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Two-photon Dye-Based Fluorogenic Organic Nanoparticles
as Intracellular Thiols Sensors

Ophélie Dal Pra, Jonathan Daniel, Gaëlle Recher, Mireille Blanchard-Desce,
and Chloé Grazon*

Optical bioimaging is an ever-growing field that benefits both from the fast
progress of optical instrumentation and modalities, and from the
development of light-emitting probes. The efficacy of molecular fluorescent
dyes is crucial, yet hindered by limited brightness and hydrophilicity.
Addressing these challenges, self-stabilized fluorogenic organic nanoparticles
only made of pure dyes (dFONs) are introduced in this work. Comprising
thiol-sensitive fluorogenic chromophores, these dFONs exhibit enhanced
brightness exclusively in the presence of biological thiols, notably glutathione,
overcoming the need for water-solubilizing moieties. Importantly, these
nanoparticles demonstrate large fluorescence and one- and two-photon
brightness, enabling sensitive bioimaging of intracellular thiols at micromolar
concentrations. Notably, only the pristine fluorogenic nanoparticles can
penetrate the cells and does not require to wash the cells before imaging,
emphasizing their unique role as dye carriers, fluorogenic probes and ease of
use. This work highlights the transformative potential of dFONs in advancing
optical bioimaging, paving the way for the use of dFONs not just as tracers,
but also now as biosensors and ultimately in the future as biomarkers.

1. Introduction

Biological molecular thiols (Glutathione – GSH, Cysteine – Cys
and Homocysteine -Hcy) play an important role in cellular phys-
iology. Among them, GSH is the most abundant one with con-
centrations varying from the μM up to the mM range.[1] This an-
tioxidant thiol plays a key role in metabolism and intracellular
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transduction processes. Its involve-
ment in cancers and neurodegenerative
diseases also makes it an interesting
target for thiol sensing systems.[1]

Among the different methods to de-
tect thiols, fluorescence is one of the
most convenient as it is versatile, cost-
efficient, highly sensitive and compati-
ble with in vivo biological imaging. For
these reasons, several fluorescent molec-
ular dyes were developed as fluorogenic
thiol sensors:[2,3] their fluorescence is
usually triggered by a chemical reac-
tion between the dye and the nucle-
ophilic thiols. Examples of such reac-
tions are cyclization with aldehydes,[4]

cleavage of disulfide bonds,[5] aromatic
substitution-rearrangement reaction[6] or
Michael additions.[7] In the latter case, us-
ing a maleimide group as the Michael
acceptor, is particularly interesting as it
reacts extremely rapidly (k = 500M−1s−1,
pH = 7.4)[8] with thiols at physiologi-
cal conditions. In addition, maleimide is

an electron-acceptor group, which can potentially quench the flu-
orescence of electron-donating fluorescent dyes through Photo-
induced electron Transfer (PeT).[9] The fluorescence is thus re-
stored upon nucleophilic addition as the Michael adduct is no
longer a good electron-acceptor. Based on this principle, several
molecular thiol probes with nM to sub-μM range Limit of De-
tection (LOD) were developed in fluorescence bioimaging, using
structures such as coumarin (LODGSH = 0.5 nM in tris-HCl buffer,
pH = 7.4;[10] LODGSH = 76 nM, LODCys = 14 nM, LODHcy = 85 nM
in PBS, pH = 7.4),[11] triphenylamine (LODGSH = 85 nM,
LODCys = 120 nM, LODHcy = 130 nM in HEPES, pH = 7.4),[12]

naphtalimide derivatives (LODGSH = 15 nM, LODCys = 12 nM in
PBS, pH = 7.4).[13] However, the hydrophobic backbone of these
dyes limits their solubility in water and therefore requires the use
of organic co-solvents (typically in between 1 and 10% of DMSO)
for dissolution. The need for an organic co-solvent is a critical
limitation for bioimaging purposes as it can be deleterious to the
cell membrane integrity, leading to an increase cell death. In ad-
dition, the maximum brightness (B) of such molecular dyes af-
ter thiol addition is limited to about 104 M−1 cm−1. Photobleach-
ing is another potential drawback, which may lead to poor image
contrast.

