most popular non-biodegradable polyelectrolytes used as sequential building blocks for
microcapsule shells [8-10]. These two polymers form bilayers with a structure close to lamellar and
can be used to prepare shells of given thickness [9].

For increasing the overall biocompatibility of the microcapsules, a polyethylene glycol (PEG)
coating was suggested [11]. PEG can be attached to polyelectrolyte microcapsules in the form of a
graft copolymer, with the charged main polymer sticking to the microcapsule surface electrostatically,
while backbones of PEG obduce the microcapsule and reduce their aggregation and friction, which
simplifies their distribution in the circulatory system [12,13], as well as decreasing protein adsorption
to the surface, which can lower or at least postpone the immune response [11,13].

Crustaceans are an important source of aquatic food protein and popular research objects in
ecophysiology [14,15]. However, possibilities for the application of microcapsules as an implantable
tool for monitoring and adjusting the physiological status of crustaceans in vivo remain poorly explored.
Previously, we applied the PEG-covered polyelectrolyte microcapsules to deliver the pH-sensitive
fluorescent dye SNARF-1 into the main hemolymph vessel of the amphipod Eulimnogammarus verrucosus
(Figure 1) and monitor pH changes in vivo [16]. The same approach is perspective for measuring other
parameters, such as the concentration of different ions and metabolites [17], directly in the circulatory
system of various crustaceans with translucent exoskeletons. The microcapsules used were composed
of non-biodegradable PAH and PSS, to increase their stability and prolong the possibility of sensing.

Figure 1. A photo of the amphipod Eulimnogammarus verrucosus and schematic designation of
all body parts where the microcapsules were observed (colored by green) after injection into the
circulatory system. The red dashed line indicates the approximate position of the digestive system.
The microcapsules contained fluorescein (in the form of FITC-albumin) and were monitored in the
green channel.
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In the present study, we analyze various nuances arising from the application of microencapsulated
fluorescent dyes in the crustacean circulatory system, using the example of the same amphipod
E. verrucosus (Figure 1), endemic to Lake Baikal [18]. In particular, we monitor the visibility of the
PEG-coated PAH/PSS microcapsules after injection into the main hemolymph vessel and analyze
the autofluorescence of E. verrucosus to highlight the most promising body parts for the application
of microencapsulated molecular probes. Then, we assess the survival and stress response of the
amphipods after injection of the microcapsules. Finally, we study the wound healing after injection
and the amphipod immune response to the microcapsules.

2. Materials and Methods

2.1. Materials

All the chemicals used for the preparation of polyelectrolyte microcapsules and further procedures
were of analytical grade and were applied without additional purification. The conjugate of fluorescein
isothiocyanate with bovine serum albumin (FITC-albumin; #A9771) was purchased from Sigma-Aldrich
(St. Louis, MO, USA), the conjugate of seminaphtharhodafluor-1 with dextran (SNARF-1-dextran;
#D-3304) was bought from Thermo Fisher Scientific (Eugene, OR, USA). Polymers poly(allylamine
hydrochloride) (PAH; #283215) and poly(sodium 4-styrenesulfonate) (PSS; #243051) were provided by
Sigma-Aldrich (produced in USA and Belgium, respectively). The poly(L-lysine)-graft-poly(ethylene
glycol) copolymer (PLL-g-PEG; #5Z34-67) was purchased from SuSoS (Diibendorf, Switzerland).

2.2. Preparation of Microcapsules

Fluorescent dyes were encapsulated at room temperature using the layer-by-layer adsorption
of oppositely charged polyelectrolytes, as described previously [19]. The conjugates FITC-albumin
and SNARF-1-dextran were co-precipitated in porous CaCO3 microcores by mixing 2 mL of 4 mg/mL
conjugate solution with 0.615 mL of 1 M CaCl, and 1 M NayCOs solutions. The cores were then
covered with 12 layers of oppositely charged polyelectrolytes PAH and PSS and with the final layer of
PLL-g-PEG. After dissolving CaCOj cores in 0.1 M ethylenediaminetetraacetic acid solution (pH 7.1),
the microcapsules had the following structure: dye conjugate/(PAH/PSS)s/PLL-g-PEG.

2.3. Animal Sampling and Maintenance

Adult individuals (~25-35 mm-long) of Eulimnogammarus verrucosus (Gerstfeldt, 1858) were caught
with a hand net (kick sampling) in the Baikal littoral zone near the village of Listvyanka (51°52'13.3” N
104°49'41.9” E), at depths of 0-1.2 m. The amphipod species is not endangered or protected; no specific
permission was required for sampling. During acclimation, amphipods were kept in well-aerated 3 L
aquaria at a water temperature of approximately 6 °C, at a density of 15-20 individuals per aquarium.
Amphipods were given one week to acclimatize to laboratory conditions before any experiments.
The high levels of activity, feeding, and absence of mortality during the acclimation period confirmed
that laboratory maintenance was not stressful for the amphipods.

All experimental procedures with amphipods were conducted in accordance with the EU Directive
2010/63/EU for animal experiments and were approved by the Animal Subjects Research Committee of
Institute of Biology at Irkutsk State University.

2.4. Injection into the Circulatory System of Amphipods

The number of microcapsules being injected was one million per animal. The 2 uL suspension
of microcapsules in the isotonic solution (0.9% aqueous solution of NaCl) was injected into the
central hemolymph vessel of amphipods between the sixth and seventh segments of pereon using the
IM-9B microinjector (Narishige, Tokyo, Japan). The injected microcapsules contained FITC-albumin,
unless otherwise specified. During the injection, the individual was immobilized inside a wet
polyurethane sponge with a temperature of approximately 6 °C.
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2.5. Fluorescent Microscopy and Spectroscopy of Amphipods

Microcapsules and autofluorescence of E. verrucosus were visualized under the Mikmed-2
fluorescence microscope (LOMO, Saint Petersburg, Russia), with either the EOS 1200 camera (Canon,
Taiwan) or the QE Pro spectrometer (Ocean Optics, Largo, FL, USA; acquisition range 350-1100 nm,
INTSMA-200 optical slit, integration time 1-5 s) attached. The spectrometer was connected to the
microscope, as described previously [19]. The animals were restrained under the 10X microscope
objective using a thermostatic cell containing circulating Baikal water with a temperature of 5-8 °C,
according to previous recommendations [20].

Fluorescent microscopy was performed in either the green channel (the peak excitation wavelength
at 496 nm; long-pass emission filter from ~510 nm) or the red channel (the peak excitation wavelength
at 546 nm; long-pass emission filter from ~585 nm). The parameters of the green channel were
standard for visualization of FITC and similar dyes; the illumination conditions of the red channel
were optimized to excite SNARF-1 in the used optical system [16,21]. Data analysis was performed
using the Scilab package (www.scilab.org).

2.6. Determination of Biochemical Stress Response Markers

The biochemical measurements were performed in whole individuals frozen in liquid nitrogen.
For the quantitative determination of 70 kDa heat shock proteins (HSP70), we used the method of
Bedulina et al. [22]. The HSP70 content was determined by western blot. SDS electrophoresis was
performed in polyacrylamide gel blocks using the Mini-PROTEAN II electrophoretic cell (Bio-Rad,
USA). Relative molecular weights of proteins were estimated using the low molecular weight marker
kit (Biomol, UK). Proteins were transferred to a polyvinylidene fluoride membrane, as described in
Bedulina et al. [23]. For HSP70 assessment, the blots were incubated with primary antibody (anti-HSP70
antibody produced in mice; Sigma-Aldrich, #H5147) and then with secondary antibody (anti-mouse
IgG:AP Conj.; Sigma-Aldrich #A3562). Bovine HSP70 (Sigma, #H9776) was used as a positive control.
HSP70 levels were measured by the semiquantitative analysis of grey values on scanned western blot
membranes, using the Image] software within the Fiji package [24].

Lactate levels were determined using the Lactate-Vital express kit (Vital-Diagnostics,
St. Petersburg, Russia) according to Axenov-Gribanov et al. [25] Spectrophotometry was performed
using the Cary 50 spectrophotometer (Varian, Palo Alto, CA, USA) at 505 nm (absorbance, here and
further).

The activity of the enzyme glutathione S-transferase (GST; EC 2.5.10.13) was measured after
extraction, according to Shchapova et al. [26]. The ratio of tissue homogenization buffer to amphipod
biomass was 3:1 (v:w). Specimens were homogenized in 0.1 M sodium phosphate buffer (pH 6.5) and
centrifuged at 10,000x ¢ for 3 min. Glutathione S-transferase activity was measured using 0.97 mM
1-chloro-2,4-dinitrobenzene as substrate at 340 nm (pH 6.5) according to Habig et al. [27]. The Bradford
assay was used to evaluate protein concentrations [28]. The assay was based on the binding of
coomassie brilliant blue G-250 to residues of certain amino acids (mostly arginine and lysine), leading
to an increase in absorbance at 595 nm [29]. Enzyme activities are expressed in nkat/mg protein.

2.7. Monitoring the Healing of the Injection Wound

The process of exoskeleton healing after the injection was monitored for four weeks. We defined
three stages of repair based on the observed wound melanization [30]: no healing (no black coloration);
healing is ongoing (indicated by the black coloration of the wound border); the exoskeleton is repaired.
The external examination of the chitin state was followed by an internal checkup after the dissection of
four—five individuals (euthanized with clove oil suspension) at each time point. Amphipods were
examined under the SPM0880 stereomicroscope (Altami, Saint Petersburg, Russia).
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2.8. Determination of the Phenoloxidase Activity

Phenoloxidase (PO) activity was measured in the amphipod hemolymph in response to
microcapsule injection. Additionally, we tested the sensitivity of the PO system to yeast Saccharomyces
cerevisiae as a positive control. Yeast cells resuspended in isotonic solution were injected as described
for the microcapsules at concentrations of one million or six million cells per animal.

Hemolymph extracts were taken between the seventh and eighth dorsal segment using a sterile
needle at 6 h, 12 h, 1 day, and 3 days after injection. Seventy microliters of hemolymph were collected
into a sterile, pre-chilled glass capillary and placed into a 0.5 mL microcentrifuge tube containing
0.07 mL cold phosphate buffered saline (PBS; 150 mM NaCl, 10 mM Na,HPOy, pH 8) with 7 mg/mL
phenylmethanesulfonyl fluoride, as modified from [31]. All samples were frozen in liquid nitrogen
and stored at —80 °C until later measurements. After thawing, the samples were centrifuged for 10 min
at 500 g and 4 °C to pellet the cell fraction.

About 10 uL hemolymph extract was mixed with 40 pL PBS, 280 uL distilled water, and 40 pL
3,4-dihydroxy-L-phenylalanine (L-DOPA; 4 mg/mL of distilled water) to measure the PO activity.
The determination of PO activity was based on the catalytic conversion of L-DOPA to dopachrome,
with the solution staining in red-brown color [32]. Measurements were performed with the Cary 50
spectrophotometer at a wavelength of 490 nm (absorbance) for 40 min. Enzyme activity was assessed
as the slope of the reaction curve during the linear reaction phase [31].

2.9. Primary Culture of Amphipod Hemocytes

We established the primary culture of hemocytes isolated from the hemolymph of amphipods
E. verrucosus. Before the hemolymph extraction, the dorsal side of the pereon surface was sterilized
with 70% ethanol. The central hemolymph vessel was punctured with a sterile needle, and hemolymph
was collected with a sterile glass capillary. The amphipod hemolymph was mixed (1:1) with the isotonic
anticoagulant solution (150 mM NaCl, 5 mM Na,HPOy, 30 mM sodium citrate, 10 mM EDTA, pH 8.0;
filtered through a 0.45 um syringe filter) on ice to avoid undesired degranulation of granulocytes.
Cells were separated by low-speed centrifugation (23 g for 2 min at 4 °C); the humoral fraction was
discarded, and hemocytes were washed with a sterile buffer solution (150 mM NaCl, 5 mM NayHPOy,
pH 8.0), based on the available data on the hemolymph composition [33,34]. The washing procedure
was repeated twice. The viability of amphipod hemocytes was assessed using vital staining with 0.4%
trypan blue in a hemocytometer under the Mikmed-2 microscope. The used hemocyte extraction
procedure resulted in at least 90% hemocyte viability, a median cell loss of approximately one-third of
hemocytes, no increase in degranulation (as compared to the granule concentration in hemolymph),
and aggregation of no more than 20% of the cells (aggregates were defined as a cluster of at least three
hemocytes).

Hemocytes were suspended in sterile Leibovitz’s L-15 medium with L-glutamine (#1840516,
Life Technologies, Belfast, UK), containing 15% fetal bovine serum (#FB-1001, Biosera, South America).
The average volume of E. verrucosus hemolymph was 50-100 pL, and the used medium volume was
50 uL. The hemocyte concentration in the media was about 4000 cells/uL, which is approximately equal
to the upper natural concentration in amphipod hemolymph. Cells were kept in 0.5 mL microtubes at
6-8 °C, with regular tube rotation to imitate the hemolymph circulation in the circulatory system of the
animal. The viability of hemocytes in the primary culture did not drop below 90% for the three days.

2.10. Analysis of Hemocyte Aggregation after Contact with Microcapsules

The obtained primary culture of amphipod hemocytes was incubated with polyelectrolyte
microcapsules or a suspension of S. cerevisiae cells, used as a positive control, to test the sensitivity
of the culture to foreign bodies. Before the test, microcapsules or yeast cells were washed in sterile
buffer (0.23 g for 5 min) and resuspended in the L-15 medium. Fifty microliter aliquots of the primary
hemocyte culture, with approximately 0.2 million cells, were mixed with 2 pL aliquots containing
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either 0.2 million yeast cells or one million microcapsules (identical to the number injected during the
other experiments). The recognition of the foreign bodies by hemocytes was assessed by measuring
the hemocyte aggregation, defined as the proportion of free hemocytes compared to the initial total
number of hemocytes in the sample. The aggregation process was examined at 1, 5,12, 17, and 24 h
after the start of incubation.

The staining of the hemocyte aggregates was performed with a dichlorotris(1,10-
phenanthroline)ruthenium (II) hydrate (RuPhens; Sigma-Aldrich, USA, #343714) and visualized
in the green fluorescent channel. RuPhen contains aromatic components and may bind to hydrophobic
structures of the cell, such as membrane lipids. Compounds with similar structure were used for the
staining of nuclear components [35]. In the case of E. verrucosus, RuPhens was able to emphasize nuclei
and granules of a significant part of hemocytes (but not all). Part of the microcapsules was also stained
by RuPheng due to the interaction with PSS in the microcapsule shell [17].

2.11. Preparation of the Histological Section

For histological analysis, individual amphipods were sacrificed with deep anesthesia (in clove
oil suspension) one week post injection of microcapsules containing SNARF-1-dextran. About
0.5 mL of Davidson’s solution was injected into the central vessel. Then, the urosome was removed,
and crustaceans were completely immersed into Davidson’s solution for one day [36]. On the
next day, the samples were rinsed, dissected to 0.5 mm-thick pieces and stored in 70% methyl
alcohol. The specimens were embedded in paraffin, routinely using an STP 120 Spin Tissue Processor
(Thermo Fisher Scientific, Walldorf, Germany), according to the protocol for tissues [37]. Tissues
were cut into 6 pm-thick-slices using the HM-440 microtome (Thermo Fisher Scientific, Walldorf,
Germany). The resulting sections were dewaxed and examined in the red fluorescent channel to detect
microcapsules. Stained histological sections (hematoxylin and eosin) were studied in the bright field.

2.12. Statistical Analysis

The statistical significance of differences between the experimental and control (parallel if available
or initial) groups was analyzed using the Mann-Whitney U test, with the Holm correction for multiple
comparisons in R (www.r-project.org). The differences were considered significant with p < 0.05.

3. Results and Discussion

3.1. Visibility of the Microcapsules inside Amphipods: Distribution and Autofluorescence

The possibility of visualizing fluorescent microcapsules is of primary importance for such
applications as physiological sensing in loco and contrasting various features of the crustacean
circulatory system. Previously, we visualized the microcapsules only in the central hemolymph vessel
of amphipods and did not analyze their behavior in other body parts [16]. The current study of the
microcapsule visibility in the E. verrucosus body was carried out for six weeks, after the injection of
one million microcapsules into the circulatory system. This number was chosen to obtain a stable,
high concentration of microcapsules in the central hemolymph vessel for most individuals right after
the delivery and was used throughout the whole study. The microcapsules contained the bright dye
fluorescein (in the form of FITC-albumin) and were visualized in the green fluorescent channel.

Figure 1 demonstrates all body parts of E. verrucosus where the microcapsules were observed.
Since chitin and tissues of E. verrucosus have sufficient translucency and mostly low autofluorescence
intensity in the green channel, at least some microcapsules could be visualized in the circulatory system
in all segments of the amphipod body. Figure 2 provides quantitative information on the distribution
of visible microcapsules. The color key indicates the median concentrations of microcapsules per the
area of the respective parts of the circulatory system.
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Figure 2. Monitoring of the visible microcapsules in different segments of E. verrucosus during the
six weeks after injection. The microcapsules containing FITC-albumin were injected into the main
hemolymph vessel (1 million per animal) and monitored in the green channel. The intensity of color
indicates the median number of recognized microcapsules per area of the corresponding body part
(n = 11-15 animals).

During the first hours after injection, the observed median concentrations of microcapsules were
among the highest in the central hemolymph vessel inside the first three segments of the amphipod
pereon, but they decreased drastically already one week after the injection, and the microcapsules were
not visible in more than half of the individuals (Figure 2). Thus, acquiring the spectral signal from
microencapsulated optical probes inside the central hemolymph vessel is possible for the majority of
injected individuals only during the first hours or days after injection. It is an important limitation that
should be considered in experimental design involving the probe-carrying microcapsules. A similar
decrease was observed in the case of the first segment of upper antennae, another potentially perspective
organ for physiological sensing. However, the concentration of microcapsules in these segments was
substantially lower than in the central hemolymph vessel; moreover, as the antennae are close to the
amphipod eye, direct illumination for fluorescence excitation leads to anxiety for the animal.

