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We report a F~ activated methylene blue (MB) releasing platform for
imaging and antimicrobial photodynamic therapy (aPDT). By utilizing
this platform, one of the selected probes, FD-F3, displays a remarkable
near-infrared fluorescence and absorption increase towards F~ with
good selectivity and low detection limit. This probe has been
successfully applied for visualizing F~ and performing F~ activated
aPDT in naturally grown human plaque biofilms.

Fluoride, the smallest anion, occurs naturally in many water
sources and is widely used as an anti-caries agent."” Fluoride can
be absorbed by the dental plaque biofilm as a fluoride reservoir in
the oral cavity. When demineralization occurs, fluoride anions can
be released from the reservoir to promote remineralization in
combination with calcium and phosphate ions.>* Adequate uptake
of fluoride is necessary for the prevention of tooth decay, for
enhancing the remineralization of enamel and for inhibiting the
demineralization of enamel and root surfaces.”® However, over-
exposure to fluoride may cause issues such as skeletal fluorosis and
kidney problems."”® Therefore, it is of vital importance to develop
accurate tools that can be used to monitor fluoride, especially those
that can work in human dental plaque biofilms.

To help determine F~ quickly and easily, fluorescent chemical
sensors are of interest because of their high sensitivity, speed of
detection and ease of operation.”'® The greatest advantage of a
fluorescent sensor is that it can be used in situ to detect F~ in a
biosystem via fluorescence imaging. Until now, many fluorescent
probes have been designed to exploit the unique reactivity of ¥,
using different mechanisms, including F~ induced cleavage
reactions,""*® nucleophilic addition reactions'® and supra-
molecular interactions (including our previous works).>*** In
all these mechanisms, a desilylation reaction based strategy,
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developed by Kim and Swager in 2003, has a high selectivity
toward F~ compared with other design strategies due to the high
affinity of fluoride for silicon,> which is propitious to our goal of
developing a novel platform for the detection and visualization
of F~ in a bio system (naturally grown human plaque biofilms).

On the other hand, bacteria living in the dental plaque
biofilm can lead to periodontal diseases (gingivitis or period-
ontitis). Mechanical removal of dental plaque is currently the
most frequently used method to treat periodontal diseases.
Although different kinds of antimicrobial agents have been
used, the desired effect has not been achieved because bacteria
growing in biofilms always exhibit resistance to antimicrobial
agents.”® Therefore, antimicrobial photodynamic therapy
(aPDT), in which the energy of light can be transformed to
30, to generate singlet oxygen by irradiating a photosensitizer
(PS) with light at certain wavelengths, has emerged as one of the
most efficient treatment alternatives to chemical antimicrobial
agents.”®® aPDT can efficiently kill the bacteria exposed to the
light with the help of PS and avoid producing drug resistance.
Just recently, we reported a deformylation reaction-based fluor-
escent probe for in vivo imaging of HOCI using methylene blue
(MB) as the fluorophore.” Given that MB is one of the most
widely used agents for aPDT and fluoride is enriched in plaque
bacteria, a new idea comes to us that we can design a MB based
platform for sensing F~. The platform can selectively respond to
F~ to release MB which acts both as a near-infrared fluorescent
probe for imaging F~ and an effective PS for aPDT in the dental
plaque biofilm.