One way to overcome these disadvantages is to use water-
dispersible fluorescent nanoparticles. Indeed, luminescent
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Figure 1. A) Absorption and fluorescence emission spectra (𝜆exc =365 nm) of Bis-maleimide Dye-Mal2 in THF. B) Absorption and fluorescence emission
spectra (𝜆exc =365 nm) of Dye-(SR)2 corresponding to Dye-Mal2 after conjugation with 2 eq. of mercaptoethanol in THF. C) Absorption and fluorescence
emission spectra (𝜆exc =365 nm) of Bis-diethylamide Dye-(CONEt2)2 in THF. D) Schematic illustration of PeT from the excited dye to the maleimide
moiety, inhibited after reaction with thiol (RSH).

nanoparticles are a unique class of optical nanomaterials
combining large brightness and improved photoresistance as
compared to traditional dyes. They can be intrinsically fluores-
cent, such as the Quantum Dots (QDs) (B∼105–106 M−1 cm−1)
or made of matrices (silica, polymer) doped with dyes (B∼107–
108 M−1 cm−1).[14] In the latter examples, the brightness of the
particles is given by the number of dyes per particle (N), mul-
tiplied by its molar coefficient absorption (𝜖max) and quantum
yield (ΦF).[15] As a result, increasing the number of molecular
emitters within a matrix will increase its brightness, as long as
the fluorescent efficiency does not drop dramatically.[16,17] Only
a few strategies have been developed so far to sense intracellular
thiols with nanoparticles (e.g., metal organic frameworks,[18]

pluronic polymers,[19] surfactants or amphiphilic polymer
assemblies,[20–23] SiO2

[24] or MnOx-based nanomaterials,[25]

nanogels,[26] gold clusters).[27,28] Most of them use UV excitation,
which is detrimental to cells viability and does not allow deep
light penetration. Moreover, important optical data (values of
fluorescence quantum yield, absorption coefficient or bright-
ness…) are often missing making their efficacy as in vivo sensors
difficult to assess. In addition, some of these sensors are not
evenly distributed in the cell cytoplasm, suggesting that some
nanosensors remain into endocytic vesicles. Finally, the synthe-
sis and formulation of these nanoprobes often requires several
steps and is relatively time-consuming.

This is the reason why we set the challenge to develop thiol-
sensitive fluorescent nanoparticles whose (i) preparation is acces-
sible to each and all chemists; (ii) brightness and size are compa-
rable to those of quantum dots; (iii) limit of detection for biolog-
ical thiols is in the micromolar range, (iv) allow the use of NIR
excitation for improved light penetration.

In order to meet this challenge, we turned our attention to a
specific category of nanoparticles which is currently overlooked,
i.e., the dye-based Fluorescent Organic Nanoparticles (dFONs).
dFONs are made only of molecular dyes[29–32] and can be pre-
pared using a simple green protocol, i.e., nanoprecipitation of
dedicated hydrophobic dyes in water.[33,34] They have a num-
ber advantages over other luminescent nanoparticles including
the absence of toxic components such as heavy metals (QDs),
lanthanides up-conversion nanoparticles or surfactants, as well
as their ease of preparation. Among dFONs, those made from
specific dyes, i.e., (multi)polar and polarizable dyes (PPDs) are
of particular interest, as they present good structural stability –
due to strong dipolar interactions thanks to ultimate molecu-
lar confinement – and show high nonlinear optical responses,
especially large two-photon absorption[31,35–38] which is of inter-
est for imaging in the biological spectral window.[39] Interest-
ingly, both their optical and their (bio)physico-chemical prop-
erties – including their chemical, photo and colloidal stabili-
ties and their interactions with cells – critically depend on the
molecular structure of the PPDs building blocks that constitute
the dFONs.[31,35,36] Subtle engineering of their molecular struc-
tures allows reducing confinement-promoted quenching issues
(also called aggregation-caused quenching),[40] while ensuring a
high dye concentration condensed in a small volume. Typically, a
dFON as small as 15 nm contains ≈1500 molecular dyes,[41] com-
posing a tremendous pool of absorbers and fluorescent emitters.
This intense absorbance and resulting brightness enables dFONs
to rival with the brightest nanoparticles.[14,15,31] Yet, despite the
growing interest in dFONs for various biological applications
such as bioimaging (multicolor single particle tracking,[41,42]

in vitro[36] or in vivo[35] two-photon imaging) or therapy
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(drug-delivery,[38] photodynamic therapy,[32] photoacoustics),[43]

their use as sensors are scarce and are restricted to metal cations,
hydrogen peroxide or protons sensors in aqueous media.[32,44] To
fill this gap, this original work presents the development of a
new dye that assembles into dFONs whose fluorescence is highly
sensitive to the presence of biological thiols both upon 1- and 2-
photon excitation (in the NIR region) allowing detection of glu-
tathione up to 35 μM.