Throughout the six weeks of the experiment, the highest concentration of visible microcapsules
and the lowest rate of its decrease were observed in the amphipod head, and the median concentration
in this area reached zero only at the end of the experiment (Figure 2). This fact opens intriguing
possibilities for long-term measurements of various hormones in close vicinity to the central nervous
system of crustaceans using implanted microsensors, as well as targeted delivery of some substances
in this region using resolving microcapsules. However, similar to antennae, physiological sensing in
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the head will require the application of either animal anesthesia or luminescent sensors, which do
not require any exciting illumination. The last body part where high microcapsule concentrations
were found for most individuals is the amphipod urosome. However, this part of E. verrucosus has
significant armor that limits the application of fluorescent sensors (see below), but it may be of interest
for other species. Additionally, the immobilization of amphipods and other crustaceans by the end of
the body can be less convenient than by the central body area [20], which also makes this segment
less favorable.

Variability in the concentration of microcapsules in other body parts was shown to be too unstable
to use at least half of individuals with injected microcapsules for physiological sensing. Nevertheless,
special attention should be given to amphipod coxal plates (Figure 1), despite the median number of
microcapsules in the plates never exceeding zero, for example, several dozens of microcapsules were
visible in the first coxal plate of one third of individuals right after the injection. The distinctive feature
of this body part is proximity of the hemolymph flow to the body surface. Thus, microcapsules in
coxal plates can be visualized with the highest magnification possible among all non-moving parts of
the amphipod body. This feature may allow local measurements of hemolymph parameters using
the spectral signal from even single fluorescent microcapsule, while at least many dozens of them are
required in the central hemolymph vessel [16].

The reasons for the gradual decrease in visibility of the PEG-covered microcapsules in the
amphipod body remain unexplored. Despite the microcapsules being assembled of non-biodegradable
polymers, they potentially could be decomposed to the individual polymers, for example, under extreme
pH [38,39], which may be produced by the amphipod hemocytes [40] participating in the immune
response. However, previous studies showed that cells of vertebrates seem to be unable to disintegrate
the phagocytosed PAH/PSS-based microcapsules [21,41]. Additionally, the dissection of E. verrucosus
after the six-week experiment showed plenty of intact fluorescent microcapsules around internal
organs. So, they could simply migrate to deeper tissues and become invisible. The possibility of
excretion of the microcapsules from the amphipod organism was not studied. It should also be noted
that the microcapsules could become invisible due to the deposition of melanin pigments around them
during the immune response [42]. In this case, they could stay at the same place in the circulatory
system during the whole experiment, but become optically isolated.

We also studied the autofluorescence of the amphipods E. verrucosus, which may prevent the
effective visualization of various fluorescent microsensors. The autofluorescence was visualized in the
green and red channels, since excitation by short-wavelength light may be phototoxic [43] and is thus
less useful for physiological studies. As mentioned already, the smooth parts of the amphipod body
mostly have a relatively low background autofluorescence. Additionally, the autofluorescence spectra,
especially in the green channel, have relatively low variability between individuals. Examples of such
spectra for the first two pereon segments containing the central vessel of the circulatory system are
depicted in Figure 3. The stability of the autofluorescence spectra (at least in the range 600-650 nm
for the red channel) makes it possible to perform their subtraction from the spectral signal of the
fluorescent microsensors, as has been shown previously [16].
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Figure 3. Autofluorescence of E. verrucosus. (a) Variability (n = 5) in autofluorescence spectra of
the dorsal parts of the first two pereon segments in green and red channels, and (b) representative
comparison of autofluorescence intensity between the dorsal and central (containing gut) parts of third
pereon segment of the same individual in red channel. Spectra on the upper panel are aligned at the
regions of peak intensity.

However, there are two factors that significantly increase the intensity of autofluorescence in
some parts of the amphipod body. First of all, sclerotized armor, such as spines and setae, has similar
spectra, but enhanced intensity of autofluorescence in both channels. This is the case especially for the
highly armored urosome of E. verrucosus (Figure 1), which makes separation of autofluorescence from
the spectrum of microsensors difficult. Additionally, in the red channel, we observed pronounced
autofluorescence in the area of the digestive system (Figure 1), which is approximately ten-fold higher
than for the area of the central hemolymph vessel of the same pereon segment (Figure 3). The intense
autofluorescence of the intestine in the red channel can contaminate the spectra of microsensors located
both in the central hemolymph vessel and the coxal plates, and requires careful positioning of the
amphipod under the objective.

The performed analyses allow us to conclude that despite the visibility of the PEG-coated
polyelectrolyte microcapsules in the central hemolymph vessel of amphipods significantly decreasing
within several days after injection, this organ is indeed the most promising for physiological monitoring
using different implanted fluorescent microsensors inside the hemolymph of crustaceans. This is due
to the combination of a number of factors: the convenience of injection into the vessel, easiness of
fixation of the animal by this body part, high microcapsule concentration, sufficient remoteness from
the eye and low level of autofluorescence.
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3.2. Reaction of the E. verrucosus Organism to the Injection of Microcapsules

Another important aspect of the application of any substance being injected into the organism is
toxicity. This is especially significant for non-biodegradable implants, which is most probably the case
for the PAH/PSS-based microcapsules. The injection of microcapsules in the isotonic solution or saline
alone revealed no effect on E. verrucosus survival in comparison to the parallel control group, without
any injections, during six weeks (Figure 4). Similarly, no distinct effect of the same microcapsules was
previously observed on the survival of the fish Danio rerio [21].
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Figure 4. The reaction of the organism of amphipods E. verrucosus to the injection of 1 million
microcapsules. The analyses included monitoring of mortality during six weeks (1 = 10 per replicate;
each point is a separate replicate); glutathione S-transferase activity (GST; n = 4-5) and lactate content
(n = 5-7) for two weeks; and the content of heat shock proteins HSP70 (n = 4-6) for one week.
No statistically significant differences from respective control groups (initial or parallel) were observed
for the biochemical parameters.
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Additionally, we evaluated three biochemical markers of stress response after the injections
(Figure 4): concentrations of lactate and heat shock proteins of the family HSP70, as well as activity
of glutathione S-transferase (GST). GST activity is a widely used biomarker of intoxication, as it
responds to various xenobiotics in many aquatic animals [44,45]. It was measured to assess the possible
influence of microcapsule components after their potential disintegration (see above). Lactate is a
product of anaerobic glycolysis activated under deficient oxygen supply [25], and its concentration
was determined to disclose the possible local occlusions of the hemolymph flow caused by the
microcapsules. HSP70 are considered by many authors as a sensitive biomarker that responds to a
variety of stressors, including toxic effects and hypoxia [46-48]. GST activity and lactate concentrations
monitored for two weeks, as well as HSP70 concentration evaluated for one week, showed no reaction
(all p > 0.15) to the injections (Figure 4).

So, according to the results of our study, the chosen concentration of PEG-covered polyelectrolyte
microcapsules demonstrates no lethal or significant sublethal effects on the amphipods E. verrucosus.
The diameter of polyelectrolyte microcapsules was less than the size of crustacean hemocytes, and the
appearance of currently unobserved toxic effects due to occlusions of the hemolymph flow is unexpected
also for smaller crustaceans, unless a higher number of the microcapsules per hemolymph volume
is used.

Since the integrity of amphipod integuments is an important factor in toxicological studies, we also
studied the process of exoskeleton repair after the injections between the sixth and seventh segments
of E. verrucosus pereon (Figure S1). The wound healing begins by the 10th day after the injection,
and complete restoration of the chitin integrity was observed in 28 days from the day of the procedure.
Since the visibility of microcapsules inside amphipods decreases faster than the exoskeleton can be
restored, any toxicological experiments involving the implantation of the microencapsulated optical
probes into the amphipod circulatory system will require artificial repair of the injection wound using,
for example, some tissue adhesives.

3.3. Amphipod Immune Response to the Microcapsules

Finally, an important factor for the use of implantable sensors is the potential stimulation of the
immune response, but the information on the possibility of immune reaction to implants with the PEG
coating is fairly absent for invertebrates. The immune response of crustaceans is globally divided into
the humoral and cellular branches [49]. The main humoral immune reaction that can be dangerous for
the contact of any sensor with the internal environment (and thus its functionality) is melanization
of the foreign body involving the enzyme phenoloxidase. Hemocytes are the cells circulating in
crustacean hemolymph; they participate in the immune response by phagocytosis and aggregation
around different foreign bodies [50], and thus can also isolate the sensor from the hemolymph.

The cells of the yeast Saccharomyces cerevisiae (similar in size to the microcapsules) were used as a
positive control to test the sensitivity of E. verrucosus PO to foreign objects. Indeed, the median PO
activity increased after the injection of yeast cells into the main hemolymph vessel, but a statistically
significant difference from the parallel control group was observed only after the introduction of
six million cells (p = 0.04) and not one million (Figure 5a). In the case of microcapsules (one million per
animal; see above), there were no statistically significant differences from the control group (all p > 0.3)
for three days after injection (Figure 5b).
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Figure 5. Hemolymph phenoloxidase (PO) activity of amphipods in response to injection of (a) yeast
and (b) microcapsules. The injection of yeast cells (1 = 6-8) was used as a positive control to verify the
sensitivity of E. verrucosus PO to foreign bodies before monitoring of PO response to 1 million of the
microcapsules (1 = 5-11). * designates statistically significant difference from the parallel control group
that did not receive any injections with p < 0.05.

The sensitivity of E. verrucosus hemocytes to the microcapsules was investigated in the primary
culture in vitro, as was previously suggested for the red palm weevil Rhynchophorus ferrugineus [51].
It should be mentioned that the current study provides the first description of an established primary
culture of hemocytes for amphipods in general. Again, yeast cells were used as the positive control and
caused a statistically significant elevation in the hemocyte aggregation already in five hours (p = 0.01;
all further p < 0.001) after introduction into the culture media (Figure 6a). The median proportion
of hemocyte aggregation in the presence of yeast cells remained nearly the same from 5 to 24 h of
the experiment.

Contact of the amphipod hemocytes with the microcapsules also triggered their aggregation,
but at a lower rate (Figure 6a). In particular, a statistically significant difference from the parallel
control group was observed only at 12 h (p < 0.003 here and further), while the median level of
hemocyte aggregation reached the median level caused by yeast even later, at 24 h, although the
introduced concentration of microcapsules was five times higher than the concentration of yeast cells.
The microcapsules were observed inside the aggregates (Figure 6b), and their concentration in the
culture media clearly decreased when the hemocyte aggregates appeared (data not shown). In several
cases, we found a black coloration of the hemocyte aggregates that probably indicated the reaction
of melanization (Figure S2). In order to partially visualize the membrane structures of hemocytes
inside the aggregates, we applied the hydrophobic dye RuPhens with bright orange fluorescence.
This staining clearly demonstrated that a significant proportion of hemocyte nuclei were located
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outside the cells (Figure 6b), which indicates the death of many cells during the immune reaction to
the microcapsules.
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Figure 6. The reaction of primary culture of E. verrucosus hemocytes to yeast and microcapsules.
(a) Monitoring of hemocyte aggregation after the introduction of yeast cells used as a positive control
(1:1 of hemocytes) and microcapsules (5:1 of hemocytes) to the hemocyte media during 24 h (1 = 8).
(b) A representative example of a squashed aggregate of hemocytes with the microcapsules after
the end of incubation in brightfield channel (left) and green fluorescent channel with the orange
RuPhen; staining (right). Microcapsules contained green FITC-albumin but partially obtained the
yellow coloration due to contact with RuPhen;. * designates statistically significant difference from the
parallel control group with p < 0.05.

In order to also verify the recognition of the microcapsules by E. verrucosus hemocytes in vivo,
we performed a histological analysis of the amphipod body part containing the central hemolymph
vessel for three individuals one week post injection. Indeed, we were able to find aggregates of
microcapsules tightly enclosed by some cells, probably hemocytes, in two out of three samples
(Figure S3). This fact, together with the observed in vitro melanization of hemocyte aggregates,
also supports the hypothesis of decreasing microcapsule visibility due to immune reaction, at least to
some extent. Additionally, it is more mild evidence against the possibility of decomposition of the
PAH/PSS/PLL-g-PEG microcapsules to individual polymers inside crustaceans.
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So, our results unambiguously demonstrate the existence of a cellular immune reaction of
amphipods to the polyelectrolyte microcapsules, despite the PEG coating. Due to this effect,
such microcapsules and similar probe-carrying microstructures composed of non-biodegradable
polymers may become a promising tool for studying the behavior of immune cells in vivo. However,
the stability of microcapsules inside the hemocyte aggregates makes them less suitable for prolonged
(more than several hours) measurements of various hemolymph parameters, since it is hardly possible
to distinguish the optical signals from free microcapsules and microcapsules within the hemocyte
aggregates. Additionally, the stable microcapsules may attract more hemocytes and more resources for
immune response than the biodegradable ones. Thus, the application of biodegradable polyelectrolyte
microcapsules might be more recommended for physiological measurements inside crustaceans in vivo.

4. Conclusions

This study provides the first complex analysis of application of LbL-assembled polyelectrolyte
microcapsules in the crustacean organism on the example of E. verrucosus. It is also the first study
assessing the invertebrate immune response to PEG-covered implants. According to our results,
the central hemolymph vessel should be proposed as the most convenient organ for visualization of
fluorescent microsensors in most small crustaceans with translucent integument. The tested number
of microcapsules (that was sufficient for stable visualization in the central hemolymph vessel) did
not show lethal or sublethal toxic effects. Although the cellular immune response to the PEG-coated
microcapsules was delayed in comparison to microorganisms, it also was the case. Nevertheless,
during the first hours the proportion of involved hemocytes was low and could not affect a significant
number of microcapsules. This makes the application of such microcapsules for physiological sensing
possible, at least for the first several hours after injection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/8/1246/s1,
Figure S1: Checkup of E. verrucosus exoskeleton integrity after injection between the sixth and seventh segments
of pereon (area of the central hemolymph vessel), Figure S2: Melanization (dark area in the center) inside an
aggregate of hemocytes with microcapsules two days post introduction of microcapsules into the culture media,
Figure S3: Example of hemocyte accumulation around an aggregate of microcapsules one week post injection into
the central hemolymph vessel of E. verrucosus.
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Abstract: A collection of luminescent metal complexes have been widely used as oxygen probes
in the biomedical field. However, single intensity-based detection approach usually suffered from
errors caused by the signal heterogeneity or fluctuation of the optoelectronic system. In this work,
respective ruthenium (II) and terbium (III) complexes were chosen to coordinate a bipyridine-branched
copolymer, so that to produce oxygen-sensitive metallopolymer (Ru-Poly) and oxygen-insensitive
metallopolymer (Tb-Poly). Based on the hydrophobic Ru-Poly and Tb-Poly, a ratiometric luminescent
oxygen nanoprobe was facilely prepared by a nanoprecipitation method. The nanoprobes have
a typical size of ~100 nm in aqueous solution, exhibiting a green-red dual-wavelength emission
under the excitation of 300 nm and 460 nm, respectively. The red emission is strongly quenched
by dissolved oxygen while the green one is rather stable, and the ratiometric luminescence was
well fitted by a linear Stern—Volmer equation. Using the ratiometric biocompatible nanoprobes, the
distribution of intracellular oxygen within three-dimensional multi-cellular tumor spheroids was
successfully imaged.

Keywords: Th-containing polymer; Ru-containing polymer; ratiometric luminescence; nanoprobe; oxygen

1. Introduction

Molecular oxygen is a key component for maintaining physiological activities in almost all
living systems. Hence oxygen sensing is of great importance to understand related physiological
and pathological processes, such as cell respiration and tumor hypoxia [1,2]. In terms of in vivo or
in vitro oxygen sensing, luminescence-based approaches are much more attractive with the merits
of high sensitivity, high spatiotemporal resolution, and non-invasiveness [3,4]. Various luminescent
oxygen probes have been developed so far. In comparison, polymeric nanoparticles incorporated
with oxygen-sensitive dyes are the most competent probes, because the porous matrix can prevent the
doped dyes from interference by ions or biomolecules in complicated physiological environments,
while maintaining the free diffusion of oxygen molecules [5,6]. Ruthenium (Ru) (II)-based oxygen
probes are believed to be more stable than other luminescent metal complexes [7].

For most of the established luminescent oxygen nanoprobes, however, quantum yield and oxygen
sensitivity are more or less undermined by the concentration quenching of indicators or obstructed
diffusion of oxygen by the matrix [8,9]. Very recently we have presented a type of luminescent nanoprobe
based on Ru (II)-containing metallopolymers to bypass these issues [10]. Because the oxygen probes
[Ru(bpy)s]** reside on the particle surface, the nanoprobes exhibit strong red luminescence free
of aggregation-induced-quenching and high oxygen sensitivity. Another common disadvantage
of nanoprobes is the most widely adopted single intensity-based detection modality, which could
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be influenced by the incident lamp, detector, and uneven distribution of probes [11]. Although
lifetime-based sensing approaches are immune from the influence of these drawbacks, the complexity
and the demands on the optoelectronic components increase with the decreasing lifetimes. By contrast,
luminescence ratiometric approaches (2-wavelength) allow for more accurate and robust detection
with a built-in calibration. Lanthanide complexes have unique optical properties, such as narrow
emission bands and large Stokes shift [12]. In particular, their luminescence is hardly influenced by
oxygen due to the protection of 5s25p° outer-shell. Given that lanthanide ions could be chelated
to polymers [13-16], a ratiometric luminescent oxygen nanoprobe thus can be constructed by using
lanthanide-containing and Ru-containing metallopolymers as the reference and probe dye, respectively.

In this work, a bipyridine-branched hydrophobic copolymer was utilized to chelate Tb (III)
complex and Ru (II) complex, respectively, so that to produce oxygen-insensitive metallopolymer
(Tb-Poly) and oxygen-sensitive metallopolymer (Ru-Poly). Herein the green emissive Tb-Poly is chosen
under the consideration that the reference signal should be distinguished from the red sensing signal
of Ru-Poly. Taking advantage of the two metallopolymers, biocompatible luminescent nanoparticles
(NPs) were prepared by a nanoprecipitation method. The resulting NPs give a two-wavelength
emission under 300 nm and 460 nm excitation in aqueous solution, the ratio of which is highly
oxygen-dependent in the experimental conditions. Based on the ratiometric luminescence, intracellular
oxygen in monolayer cells and three-dimensional multi-cellular tumor spheroids were both detected.