A desilylation reaction based strategy was used for this
objective. Although numerous organosilicon compounds have been
reported to detect F~ based on different fluorophore platforms
including boron-dipyrromethenes (BODIPYs),'" coumarins,">"*
cyanines,'*** fluoresceins,***! naphthalimides'® and thiazoles,"”*8
none of these probes have been used for imaging F~ in dental
plaque biofilms nor have they been applied as F~ regulated
antimicrobial reagents. In this work, we developed a new F~
activated MB fluorophore releasing platform (FD-Fn) for F~
sensing and aPDT in a dental plaque biofilm for the first time.
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Scheme 1 The fluoride activated MB releasing platform and three candidate
compounds in this work.
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Three fluorescent probes FD-F1, FD-F2 and FD-F3 were
designed and synthesized by linking leucomethylene blue
(the reduced form of MB) with tert-butyldiphenylsilyl (TBDPS),
triisopropylsilyl (TIPS) and tert-butyldimethylsilyl (TBDMS),
respectively, as the reaction group (Scheme 1) to prove the
feasibility of this platform. The detection capability of the three
candidate compounds towards F~ was evaluated by the com-
parison of the spectral changes of these compounds with the
addition of F~. In the absence of NaF, all three compounds
showed no absorption or fluorescence emission in the visible
and longer wavelength range because of the small conjugation
system of the compounds (Fig. 1a, b and Fig. S1, S2, ESI{), and
could maintain stability even after 24 h of incubation under
physiological conditions (Fig. S3, ESIt). All of these compounds
could react with NaF, as shown in Fig. 1a and b and Fig. S1, S2
(ESIt), with the absorption, emission, extinction coefficient, fluor-
escent quantum yields and brightness drastically enhanced
(Table S1, ESIt) due to a F~ triggered cleavage of the Si-O bond
to afford the common dye MB (Scheme 1). The reaction
mechanism was further confirmed by HRMS and HPLC analyses
in aqueous solution, as shown in Fig. S5-S8 (ESIf). However,
among the three compounds, FD-F3 shows much greater
changes in fluorescence intensity (at 690 nm) and absorbance
(at 667 nm) than those of FD-F1 and FD-F2 after reaction with
NaF (Fig. 1a, b and Fig. S1, S2, ESIf). For example, after
treatment with 50 equiv. of F~ for 50 min, the fluorescence
intensity of FD-F3 at 690 nm increased 996-fold and the absor-
bance at 667 nm increased 499-fold with the formation of the
MB fluorophore, much larger than that of FD-F1 and FD-F2
under the same conditions (FD-F1, FL intensity: 10-fold, Abs:
8-fold, Fig. S1, ESL;i FD-F2, FL intensity: 24-fold, Abs: 20-fold,
Fig. S2, ESIt). Meanwhile, the quantitative analysis by HPLC
showed that the MB release efficiencies of the three probes were
FD-F3 (96.9%) > FD-F2 (45.9%) > FD-F1 (36.9%) (Table S2,
ESIt), which were consistent with the results of the spectral test.
This may be due to the larger steric hindrance around the silicon
atom of FD-F1 or FD-F2 than that of FD-F3, which hinders the
fluoride ion attack on silicon. These data indicated that all three
of the candidate compounds could be used to detect NaF and
FD-F3 was the optimal compound with regard to its sensitivity
towards NaF.
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Fig. 1 (a) Absorption and (b) fluorescence spectra of FD-F3 (10 uM) before
and after treatment with 500 uM NaF for 50 min. Inset in a is the picture
before (left) and after (right) treatment with NaF; (c) linear relationship
between fluorescence intensity at 690 nm and concentrations of NaF;
(d) fluorescence intensity at 690 nm with 500 uM of various analytes and
(e) with 500 puM of various analytes in the presence of 500 uM NaF
(A: CO327, B: PO4,®7, C: HaPO4~, D: NOs™, E: NO, ™, F: SO447, G: SO5%7,
H: $,05%7, I: CHsCOO™, J: F-, K: Cl7, L: Br™, M: I, N: N5~, O: SCN™,
P: C,04,7, Q: BSA, and R: blank); (f) colour change of FD-F3 (10 uM) after
treatment with 500 pM of various analytes. Conditions: incubated for 50 min,
DMSO-HEPES solution (3/2, v/v, 10 mM HEPES, pH = 7.2), and ex = 620 nm.

High-level selectively is of paramount importance for an
effective chemosensor. With the promising sensitivity to F—, we
then explored the selectivity of FD-F3 with different anions. As
shown in Fig. 1d and Fig. S9 (ESIt), FD-F3 showed no fluores-
cence intensity and absorbance changes upon treatment with
500 uM of various anions including CO;>~, PO,*~, H,PO,,
NO;~, NO,~, SO,*7, SO;*7, S,0,>7, CH;COO™, Cl™, Br , I,
N;~, SCN™, C,0,>", and BSA. Competitive studies were also
carried out to study any interference of the above mentioned
anions on F~ detection (Fig. 1e). The result showed that the
addition of other anions had no negative impact on FD-F3 for
sensing F~, revealing the extremely high selectivity of FD-F3 for
F~ and that only F~ resulted in the dramatic increase in both
fluorescence intensity and absorbance with an obvious colour
change. All the other anions showed almost no changes in
fluorescence or absorbance (Fig. 1f).