2. Results and Discussion

2.1. A Fluorogenic Dye

In the continuity of the previous work by our team,[42,45] we
designed a new quadrupolar dye built from a fluorene core
bearing thienyl moieties conjugated with electron-withdrawing
amide end-groups. The fluorene core bears a cyclopentyl sub-
stituent in the 9 position, lying perpendicular to the ex-
tended 𝜋-conjugated system. As previously described, this
bulky group prevents oxidation of the methylene bridge and
hinders the 𝜋-𝜋 stacking that would lead to aggregation-
caused fluorescence quenching in confined states (i.e., solid or
nanoparticle).[42,45] The dye is synthesized via a Pd-catalyzed
Suzuki-Miyaura cross-coupling[42,45] between the home-made 2′-
7′-diiodospiro[cyclopentane-1,9′-fluorene] and the commercially
available 5-carboxythiophene-2-boronic acid pinacol ester to in-
troduce a conjugated carboxylic acid function (Scheme S1, Sup-
porting Information). The di-acid is then engaged in an amida-
tion reaction in the presence of 1-(2-aminoethyl)maleimide to
yield the desired bis-maleimide dye called Dye-Mal2 (Figure 1;
Figures S1–S3, Supporting Information). For comparison pur-
pose a similar non-reactive dye named Dye-(CONEt2)2 was also
prepared (Figure 1, Scheme S2, Figures S4–S6, Supporting In-
formation). Its photophysical characteristics are very similar to
those of Dye-Mal2 and Dye-(SR)2, so it can be considered a ref-
erence model (Figure 1 and Table 1). The solvatochromism of
Dye-(CONEt2)2 has also been studied (Figure S7, Supporting In-
formation) and is assumed to be the same for Dye-Mal2.Dye

Dye-Mal2 strongly absorbs in the near UV (Table 1), with a
maximum peaking at 370 nm, but does not fluoresce in solution

(Figure 1). We ascribe this lack of fluorescence to a photo-induced
electron transfer (PeT), as reported earlier for various dyes bear-
ing maleimide dangling groups.[9,11,46,47] As a consequence, such
dyes can be used as fluorogenic thiol probes. The maleimide moi-
ety acts as an electron acceptor capturing an electron from the ex-
cited dye (Figure S8, Supporting Information). This is followed by
a fast charge recombination resulting in fluorescence quenching.
The fluorescence is recovered after the Michael addition of a thiol
reagent on the maleimide unit: the maleimide dangling moieties
are converted into succinimide moieties turning off the PeT pro-
cess (Figure 1D). We studied the fluorescence behavior of Dye-
Mal2 in solution. Upon addition of aliquots of mercaptoethanol,
we observed an increase of the fluorescence (Figure S9, Sup-
porting Information), until it reaches a plateau after addition of
2 eq. of thiol. Such behavior has been previously observed for
bis-maleimide dyes.[48] The final adduct dFONs emits in the visi-
ble blue, with a maximum peaking at 407 nm and a fluorescence
quantum yield of 63% in THF, revealing a 32-fold increase com-
pared to Dye-Mal2. We note that the analogous dye with diethy-
lamide electron-withdrawing end-groups Dye-(CONEt2)2 shows
a similar photophysical behavior as Dye-(SR)2 (Table 1), notably
with a maximum emission peak at 368 nm and a fluorescence
quantum yield of 62% in THF, confirming that the maleimide
moieties are responsible for the quenching of fluorescence of
Dye-Mal2.