2. Materials and Methods

2.1. Materials

Poly(styrene)-b-poly((4’-hydroxymethyl-[2,2’-bipyri-din]-4-yl) methyl acrylate) with a
molecular weight of 58,800 Da (PS-PBPyA, 42,000-b-16 800; PDI (Mw/Mn), 1.18) (P16178-SBPyA,
https://www.polymersource.ca/index.php?route=product/category&path=2_2190_16_105_2205_1069&
product_id=11572&subtract=1&serachproduct=yes&categorystart=A-1.1) and  polystyrene-graft-
ethylene-oxide functionalized with carboxy (PS-PEG-COOH, molecular weight: 36,500
Da of the PS moiety; 4600 Da of the PEG-COOH; PDI, 1.3) (P15019-SEOCOOHcomb,
https://www.polymersource.ca/index.php?route=product/category&path=2_23_119_2642_1067&
product_id=2600&subtract=0&serachproduct=yes&categorystart=A-1.1) were purchased from
Polymer Source, Inc. Terbium chloride hexahydrate (TbCl; 6H,0O) and acetylacetone (acac) were
obtained from Aladdin and SCR, Ltd. (Shanghai), respectively. 2,2’-Bipyridine (bpy), tetrahydrofuran
(THF) and N, N-dimethyl formamide (DMF) were provided by J&K Scientific, Ltd. (Beijing, China).

All solvents were prepared as analytical grade or chromatographically pure. All buffer components
were of biological grade without further purification unless otherwise mentioned. Ultrapure water
(>18.2 MQ) cm) was used among all experiments. The Ny and O, gas (>99.999%), stored in the steel
cylinder, were provided by Jinghui Gas Co., Ltd. (Beijing, China). All synthetic procedures were
carried out under an inert and dry nitrogen atmosphere using standard techniques.

2.2. Preparation of Ru- and Tb-Metallopolymer Based NPs (Ru-Tb NPs)

Taking advantage of the Ru-containing polymer (Ru-Poly was synthesized according to the
literature [10]) and Tb-containing polymer (Tb-Poly, whose synthesis route is showed in supporting
information and schematically depicted in Figure 1, along with their respective chemical structures),
Ru-Tb NPs were prepared by a modified nanoprecipitation method with the schema showed in Figure 2.
A mixture (200 pL, 100 ppm) of THF solution consisting of Ru-Poly, Tb-Poly, and PS-PEG-COOH
at a weight ratio of 7:3:2 was quickly injected into 8 mL of distilled water in a 25 mL vial under
vigorous sonication. The NPs were formed by the conglomerating of polymer as the sudden decrease
in solubility and hydrophobic interaction between polymer chains. Subsequently, the solution was
purged by continuous nitrogen on a 100 °C hot plate for 60 min to remove THF and further concentrate
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the NPs suspension. The final step is filtration through a 0.2 pm micrometer syringe filter to eliminate
larger aggregates. The resultant NP suspensions were stored at 4 °C for further use.
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Figure 1. Schematic illustration of the synthesis of Tb-containing metallopolymer (Tb-Poly).
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Figure 2. Schematic illustration of the preparation of Ru-Tb NPs.
2.3. Oxygen Calibration of Ru-Tb NPs

Oxygen calibrations for Ru-Tb NPs in aqueous solution were performed in a cuvette sealed with
Parafilm (Chicago, IL, USA). A WITT gas mixer (KM60-2, WITT, Witten, Germany) was used to control
the gas mixtures containing 0%, 5%, 10%, 15%, 20%, 25%, and 100% of O, balanced with N (100%,
95%, 90%, 85%, 80%, 75%, and 0%) with an accuracy of 1% absolute, respectively. Subsequently, the
0,-N; mixtures were bubbled through the cuvette for about 10 min, at which point the luminescent
intensity was recorded. The dissolved oxygen concentrations in aqueous solution were calculated by
the equation

[O2]/ppm = 43 (%0,/100%) 1)

where % O, is the concentration of oxygen in the bubbling gas, and 100% is the concentration of oxygen
in oxygen-saturated water (43 ppm).

2.4. Intracellular Localization of Ru-Tb NPs by Confocal Laser Scanning Microscopy

Hela cells (cancerous cervical tumor cell line) should be incubated in a 35 mm confocal culture
dish at 37 °C for 12 h firstly. After cells adhered onto the surface of the dish and reached a density
of 5 x 10* cells per dish, they could be treated with 2 mL. DMEM, including Ru-Tb NPs (30 pg mL™)
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for 6 h. The supernatant cell culture medium should be removed and the cells were washed by PBS
three times before microscopic measurements. Unlike the adhered cells, the 3D multi-cellular tumor
spheroids (MCTs) should be cultured for 7 days in a normal dish whose bottom was carpeted with
agarose. Then the MCTs were treated with the same DMEM consisting Ru-Tb NPs for 12 h and
transferred to the confocal dish before imaging. In all the experiments, luminescence and differential
interference contrast (DIC) images were recorded with a Nikon A1IR HD multiphoton confocal laser
scanning microscope. Emission wavelengths were collected at 585-625 nm (red channel, for Ru-Poly)
as the cells were excited at 488 nm, while the emissions at 525-565 nm (green channel, for Tb-Poly)
were monitored under mercury lamp excitation. The same two emission channels were observed
under two-photon excitation at 720 nm, while scanning Z-stack of MCTs.

2.5. Characterizations

The hydrodynamic size of NPs were tested by dynamic light scattering (DLS) using a Zetasizer
Nano instrument (Malvern Instruments, Malvern, UK). The morphology of NPs was investigated by
scanning electronic microscopy (SEM) taken on a JSM-7500dF (JEOL, Tokyo, Japan) at 15 kV. The UV-vis
absorption and steady-state emission spectra were measured on a Model V-550 spectrophotometer
(Jasco, Tokyo, Japan) and a Model F-4500 fluorescence spectrometer (Hitachi, Tokyo, Japan), respectively.
The metallopolymer structure was analyzed by proton nuclear magnetic resonance (‘H NMR)
measurements, which performed with a 600 MHz high-resolution NMR spectrometer (AVANCE
600 MHz FT NMR, Bruker, Bremen, Germany). The time-resolved photoluminescence experiments
were carried out on an FLS 980 PL spectrometer (Edinburgh, UK) excited with laser diodes.

3. Results and Discussion

3.1. Preparation, Characterization and Properties of Ru-Tb NPs

A Tb-containing metallopolymer (Tb-Poly) was firstly synthesized by coordinating the precursor
Tb(acac); 3H,O with bipyridine-branched polymer PS—-PBPyA (see the Supporting Information for
synthesis and 'H NMR data, Figures S1 and S2). Figure 3a shows excitation spectra of Tb(acac);
and Tb-Poly in DMF solution. Compared to Tb(acac)s, the excitation band of Tb-Poly blue shifts 33
nm due to the formation of a coordinate bond between Tb** and bpy ligand. Under the excitation
of a 300 nm light, Tb-Poly exhibit the typical intra-f-f transitions of Tb3* ion (Figure 3b, similar to
free Tb(acac)s in Figure S3). The multiplet transitions >Dy — "Fg 543 are clearly observed, as well
as a moderate emission at 545 nm. Time-resolved fluorescence of Tb-Poly was also measured by
monitoring the 545 nm emission (Figure S4), and the phosphorescence lifetime was obtained to be
1.183 ms by a biexponential fitting. It can be derived that the lifetime of Tb-Poly is increased in
comparison to that of Tb(acac); 3H,O (~0.8 ms) [17] as a result of the replacement of coordinated
H,O by bpy ligands. These results indicate that Tb(acac); is successfully chelated to the side chain
of PS-PBPyA. The hydrophobic metallopolymers Tb-Poly could be easily formed into NPs with a
modified nanoprecipitation method [10]. After the formation of NPs, however, a weak fluorescence
emerges ranging from 350 nm to 450 nm, as indicated in Figure 3b. Since free Tb-Poly in solution
is nonfluorescent in this range, it is reasonable to attribute this blue emission to coordinated bpy
ligands of Tb-Poly in NPs, i.e., the back donation from energy level Dy of Tb>* to chelated bpy in
solid matrix [18]. This postulation can be further demonstrated by the decreased luminescence lifetime,
from 1.183 to 0.94 ms (Figure S4), and lowered quantum yield, from 25.57% to 3.76% (Figure S5), of
Tb-Poly in NPs.
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Figure 3. (a) Excitation spectra of Tb(acac); 3H,O (black) and Tb-Poly (red) in DMF solution. (b)
Excitation and emission spectra of Tb-Poly in DMF (dash line) and in NPs (solid line), respectively.

The Ru-containing polymer (Ru-Poly) was similarly synthesized according to the procedures in
the literature [10]. Based upon Ru-Poly and Tb-Poly, Ru-Tb NPs were prepared in combination with
PS—PEG-COOH by the same nanoprecipitation method, in which the latter polymer is used to PEGylate
the NPs. The resultant Ru-Tb NPs have a typical size of ~100 nm in diameter (Figure 4a). The shape
and size are shown in the SEM image (Figure 4b). The doping ratio of Ru-Poly to Tb-Poly has been
optimized to render the comparable emission intensity in air-saturated environments (see Figure S6
for more details). A weight ratio of 7:3:2 (Ru-Poly: Tb-Poly: PS-PEG-COOH) is finally adopted to
prepare Ru-Tb NPs. It needs to point out that Ru-Tb NPs are based on a two-wavelength excitation,
corresponding to the absorption of bpy ligands in Tb-Poly and metal-to-ligand charge-transfer (‘MLCT)
in Ru-Poly, respectively. Ru-Tb NPs are very stable in various media (like water and DMEM culture)
due to the stabilization of PEG, which can be long-term stored without obvious changes in size
(Figure S7).
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Figure 4. (a) Dynamic light scattering and (b) scanning electron microscopy image of Ru-Tb NPs.

3.2. Oxygen Sensitivity and Calibration of the Ratiometric Ru-Tb Nanoprobes

The luminescence response of the ratiometric Ru-Tb NPs toward oxygen was investigated
by purging the aqueous suspension with a gas mixture of O/N,. As showed in Figure 5a, the
610 nm emission of Ru-Poly is strongly quenched with the increase of dissolved oxygen, while the
545 nm emission of Tb-Poly are kept rather constant. In small-sized nanoprobes, luminescence
oxygen quenching can be expressed by the linear Stern—Volmer equation, as in the case of the
homogeneous system,

Ro/R =1 =Ksy [O] @

where Ry is the intensity ratio (red emission at 610 nm versus green emission at 545 nm) in the absence
of oxygen, R the ratio in the presence of oxygen at a given concentration, Kgy as the Stern—Volmer
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quenching constant, and [O,] as the concentration of dissolved oxygen. The Stern—Volmer plot of the
intensity ratio of Ru-Tb NPs versus oxygen concentration is depicted in Figure 5b. The data were fitted
quite well by the linear function (the correlation coefficient >0.997), which is important for practical
applications. It needs to point out that the luminescent intensity of nanoprobes is decreased abnormally
in the case of oxygen-saturated solution (Figure 5a, 43 ppm) for both the green and red emission.
This may be caused by the loss of Ru-Tb NPs due to long-time purging by gas. If the detection modality
is based on single intensity, this experimental data would deviate from the linear Stern—Volmer plot
considerably. However, the robust ratiometric approach keeps the data still following a linear function
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Figure 5. Oxygen sensitivity of Ru-Tb NPs in aqueous solution: (a) Emission spectra under 300 nm and
460 nm excitation at various oxygen concentrations (from top to bottom is 0 (nitrogen saturated), 2.15,
4.3,8.6,10.75, and 43 ppm (oxygen saturated) in sequence). (b) Ratio of red and green luminescent
intensity-based Stern—Volmer plot. The experimental data (scatter) were calculated from the ratio
luminescence intensities at 610 and 545 nm and linearly fitted (solid line).

3.3. Intracellular Imaging of the Ratiometric Ru-Tb Nanoprobes

The cytotoxicity of Ru-Tb NPs was tested by MTT assay on living HeLa cells (see Figure S8).
The results show that a dosage of <33 pg mL! renders slight growth inhibition of cells (>85% cell
viability). Afterwards, the cellular uptake and distribution of Ru-Tb NPs were explored with confocal
microscopy with a dosage of 30 pg mL ! (Figure 6). It can be deduced from the fluorescence images (red
and green channels) and differential interference contrast (DIC) image that the PEGylated nanoprobes
can be efficiently uptaken by live cells. Because of the limitation of available lasers in common confocal
microscopy, the green channel is obtained under the excitation of a mercury lamp rather than a 300 nm
laser. As a result, the quality of the acquired image is not very clear, and a 720 nm light is thus used in
the following, based on the mechanism of two-photon excitation.

@ (b)

Figure 6. Images of HeLa cells treated with Ru-Tb NPs (30 pg mL~1): (a) red channel, excitation at

488 nm and emission at 585-625 nm; (b) green channel, excited by mercury lamp and emission at
525-565 nm; (c) overlay of red and green channels, together with the DIC image. In a merged picture,
colocalization of red and green signal results in orange areas. Scale bar = 50 um.
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Recently three-dimensional multi-cellular tumor spheroids (3D MCTSs) have been popularly
studied to mimic the real situation of solid tumor. MCTSs are a valid intermediate between monolayer
in vitro cells and in vivo tissue that are formed by heterogeneous cell aggregation [19]; the hypoxic
center of MCTSs provides an ideal place for monitoring oxygen. In this experiment, 300 pm MCTSs in
diameter can be obtained after 7 days’ cultivation from single Hela cell. For staining experiment, 30 ug
mL~! Ru-Tb NPs in DMEM medium were incubated with MCTSs for 12 h. Cells were visualized by
confocal microscopy immediately (Figure 7, and for the whole image, see the Figure S9). The Z-stack
confocal images are taken under two-photon excitation. Interestingly, red and green channels could be
monitored simultaneously under two-photon excitation at 720 nm, although the emission intensity is
weaker than excited under one-photon. The emission spectra of Ru-Tb NPs were measured under
excitation at 360 nm in aqueous solution, and the green and red emission peaks could be observed
clearly (Figure S10).

0.0 um -14.1 pm -28.2 um

-42.1 pm -56.2 pm -70.2 um

Figure 7. Z-stack of two-photon microscopy images of MCTs. The images were taken every 14.04 um
section from the top to bottom of intact MCTs. The green and red channel was collected at 525-565 nm
and 585-625 nm, respectively. The scale bar = 200 pm.

From Figure 7 and Figure S9, it can be seen that the intensity of red and green emission both
increase gradually with the Z-stack section depth (<~54 pum), indicating the efficient uptake of Ru-Tb
NPs by MCTSs. When the section depth is above 54 pum, the intensity of red emission decreases while
the green emission is rather constant. Obviously, the microenvironment of interest has a high oxygen
concentration which seriously quenches the luminescence of Ru-Poly. To display the distribution of
dissolved oxygen within MCTSs, the intensity ratio of red emission to green emission of Ru-Tb NPs at
the depth of —36 um is displayed in pseudocolor, and particularly, the spatial distribution of dissolved
concentration is roughly quantified by recording the intensity ratio along profiles spanning the section
with the confocal software (Figure 8). From the above results, the normoxic brim, and hypoxic core of
MCTSs can be discerned clearly.
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Figure 8. (a) Pseudocolor ratiometric intensity images (Ipg10/Ipsas) of sectional MCTs at depth of
—36 um and (b) intensity ratio along with profiles spanning labeled cells, as indicated by the lines
(yellow). The color bar from blue to orange corresponds to the increase of intensity ratio from 0 to 200.
Scale bar = 200 um.

4. Conclusions

In summary, we present a type of ratiometric luminescent nanoprobe (Ru-Tb NP) for intracellular
oxygen, which was based on two metallopolymers branched with oxygen probe [Ru(bpy)®]** and
reference dye [Tb(acac)3bpy]3+, respectively. The resultant Ru-Tb NPs have a hydrodynamic size
of ~100 nm in diameter, and are easily swallowed by living cells due to PEGylation. Ru-Tb NPs
exhibit a two-wavelength emission (545 nm/610 nm) under the excitation of 300 nm and 460 nm,
respectively. The red emission from Ru-Poly is significantly quenched by oxygen, while the green
emission from Tb-Poly is rather stable. The ratiometric luminescence towards oxygen is well fitted by
a linear Stern-Volmer equation. Under the two-photon excitation of a 720 nm light, distribution of
dissolved oxygen in MCTSs is successfully imaged with the ratiometric nanoprobes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/8/1290/s1.
Experimental detail on the chemical synthesis of Tb(acac)3 3H,O and Tb-Poly, temperature sensitivity, figures of
optical properties, and stability.
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Abstract: Cationic nanogels of N-isopropylacrylamide (NIPAM), including NIPAM-based cationic
fluorescent nanogel thermometers, were synthesized with a cationic radical initiator previously
developed in our laboratory. These cationic nanogels were characterized by transmission electron
microscopy (TEM), dynamic light scattering (DLS), zeta potential measurements and fluorescence
spectroscopy, as summarized in the temperature-dependent fluorescence response based on the
structural change in polyNIPAM units in aqueous solutions. Cellular experiments using HeLa
(human epithelial carcinoma) cells demonstrated that NIPAM-based cationic fluorescent nanogel
thermometers can spontaneously enter the cells under mild conditions (at 25 °C for 20 min)
and can show significant fluorescence enhancement without cytotoxicity with increasing culture
medium temperature. The combination of the ability to enter cells and non-cytotoxicity is the most
important advantage of cationic fluorescent nanogel thermometers compared with other types of
fluorescent polymeric thermometers, i.e., anionic nanogel thermometers and cationic/anionic linear
polymeric thermometers.