To determine the practical pH range of FD-F3 as the F~ probe,
the fluorescence changes of FD-F3 at 690 nm before/after treatment
with NaF at different pH levels were assessed (Fig. S10, ESIT).
Studies show that FD-F3 could remain stable in a pH range of 2-12.
When treated with NaF, a dramatic fluorescence intensity enhance-
ment was observed over the pH range of 5-12, indicating that
FD-F3 could be used in conventional environments.

Several different fluoride sources are used as additives to
fulfil different requirements. For example, sodium fluoride

This journal is © The Royal Society of Chemistry 2018
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(NaF) and sodium monofluorophosphate (SMFP) are the most
common fluoride additives used in commercial dental hygiene
products.** So, we measured whether FD-F3 could be activated
by F~ from different sources. As shown in Fig. S11 (ESIY)
both organic fluorides and inorganic fluorides could cause
drastic fluorescence intensity changes in FD-F3. In addition,
concentration-dependent studies found that FD-F3 could quan-
titatively detect F~ from different sources. The fluorescence
intensity of FD-F3 at 690 nm showed a good linear relationship
with the concentration of NaF in the range of 0-50 uM (Fig. 1c)
and SMFP in the range of 0-1000 puM (Fig. S12, ESIY).
The detection limit was calculated to be 0.16 uM for NaF and
1.23 uM for SMFP. These data illustrated that FD-F3 could not
only detect F~ but also identify F~ from different sources.

Since FD-F3 performed well in the aforementioned tests in
an aqueous solution, we further explored the application of
FD-F3 to determine the F~ content of toothpastes prepared
from different fluoride sources and in dental plaque biofilms.
The F~ content in water with different fluoride sources was
measured using a standard addition method to evaluate the
accuracy of the detection method. The result showed that F~
from different sources could be accurately measured with good
recovery (from 90.3% to 105.7%) (Table S3, ESIY), indicating
that FD-F3 could quantitatively detect F~ precisely in water
samples and be further used in real samples.

Table 1 shows the measured concentrations of different
fluoride sources in toothpastes using the proposed method
based on FD-F3, compared with the calculated value based on
the annotated content on the toothpaste packaging. For com-
parison, the fluoride concentration was also measured by FISE
which is a type of ion selective electrode that is sensitive to the
concentration of F~. As shown in Table 1, when a toothpaste
using NaF as the F~ source was tested, the measured NaF
content using FD-F3 was closer to the annotated content than
that from FISE. This indicates that for the selected sample the
fluorescence method using FD-F3 as a detector for quantitative
fluoride analysis was more accurate than the FISE method.
Meanwhile, for the toothpaste using SMFP as the F~ source, the
measured SMFP contents using FD-F3 and the traditional FISE
method were both far lower than the annotated content, which
implied that the real SMFP content of the sample was lower than the
annotated one. These experiments indicate that FD-F3 can detect the
F~ content in toothpastes prepared with different F~ sources.

Fluoride, as an important anti-caries agent, can be absorbed
by the dental plaque biofilm as a fluoride reservoir.** Visualizing

Table 1 Measurement of F~ from different toothpastes

Proposed Calculations based
method FISE on annotated
Sample F source (mgL™') (mgL ') content(mgL ")
Sample A NaF 13.68 10.43 14.22
Sample B NaF 7.92 5.72 7.32
Sample C  SMFP 2.72 1.39 10.30

The data presented have been converted into the content of NaF or
SMFP.
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Fig. 2 CLSM images of F~ in human in situ plague biofilms. (al-d1), (@2-d2)
and (a3—-d3) show plaque biofilms treated with PBS, NFT and SFT for 2 min,
respectively. (al, a2, and a3) are green channels for SYTO® 9 probe staining
(Aex = 488 Nm, Aem = 500-550 nm); (b1, b2, and b3) are near-infrared channels
for FD-F3 probe staining (Aex = 633 NM, Aem = 670-720 nm); (c1, c2, and c3) are
overlay images; (d1, d2, and d3) are green-red scattered plots of all non-black
pixels of (cl, c2, and c3), respectively.