2.2. A Two-Photon Absorber

One way of improving light penetration into biological tissue
is to use a two-photon excitation source instead of a single-
photon source as it allows to replace standard excitation in the
near UV visible region by excitation at lower energy (typically in
the biological spectral windows).[49] Dye-Mal2 has also been de-
signed to be a good two-photon absorber thanks to its quadrupo-
lar structure provided by its fluorene electron-releasing core
and its two electron-withdrawing acceptor end-groups. Based
on this concept, we investigated the two-photon absorption
(2PA) properties of the dye in its fluorescent form (i.e., Dye-
(SR)2) in an organic solvent (THF). As anticipated from its

Table 1. Photophysical properties of Dye-Mal2 and Dye-(SR)2 in THF and of dFONs-Mal before and after reactions with biologically relevant thiols (i.e.,
dFONs-GSH, dFONs-Cys and dFONs-Hcy) in water.

Sample 𝜆
max
abs

𝜖
max a) FWHMb) Stokes’ shift 𝜆

max
em ΦF

c)
𝜖

max ΦF
d)

𝜆
max
2PA 𝜎

2 max e)
𝜎2ma max ΦF

f)

nm 103 M−1 cm−1 cm−1 cm−1 nm % 103 M−1 cm−1 nm GM GM

Dye-Mal2 370 59 ± 5 4160 2460 407 <2 <1.2 / / /

Dye-(SR)2 370 59 ± 5 4160 2460 407 63 ± 4 37 <680 >123 ± 8 >77

Dye-(CONEt2)2 368 60 ± 5 4120 2660 408 62 ± 5 37 / / /

dFONs-Mal 360 40 ± 5 7300 6040 460 <1 <0.4 / / /

dFONs-CONEt2 336 33 ± 5 3560 8120 462 3 ± 1 1.9 / / /

dFONs-GSH 372 40 ± 5 5950 4900 455 35 ± 8 14 680 13 4

dFONs-Cys 360 30 ± 5 8100 6370 467 6 ± 2 1.8 / / /

dFONs-Hcy 344 33 ± 5 8460 7560 465 4 ± 1 1.4 / / /
a)

Molar absorption coefficient of the dyes (in solution in DMSO or as dFONs subunits), error bars correspond to n = 3 independent 𝜖 measurements (three different dyes
stock solutions);

b)
Full Width at Half Maximum;

c)
Fluorescence quantum yield, average and standard deviation for n = 3 measurements on n = 3 different batches of

dFONs (pristine or reacted with thiols). Reference: Quinine bisulfate (QBS) ΦF = 0.546 in H2SO4 0.5 M;
d)

Dye brightness;
e)

Dye two-photon absorption cross-section at
2PA maximum (𝜆max

2PA), value of Dye-(SR)2 corresponds to the average of n = 2 measures and standard deviation;
f)

Dye two-photon brightness.
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Figure 2. A) Schematic illustration of the nanoprecipitation process yielding dye-based fluorogenic organic nanoparticles (dFONs-Mal) made of Dye-
Mal2 and their fluorogenic character after reaction with a thiol. B) Typical TEM image of the corresponding dFONs (17 ± 7 nm) and histogram associated
(n = 2519 counts). C) Absorbance spectra of Dye-Mal2 in THF (gray) and dFONs-Mal in water (yellow).

quadrupolar structure,[31,50,51] the centrosymmetry of the dye re-
sults in a sensible 2PA response in the NIR (𝜎2

max ≥ 130 GM,
𝜆2PA

max
< @680 nm) associated with a blue-shift of the 2PA ab-

sorption as compared with twice the 1PA low-energy absorption
band (Table 1 and Figure S10, Supporting Information).

2.3. Fluorogenic Organic Nanoparticles

Dye-Mal2 was then nanoprecipitated in water to yield the corre-
sponding dFONs-Mal (Figure 2). Typically, a minute amount of a
stock solution of the Dye-Mal2 in a water-miscible organic solvent
(here THF) is added under magnetic stirring to a large volume
of distilled water. A non-turbid colloidal suspension is instanta-
neously obtained. Due to the “polar and polarizable” nature of the
dye, such dFONs should show a strong structural cohesion facil-
itated by intermolecular interactions, notably of a dipolar nature.
These interactions are significant due to the close proximity of
the confined dyes.[31] Transmission Electron Microscopy (TEM)
experiments confirms the presence of a population of spherical
nanoparticles with an average dry diameter of 17 ± 7 nm. From
this diameter we can deduce that each nanoparticle contains
around 2000 dyes (Equation S1, Supporting Information), corre-
sponding to a concentration of dFONs-Mal in water of 2 nM (see
experimental section). In the rest of this article, this will be referred as
the nanoprobe concentration. The absorption spectrum of dFONs-
Mal in water is presented Figure 2C. In comparison to the ab-
sorption of Dye-Mal2 dissolved in THF we observe a broadening
(FWHM increases by 175%) and a hypsochromic shift of 10 nm
(i.e., 750 cm−1) of the low-energy absorption band of dFONs-Mal,
as well as a hypochromic shift with a molar absorption coefficient
dropping from 59000 M−1 cm−1 for Dye-Mal2 to 40000 M−1 cm−1