Keywords: fluorescence; imaging; nanogel; temperature; thermometer; thermometry

1. Introduction

Fluorescent molecular thermometers change their fluorescence properties (e.g., fluorescence
intensity, fluorescence quantum yield, fluorescence lifetime and maximum emission wavelength)
with temperature [1-5]. Fluorescent polymeric thermometers based on the combination of a
thermoresponsive polymer and an environment-sensitive fluorophore [6-12] are among the most
sensitive fluorescent molecular thermometers. Because of their function at the molecular level
in aqueous media, these sensitive fluorescent polymeric thermometers have been applied for the
thermometry of small subjects, such as microfluids [13,14] and even single living cells [15-25].
Fluorescent polymeric thermometers are classified into two categories of morphology: fluorescent
nanogel thermometer with crosslinking units to construct a nano-scaled particle [8,15] and fluorescent
linear polymeric thermometer without crosslinking units [6,7,16]. In general, the former is more robust
and less interactive with external molecules and ions, whereas the latter is capable of thermometry
with a higher spatial resolution, due to its diffusivity.

In 2009, we performed the first intracellular thermometry of live mammalian COS7 (African
green monkey kidney) cells using a fluorescent nanogel thermometer that was negatively charged,
due to the radical initiator ammonium persulfate (APS) used in its preparation [15]. For intracellular
thermometry, the microinjection technique was required for the introduction of anionic fluorescent
nanogel thermometers into live COS7 cells. If the ability to spontaneously enter live cells is expected, a
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fluorescent nanogel thermometer should be positively charged based on the established concept that
polycationic structures efficiently support the spontaneous entry of molecules into living cells [26-30].
However, the preparation of positively charged fluorescent nanogel thermometers has not been easily
realized because of the lack of cationic radical initiators.

In a recent communication published in 2018 [31], we reported the use of the first cationic radical
initiator, 2,2’-azobis-[2-(1,3-dimethyl-4,5-dihydro-1H-imidazol-3-ium-2-yl)|propane triflate (ADIP),
to prepare cationic nanogels, including a cationic fluorescent nanogel thermometer (Figure 1). In the
present article, we describe a detailed experimental procedure to prepare cationic NIPAM nanogels and
NIPAM-based cationic fluorescent nanogel thermometers using ADIP and present the comprehensive
physical and photophysical properties of these cationic nanogels (i.e., size, zeta potential and/or
temperature-dependent fluorescence properties) and the functions of the cationic fluorescent nanogel
thermometers in intracellular applications (i.e., ability to enter live cells, distribution in cells, cytotoxicity
and response to temperature variation). These experimental protocols and new functional data will
complement our earlier communication [31].
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NH N
\( /
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Thermoresponsive / \
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N N
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2CF3805”
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o
/N\/\N/ NH
N G
2 NH
=\’ c=0
SO,NMe, ‘(’c“z'é”')'
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Figure 1. Cationic fluorescent nanogel thermometer prepared with cationic radical

initiator ADIP (2,2’-azobis-[2-(1,3-dimethyl-4,5-dihydro-1H-imidazol-3-ium-2-yl)]Jpropane triflate).
NIPAM: N-isopropylacrylamide, DBD-AA: N-{2-(7-N,N-dimethylaminosulfonyl-2,1,3-benzoxadiazol-4-
yl)methylamino}ethyl-N-methylacrylamide, MBAM: N,N’-methylenebisacrylamide.

2. Materials and Methods

Bulletized procedures corresponding to Sections 2.2 and 2.4 were described in Supplementary
Materials.

2.1. Materials

NIPAM was purchased from FIJIFILM Wako Pure Chemical Corporation (98%, Osaka, Japan,
catalog no. 099-03695) and was purified by recrystallization from n-hexane. Cetyltrimethylammonium
chloride (CTAC, 95%, catalog no. 087-06032), NaCl (99%, catalog no. 196-01671) and KCl1 (99.9%, catalog
no. 164-13122) were purchased from FIJIFILM Wako Pure Chemical Corporation and were used without
further purification. MBAM (99%, catalog no. 148326) and N,N,N',N'-tetramethylethylenediamine
(TMEDA, 99%, catalog no. T22500) were purchased from Sigma-Aldrich Japan Inc. (Tokyo, Japan)
and were used without further purification. D,O was obtained from Cambridge Isotope Laboratories
(D, 99.9%, Tewksbury, US, catalog no. DLM-4-100). ADIP [31] and DBD-AA [32] were synthesized and
purified, as previously reported. Water was purified using a Direct-Q 3 UV system (Merck Millipore,
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Burlington, MA, USA). Dialysis membranes (MEMBRA-CEL MD34, Molecular Weight Cut Off: 14,000;
Pore size: 50 A) were purchased from Viskase Companies Inc. (Willowbrook, IL, USA).

35-mm Glass dish was purchased from Iwaki/AGC Techno Glass (Shizuoka, Japan, catalog no.
3960-035). Phenol red-free DMEM (Dulbecco’s modified Eagle’s medium, catalog no. 21063-029), FBS
(Fetal Bovine Serum, Hyclone, catalogno. SH30910.03), 0.5% Trypsin-EDTA (ethylenediaminetetraacetic
acid, catalog no. 15400054) and MitoTracker Deep Red FM (catalog no. M22426) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). DMEM (catalog no. 08458-45), Na,HPO,-12H,0 (98%,
catalog no. 31722-45) and KH, POy (99.5%, catalog no. 28721-55) were purchased from Nacalai Tesque
(Kyoto, Japan). HeLa (human epithelial carcinoma) cells were obtained from ATCC (catalog no. CCL-2,
Manassas, USA).

2.2. Preparation of Cationic Nanogels (NANOGEL-1 and NANOGEL-2) and Cationic Fluorescent Nanogel
Thermometers (NANOGEL-3~6).

NIPAM, DBD-AA, MBAM, TMEDA and/or CTAC were dissolved in 19 mL of water (for the
final concentration of each compound in a reaction mixture, see Table 1). Dry argon gas was bubbled
through the solution at 70 °C for 30 min to remove the dissolved oxygen. ADIP [31] in water (1 mL)
was added to initiate polymerization, and the mixture was stirred using a rod with a paddle at 250 rpm
and 70 °C for 1 h under an argon atmosphere. The mixture was then poured into 400 mL of water, and
the nanogels were precipitated by a salting-out technique. After purification by dialysis for at least
one week, the nanogel dispersions were freeze-dried. The purity of NANOGEL-1~6 was confirmed
by 'H-NMR measurements with a Bruker AVANCE 400 spectrometer (Billerica, MA, USA) in D,0O
(Figure S1). The yields are indicated in Table 1.

Table 1. Preparation of cationic nanogels (NANOGEL-1 and NANOGEL-2) and cationic fluorescent
nanogel thermometers (NANOGEL-3~6).

Final Concentrations in the Reaction Mixture

Name NIPAM MBAM DBD-AA TMEDA ADIP CTAC  Yield (%)
(mM) (mM) (mM) (mM) (mM) (mM)
NANOGEL-1 100 1 2.9 28 1.9 39
NANOGEL-2 100 1 2.9 28 14
NANOGEL-3 100 1 0.1 2.9 28 1.9 35
NANOGEL-4 100 1 0.2 2.9 28 1.9 47
NANOGEL-5 100 1 0.5 2.9 28 1.9 28
NANOGEL-6 100 1 1 2.9 28 1.9 46

2.3. Characterization of NANOGEL-1~6

TEM images were obtained with a Hitachi H-7100 transmission electron microscope
(Hitachi High-Technologies, Tokyo, Japan). A drop of the nanogel solution in ethanol
or water (0.01 w/v%, 5 puL) was placed on a formvar-coated copper grid. The specimen
was air-dried at room temperature and then examined at an accelerating voltage of 75 kV.
The hydrodynamic diameter and zeta potential were measured with a Malvern Instruments
Zetasizer Nano ZS (currently Malvern Panalytical, Malvern, UK). The samples were equilibrated
for 10 min at each temperature. The amount of fluorescent DBD-AA units in NANOGEL-3~6
was estimated from the comparison of the absorbance of their methanol solution with that of
N,2-dimethyl-N-(2-{methyl[7-(dimethylsulfamoyl)-2,1,3-benzoxadiazol-4-ylJamino}ethyl)propenamide
(e=11,000M~! cm~! at 444 nm) as a model compound [33]. The fluorescence spectra of NANOGEL-3~6
were recorded in water and a 150 mM KCl solution at various temperatures using a JASCO FP-6500
spectrofluorometer (Tokyo, Japan) with a Hamamatsu R-7029 optional photomultiplier tube
(Hamamatsu, Japan, operating range, 200-850 nm). The sample temperature was controlled using a
JASCO ETC-273T temperature controller (Tokyo, Japan).
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2.4. Introduction of Cationic Fluorescent Nanogel Thermometers into HeLa Cells

The HeLa cells were cultured on a 35-mm glass dish in high-glucose DMEM supplemented with
FBS at 37 °C with 5% CO,. The cationic fluorescent nanogel thermometers were introduced into the
HelLa cells by two different methods: a standard method using cells adhered to a glass-bottom dish
and a modified method using suspended cells. For the standard method, DMEM was removed from a
glass-bottom dish containing HeLa cells at 30-50% confluency, and the cells were rinsed with 1 mL of
1xPBS (phosphate buffered saline, 10xPBS containing 28.9 g of Na,HPO,4-12H,0, 2.0 g of KH,POy,
80.0 g of NaCl and 2.0 g of KCl in a 1 liter solution). Then, PBS was replaced by 1 mL of cationic
fluorescent nanogel thermometers in a 5 w/v% glucose solution (0.05 w/v%, 10 uL of a 5 w/v% stock
solution in water diluted in 990 uL of a 5 w/v% glucose solution). A 5 w/v% stock solution in water
was prepared and incubated at 4 °C at least overnight before the full solvation of nanogels. The dish
was incubated at 25 or 37 °C for 5, 10 or 20 min without CO, supply. After incubation, the nanogel
solution was removed, and the cells were rinsed with 1 mL of 1XPBS three times. Two milliliters of
phenol red-free DMEM was added to the dish before imaging.

For the modified method using suspended cells, HeLa cells cultured in 100 mm culture dishes
were rinsed with 1 mL of 1xXPBS, then treated with 0.5 mL of a 0.05 w/v% trypsin-EDTA-1xPBS solution
and incubated at 37 °C for 3-5 min. The detached cells were suspended in 9 mL of DMEM. One
milliliter of the cell suspension was transferred to 1.5 mL tubes and centrifuged at 1200 rpm at 4 °C
for 1 min. The collected cells were rinsed twice with 1 mL of 1xPBS, and then suspended in 1 mL of
cationic fluorescent nanogel thermometers in a 5 w/v% glucose solution. After incubation at 25 °C for
20 min without CO, supply, the cells were again collected by centrifugation at 1200 rpm at 4 °C for
1 min and rinsed with 1 mL of 1xXPBS three times before being suspended in 10 mL of DMEM. Two
milliliters mL of cell suspension was added to a 35-mm glass-bottom dish and incubated at 37 °C with
5 % CO; for one or two nights before observation.

2.5. Fluorescence Imaging of HeLa Cells

Confocal fluorescence imaging was performed using a TCS-SP5 laser scanning confocal microscope
equipped with an HCX PL APO Ibd.BL 63 x 1.4 N.A. oil objective (Leica Microsystems, Wetzlar,
Germany). Cells loaded with cationic fluorescent nanogel thermometers were excited by a 458 nm
argon laser, then the fluorescence images were acquired through bandpass 500-700 nm in a 1024 x 1024
pixel format, with zoom factors ranging from 1 to 10 and a scanning speed of 400 Hz. The contrast and
brightness of the fluorescence images were enhanced using Image] with a constant signal intensity
ratio. The incorporation efficiencies (%) of NANOGEL-6 were determined using Equation (1),

Incorporation efficiency (%) = number of cells containing NANOGEL-6
/mumber of cells x 100,

)

in which the total cell number was 183401, and the cells that showed a fluorescence intensity higher
than the threshold (equal to the maximum autofluorescence intensity) were counted as the “cells
containing NANOGEL-6". For the co-visualization of NANOGEL-6 and mitochondria, the HeLa cells
were stained with 50 nM MitoTracker Deep Red FM (MitoTracker DR) in phenol red-free DMEM for
5 min at room temperature and then treated with NANOGEL-6 by a standard method using adhered
cells. A 458 nm argon laser was used to excite NANOGEL-6, and a 633 nm HeNe laser was used to
excite MitoTracker DR. The fluorescence of NANOGEL-6 was collected through bandpass 500-600 nm,
and the fluorescence of MitoTracker DR was collected through bandpass 645-730 nm.
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3. Results

3.1. Preparation of Cationic Nanogels (NANOGEL-1 and NANOGEL-2) and Cationic Fluorescent Nanogel
Thermometers (NANOGEL-3~6)

The cationic nanogels (NANOGEL-1 and NANOGEL-2) and cationic fluorescent nanogel
thermometers (NANOGEL-3~6) were synthesized by radical polymerization, due to the cationic
radical initiator ADIP with the starting materials indicated in Table 1. Crude nanogels were
purified by reprecipitation with a salting-out technique and subsequent dialysis for at least one week.
The purity of NANOGEL-1~6 was confirmed by 'H-NMR measurements (Figure S1 in Supplementary
Materials). The moderate yields of NANOGEL-1~6 likely resulted from their substantial loss during the
reprecipitation (due to high hydrophilicity of NANOGEL-1~6 with cationic surfaces) and the long-term
dialysis. The size and surface charge were evaluated by TEM/DLS measurements and zeta potential
measurements (Figure 2), respectively, and are summarized in Table 2. The temperature-dependent
hydrodynamic diameters of NANOGEL-1~6 determined by DLS clearly show the thermosensitive
characteristics of the polyNIPAM units (cf., volume phase transition temperature of the polyNIPAM gel
is 32 °C [34]). Sufficient amounts of cationic terminals introduced by ADIP to increase the solubility of
nanogels resulted in the isolation of nanogels at a high temperature (45 °C) without aggregation (Table 2).
NANOGEL-1 without fluorescent DBD-AA units was obtained by referring to the concentrations of
monomers adopted for the preparation of anionic NIPAM nanogels [15]. Interestingly, the cationic
NANOGEL-2 could be obtained without CTAC, which is a rare example in the preparation of NIPAM
nanogels without any surfactant molecules [35]. Then, the cationic fluorescent nanogel thermometers
NANOGEL-3~6 were synthesized with various concentrations of an environment-sensitive fluorescent
monomer, DBD-AA. The amounts of fluorescent DBD-AA units in NANOGEL-3~6 were converted to
the corresponding concentrations when the nanogel concentration was 0.01 w/v% (Table 2).
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Figure 2. Characterization of NANOGEL-1 as a representative. (a) TEM image; (b) size distribution
measured by DLS (0.001 w/v% in water at 25 and 45 °C); (c) zeta potential distribution (0.1 w/v% in
water at 45 °C).

3.2. Fluorescence Responses of Cationic Fluorescent Nanogel Thermometers (NANOGEL-3~6) in
Aqueous Solutions

The fluorescence spectra of NANOGEL-3~6 (0.01 w/v%) in water and 150 mM KCl solution were
recorded with changing temperature (Figure 3). The fluorescence intensity ratio at 25 and 45 °C (defined
as the fluorescence enhancement (FE) factor) and the maximum emission wavelengths at 25 and 45 °C
are listed in Table 2. All samples showed fluorescence enhancements at approximately 32 °C, which
is the lower critical solution temperature of PNIPAM nanogels [34]. The heat-induced fluorescence
enhancement of NANOGEL-3~6 in 150 mM KCl solution was higher than that in water because of the
salting out effects. It is known that salts, including KCl accelerate the dehydration of NIPAM units
by hydrogen bonding with their amide groups and by increasing the surface tension of water in the
hydration shell around the hydrophobic groups [36,37]. Nevertheless, the salting out effects by KC1
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on the fluorescence responses of NANOGEL-3~6 were gradually saturated when the concentration
of KCl exceeded 50 mM (Figure S2), which is preferred for the use under intracellular conditions
(where [K*] is approximately 139 mM [38].) As indicated in Figure 3a and Table 2, the maximum
emission wavelength at a high temperature (i.e., 45 °C) was remarkably shorter than that at a low
temperature (i.e., 25 °C). This temperature-dependent maximum emission wavelength is due to
the functional mechanism of NIPAM-based fluorescent polymeric thermometers [6], i.e., the drastic
variation of the microenvironment near DBD-AA units with a heat-induced structural change in
NIPAM units. As cationic fluorescent nanogel thermometers contain many fluorescent DBD-AA units,
the heat-induced fluorescence enhancement became less with a small shift in the maximum emission
wavelength between 25 and 45 °C (e.g.,, NANOGEL-3 vs NANOGEL-6 in Table 2). The decrease in
sensitivity to the temperature variation is likely due to a structural disturbance of the thermoresponsive
nanogels by the relatively bulky DBD-AA units.

Table 2. Physical and photophysical properties of cationic nanogels (NANOGEL-1 and NANOGEL-2)
and cationic fluorescent nanogel thermometers (NANOGEL-3~6).

. 1 n n
Name Diameter (nm) Poie]:zal [DBD-AA FE Aem (nm) FE
I 3 - .
at25°C  at45°C mvyz Uit M) in 225°C  atasec  n150mM
Water KCl sol.

NANOGEL-1 270 + 31 123 +1.4 +47.8 £0.9 — — — — —
NANOGEL-2 284+7.8 117 £ 2.7 +56.9 £ 0.7 — — — — —

NANOGEL-3 232+25 902+72 +37.3+0.3 1.09 7.72 589 561 10.90
NANOGEL-4 311+24 151 £ 11 +45.0 + 1.0 242 6.03 585 563 8.60
NANOGEL-5 230 +32 133 + 4.0 +48.8 0.2 6.64 3.58 582 567 4.50
NANOGEL-6 314 +20 157 +£27 +53.5 + 0.2 12.0 1.95 577 570 2.30

! Determined by DLS. The av + s.d. of peak values in triplicate measurements. > At 45 °C. The av * s.d. of peak
values of triplicate measurements. 3 When the nanogel concentration is 0.01 w/v%. 4 Fluorescence enhancement
factor calculated as fluorescence intensity at Aem at 45 °C divided by that at 25 °C.