fluoride uptake into the dental plaque biofilm could be a useful
tool for designing oral care compositions that can control plaque
bacteria and enhance remineralization. Given the ability of
FD-F3 to visualize F~, we attempted to visualize F~ in a dental
plaque biofilm using a confocal laser scanning microscope
(CLSM). Bacterial contents of the plaque biofilm were stained
and visualized using the SYTO™ 9 probe (5 uM, 0.2% DMSO (v/v) in
PBS, Fig. 2(a1-a3)). Fluoride ions were also stained and visualized
using FD-F3 (5 uM 0.2% DMSO (v/v) in PBS, Fig. 2(b1-b3)). PBS
solution (Fig. 2(a1-d1)) did not induce FD-F3 fluorescence (red
pixel% = 0.53 & 0.07% as shown in Fig. 2d1), indicating that the
chloride ions in PBS did not interfere with FD-F3 fluorescence.
Evaluation of marketed non-fluoride (Fig. 2(a2-d2)) and fluoride
toothpastes (Fig. 2(a3-d3)) was conducted. The fluoride free
toothpaste (NFT) induced a marginal NIR fluorescence (red
pixel% = 7.26 £+ 0.82% as shown in Fig. 2d2), possibly due to
interference by the autofluorescence of abrasive particles. In
contrast, a 2 min treatment with a sodium fluoride containing
toothpaste (SFT), induced significant fluorescence of FD-F3 (red
pixel% = 91.33 + 8.14% as shown in Fig. 2d3). These results
suggest that the FD-F3 probe could be used to distinguish
between non-fluoride and fluoride toothpastes by visualizing
fluoride uptake into naturally grown human plaque biofilms.
Since FD-F3 could be used to visualize fluorides in naturally
grown human plaque biofilms by releasing MB and MB is one
of the most widely used agents for aPDT,***’ the F~ activated
aPDT in the biofilm was then performed. The distribution of
live and dead biofilm bacteria was simultaneously viewed by
CLSM using the reagents SYTO 9 stain and propidium iodide in
the LIVE/DEAD BacLight Bacterial Viability Kit. As shown in
Fig. 3, when compared with control groups (Fig. 3al and a2),
the proportion of dead bacteria showed no significant change
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Fig. 3 CLSM images of human in situ plaque biofilms upon PDT treatment.
(al and a2) Without any treatment as control; (b1 and b2) treated only with free
FD-F3 (50 pg mL™Y for 30 min; (c1 and c2) with NaF (50 pg mL™?) for 60 min;
(d1 and d2) with FD-F3 (50 ug mL™Y) for 30 min and then NaF (50 ug mL™) for
60 min; (el and e2) only with light (100 mW cm™2) for 5 min; (fL and f2) with
FD-F3 (50 pg mL™Y) for 30 min then NaF (50 pg mL™) for 60 min and then light
(100 mW cm™2) for 5 min. (a1, b1, c1, d1, el, and f1) are green channels for
SYTO™ 9 probe staining (Aex = 488 NM, Jem = 500-550 nm); (@2, b2, c2, d2, e2,
and f2) are red channels for propidium iodide probe staining (Jex = 488 nm,
Jem = 600-650 nm).
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when treated with free FD-F3 (Fig. 3b1 and b2), NaF (Fig. 3c1
and c2), FD-F3 + NaF (Fig. 3d1 and d2) or light (Fig. 3e1 and e2).
However, the proportion of dead bacteria increased by 28%
(Fig. S13, ESIt) when treated with FD-F3 (50 pg mL ™", 30 min),
followed by NaF (50 pg mL~") for 60 min and then a laser
(100 mW cm™?) for 5 min (Fig. 3f1 and f2), indicating that
FD-F3 could be used as a F~ regulated prodrug for aPDT in
naturally grown human plaque biofilms.

In summary, a series of novel fluorescent probes were
designed and synthesized for sensing F~ and performing F~
activated aPDT, based on a new platform containing an MB
derivative as the fluorophore. These probes are easily synthe-
sized and show high selectivity toward F~ in an aqueous
solution. Among them, the optimal one, FD-F3, exhibits a
dramatic increase of NIR fluorescence and red absorption in
the presence of F~, which can be detected by the naked-eye.
FD-F3 can distinguish F~ from NaF and SMFP with a low
detection limit and can be applied to determine the F~ content
of toothpastes prepared using different F~ sources. Moreover,
FD-F3 can distinguish between non-fluoride and fluoride tooth-
pastes by visualizing fluoride uptake into naturally grown
human plaque biofilms. In addition, FD-F3 could be used
as a F~ regulated prodrug for antimicrobial photodynamic
therapy. These fluoride activated probes thus provide a practical
platform for monitoring F~ in biofilms, studying the physiological
function of F~ in biological systems and designing a F~ regulated
prodrug for antimicrobial photodynamic therapy.
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