for dFONs-Mal (Table 1; Figures 2C and S11, Supporting Infor-
mation). These modifications are the signature of excitonic split-
ting phenomena that are favored by the close proximity of the
dyes confined in dFONs.[52] Briefly, the low-energy absorption

band is broadened due to the overlap of the two bands originat-
ing from the transition to the lower excitonic split excited state
and to the higher excitonic split excited state. The relative inten-
sity of these two bands depends on the relative orientation of the
dyes in close proximity (typically only the low-energy one is al-
lowed in J-type (in line) aggregate whereas only the high-energy
one is allowed in H-type (card-pack) aggregate, with both bands
being allowed with varying transition dipoles depending on the
relative orientation of the dyes).[52] In addition, dFONs-Mal barely
fluoresce as a result of PeT occurring also in dFONs. The blue-
shift is even more noticeable in the case of dFONs made from
the unreactive Dye-(CONEt2)2 (Figure S11, Supporting Informa-
tion). As expected, we observe a significant red-shit of the emis-
sion (originating from the much less allowed low-energy excited
state) along with a decrease in fluorescence quantum yield com-
pared to the free dye in solution.

When adding a thiol on the maleimide moiety of the nanopar-
ticles, the PeT is turned off leading to a cyan restored fluores-
cence (Figures 2 and 3). Based on these results, we thus proceed
to explore their possible use as fluorogenic sensors of biologically
relevant thiols.

2.4. Spectral Responses of dFONs-Mal toward Thiols

The reactivity of dFONs-Mal (2 nM) toward intracellular thiols
was first evaluated in HEPES buffer using glutathione (GSH
– 50 μM). After 6 h (pH = 7.4, 25 °C), the colloidal disper-
sion emits a blue fluorescence, revealing the grafting of the
thiol onto the maleimide dFONs. As with most maleimide-
based fluorogenic probes, the higher the pH, the more in-
tense the fluorescence response to GSH (Figure S12, Support-
ing Information). For most of the remaining experiments of
this study we chose a pH = 7.4 to mimic the cells environ-
ments. More precisely, at pH = 7.4, the dFONs-Mal having re-
acted with GSH (hereafter designated by dFONs-GSH) present

Small Methods 2024, 2400716 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400716 (4 of 10)
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Figure 3. A) Schematic illustration of the fluorescence enhancement after reaction of dFONs-Mal with GSH in HEPES buffer (pH = 7.4). B) Absorbance
(solid line) and emission (dashed line) of dFONs-Mal (grey) and dFONs-GSH (blue), i.e., dFONs-Mal after reaction with GSH. C) Fluorescence dose-
response curve of dFONs-Mal reacted with three different biological thiols (GSH, Cys and Hcy) in cell culture media (DMEM) at 37 °C for 20 min. The
points and errors bars correspond to the average and standard deviation values of n = 3 different batches of dFONs reacted with thiols.

a similar absorption spectrum as pristine dFONs-Mal (𝜆abs
max =

372 nm) but are strongly emitting in the blue region (Figure 3).
dFONs-GSH indeed show an intense blue fluorescence (𝜆em

max =
455 nm) with a fluorescence quantum yield of 35%, reflecting
a fluorescence enhancement by a factor over 30 compared to
dFONs-Mal. Interestingly, using the same reaction conditions,
the dFONs-Mal having reacted with Cys or Hcy (Figure S13, Sup-
porting Information) only exhibits a 4 to 5 folds fluorescence
enhancement.

To the best of our knowledge, this is the first time that a sin-
gle component fluorogenic nanoparticle sensing biologically rel-
evant thiols is reported.