3.3. Introduction of Cationic Fluorescent Nanogel Thermometers into Mammalian HeLa Cells

The method for introducing cationic fluorescent nanogel thermometers was optimized using the
most strongly fluorescent NANOGEL-6 and HeLa cells as model mammalian cells. One should note that
weakly fluorescent nanogel thermometers with fewer DBD-AA units (e.g., NANOGEL-4) could not be
detected inside the HeLa cells at a low temperature (e.g., 30 °C) with the same laser excitation power and
detection sensitivity of the confocal laser scanning microscope used for the detection of NANOGEL-6.
Figure 4 shows the effect of incubation time at 25 °C on the incorporation efficiency of NANOGEL-6
when established standard conditions for cationic fluorescent polymeric thermometers (0.05 w/v% in a
5 % glucose solution [28]) were adopted. A high temperature (e.g., 37 °C) accelerated the introduction
of cationic fluorescent nanogel thermometers into the HeLa cells, but induced unfavorable aggregation
inside the cells. Therefore, we fixed the incubation time and temperature to be 20 min and 25 °C,
respectively, in the subsequent experiments. Figure 5 displays the representative transmission and
confocal fluorescence images of a HeLa cell containing NANOGEL-6, in which the mitochondria were
additionally stained by MitoTracker DR. The cationic nanogel thermometer NANOGEL-6 was detected
in the form of dots in the HeLa cells and remained inside them once introduced. While a significant
background noise was detected when cationic fluorescent nanogel thermometer NANOGEL-6 was
introduced into adherent HeLa cells, due to the attachment of NANOGEL-6 on the surface of a
glass-bottom dish, treatment of suspended HeLa cells with NANOGEL-6 could significantly reduce this
background noise (Figure 6). This alternative protocol, i.e., introducing NANOGEL-6 into suspended
HelLa cells, is considered for improving the sensitivity of intracellular thermometry by increasing the
signal-to-noise ratio.
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Figure 3. Fluorescence response of NANOGEL-3~6 to temperature variation. (a) Temperature-
dependent fluorescence spectra of NANOGEL-3 and NANOGEL-6 in water and 150 mM KCl aqueous
solution. The vertical units in (a) are identical.; (b) Fluorescence intensity of NANOGEL-3~6 in water
(open circle) and 150 mM KCl aqueous solution (closed circle) at Aem at 45 °C (see Table 2). The inset for
NANOGEL-6 is vertically expanded. Concentration of NANOGEL-3~6: 0.01 w/v%; excitation: 456 nm.
The shoulders at approximately 684 nm in the fluorescence spectra at 40 and 45 °C in panel (a) were
due to the scattered excitation light.
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Figure 4. Effects of the incubation time on the incorporation efficiency. The HeLa cells were treated
with NANOGEL-6 (0.05 w/v%) in 5 % glucose solution at 25 °C for the indicated durations. The vertical
bars represent the s.d. evaluated by at least four independent experiments.
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(@) (b) NANOGEL-6 ¢) Mito Tracker

Figure 5. Cationic fluorescent nanogel thermometer NANOGEL-6 in a live HeLa cell. (a) Transmitted
light image; (b) confocal fluorescence image of NANOGEL-6 (excitation: 458 nm; emission: 500-600 nm);

10 um

(c) confocal fluorescence image of mitochondria visualized with Mito Tracker DR (excitation: 633 nm;
emission: 645-730 nm); (d) merged image.
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Figure 6. Reduction of background noise in the fluorescence image of HeLa cells with NANOGEL-6
by the modified incorporation method using suspended cells. (a) Transmitted light image (left)
and confocal fluorescence image (right, excitation: 458 nm; emission: 500-600 nm) at 37 °C when
NANOGEL-6 was introduced into adherent HeLa cells attached on a dish.; (b) Transmitted light image
(left) and confocal fluorescence image (right, excitation: 458 nm; emission: 500-600 nm) at 37 °C when
NANOGEL-6 was introduced into suspended HeLa cells before scattering on the dish. The confocal
fluorescence images were focused on the glass surface of the dish. Color bars in the fluorescence images
indicate the fluorescence intensity (arbitrary unit).

3.4. Functions of Cationic Fluorescent Nanogel Thermometers inside HeLa Cells

The functions of NANOGEL-6 in HeLa cells were examined as a representative cationic fluorescent
nanogel thermometer. Similar to the response in aqueous solutions, the cationic fluorescent nanogel
thermometer NANOGEL-6 introduced into HeLa cells showed remarkable fluorescence enhancement
when the temperature of the culture medium was increased (Figure 7).

Another unique property of cationic fluorescent nanogel thermometers prepared by ADIP is
non-cytotoxicity. As demonstrated in Figure 8, the HeLa cells containing NANOGEL-6 were capable
of dividing in a similar manner to those without staining (i.e., control). The fluorescence response of
NANOGEL-6 to temperature variation was confirmed for the HeLa cells incubated for one day after
the introduction of NANOGEL-6 (Figure 8).
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Figure 7. Fluorescence response of NANOGEL-6 in live HeLa cells. (a) Transmitted light image at
37 °C; (b) confocal fluorescence image (excitation: 458 nm; emission: 500-600 nm) at 24 °C (left), 30 °C
(middle) and 37 °C (right). Color bars in the fluorescence images indicate the fluorescence intensity
(arbitrary unit).
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Figure 8. Non-cytotoxicity and long-term functionality of NANOGEL-6 in live HeLa cells. (a) Growth
of HeLa cells containing NANOGEL-6 and none (control) (mean + s.d.); (b) Transmitted light image
at 37 °C (left) and confocal fluorescence image (excitation: 458 nm; emission: 500-600 nm) at 24 °C
(middle) and 37 °C (right) at 24 h after the introduction of NANOGEL-6 into the cells. Color bars in the
fluorescence images indicate the fluorescence intensity (arbitrary unit).

4. Discussion

In the present study, we demonstrated the synthesis of cationic nanogels (NANOGEL-1~6) and
presented a functional assessment of cationic fluorescent nanogel thermometers (NANOGEL-3~6).
One of the important advantages of fluorescent polymeric thermometers is the capability of functional
integration by introducing additional units into a macromolecule. In the case of NANOGEL-3~6,
the NIPAM units were assumed to be sensitive to temperature variations, whereas the DBD-AA
units produced a fluorescence signal. The crosslinker MBAM units provided the robustness of
nanoparticles. The positive charges on the surface, which originated from the radical initiator ADIP,
enabled spontaneous entry into mammalian cells. Non-cytotoxicity was also a consequence of this
cationic surface of the nanogel. Targeting to organelles by attaching a specific signal on the surface or
signal normalization by introducing a second reference fluorophore [39] will be expected to improve in
the future.

Table 3 summarizes both the advantages and disadvantages of the four types of fluorescent
polymeric thermometers ever developed. Now, we can fill the last empty column in Table 3. In general,
cationic fluorescent thermometers are more useful than anionic ones because the former can be
introduced into mammalian cells under mild conditions without a microinjection technique so that
a large number of samples can be treated. Fluorescent nanogel thermometers and fluorescent linear
polymeric thermometers are complementary: fluorescent nanogel thermometers show low toxicity
to live cells, but the spatial resolution in intracellular thermometry is low, while fluorescent linear
thermometers show opposite characteristics. Recently, biological and even medical researchers have
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begun to utilize fluorescent polymeric thermometers in their own studies [40—42]. The cationic
fluorescent nanogel thermometers developed in this study will contribute to the field of intracellular
thermometry, due to their remarkable non-cytotoxicity, which will enable long-term observations.

Table 3. Comparison of fluorescent polymeric thermometers for intracellular thermometry.

1
Charge Nanogel Linear Polymer
Morphology

- moderate spatial resolution
(single-cell level) 2

Cationic - spontaneously entering
into cell - relatively high cytotoxicity &

- high spatial resolution (200 nm) 3
- spontaneously entering into cell

- non-cytotoxicity

- moderate spatial resolution high spatial resolution (200 nm) 3

; 2
(single-cell level) - requiring microinjection
- requiring microinjection

- relatively low cytotoxicity

Anionic
relatively high cytotoxicity *

! Neutral fluorescent polymeric thermometers cannot be utilized for intracellular thermometry, due to serious
aggregation under the high ionic strength inside living cells. ? The average temperature of a single cell can be
monitored. 3 The temperature distribution inside a cell can be imaged. * Interfering with cell division.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/8/1305/s1,
Figure S1: TH-NMR charts of NANOGEL-1~6, Figure S2: Effects of the KCl concentration on fluorescence
responses of NANOGEL-3 as a representative. The fluorescence intensity is normalized at 25 °C. The samples
were excited at 456 nm.

Author Contributions: Conceptualization, S.U.; methodology, S.U.; validation, T.H., K.K. and S.U.; formal analysis,
TH. and S.U.; investigation, T.H., KK, N.I. and S.U.; resources, N.I. and S.U.; writing—original draft preparation,
S.U.; writing—review and editing, T.H., N.I. and S.U; visualization, T.H. and S.U.; project administration, N.I. and
S.U.; funding acquisition, N.I. and S.U.

Funding: This research was funded by the JST (Development of Advanced Measurement and Analysis System)
and JSPS (Grant-in-Aid for Scientific Research (B) (17H03075)).

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Uchiyama, S.; de Silva, A.P; Iwai, K. Luminescent molecular thermometers. ]. Chem. Educ. 2006, 83, 720-727.
[CrossRef]

2. Jaque, D.; Vetrone, F. Luminescence nanothermometry. Nanoscale 2012, 4, 4301-4326. [CrossRef] [PubMed]

3. Brites, C.D.S.; Lima, PP; Silva, N.J.O.; Millan, A.; Amaral, V.S; Palacio, E.; Carlos, L.D. Thermometry at the
nanoscale. Nanoscale 2012, 4, 4799-4829. [CrossRef] [PubMed]

4. Wang, X.-D.; Wolfbeis, O.S.; Meier, R.J. Luminescent probes and sensors for temperature. Chem. Soc. Rev.
2013, 42, 7834-7869. [CrossRef] [PubMed]

5. Carlos, L.D,; Palacio, F. (Eds.) Thermometry at the Nanoscale; Royal Society of Chemistry: Cambridge, UK,
2016.

6.  Uchiyama, S.; Matsumura, Y.; de Silva, A.P,; Iwai, K. Fluorescent molecular thermometers based on polymers
showing temperature-induced phase transitions and labeled with polarity-responsive benzofurazans.
Anal. Chem. 2003, 75, 5926-5935. [CrossRef] [PubMed]

7. Uchiyama, S.; Matsumura, Y.; de Silva, A.P.; Iwai, K. Modulation of the sensitive temperature range of
fluorescent molecular thermometers based on thermoresponsive polymers. Anal. Chem. 2014, 76, 1793-1798.
[CrossRef]

8.  Iwai, K;; Matsumura, Y,; Uchiyama, S.; de Silva, A.P. Development of fluorescent microgel thermometers
based on thermo-responsive polymers and their modulation of sensitivity range. J. Mater. Chem. 2005, 15,
2796-2800. [CrossRef]

170



Polymers 2019, 11, 1305

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hu, J.; Liu, S. Responsive polymers for detection and sensing applications: Current status and future
developments. Macromolecules 2010, 43, 8315-8330. [CrossRef]

Pietsch, C.; Schubert, U.S.; Hoogenboom, R. Aqueous polymeric sensors based on temperature-induced
polymer phase transitions and solvatochromic dyes. Chem. Commun. 2011, 47, 8750-8765. [CrossRef]

Li, C.; Liu, S. Polymeric assemblies and nanoparticles with stimuli-responsive fluorescence emission
characteristics. Chem. Commun. 2012, 48, 3262-3278. [CrossRef]

Uchiyama, S.; Gota, C.; Tsuji, T.; Inada, N. Intracellular temperature measurements with fluorescent polymeric
thermometers. Chem. Commun. 2017, 53, 10976-10992. [CrossRef]

Graham, E.M.; Iwai, K.; Uchiyama, S.; de Silva, A.P.; Magennis, S.W.; Jones, A.C. Quantitative mapping of
aqueous microfluidic temperature with sub-degree resolution using fluorescence lifetime imaging microscopy.
Lab Chip 2010, 10, 1267-1273. [CrossRef]

Cellini, F; Peteron, S.D.; Porfiri, M. Flow velocity and temperature sensing using thermosensitive fluorescent
polymer seed particles in water. Int. J. Smart Nano Mater. 2017, 8, 232-252. [CrossRef]

Gota, C.; Okabe, K.; Funatsu, T.; Harada, Y.; Uchiyama, S. Hydrophilic fluorescent nanogel thermometer for
intracellular thermometry. J. Am. Chem. Soc. 2009, 131, 2766-2767. [CrossRef]

Okabe, K; Inada, N.; Gota, C.; Harada, Y.; Funatsu, T.; Uchiyama, S. Intracellular temperature mapping with
a fluorescent polymeric thermometer and fluorescence lifetime imaging microscopy. Nat. Commun. 2012, 3,
705. [CrossRef]

Inada, N.; Uchiyama, S. Methods and benefits of imaging the temperature distribution inside living cells.
Imaging Med. 2013, 5, 303-305. [CrossRef]

Qiao, J.; Chen, C.; Qi, L.; Liu, M.; Dong, P;; Jiang, Q.; Yang, X.; Mu, X.; Mao, L. Intracellular temperature
sensing by a ratiometric fluorescent polymeric thermometer. J. Mater. Chem. B 2014, 2, 7544-7550. [CrossRef]
Hu, X,; Li, Y,; Liu, T.; Zhang, G.; Liu, S. Intracellular cascade FRET for temperature imaging of living cells
with polymeric ratiometric fluorescent thermometers. ACS Appl. Mater. Interfaces 2015, 7, 15551-15560.
[CrossRef]

Qiao, J.; Hwang, Y.-H.; Chen, C.-F; Qi, L.; Dong, P.; Mu, X.-Y.; Kim, D.-P. Ratiometric fluorescent polymeric
thermometer for thermogenesis investigation in living cells. Anal. Chem. 2015, 87, 10535-10541. [CrossRef]
Chen, Z.; Zhang, K.Y.; Tong, X.; Liu, Y.; Hu, C,; Liu, S.; Yu, Q.; Zhao, Q.; Huang, W. Phosphorescent polymeric
thermometers for in vitro and in vivo temperature sensing with minimized background interference.
Adv. Funct. Mater. 2016, 26, 4386-4396. [CrossRef]

Gong, D.; Cao, T,; Han, S.-C.; Zhu, X; Igbal, A.; Liu, W.; Qin, W.; Guo, H. Fluorescence enhancement
thermoresponsive polymer luminescent sensors based on BODIPY for intracellular temperature.
Sens. Actuators B Chem. 2017, 252, 577-583. [CrossRef]

Ding, Z.; Wang, C.; Feng, G.; Zhang, X. Thermo-responsive fluorescent polymers with diverse LCSTs for
ratiometric temperature sensing through FRET. Polymers 2018, 10, 283. [CrossRef]

Zhang, H.; Jiang, J.; Gao, P; Yang, T.; Zhang, K.Y,; Chen, Z; Liu, S.; Huang, W.; Zhao, Q. Dual-emissive
phosphorescent polymer probe for accurate temperature sensing in living cells and zebrafish using ratiometric
and phosphorescence lifetime imaging microscopy. ACS Appl. Mater. Interfaces 2018, 10, 17542-17550.
[CrossRef]

Qiao, J.; Chen, C.; Shangguan, D.; Mu, X.; Wang, S.; Jiang, L.; Qi, L. Simultaneous monitoring of mitochondrial
temperature and ATP fluctuation using fluorescent probes in living cells. Anal. Chem. 2018, 90, 12553-12558.
[CrossRef]

Morris, M.C.; Depollier, J.; Mery, J.; Heitz, E; Divita, G. A peptide carrier for the delivery of biologically
active proteins into mammalian cells. Nat. Biotechnol. 2001, 19, 1173-1176. [CrossRef]

Wadia, J.S.; Stan, R.V.; Dowdy, S.F. Transducible TAT-HA fusogenic peptide enhances escape of TAT-fusion
proteins after lipid raft macropinocytosis. Nat. Med. 2004, 10, 310-315. [CrossRef]

Tsuji, T.; Yoshida, S.; Yoshida, A.; Uchiyama, S. Cationic fluorescent polymeric thermometers with the ability
to enter yeast and mammalian cells for practical intracellular temperature measurements. Anal. Chem. 2013,
85, 9815-9823. [CrossRef]

Hayashi, T.; Fukuda, N.; Uchiyama, S.; Inada, N. A cell-permeable fluorescent polymeric thermometer for
intracellular temperature mapping in mammalian cell lines. PLoS ONE 2015, 10, e0117677. [CrossRef]



Polymers 2019, 11, 1305

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Inada, N.; Fukuda, N.; Hayashi, T.; Uchiyama, S. Temperature imaging using a cationic linear fluorescent
polymeric thermometer and fluorescence lifetime imaging microscopy. Nat. Protoc. 2019, 14, 1293-1321.
[CrossRef]

Uchiyama, S.; Tsuji, T.; Kawamoto, K.; Okano, K.; Fukatsu, E.; Noro, T.; Ikado, K.; Yamada, S.; Shibata, Y.;
Hayashi, T.; et al. A cell-targeted non-cytotoxic fluorescent nanogel thermometer created with an
imidazolium-containing cationic radical initiator. Angew. Chem. Int. Ed. 2018, 57, 5413-5417. [CrossRef]
Gota, C.; Uchiyama, S.; Ohwada, T. Accurate fluorescent polymeric thermometers containing an ionic
component. Analyst 2007, 132, 121-126. [CrossRef]

Gota, C.; Uchiyama, S.; Yoshihara, T.; Tobita, S.; Ohwada, T. Temperature-dependent fluorescence lifetime
of a fluorescent polymeric thermometer, poly(N-isopropylacrylamide), labeled by polarity and hydrogen
bonding sensitive 4-sulfamoyl-7-aminobenzofurazan. J. Phys. Chem. B 2008, 112, 2829-2836. [CrossRef]
Pelton, R. Temperature-sensitive aqueous microgels. Adv. Colloid Interface Sci. 2000, 85, 1-33. [CrossRef]
Pelton, R.H.; Chibante, P. Preparation of aqueous latices with N-isopropylacrylamide. Colloids Surf. 1986, 20,
247-256. [CrossRef]

Freitag, R.; Garret-Flaudy, F. Salt effects on the thermoprecipitation of poly(N-isopropylacrylamide) oligomers
from aqueous solution. Langmuir 2002, 18, 3434-3440. [CrossRef]

Burba, C.M.; Carter, S.M.; Meyer, K.J.; Rice, C.V. Salt effects on poly(N-isopropylacrylamide) phase transition
thermodynamics from NMR spectroscopy. . Phys. Chem. B 2008, 112, 10399-10404. [CrossRef]

Lodish, H.; Berk, A.; Kaiser, C.A.; Krieger, M.; Bretscher, A.; Ploegh, H.; Amon, A.; Scott, M.P. Molecular Cell
Biology, 7th ed.; W. H. Freeman: New York, NY, USA, 2013; p. 485.