Disadvantages of maleimides are their sensitivity towards hy-
drolysis (i) and their possible nucleophilic attack by amines (ii),
which might be a potential limitation for probe storage and intra-
cellular detection since the cell medium contains amino-acids
(Table S1, Supporting Information). To assess this drawbacks, (i)
we first explored the dFONs’ optical, colloidal and chemical sta-
bility by recording its absorbance and fluorescence emission in
different aqueous media over time (Figure S14, Supporting In-
formation): a decrease in the absorbance value would indicate
sedimentation or chemical degradation of the dFONs and the
apparition of a scattering background would indicate aggrega-
tion of the nanoparticles; in the case of this maleimide probe,
an increase of the fluorescence would indicate an hydrolysis by
the hydroxide ions. Our results demonstrate that dFONs-Mal are
colloidally stable over 24 h in storage media as ultra-pure water
or HEPES 25 mM at room temperature and show no to very lit-
tle hydrolysis in those conditions (Figure S14A,B,E, Supporting
Information). In addition, dFONs-Mal stored in ultra-pure wa-

ter are colloidally stable up to 6 months at 4 °C in the dark and
show limited hydrolysis over time (∼15% of the fluorescence is
restored compared to a reaction with GSH, Figure S14F, Sup-
porting Information). Such results indicate that we can use the
probe several weeks after its preparation. In cell-compatible me-
dia as PBS 1x or DMEM, dFONs-Mal are chemically stable, al-
though in DMEM an increase in fluorescence is observed from
the very start (Figure S14D, Supporting Information) also shown
in the Figure S15 (Supporting Information) (control conditions).
In addition, dFONs-Mal are perfectly colloidally stable in PBS
(Figure S14C, Supporting Information) but less so in DMEM
(decrease in absorbance, see Figure S14D, Supporting Informa-
tion), showing that dFONs-Mal must be rapidly used after be-
ing brought into contact with the medium, which is not an is-
sue as dFONs are internalized by the cells in less than 30 min
(vide infra).

Second, (ii) we investigated the reaction of dFONs-Mal with
thiols in a cell culture medium and determined the thiol detec-
tion threshold of our nanoprobe in such an environment. dFONs-
Mal were first reacted with GSH, Cys and Hcy in DMEM at 37
°C and the fluorescence was recorded over time. In all cases,
the fluorescence increases and reaches a plateau after 15 min
(Figure S15, Supporting Information). Interestingly, in the cell
culture medium, dFONs-GSH are still around twice brighter
than dFONs-Cys and dFONs-Hcy. They also are three times
brighter that the dFONs-Mal left to evolve in the cell culture
medium for the same duration.

Next, we investigated the nanoprobe limit of detection for
GSH, Cys and Hcy by studying the fluorescence intensity of
dFONs-Mal after 20 min at 37 °C in DMEM as a function of

Small Methods 2024, 2400716 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400716 (5 of 10)

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202400716 by Portail B
ibC

N
R

S IN
SB

, W
iley O

nline L
ibrary on [09/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 4. HEK cells incubated 30 min with dFONs-Mal (2 nM) or dFONs-GSH (2 nM) in DMEM culture medium, at 37 °C, 𝜆exc = 405 nm (cyan channel
corresponding to dFONs-Mal emission and magenta channel to TdTomato labelled membrane). Scale bar 50 μm.

initially added thiols concentrations (Figure 3C). The detection
limit for GSH in biological conditions is found to be 35 μM (Equa-
tions S2, S3, S4, Figure S16, Supporting Information).[53] The
dose-response curves also confirm that dFONs-Mal are more sen-
sitive to GSH than to Cys or Hcy. Therefore, given the higher
reactivity of our nanoprobe towards GSH and the high intra-
cellular concentration of GSH (1-10 mM) compared to Cys (30-
200 μM) and Hcy (5-12 μM), we can state that our probe will al-
most exclusively sense intracellular GSH. Our probe is not the
most performant in terms of detection limit, as other molec-
ular probes based on maleimides have LODs in the order of
nM (see introduction paragraph for details). However, it is dif-
ficult to make rigorous comparison among sensors since the
LODs have not been measured under the same conditions of

exposition time, temperature, pH, nature of the medium (of-
ten ultra-pure water, whereas our medium is directly cell cul-
ture). Moreover, the value of the LOD also depends on the spec-
trophotometer performances (signal/noise ratio).[54] The inter-
est of our sensor lies in its extreme brightness compared to
the literature and the absence of organic cosolvent required
for its use (vide infra), a real advantage for tests in biological
environments.

The ex-vitro experiments confirmed that the nanoprobe
dFONs-Mal is highly reactive towards biologically relevant thiols
at 37 °C, outperforming existing competitors (amino-acids, vita-
mins, water). In addition, the nanoprobe range of detection for
GSH is extremely large (10 μM to 10 mM, Figure 3C), which is
very promising for its use as an intracellular biosensor.
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Figure 5. HeLa cells incubated 30 min with dFONs-Mal (2 nM) or dFONs-GSH (2 nM) in DMEM culture medium, at 37 °C, 𝜆exc =405 nm (cyan channel
corresponding to dFONs-Mal emission). Scale bar 50 μm. Insert: Normalized emission spectra of dFONs-Mal inside the HeLa cells (solid line-𝜆-scan)
superimposed with dFONs-GSH fluorescence emission in HEPES buffer (dashed line, see Figure S18 (Supporting Information) for higher resolution
graph).

2.5. Sensing Intra-Cellular Biological Thiols

In order to assess the cell permeability and capability of the
nanoprobe dFONs-Mal to selectively detect intracellular thiols,
live cells imaging studies were performed using two different
human cells lines: HEK293T embryonic kidney-derived cells
(Figure 4) and HeLa cancer cells (Figure 5). First, we ensured that
our probe (2 nM) was cytocompatible with the different cell lines
over the experimental time (≈2 h, see Figure S17, Supporting In-
formation). The cells were then incubated with the dFONs-Mal
(2 nM) for 30 min in DMEM medium at 37 °C and then directly
imaged without any washing step. Upon excitation at 405 nm, a
significant homogeneous signal of fluorescence appears inside
both type of cells proving the rapid internalization of dFONs-Mal
inside HEK and HeLa cells after only 30 min incubation. The flu-
orescence signal is most probably due to the reaction of the probe
with the intracellular thiols. As a control experiment, the cells
alone were imaged and almost no fluorescence emission was ob-
served in the same conditions, indicating that the signal is due to
the reacting probe and not to cell autofluorescence. In addition,
the emission spectrum of the nanoparticles was recorded inside
the HeLa cells (insert Figure 5, Figure S18, Supporting Informa-
tion) and it superimposed well on the spectrum of the dFONs-

GSH grafted in HEPES buffer at 37 °C, confirming once again
that the emission observed is indeed that of the dFONs that had
reacted with the intracellular thiols.

Therefore, dFONs-Mal probes can detect thiols both in can-
cerous or non-cancerous cells. Furthermore, dFONs-GSH, i.e.,
dFONs-Mal previously reacted with GSH, were also incubated
in the cells in the same conditions. Surprisingly, we could not
observe any cell internalization, meaning that only the pristine
dFONs-Mal can be internalized into cells. In contrast, dFONs-
GSH seem to slightly non-specifically adsorb onto HEK cells
membrane, while almost no fluorescence signal is measured for
HeLa cells. Hence dFONs-Mal are not only capable of detecting
intracellular thiols, but also react only with the thiols that are lo-
cated inside the cells and act as nanocarriers.

2.6. Two-Photon Excitation and Imaging

To get rid of the excitation of the endogenous species (𝜆exc =
405 nm), we exploited the non-linear optical properties of our
dyes and of dFONs made from them using near-IR two-photon
excitation (2P). First, we measured the two-photon absorption
(2PA) properties of the fluorescent dFONs-GSH in aqueous

Small Methods 2024, 2400716 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400716 (7 of 10)
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Figure 6. Top: two-photon excited fluorescence images of HEK cells (left, membrane labelled with TdTomato) or HeLa cells (right) after 30 min of
incubation with 2 nM of dFONs-Mal in DMEM at 37 °C at 𝜆exc,2P = 780 nm, and associated control experiments (no dFONs, cells alone). Bottom: two-
photon brightness spectra of dFONs-GSH (blue triangles & line) in HEPES buffer. The quadratic dependency of the fluorescence signal with laser power
(grey square) is expressed as log(F)/log(P2). Superposition of two-photon absorption spectra of Dye-(SR)2 in THF (black dots) and of dFONs-GSH in
HEPES buffer (blue triangle).