Uchiyama, S.; Tsuji, T.; Ikado, K.; Yoshida, A.; Kawamoto, K.; Hayashi, T.; Inada, N. A cationic fluorescent
polymeric thermometer for the ratiometric sensing of intracellular temperature. Analyst 2015, 140, 4498-4506.
[CrossRef]

Tsuji, T.; Ikado, K.; Koizumi, H.; Uchiyama, S.; Kajimoto, K. Difference in intracellular temperature rise
between matured and precursor brown adipocytes in response to uncoupler and (3-adrenergic agonist stimuli.
Sci. Rep. 2017, 7,12889. [CrossRef]

Kimura, H.; Nagoshi, T.; Yoshii, A.; Kashiwagi, Y.; Tanaka, Y.; Ito, K.; Yoshino, T.; Tanaka, T.D.; Yoshimura, M.
The thermogenic actions of natriuretic peptide in brown adipocytes: The direct measurement of the
intracellular temperature using a fluorescent thermoprobe. Sci. Rep. 2017, 7, 12978. [CrossRef]

Hoshi, Y.; Okabe, K.; Shibasaki, K.; Funatsu, T.; Matsuki, N.; Ikegaya, Y.; Koyama, R. Ischemic brain injury
leads to brain edema via hyperthermia-induced TRPV4 activation. J. Neurosci. 2018, 38, 5700-5709. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172



a polymers MBPY

Article

A Cu(II) Indicator Platform Based on Cu(II) Induced
Swelling that Changes the Extent of
Fluorescein Self-Quenching

Feifei Wang t, Roy P. Planalp and W. Rudolf Seitz *

Department of Chemistry, University of New Hampshire, Durham, NH 03824, USA;

fsqg5@wildcats.unh.edu (FW.); Roy.Planalp@unh.edu (R.P.P.)

* Correspondence: rudi.seitz@unh.edu; Tel.: +1-603-862-2408

t Current address: Department of Chemical and Materials Engineering, University of Alberta, Edmonton, AB
T6G 1H9, Canada; fwang3@ualberta.ca; Guangzhou Medical University, Guangzhou 511436, China.

Received: 26 June 2019; Accepted: 13 November 2019; Published: 25 November 2019

Abstract: In this study, we established a new fluorescent indicator platform. The responsive element
consists of poly(N-isopropylacrylamide) nanospheres that include small percentages of fluorescein
and a ligand, anilinodiacetate (phenylIDA). Nanosphere diameters were determined to be in the
range from 50 to 90 nm by scanning electron microscopy. They were entrapped in a polyacrylamide
gel to prevent nanosphere aggregation. At pH 6, the ligand is negatively charged in the absence
of metal ions. Charge-charge repulsion causes the nanosphere to swell. Dynamic light scattering
measurements show that these nanospheres do not shrink and aggregate at high temperature. Cu(II)
binding neutralizes the charge causing the particles to shrink. This brings fluoresceins closer together,
increasing the degree of self-quenching. The intensity decreases by 30% as Cu(ll) concentration
increases. To rule out the possibility that the observed decrease in intensity was due to Cu(Il)
quenching of fluorescence, we also added Zn(Il) and observed a decrease in intensity. This approach
can be adapted to sense different metal ions and different concentrations of Cu(Il) by changing
the ligand.

Keywords: self-quenching; pNIPAM; cross-linked nanoparticles; copper; PA gel

1. Introduction

Cu(II) is an active producer of oxidative stress for both plants [1-3] and animals [4]. Human uptake
of Cu is usually in the range of 0.6-1.6 mg per day [5]. Excess uptake of Cu in human beings is
related to cancer and aging [5]. It is also reported to be related to diseases of the nervous system such
as Alzheimer’s, Menkes, and Wilson diseases [6,7]. Because of its biological effects, control of Cu
contamination is an important aspect of environmental protection.

The biotic ligand model (BLM) considers the interactions of all parameters in a natural system to
predict the bioavailability of metal ions [8,9]. Bioavailable Cu concentrations predicted by the BLM
correlate well with measured Cu LC50s. Total Cu does not correlate well with actual toxicity [9].
However, the BLM is based on an indirect measurement of bioavailable Cu(Il), that is, it is based on
measurements of organic carbon, pH, other metal ions and several other parameters. At present there
is no viable method for measuring bioavailable Cu(II) directly.

Several studies report ligands that change fluorescence when they bind Cu(Il). These can
potentially be used to measure bioavailable Cu(Il). There are some fluorogenic ligands that have
increased fluorescence when they bind Cu(Il) [10-13]. However, some of them can only be applied in
organic solvents such as THF [10] and acetonitrile [11,14], which are not appropriate for the detection
of bioavailable Cu(ll) in water systems. Low sensitivity, long response times, poor selectivity and
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ligands with inappropriate Cu(II)-complex formation constants are other problems that render reported
ligands unsuitable for Cu(II) monitoring.

Many other fluorescent sensors have decreased or “turn off” fluorescence upon Cu(Il) binding due
to Cu quenching of the fluorogenic ligands [15-17]. The strategy of developing a fluorogenic ligand
that is capable of measuring bioavailable Cu(II) has yet to succeed. Furthermore, even if successful,
it would only be applicable to Cu(II).

We prefer to base detection on metal ion induced changes in a water-soluble polymer conformation
detected via fluorescence. This approach separates the fluorophore from the metal, rendering it less
subject to metal ion quenching, a frequent issue with Cu(ll). Furthermore, the selectivity of this approach
can be modified by changing the ligand while keeping the rest of the indicator platform. Du et al.
synthesized a ratiometric fluorescent Cu(Il) indicator platform [18]. Cu(Il) binding neutralizes the
charge on the ligand, which causes poly(N-isopropylacrylamide) (pNIPAM) to change conformation.
This in turn affects the environment of a dansyl comonomer [18]. The indicator developed by Yao
et al. [19] is based on fluorescence resonance energy transfer (FRET) [20]. Cu(II) binding introduces
positive charge repulsion which separates copolymer strands disrupting FRET. However, neither of
these systems has the required sensitivity for environmental Cu(Il) measurements. In Du et al.’s
indicator, the fluorophore utilized is not that efficient, and for Yao et al.’s indicator, the limit of detection
is not low enough. Osambo et al. demonstrated an indicator platform based on changes in FRET
accompanying metal ion induced nanoparticle swelling [21]. However, the excitation wavelength is
too short to be practical. We also synthesized ratiometric indicators with both donor and acceptor
fluorophores on the same polymer chain, but the signal changes with time due to slow polymer
untangling. Therefore, our goal is to demonstrate an indicator platform that is both stable and sensitive,
and involves wavelengths in the visible spectrum.

The indicator discussed in this paper is based on cross-linked pNIPAM nanoparticles. A negatively
charged ligand is used to make the nanoparticle swell in the absence of metal ions. Addition of
metal ions neutralizes the negative charge causing the nanoparticle to shrink. This results in a
change in fluorescein concentration per unit volume. The fluorescence signal of fluorescein decreases
with increasing concentration due to self-quenching when the concentration is above a critical
concentration [22]. Our approach is illustrated schematically in Figure 1. However, nanoparticles
alone can undergo self-agglomeration, which affects the volume change, and may also block the Cu(II)
binding sites. In order to avoid agglomeration, the nanoparticles were embedded in a polyacrylamide
gel. The PA gel increases the stability of the single nanoparticles. This approach makes it possible to
synthesize particles with a wider range of sizes.

e BIS fluorescein © deprotonated phenyl-IDA

Ol
add Cu?*

>

or increase temperature >

Figure 1. Sensing mechanism of self-quenching poly(N-isopropylacrylamide) (pNIPAM) nanoparticles.
Because of the negative charges on the ligand, the nanoparticles swell. When Cu(Il) bind to the ligand,
the charge neutralization results in less swelling of the nanoparticles, hence the fluorescence intensity
also decreases.
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The data we show here are for Cu(Il). However, the approach is general because binding of other
metal ions will also change the charge on the polymer backbone leading to swelling or shrinking
depending on whether the charge increases or decreases. Thus, the indicator platform we demonstrate
here is applicable to other metal ions depending on the particular ligand that is incorporated into
the polymer.

2. Experimental Materials

Materials: Sodium  dodecyl sulfate (SDS), N-isopropyl acrylamide (NIPAM),
N,N’-Methylenebisacrylamide (BIS), fluorescein o-acrylate, potassium persulfate (KPS), acrylamide,
ammonium persulfate (APS), N,N,N’,N’-Tetramethylethylenediamine (TEMED), Copper (II) nitrate
trihydrate, and Zinc (II) nitrate hexahydrate were purchased from Sigma-Aldrich. Aqueous solutions were
prepared from doubly distilled water from a Corning Mega-Pure distillation apparatus. Dialysis tubing
with a molecular weight cut-off (MWCO) of 3.5-5 kDa was purchased from Spectrum Labs.

Equipment: Fluorescence responses were measured using the scan mode on a Varian Cary Eclipse
fluorometer equipped with a Peltier thermostatted single cell holder. Scanning Electron Microscopy
(SEM) was performed on a Tescan Lyra3 GMU Focused Ion Beam (FIB) SEM. A Branson model
1800 sonicator was used for reagent dissolution and sonication. A Buchi RE111 Rotavapor was used to
evaporate solvents. Separation of precipitated polymer from the solution was performed on a Beckman
GP centrifuge (8000 rpm) or an Eppendorf centrifuge 5415 C (14,000 rpm). A FreeZone Plus 2.5 Liter
Cascade Benchtop Freeze Dry System was used to lyophilize samples.

3. Procedures

3.1. The Synthesis of Anilinodiacetic Acid Ligand (Phenyl-IDA) in Ester Form (Tert-Butoxycarbonyl
Methyl-(3-Vinyl-Phenyl)-Amino) Acetic Acid Tert-Butyl Ester

The esterified ligand was synthesized according to previous literature [21]. The structure is shown
in Figure 2. The esterified ligand (compound a) was copolymerized into the indicator platform and
then hydrolyzed to the acid form (compound b). It was deprotonated (compound c) in pH 6 buffer.

X 0 >< 0 0
oJ\ 0 HO)H OH 6)1\ 0
e IS B

C

a b

Figure 2. Hydrolysis and deprotonating of phenyl-IDA ligand: (a) Phenyl-IDA ester; (b) Phenyl-IDA;
(c) Deprotonating phenyl-IDA.

3.2. Emulsion Polymerization of Self-Quenching pNIPAM Nanoparticles

Surfactant, sodium dodecyl sulfate (SDS) (0.14 g, 0.5 mmol) was added to a round bottom
flask containing 45 mL deionized water. 1.4 g (12.3 mmol) NIPAM, 0.038 g (0.246 mmol)
N,N’-Methylenebisacrylamide (BIS), 0.005 g fluorescein o-acrylate and 0.095 g (0.2 mmol) phenyl-IDA
ligand in ester form were added to the mixture under stirring. The solution was stirred and degassed
with Ny for 30 min. Then the flask was placed in an oil bath at 70 °C. 0.05 g (0.2 mmol) potassium
persulfate (KPS) was dissolved in 5 mL DI water, degassed for 5 min and injected into the heated reaction
mixture with a syringe. After 6 h, polymerization was quenched by exposure to air. The mixture was
dialyzed against deionized water using dialysis tubing with a 3.5-5 kDa molecular weight cut-off with
stirring. The water was changed twice daily. After 7 days, the mixture was lyophilized to obtain a pale
yellow powder.
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3.3. Remoual of the Ester to Produce the Ligand

The lyophilized nanoparticles with phenyl-IDA were suspended in 50 mL 1 M H,SOy4 solution in
a round bottom flask. Acidification (Figure 2) was conducted in an oil bath at 50 °C with stirring for 8 h.
Then the mixture was filtered through a glass frit and rinsed with water several times. Another round of
acidification was conducted to make sure all of the ligand was hydrolyzed to the acid form. The product
was lyophilized and then characterized using a fluorometer and SEM.

3.4. Self-Quenching Cross-Linked Nanoparticles Embedded in the PA Gel

Acrylamide (0.475 g), BIS (0.025 g), 250 uL 20x Tris/Borate/EDTA (TBE) buffer and dry pNIPAM
particles obtained from the above procedure were added to the 20 mL vial. DI water was added to
the vial to bring the volume to 3.83 mL. The solution was degassed for 15 min. Then 20 uL 10% (w/v)
APSand 4 pL TEMED were added to the mixture and the solution was gently but thoroughly swirled.
The gel solution was quickly and gently introduced into the mold and covered to minimize exposure
to oxygen. Gel polymerization proceeded for 2 h. The obtained PA thin film (1 mm) was placed in DI
water for 2 days and rinsed with DI water several times in order to remove unreacted monomer and
TBE buffer.

3.5. Fluorescence Measurement of Nanoparticles Alone

Fluorescence was measured in a 3 mL polystyrene cuvette with 0.1 M pH 6 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer. This pH keeps the phenyl-IDA ligand in its deprotonated
form (compound c in Figure 2) since the pKa; of N-Phenyliminodiacetic acid is 2.41 and the pKa,
is 5.05 [23]. This pH also prevents Cu(OH), formation. The particles were suspended in the buffer.
The concentration of phenyl-IDA ligand is 107> M in the cuvette based on the calculations using feed
amounts. Cu(Il) ions were added from a Cu(NO3); stock solution to the cuvette with a micro pipette
in pL, to avoid a significant volume change. Cu(Il) concentrations were increased from pCu 7 to
pCu 4. Zn(Il) ions were added from a Zn(NO3), stock solution to the cuvette with a micro pipette
in pL. Since Zn(II) has a lower formation constant with phenyl-IDA, the concentration of Zn(II) was
directly brought up to 107* M to see the response. Both excitation and emission slit widths were 10 nm.
The sample was excited at 450 nm. The particles show fluorescein emission at 514 nm.

3.6. Fluorescence Measurement of Nanoparticles Embedded in the PA Gel

The PA gel formed with self-quenching pNIPAM nanoparticles was immersed in DI water and
then rinsed several times in order to remove particles that are not immobilized in the gel. The thin film
(1 mm) of PA gel sample was fixed using a clean polytetrafluoroethylene (PTFE) holder with a hole so
that the gel can completely cover the hole. The location of the hole was adjusted to let incident light go
through the gel sample in the fluorometer (Figure 3). MOPS buffer of 0.1 M pH 6 was added to the
cuvette. The excitation wavelength was 450 nm. The slit widths were 5 nm. The sample emitted at
514 nm. The theoretical concentration of ligand phenyl-IDA in the cuvette is 107> M.
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Figure 3. PTFE holder with gel sample at the hole. The height of the hole can be adjusted in order to let
incident light go through it and let the detector receive the fluorescence.

4. Results and Discussion

4.1. Morphology of the Nanoparticles

Scanning electron microscopy (SEM) was used to study the morphological features of
self-quenching pNIPAM particles. The sample was taken from the stock suspension of 0.1 g/L
prepared with the lyophilized powder. A platinum sputtering layer was coated onto the sample stub
after the sample was dried.

The size of the dry particles ranges from 40 to 90 nm (Figure 4). The surface of the particles is
not that smooth, and there is some deformation in shape. Some of this is the result of two particles
merging to form a larger particle. There is not much agglomeration of nanoparticles, probably because
of the dilute solution.

177



Polymers 2019, 11, 1935

D1=78 nm @

D5 =45 nm 4 ¢
o ¥ ‘D3=77nm

“ D4 =41nm

SEM HV: 6.0 kV WD: 4.98 mm LYRA3 TESCAN

View field: 2.72 ym Det: In-Beam SE 500 nm
SEM MAG: 203 kx  Date(m/dly): 11/22/16 UNH UIC Imaging Core
161020

Figure 4. SEM image of self-quenching pNIPAM nanoparticles. The sizes of the particles range from
40 to 90 nm.

4.2. Fluoresence Study of the Self-Quenching pNIPAM Nanoparticles Alone

4.2.1. Thermal Response

PNIPAM has reverse solubility upon heating. The thermal response is characterized by a lower
critical solution temperature (LCST), where the pNIPAM abruptly transitions from hydrophilic to
hydrophobic. This occurs because hydrogen bonding gets weaker with increasing temperature,
reaching a point where it is no longer able to prevent hydrophobic collapse [24]. The LCST of pNIPAM
is in the range of 30-35 °C [25]. When the polymer chains are cross-linked, the polymer is swollen with
water below the LCST and collapses, excluding water above the LCST. Our pNIPAM nanoparticles
are prepared with 2 mol% BIS, 2 mol% phenyl-IDA, 0.2% (w/v) fluorescein o-acrylate and NIPAM,
by emulsion polymerization in order to control the diameter of the particles. The concentration
of fluorescein in the particles was set at 0.2 g per 100 g of nanoparticles, which is the critical
concentration for self-quenching [22]. This is based on the assumptions that the density of the
nanoparticles is 1 g/mL. Therefore we can get high fluorescence intensity and significant self-quenching
simultaneously. The fluorescence signal decreases with increasing temperature from 25 °C to 46
°C (Figure 5). This thermal response could be from both thermal quenching and particle shrinking
that leads to more self-quenching. When the temperature increases, pNIPAM shrinks, causing the
fluorescein to be closer to each other, which leads to self-quenching. Our data show only a small
decrease in fluorescence with temperature with no sign of a large change that would be indicative of
the thermal phase transition. From this we conclude that the presence of phenyl IDA in the polymer
chain is preventing hydrophobic collapse of the cross-linked nanoparticles. This is consistent with our
expectation that we have removed the t-butyl groups leaving carboxylates that are deprotonated at
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the pH of this measurement. The literature pKa; of N-Phenyliminodiacetic acid is 2.41 while pKa,
is 5.05 [23], so in the pH 6 MOPS buffer the phenyl IDA ligand is deprotonated to produce negative
charges. Based on the acid-base equilibrium, the fraction of the deprotonated form of ligand can be
estimated using Equation (1):

A =[L? )/cr, = KajKay/([H*]? + Ka; [H*] + Ka;Kay) 1)

where « is the fraction of deprotonated form of phenyl IDA ligand that has two charges, ¢, is the
total concentration of ligand. The fraction o of phenyl IDA with two charges is 89.9% in pH 6 buffers.
That means the rest of the ligand should have one charge. This calculation assumes that the published
solution pKa values for phenyl IDA apply to phenyl IDA that has been copolymerized with NIPAM.
In practice, this is unlikely. However, given the small value of pKa;, we feel safe in assuming that
essentially all the immobilized ligand is charged.
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Figure 5. Thermal response of self-quenching pNIPAM nanoparticles from 25 °C to 46 °C. The intensity
values in the right figure were taken from the peak intensity in the left figure. (ex: 450 nm, slit widths:
10 nm).