(HEPES buffer, pH = 7.4) (Figure 6). Despite the decrease in
the two-photon absorption of the dyes upon molecular confine-
ment, the overall dFONs-GSH brightness amounts to 8000 GM
at 680 nm, thanks to the large number of dyes per nanoparticle
and its large fluorescence quantum yield. We stress that this two-
photon brightness value is about 40 fold higher than the one of the
brightest 2P thiol probe reported so far (BODIPY derivative, Table
S2, Supporting Information).[55] This probe has a LOD of 25 nM
for GSH but is not soluble in water, thus requiring a large amount
of co-solvent for the cells experiments. A napthalimide-derivative
with a maleimide dandling group was also reported with an emis-
sion wavelength of 470 nm and a 2P brightness of 22 GM.[56] Un-
like our sensor, this dye maleimide only reacts with Cys with a
LOD of 5 nM, not with GSH or Hcy. Other dye-based two-photon
thiol probe have been developed but they present lower 2P bright-
ness, or either their 2P absorbance and brightness is not reported,
either their LOD, restricting a comparison of both photophysi-
cal and sensing properties with our nanoprobe (Table S2, Sup-
porting Information). In additions, all these probes have a low

water solubility and also requires a co-solvent for aqueous stud-
ies. Finally, two thiol nanosensors have been developed. One is
an organic hydrogel containing dyes,[26] while the other one is a
metallic nanoparticle.[28] They both sense GSH or Cys around 2–
180 nM and are perfectly water-dispersible. However, once again
their quantum yield and absorbance properties are missing.

As dFONs-Mal nanoparticles are both good two-photon ab-
sorbers, and thiol sensors, live-cell imaging was also performed
with two-photon excitation condition (𝜆exc = 780 nm) using a
highly diluted solution of dFONs (2 nM). The images were
obtained after incubation of dFONs-Mal for 30 min at 37 °C
with both cells’ lines (HEK and HeLa, Figure 6). Cellular imag-
ing shows the ability of dFONs-Mal to (i) be quickly internal-
ized within cells, (ii) react with the intracellular biological thiols
and (iii) consequently allow thiol detection using NIR excitation
thanks to its fluorogenic property and large two-photon absorp-
tion. These results demonstrate that dFONs-Mal are promising
tools for more advanced biological applications, i.e., detection
into tissues or scattering media (i.e., urine, blood, plasma).[31]

Small Methods 2024, 2400716 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400716 (8 of 10)
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3. Conclusion

In conclusion, we designed an original maleimide-dye which ini-
tially does not fluoresce, due to a PeT quenching mechanism.
Once nanoprecipitated in water, this dye leads to small (<30 nm),
non-fluorescent, dFONs-Mal nanoparticles which in presence of
biologically relevant thiols, become emissive. As far as we know,
this fluorogenic dFONs-Mal is also one of the very few examples
of fluorogenic dye-based nanoparticles developed to date.[57] In
addition, the nanoprobe is perfectly compatible with physiologi-
cal temperatures and supplemented biological media. In partic-
ular, the high sensitivity of dFONs-Mal regarding GSH (35 μM)
and its large dynamic range (10 μM to 10 mM) makes it an ideal
probe for intracellular thiols level measurements. Based on these
results, we investigated the behavior of this nanoprobe in in-
tracellular environment. Using only 2 nM of probe, and after
30 min incubation, dFONs-Mal are internalized into cells, re-
gardless of the lineage (HeLa or HEK) and without requiring
any washing step. The distribution of fluorescence is homoge-
neous within the cells. Furthermore, the dFONs-Mal having pre-
viously reacted with GSH are not internalized in the cells, but in-
stead either are non-specifically adsorbed onto the cell membrane
(HEK), or do not interact at all with cells (HeLa). These very orig-
inal results suggest that our nanoprobe can only penetrate cells
in its native form and is therefore only specific to intracellular
thiols.

Moreover, the dFONs-GSH can be excited in the NIR region,
and present a two-photon brightness of 8000 GM, allowing suc-
cessful two-photon imaging of intracellular thiols within cells. As
such they represent promising tools for sensing thiols in turbid
media and to complete the arsenal of nanotools for early diagnos-
tic and monitoring of neurodegenerative disorders.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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