4.2.2. Response to Cu(II)

Cu(II) quenches fluorescence when bound to a fluorophore because it is paramagnetic [26].
This system avoids the problem by exploiting a polymer conformational change that leads to a change
in the emission from the fluorophore. The synthesized self-quenching pNIPAM nanoparticles exhibit
decreased fluorescence with increasing Cu(II) concentration, below and above the LCST (25 °C and
46 °C) (Figure 6). This occurs when Cu(Il) binding neutralizes the negative charges, causing particles
to shrink and the self-quenching of fluorescein to increase. There are big changes around pCu = 5.3.
This occurs when Cu(Il) concentration is close to the ligand concentration, which is estimated to be
107° M in the buffer based on initial amounts in the polymerization. This is sufficient to neutralize all
the charges on the polymer. The log Kf for Cu(II)-phenyl-IDA is 6.37, large enough so that essentially
all the Cu(II) is bound to ligand when the concentrations of both are close to 107> M. When the ligand is
on the polymer, water has less access to the charges on the ligand to stabilize them. Because of this we
expect the log Kf for Cu(II) phenyl-IDA to be somewhat larger than 6.37 for the polymer bound ligand.
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Figure 6. Cu(Il) response of self-quenching pNIPAM nanoparticles alone at 25 °C and 46 °C.
pCu = —log [Cu®*]. Smaller pCu represents higher Cu(II) concentration.

The concentration of the nanoparticles in the cuvette was 0.01 g/L in order to get an easily
measurable signal while still avoiding particle aggregation. The measurements of the response to Cu(II)
were taken within 10 min, and at either temperature, there was no visible aggregation. This relative
stability can be ascribed to the negative charges on the ligands. It is expected that the uncharged
nanoparticles may aggregate when the temperature is above the LCST.

4.3. Fluorescence Study of the Self-Quenching pNIPAM Nanoparticles Embedded in the PA Gel

The intensity change shown in Figure 6 is not as large as we expected. The possible cause is that
there is minor aggregation, which inhibits the volume change upon Cu(Il) binding. In order to prevent
aggregation, an embedding medium was developed. Polyacrylamide (PA) is a cross-linked gel that is
commonly used for polyacrylamide gel electrophoresis. PA gel is transparent, relatively chemically
inert and the pore size can be controlled [27]. These features make it not only a good support in
electrophoresis, but also a potential embedding medium for biological functional units like enzymes,
antibodies, and synthetic agents or particles [28,29]. The self-quenching pNIPAM nanoparticles were
embedded in a PA gel in order to prevent possible particle aggregation and increase the signal change.

The pore size of the gel was controlled to 3.4-34 nm by choosing the appropriate total monomer
concentration and weight percentage of cross-linker [30]. The pNIPAM nanoparticles were mixed with
the gel solution before polymerization and were trapped in the gel after gel formation.

The fluorescence intensity of the embedded nanoparticles continuously decreases with increasing
temperature (Figure 7). The higher signal is due to less aggregation. This change is much larger than
that of pNIPAM particles alone (Figure 5). This is due to the higher stability of particles in the PA
gel where they cannot aggregate, which affects the signal. The thermal phase transition of pNIPAM
can be observed as the slight slope change around 37 °C in the graph of fluorescence intensity vs.
temperature (Figure 7). This is consistent with the response of pNIPAM particles alone (Figure 5).
The decrease in the fluorescence intensity is very large, from 51 to 36 a.u as the temperature increases
from 25 to 46 °C. In a separate experiment we determined that the fluorescence of fluorescein decreases

180



Polymers 2019, 11, 1935

by approximately 1.1% per degree C for fluorescein in pH 6 buffer. This means that the decrease
observed in Figure 7 is greater than the temperature effect on fluorescein and, therefore, presumably
involves a degree of increased selfquenching due to particle shrinking. The change is 30%, much larger
than 5%, the change for particles only, as shown in Figure 5.
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Figure 7. Thermal response of self-quenching pNIPAM nanoparticles embedded in the polyacrylamide
(PA) gel from 25 °C to 46 °C. The intensity values in the figure on the right were taken from the peak
intensity at 515 nm in the figure on the left. The tailing before 500 nm is from the background scattering
of the PA gel. The peak at 530 nm is from the fluorescence of PTFE holder. (ex: 450 nm, slit widths:
5nm).

The Cu(ll) induced response of the embedded pNIPAM nanoparticles at 25 °C is also much
larger than that of the pNIPAM particles alone. The fluorescence intensity drops from 44 to 33 a.u.
This is due to the neutralization of the negative charges of phenyl-IDA by Cu(Il) binding (Figure 8).
Charge neutralization allows the particles to shrink, thus causing more fluorescein self-quenching.

In a control experiment, we determined that Cu(II) concentrations as high as 0.001 M did not
quench fluorescein fluorescence when Cu(Il) was added to solutions of fluorescein in pH 6 buffer.
This rules out the possibility of quenching by solution phase Cu(Il) as an explanation for the observed
intensity decrease.

The shapes of the fluorescence spectra of PA gel supported nanoparticles (Figures 7 and 8) are
different from those of nanoparticles alone (Figure 5). This is due to some background scattering
from the gel. The excitation wavelength was fixed at 450 nm in order to avoid the overlapping of the
scattering peak from water with the fluorescein peak.
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The metal ion response is slow because diffusion of metal ions into a PA gel takes more time
than binding to the pNIPAM particle alone. Because the pore size (3.4~34 nm) of the PA gel is much
larger than Cu (II), and PA has excellent hydrophilicity, the absorption of Cu(II) should be rapid. If the
PINPAM particles in the gel are evenly distributed, the metal ions are absorbed into the gel and bind to
the ligand. The binding of Cu(II) to the ligand may also be slowed down by the interaction with the
gel. The time it takes to reach equilibrium is hard to estimate. Therefore the data were collected when
the signal stabilized. The time it took to stabilize was about 10 min for each set of data.

The high signal intensity in Figure 8 is due to the stability provided by the PA gel. The nanoparticles
stay apart, leading to less self-quenching from adjacent particles. The concentration of the particles
in the gel can be decreased to a much lower level than 0.01 g/L with increased slit width. This is
important for the application to environmental monitoring since the concentration of the indicator
needs be lowered so that the presence of ligand does not perturb the natural system.

4.4. Zn(1I) Responses of Self-Quenching pNIPAM Nanoparticles Alone and Particles Embedded in the PA Gel

To confirm that the decrease in fluorescence intensity is mainly the result of the volume change
rather than Cu(Il) quenching, fluorescence measurements with Zn(II) addition were conducted.
Unlike Cu(II), Zn(II) does not quench fluorescence. Zn(Il) ions were added from a Zn(NO3), stock
solution to the cuvette. Both the pPNIPAM nanoparticles alone and the embedded pNIPAM nanoparticles
show decreased fluorescence signal upon Zn(II) addition (Figure 9). This response confirms that the
metal ions added to the particle cause a volume change, while some of the observed response to Cu(II)
may be due to quenching. We also see a decrease in intensity due to increased fluorescein self-quenching.

The literature formation constant for Cu(II)-phenyl IDA is log K¢ = 6.37 while that for Zn(II)-phenyl
IDA is log K¢ = 3.53 [31]. The ligand phenyl-IDA has much lower affinity towards Zn(II). With the
same level of indicator present, the Zn(II) addition may not have the same effect as Cu(Il) addition
because the Zn(Il) does not completely bind to the ligand. The decrease in intensity with Cu(II)
(Figures 6 and 7) is larger than with Zn(II) (Figure 9).

182



Polymers 2019, 11, 1935

50 4 R e 50 4

45

40

354

304

254

no Cu

20

intensity (a.u.)

nanoparticles only nanoparticles in PA gel nanoparticles only nanoparticles in PA gel

Zn response Cu response
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alone and particles embedded in the PA gel.

5. Conclusions

A fluorescent metal ion indicator based on cross-linked pNIPAM nanoparticles was synthesized
by copolymerizing fluorescein, ligand phenyl-IDA and NIPAM and cross-linker. The negative charges
on the ligand make the nanoparticle swell. When Cu(II) ions are added to the system, they bind to
the ligand and neutralize the negative charges, decreasing the swelling extent. The shrinkage of the
particles leads to a shorter distance between adjacent fluoresceins, thus increasing self-quenching.
The fluorescence intensity decreases with increasing Cu(II) concentration. Embedding the nanoparticles
in the PA gel causes a larger change in the quenching due to shrinkage.

This indicator platform has several advantages over other platforms: (a) This indicator responds
to Cu(ll), which normally quenches fluorescence. The separation of ligand and fluorophores makes
the binding site of Cu(Il) separate from the fluorophore, thus decreasing the paramagnetic quenching
effect on fluorescence. (b) The sensitivity and selectivity of the indicator can be modified by utilizing
different ligands without changing the excitation wavelength. Theoretically, the indicator platform
responds to all metal ions with appropriate ligands. (c) It was reported that a cross-linked structure
improves the thermal stability of polymers [32], and in this indicator platform, it also helps to solve
the problem of the stability of free-floating or end-grafted polymer chains, since the untangling of the
polymer chains is not an issue. The nanoparticles are also easy to purify and recycle by centrifugation.
(d) The self-quenching pNIPAM nanoparticles were embedded in a PA gel in order to prevent possible
particle aggregation and increase the signal change.

The ultimate purpose of the indicator is to measure bioavailable metal ions in the environment.
Future work may involve the application of a reference fluorophore in the gel to obtain
ratiometric measurements, which can reduce error due to instrumental drift and simplify calibration.
Meanwhile, we also plan to try an array with a donor fluorophore on one end of the pNIPAM chain
and an acceptor fluorophore on the other end, to get a much larger signal change. The sensitivity
can also be improved by using fluorophores with high quantum yield, and the limit of detection can
be improved with high Cu(Il) affinity ligands, which enables accurate readouts with low indicator
concentration. This is beneficial to environmental monitoring since the equilibria in the environment
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would not be disturbed by the indicator. Moreover, the indicator is expected to selectively respond to
target metal ions without the interference of other metals when metal-selective ligand systems are
incorporated into the polymer.
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Abstract: Because of their deep penetration capability in tissue, red or near infrared (NIR) fluorophores
attract much attention in bio-optical imaging. Among these fluorophores, the ones that respond to
the immediate microenvironment (i.e., temperature, polarity, pH, viscosity, hypoxia, etc.) are highly
desirable. We studied the response of six NIR aza-BODIPY-based and structurally similar fluorophores
to polarity and viscosity for incorporation inside Pluronic nanoparticles as switchable fluorescent
probes (SFPs). Based on our results, all of these fluorophores were moderately to strongly sensitive to
the polarity of the microenvironment. We concluded that attaching amine groups to the fluorophore
is not necessary for having strong polarity sensitive probes. We further studied the response of the
fluorophores when embedded inside Pluronic nanoparticles and found that four of them qualified as
SFPs. We also found that the switching ratio of the fluorophore-encapsulated Pluronic nanoparticles
(Ion-to-Iopr) is related to the length of the hydrophobic chain of the Pluronic tri-block copolymers.
As such, the highest switching ratio pertained to F-68 with the lowest hydrophobic block poly
(propylene oxide) (PPO chain of only 30 units).

Keywords: aza-BODIPY; environment-sensitive; polarity-sensitive; near-infrared fluorescence
imaging; temperature-sensitive; ultrasound switchable fluorescence probe; Pluronic; F-127; F-96;
F-68; thermosensitive

1. Introduction

Fluorescence imaging is a sensitive and noninvasive method for investigating physiological
and biomolecular processes in vitro and in vivo. Tuning the excitation light to 650-900 nm (red/near
infrared (NIR)) has made fluorescence imaging in centimeter-deep tissue possible [1]. The red/NIR
region is suitable for deep in vivo imaging as water and hemoglobin have their lowest absorption,
while tissue autofluorescence and scattering are relatively low [1-4]. Despite the advantages that
red/NIR imaging confers, there are a limited number of fluorescent dyes with excitation and emission in
this region. Indocyanine green (ICG), one of the cyanine family dyes, remains the only FDA-approved
NIR dye currently administered for clinical applications [1].
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Environment-sensitive fluorescent probes are capable of responding to changes in the immediate
microenvironment. By changing emission characteristics in response to stimuli or cellular conditions
such as polarity, pH, viscosity, hypoxia, ions, etc. [5,6], these probes often forewarn of a severe disease
(e.g., higher blood viscosity in diabetic patients [5,7] and lower pH and hypoxia in the tumor tissue of
cancer patients [8]).

Among the environmental stimuli, polarity is an important stimulus associated with
hydrophobicity of proteins and consequently a broad range of diseases such as Alzheimer’s, in which
elevation of hydrophobicity is concurrent with the increase in aggregation-prone proteins [9]. Inaddition
to conveying vital information about the degree of aggregation of proteins, polarity-sensitive fluorescent
probes have major applications in the synthesis of thermosensitive switches in conjunction with
thermosensitive polymers (Figure 1a).

Although temperature-sensitive fluorescent probes have been reported for numerous applications,
they suffer from low sensitivity. Rhodamine-B, a widely used probe for thermometry, has a mild
thermosensitivity of 2.3% per degree Kelvin [10]. Multicolor methods, on the other hand, have
not attained sensitivities of more than 10% [10]. By contrast, polarity-sensitive fluorescent probes,
in conjunction with thermoresponsive polymers, show a dramatic change in fluorescence intensity in
response to the change in polarity and, consequently, temperature.

Recently, a new polarity-sensitive fluorophore was introduced, and its characteristics and
application as a switchable fluorescent probe (SFP), when incorporated inside polymeric nanoparticles,
were studied [11]. In this system, the heat generated from the focused ultrasound would increase the
temperature of the tissue at the focus of the ultrasound. Increasing the temperature to above the lower critical
solution temperature (LCST) of the probes would elicit a response from the thermoresponsive polymer. The
shrinkage of the nanoparticle would affect its water content, and consequently decrease the polarity of the
immediate microenvironment of the fluorophores. This would trigger the fluorophore molecules to switch
from an “OFF” or dark state, at which they emit weakly, to an “ON" state, at which they emit strongly.

In pursuit of more versatile and stronger environment-sensitive probes, herein, a set of
aza-BODIPY-based and structurally related fluorophores were investigated, and their polarity and/or
viscosity sensitivity, as well as the structural characteristics leading to such behavior, were explored. The
response of the fluorophores was also tested when embedded inside Pluronic nanoparticles (Figure 1a,b).
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Figure 1. (a) Nanoparticles made of thermoresponsive Pluronic block copolymers, embedded with
polarity-sensitive fluorophores, respond to the increase in temperature. By shrinking and excreting
the water from the core of the nanoparticles, polarity is significantly decreased and polarity-sensitive
fluorophores switch to “ON.” (b) Pluronic F-127, F-98, and F-68 triblock copolymers with hydrophobic
and hydrophilic chains [12,13]. (c) A schematic of the optical measurement system.
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2. Materials and Methods

2.1. Fluorophore Characteristics

The optical properties of six aza-BODIPY-based and structurally related fluorophores were
investigated in regard to their structure as provided in Figure 2. All fluorophores were synthesized
by Dr. D'Souza’s team. The synthesis methods for fluoprophores 1, 3, 4, 5 and 6 have been reported
previously [2,14-16]. The synthesis method for fluorophore 2 is provided in Supplementary Materials
S4. The fluorophores’ names, excitation wavelength (Aex), and detection emission wavelength (Aem)
are summarized in Table 1. The fluorescence spectra are provided in Supplementary Materials S1.

-+
SOzK

Figure 2. Structure of the aza-BODIPY-based and structurally related fluorophores (synthesis methods
have been previously reported for fluorophores 1, 3, 4, 5, 6 [2,14-16] and for fluorophore 2 in
Supplementary Materials S4).

Table 1. Summary of the fluorophores’ names, excitation, and emission detection wavelengths adopted
in the experiments [2,14-16] and Supplementary Materials S4.

Fluorophore Name Abbrev. Name Aex (nm) Aem (nm)
1 Top Dimethyl amine ADPF2 TOP DMAADP 644 785/62 BP
2 Top Dimethyl amine ADPCNCA  TOP DMAADPCA 644 808 LP
3 Benzannulated ADPF2 Fused ADPF, 710 785/62 BP
4 ADP (OH), (Bottom) ADP(OH), (Bottom) 655 711/25 BP
5 Top (OH), ADP Top (OH), ADP 655 711/25 BP
6 ADP-Di Sulphonic acid ADP DI(SA) 644 711/25 BP
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2.2. Fluorescence Measurement System

The fluorescence measurement system utilized for lifetime and intensity measurements was
discussed in previous work [17,18], with minor changes to accommodate the temperature control
system and corresponding filters for different fluorescent dyes. Briefly, a combined laser system from
Optical Building Blocks Corporation (Birmingham, NJ, USA) generated an 800 ps pulse at the excitation
wavelength of each dye. All lenses used in the system were purchased from Thorlabs Inc. (Newton,
NJ, USA), if not otherwise stated. The generated fluorescence light passed through a converging lens,
and the corresponding emission band-pass or long-pass filter (BP, FF01-711/25-25, FF01-785/62-25, or
BLP01-808R-25 from Semrock, Rochester, NY, USA). The emitted fluorescent light was detected by a
photomultiplier tube (PMT, H10721-20, Hamamatsu, Japan). A pulse delay generator (PDG, DG645,
Stanford Research Systems, Sunnyvale, CA, USA) triggered the 2.5 GHz oscilloscope (DPO 7254,
Tektronix, Beaverton, OR, USA). The output of the PMT was converted to a voltage signal and was
amplified by a broadband preamplifier (C5594, bandwidth from 50 kHz to 1.5 GHz, Hamamatsu, Japan).
The signal was ultimately acquired by the multichannel and broadband oscilloscope. Each emission
decay pulse recorded from the oscilloscope, used for calculating fluorescence lifetime, was averaged
100 times. A temperature controller (PTC10, Stanford Research System, Sunnyvale, CA, USA) was
used to control the temperature (Figure 1c).

2.3. Fluorescence Emission Intensity and Lifetime Measurement

Since the fluorescence signal is acquired by an oscilloscope, the peaks of the decay curves indicate
the voltage, and are proportional to the fluorescence intensity. For lifetime calculations, the acquired
signal and the impulse response function were deconvolved and the decay curve was fitted to a
monoexponential decay function [18]. Calculations were done using MATLAB (Natick, MA), with
an iterative method to find the best fit with lowest residue. For fluorescence intensity calculations in
polarity experiment, after averaging the emission curves 100 times, a moving average filter (n = 5)
was applied, and the peak height of the decay curve was obtained in each solvent for all fluorophores.
Fluorescence intensity of each fluorophore in water was normalized to 1. For fluorescence intensity
calculations in fluorophore-encapsulated Pluronic nanoparticles, the same protocol was followed
without a moving average filter. Herein, the peak voltage of the decay curve at each temperature
was obtained (mV), and the switching ratio was calculated as discussed in the text. For comparisons
regarding the Pluronic nanoparticles, a two-tail ¢-test (equal variance) was conducted. Pearson linear
correlation coefficient was calculated with R program.

2.4. Solvents with Different Polarities

Fluorescence lifetime and emission intensity of the fluorophores were measured in different
solvents. Solvents were obtained from Sigma-Aldrich Corporate (St. Louis, MO, USA), if not otherwise
stated. Characteristics of the solvents used are provided in Table 2. The final concentration of
fluorophores was kept at 50 nM.

Table 2. Solvent properties [19-21].

Solvent Solvent Type E1(30) (kcal/mol) Dielectric Constant ¢
Water Polar protic 62.8 80.1
DMSO Dipolar aprotic 45.1 46.7

Dichloromethane Polar aprotic 40.7 9

Benzene Nonpolar 343 2.3
Toluene Nonpolar 33.9 2.4
Glycerol Polar protic 57 425
Ethylene glycol Polar protic 53.8 31.8
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2.5. Solvents with Different Viscosities

To cover a range of viscosities, different mixtures of ethylene glycol (EG) and glycerol (Gl) were
prepared. Solutions were prepared by mixing Gl and EG at different volume ratios: GI/EG (v/v) % of
(0/100)%, (16/84)%, (50/50)%, (75/25)%, (92/8)%, and (100/0)%. The viscosity of the mixtures (Table 3)
were measured with an A&D SV-10 Viscomter (Tokyo, Japan).

Table 3. Viscosities pertaining to GI/EG (v/v) % solutions.

Glycerol % 0 16 50 75 92 100
Viscosity (m Pa.s) 12.7 20.8 53.5 117.0 273.5 634.5

2.6. Preparation of Fluorophore-Encapsulated Pluronic Nanoparticles

Nanoparticles were synthesized based on a revised protocol from Pluronic block copolymers
consisting of poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO) [22]. Pluronic
F-127 (PEO100-PPO65-PEO100) [12] obtained from Sigma-Aldrich (St. Louis, MO, USA), as well as
Pluronic F-98 (PEO118-PPO45-PEO118) [13] and Pluronic F-68 (PEO80-PPO30-PEO80) [13] obtained
from BASF (Florham Park, NJ, USA), were dissolved in deionized water (D.I. water) at pH 8.5 with a 5%
(w/v) ratio with stirring. The fluorophores and tetrabutylammonium iodide (TBAI) from Sigma-Aldrich
(St. Louis, MO, USA) were dissolved with a molar ratio of 1:8 in 6 mL chloroform (Fisher Scientific,
Pittsburgh, PA, USA) by sonication using a bath ultrasonic cleaner (Branson 1510, Branson Ultrasonic
Corporation, Danbury, CT, USA) and added drop-wise to 15 mL of the Pluronic solution while stirring
at 1200 rpm. The sample was then sonicated with an XL-2020 probe-sonicator (Misonix, Farmingdale,
NY, USA), while the probe intensity was kept at ~5-5.5. The sample was then moved to a beaker
covered by aluminum foil with generated holes and stirred at 200-300 rpm overnight to evaporate
the chloroform (final concentration of fluorophores was kept at about 50 uM). Nanoparticles were
then filtered with (10,000 MWCO) Amicon ultra centrifugation filters (Merck Millipore, Billerica, MA,
USA) and large particles and/or impurities were filtered by 0.45 um membrane filters (Fisher Scientific,
Pittsburgh, PA, USA). The effect of filtration and dilution on LCST has been extensively studied in the
Supplementary Materials S3. For filtration, samples were diluted 5 times (for facilitating the process),
centrifuged at 4500 G with a Legend X1 centrifuge (Sorvall™ Legend™ X1, Thermo, Marietta, OH,
USA), reduced, and then brought back to the initial volume with D.I. water. All measurements were
done with filtered 1% samples, except for when the effect of filtration was studied, where 1% and 0.2%
samples, with and without filtering, were prepared.

3. Results and Discussion

3.1. Response to Polarity

To investigate the effect of polarity, the fluorescence intensity of the fluorophores, were measured in
different solvents. By changing the solvents, from water to toluene, the polarity of the microenvironment
changed 28.9 units of polarity index, Et (30). This polarity index was defined as the molar electronic
transition energy of the negatively solvatochromic pyridinium N-phenolate betaine dye as probe
molecule, measured in kilocalories per mole (kcal mol~1) at room temperature (25 °C), and normal
pressure (1 bar) [23]. Normalized fluorescence intensity vs polarity index is plotted in Figure 3.
The decay curves are provided in Supplementary Materials S2. The maximum emission peak for each
fluorophore among solvents is referred to as Imax, and the emission peak in water is denoted as Lyater-

As demonstrated in Figure 3, based on the normalized fluorescence intensity values, ADP(OH)2
Bottom (i.e., fluorophore 4) had the strongest dependency on the polarity with Iax-to-Iwater ratio of
~478, followed by Top (OH), ADP (i.e., fluorophore 5) with a ratio of ~9.58. Top Dimethyl amine
ADPCNCA (TOP DMAADPCA, i.e., fluorophore 2) and Top Dimethyl amine ADPF2 (TOP DMA ADP,
i.e., fluorophore 1) had a ratio of 3.77 and 5.04 times, respectively. ADP Di Sulphonic acid (ADP Di

191



Polymers 2020, 12, 540

(SA), i.e., fluorophore 6) had a ratio of 3.8 times, followed by Benzannulated ADPF2 (i.e., fluorophore
3) that had the lowest ratio of 2.16 times. A previous publication reported that Top Dimethyl amine
ADPF2 (TOP DMA ADD, i.e., fluorophore 1) has polarity sensitivity between 677 and 692 nm [14].
Because of the particular interest in the red/NIR region, we measured the polarity sensitivity between
723 and 847 nm, in this study.
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Figure 3. Peak fluorescence emission signal intensity vs solvent polarity. Power function fitted to the
points depicted with black squares. The fluorescence intensity in water is normalized to 1.

The significant decrease in the fluorescence intensity from the highest polarity value, observed for
fluorophores 3, 4, 5 and 6 in benzene and toluene (the last two squares) might be due to lower solubility
in highly nonpolar solvents. Since we are only interested in the response to polarity, the points in
which the fluorescence intensity was affected by solubility were shown with hollow squares and not
included in fitting. To limit the effect of solubility, very low concentrations (50 nM) were used, and no
aggregation was observed. In general, the fluorescence emission intensity of all the fluorophores
increased with the decrease in polarity. The existence of amine groups attached to the fluorophore
system seems unnecessary for generating a strong polarity-sensitive probe. As such, fluorophore 4 is a
highly sensitive probe, despite not having an amine group.

In the case of fluorophores with substitutions of electron-donating groups to the aryl rings attached
to the core of the fluorophore, polarity sensitivity was most prominent when the hydroxyl groups
were attached to the para position of aryls at 3- and 5- (fluorophore 4), and to a lesser degree, when
hydroxyl groups were attached to the meta position of the aryls at 1- and 7- (fluorophore 5), or when
the sulfonate groups were attached to the aryls at 3- and 5- positions (fluorophore 6). More conclusive
results were obtained by synthesizing Pluronic nanoparticles embedded with the fluorophores.

3.2. Response to Viscosity

The fluorescence intensity and lifetime of the fluorophores were measured in regard to the
viscosity of the environment, while polarity was kept relatively constant (below 3.2 units of Et (30)).
To quantitatively investigate the relationship between the fluorescence intensity with the viscosity,
the Forster—-Hoffmann equation was used [24,25]:

log (I) = C + X log(N) 1)

Here, Iis the peak emission intensity, 1l is the solvent viscosity, C is a constant related to temperature
and concentration, and X is a constant related to fluorophore properties. For each fluorophore, the
logarithm of signal peak in EG (lowest viscosity) was normalized to 1. As evident from the graphs
(Figure 4), the fluorescence intensity of fluorophores 2, 4, 5, and 6 was relatively insensitive to viscosity.
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The fluorescence intensity of ADP BF, (fluorophore 3) dropped in the viscous medium, while the
fluorescence intensity of fluorophore 1 increased about 14 times at the beginning, and then decreased.
The decrease in fluorescence intensity could be due to lack of a response to viscosity (fluorophore 3),
or a response (fluorophore 1) compounded by the decrease in fluorescent emission, caused by the
change in polarity in this experiment. It should be noted that by changing the composition of the
mixture, polarity changed 3.2 units of Et (30), and inevitably the response to viscosity was convolved
with the response to polarity. Although our result does not refute the fact that loss of energy due
to rotational motion happens, it implies that viscosity sensitivity is not a major contributor to the
phenomenon under study. Our data is consistent with previous studies reported in the literature that
phenyl substitutions at 3- and 5- positions cannot rotate freely as a result of the steric hindrance caused
by interaction of the hydrogen in the C-H bond with the fluorine atom from the BF2 [26,27].
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Figure 4. Fluorescence intensity in response to the change in the viscosity.

3.3. Fluorophore Encapsulation in Pluronic Nanoparticles

Based on the polarity sensitivity results, while all fluorophores responded to the change in polarity,
it was concluded that the attachment of amine groups to the fluorophore was not necessary for having
strong polarity-sensitive probes. For the next step, the fluorophores were encapsulated into Pluronic
F-127 nanoparticles, and their response to temperature was measured with increasing the temperature
(Figure 5). Fluorophore 4 was also encapsulated in Pluronic F-98 and F-68 nanoparticles, to investigate
the effect of hydrophobic and hydrophilic chain lengths of Pluronic nanoparticles.

As shown in Figure 5, when the temperature is below the LCST (lower critical solution temperature)
of the nanoparticles (black arrow), the fluorescence emission is very weak because the fluorophores in
the nanoparticles are exposed to a microenvironment in which water molecules are rich, and therefore,
the polarity is high and thus, the fluorophore has a low emission efficiency. When the temperature is
above the LCST, the fluorescence emission increases rapidly. Eventually, the fluorescence intensity
reaches a plateau (red arrow). This can be understood as follows. When the temperature is above the
LCST, the fluorophores in the nanoparticles are exposed to a lack-of-water microenvironment in which
the polarity is low, and thus the fluorophore has a high emission efficiency. Herein, the temperature
range between the first local maximum and the LCST is the temperature transition bandwidth (Tpy).
If the Ty, is as narrow as a few degrees, the Pluronic-fluorophore system can act as a switch, in which
the fluorophore is considered to be at an “OFF” state when temperature is below the LCST, and at an
“ON"” state when temperature is above the first local maximum.
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Figure 5. (a—f) Response of Pluronic F-127 loaded with fluorophores to the change in temperature.
Black arrows show the LCST and red arrows the first local maximum (major slope change in the
case of a plateau). (g) Pluronic F-127 nanoparticles loaded with fluorophore 4 acted as a very strong
switch. Both F-127 nanoparticles loaded with fluorophore 2, 3 and 5, act as moderate switches. F-127
nanoparticles loaded with fluorophore 1, and 6 did not qualify as a switch due to having a large Tpw
(=15 °C). (Values are based on Edge method).

For calculating the switching ratio (Ion-to-Iopr), two methods are proposed: (1) The edge method,
in which the amplitude of the voltage at the first local maximum (or in the case of a plateau, the first
point at major slope change) is divided by the amplitude of the voltage at the LCST, and (2) the vicinity
method, in which the amplitude of the voltage at the first local maximum is divided by the averaged
amplitude of the voltage of the points at the vicinity of the LCST (the temperature of choice below
LCST depends on the application, and 3 °C was chosen here).

As shown in Figure 5 and Table 4, Pluronic F-127 with fluorophore 4 had the highest ratio
of switching among all other fluorophores (46.74 times). Since the Ty for this system is 6 °C,
this polymer-fluorophore system qualified as a very strong switch.

Despite the (Ion-to-Iopr) ratio of Pluronic F-127 with fluorophore 1 (8.37 times), this system
doesn’t behave as a switch. This is due to the very large Tpw of more than 27 °C. Pluronic F-127 with
fluorophores 2, 3 and 5 with an (Ion-to-Iopr) of 4.97, 5.4 and 3.59 times, respectively, act as moderate
switches. F-127 nanoparticle system with fluorophore 6, has an (Ion-to-Iopr) of (1.81 times) over a
wide bandwidth of 15 degrees and didn’t behave as a switch.

Compared to F-127, Pluronic F-68 with fluorophore 4 elicits a higher value of Ion-to-Iogr of
72.74 times (Figure 6). Based on the Pearson linear correlation coefficient, there was a strong inverse
correlation between the switch ratio and the length of the hydrophobic chain of the Pluronic tri-block
copolymer. As such, the shorter length of the hydrophobic chain of the Pluronic tri-block copolymer
would yield a higher switching ratio (30 PPO units of F-68 compared to the 65 PPO units of F-127).
Although future research is needed to delineate this phenomenon, we suspect that the fluorophores
are embedded in the hydrophobic region of the micelles, and the shorter length of the hydrophobic
chain would produce a less polar environment upon being heated.
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Table 4. Summary of switching properties of the fluorophore-encapsulated Pluronic nanoparticles.

. Ion-to-Iorr LCST * Lifetime (ns)
N:‘ ":‘l::r‘t‘;zles E‘é’g"‘e ;‘/’I:&F‘f # Vicinity (o) Tpw (°C) (OFF to ON Edge
Method Nanoparticles Method)
F-127_#1 8.37 +0.11 13.74 £ 1.39 25 27 0.41 £ 0.01 to 1.09 + 0.01
F-127_#2 497 + 0.4 6.36 +0.17 25 6 0.27 £ 0.1 t0 0.75 + 0.06
F-127_#3 5.40 +0.76 5.75+0.34 19 9 1.42 +0.45t0 1.81 = 0.05
F-127_#4 46.74 +3.35 109.1 +£18.9 25 6 2.0+0.14 t0 3.02 + 0.03
F-127_#5 3.59 +0.08 4.65 +0.14 25 6 2.55+0.07 t0 3.02 + 0.17
F-127_#6 1.81 +0.15 2.04+0.18 13 15 2.96 +0.23 to 3.23 + 0.08
F-98_#4 62.26 +9.9 137.23 +0.15 34 6 1.5+ 0.1 to 1.65 + 0.05
F-68_#4 72.74 £ 0.81 102.07 £ 3.72 61 9 1.14 0.3 t0 2.33 + 0.04

* Lower critical solution temperature.
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Figure 6. (a) Response of Pluronic F-127, F-98, and F-68 nanoparticles loaded with fluorophore 4
to the change in temperature. (b) Pluronic F-68 nanoparticles loaded with fluorophore 4 showed a
stronger switching ratio compared to Pluronic F-127 nanoparticles (p-value of 0.009). The switch ratio
is inversely correlated to length of hydrophobic (PPO) chain (p = —0.99, p-value = 0.018).

The observed significant polarity sensitivity of the fluorophores, considering their interconnected
m-system, might be due to specific solvent-fluorophore interactions such as “charge transfer pathways,”
which mainly include photo-induced electron transfer (PeT) and internal charge transfer (ICT).

4. Conclusions

Six members of the aza-BODIPY-based and structurally related fluorophores with excitation
and emission in the red/NIR region were investigated. It was shown that fluorophore 4 was a very
strong polarity-sensitive probe, followed by fluorophores 1, 2, 5, 6, and 3. It was also shown that
attaching amine groups to the fluorophore is not necessary for having strong polarity-sensitive
probes. After encapsulating fluorophores into thermosensitive Pluronic nanoparticles, it was found
that fluorophores 4, 2, 3, and 5 can be used as ON-and-OFF fluorescence switches because of
the dramatic change in peak emission fluorescence intensity over a narrow range of temperatures
(fluorophore 4 had the strongest switching response). It was also shown that the switching ratio of the
fluorophore-encapsulated Pluronic nanoparticles (Ion-to-Iogr) increased with decreasing the number
of hydrophobic chains. As such, Pluronic F-68 with a PPO length of 30 had the highest switching ratio,
while the Pluronic F-127 nanoparticles with the PPO length of 65 had the lowest.
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