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Fluorescence is a powerful tool for mapping biological eveds in real-time with high
spatial resolution. Ultra-bright probes are needed in ordeto achieve high sensitivity:
these probes are typically obtained by gathering a huge numdr of uorophores
in a single nanoparticle (NP). Unfortunately this assemblproduces quenching
of the wuorescence because of short-range intermolecular riteractions. Here we
demonstrate that rational structural modi cation of a welknown molecular uorophore
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) produces uorophores that self-assemble
in nanoparticles in the biocompatible environment withouany dramatic decrease of the
uorescence quantum vyield. Most importantly, the resultig NP show, in an aqueous
environment, a brightness which is more than six orders of ngnitude higher than
the molecular component in the organic solvent. Moreover,hite NP are prepared by
nanoprecipitation and they are stabilized only via non-calent interaction, they are
surprisingly stable and can be observed as individual brighspots freely diffusing in
solution at a concentration as low as 1 nM. The suitability afhe NP as biocompatible
uorescent probes was demonstrated in the case of HeLa celldy uorescence confocal
microscopy and MTS assays.

Keywords: uorescence, uorescent probes, ultra-bright, nanoparticles, nanoprecipitation, tracking, single

particle imaging, bioimaging

INTRODUCTION

Fluorescence imaging is a not invasive, highly sensiteehrtique that allows to investigate
biological organisms with high tridimensional resolutiamreal time, by making use of suitable
uorescent contrast agent&®(o-Echevarriaetal., 2011; Cauzzietal.,2012; Chen20ab; Grimm
etal., 2015; Lee etal., 2015; Mei et al., 2015; Tang et &; Raris et al., 2016; Proetto et al., 2016;
Xuetal., 201p Tailored uorescent nanoparticles (NPJing etal., 2015; Ma etal., 2015; Pyo et al.,
2015; Wolfbeis, 2015; Muller et al., 2),1gromise to surpass conventional molecular probes as
uorescent markers especially as far as sensitivity is ameck in fact, NPs potentially emit a much
brighter signal, with respect to molecules, in the same atioit conditions. Nevertheless, achieving
such an enhanced brightness (de ned ad BQY, wheretis the molar absorption coe cient of the
NP and QY is uorescence quantum yield of the NP) is still aldrage Ow et al., 2005; Wu et al.,
2006; Sun et al., 2010; Cho et al., 2011; Volkov et al., 2@dfynchuk et al., 2017; Melnychuk and
Klymchenko, 2018
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Most of the NP proposed and applied for bio-imaging, inthat such a limitation could be overcome by the introduction
fact, result from the assembly of molecular uorophores (M) i of a triphenylphosphazene group in the NBD structure. Indeed
an organized nanostructure. These assemblies may beizdbil such chemical modi cation, even if scarcely studied, hambee
(i) via covalent bonds, hence by modifying the MF chemicalteported to result, in the case of uorescent dyes, into a Ittt s
structure with reactive terminal groups [e.g., alkoxys#aiRio-  of both the absorption and luminescence maxima, an increése o
Echevarria et al., 2010; Rampazzo et al., 2011; Selvesalel etthe Stokes shift and of the luminescence intensitgdige et al.,
2013, acrylatesChen et al., 20Q9or thiolates Battistini et al., 1999; Nifant'ev et al., 2008; Joshi et al., 2014; Xu et alj; 201
2008; Bonacchi et al., 20}&o form polymer/copolymer or Ragabetal., 20).6
by (ii) non-covalent interactions, that involve either thdF Three dierent NBD-triarylphosphazene derivatives were
or additional groups speci cally introduced in the structure prepared in high yields with straightforward procedures. The
to achieve supramolecular polymerizatioBdnin et al., 2014; NP were then prepared via nanoprecipitation in the presence
Montaltietal., 2014; Reisch and Klymchenko, 2016; Faucdn et 2of Pluronic F127 as a stabilizer and they were characterized
2017; Boucard et al., 201€ontrol of size and size distribution is from the photo-physical point of view, via UV-Vis absorption
a critical issue in NP design and it can be achieved by exptpiti spectroscopy and steady-state and time resolved uorescence
surfactants or stabilizers as templates, hence molecud¢saith  spectroscopy. Although di erent surfactants have been proposed
physically or chemically incorporated in the NP typically giya as stabilizer for nanoprecipitation we chose Pluronic F127
compartmentalized structure (e.g., core-shell). in virtue of its well-known biocompatibility Ritto-Barry

From the point of view of uorescence brightness, the abilityand Barry, 201y} The formation and stability of the NPs
of NP to generate an intense uorescence signal, even inalve | were demonstrated by dynamic light scattering (DLS) and
intensity excitation regime, results from the co-preserfetigh  transmission electron microscopy (TEM). Moreover, wide eld
number of MF in each NP. Here, we report the preparation in uorescence microscopy proved that these NP are stable at a
a bio-compatible environment of NP with a diameter of aboutconcentration as low as 1 nM.

90 nm containing as much as about 1 10® MF/NP obtained By comparing the NP to the molecular precursors, an increase
by the self-assembling of new molecular uorophores spedliyca of the brightness of about ve order of magnitude, with respec
designed to achieve highly bright NP. to the uorophore in organic solvent, could be estimated as

We would like to stress that without a rational design, MFa result of the self-assembly. A direct comparison with the
normally aggregate in highly densely packed NP undergoingiorophore in agueous medium was not possible because of the
strong uorescence quenching, a process which reduces@¥ir lack of solubility but making reference to an NBD water sdéub
to almost zero. This phenomenon known as aggregation causelgrivative, we could appraise for the NP a brightness of more
quenching (ACQ) Genovese et al., 201 3ypically occurs in than six orders of magnitude higher. In order to demonstrate
self-assembled multi- uorophoric systems and it is the lesfi  that these NPs were suitable for bio-imaging, they werebated
short-range interactions between MF in the NP. with living HelLa cells and their ability to label the cells was

ACQ is particularly severe in the case of actual contaalemonstrated via confocal scanning uorescence microscopy
between the MF, as it occurs when aggregates are formed, aRbhally, toxicity assays demonstrated the high biocomplétijbi
it can be prevented, at least in part, by spacing the MEK etal., of the NPs. We believe that these highly bright, functicretle
1999 by incorporating them in an inactive matrix (e.g., silica) a NPs are very promising platform for the design of new versatile
in typical dye-doped NP. A major drawback of this strategyt thamultifunctional nanoprobes.
becomes e ective for NP with a dye/matrix ratio belowl %, is a
drastic reduction of the density of emitting molecules iretNP
and hence of the-of the NP with respect to matrix-free NP. RESULTS AND DISCUSSION

Here we describe the synthesis and the properties of a new . .
family of MF, which are water insoluble and do not su er from Photophysical Properties of the Molecules
ACQ, and we demonstrate that a rational design of the mokecul in Solution
structure allows us to achieve a molecular unit that seffamizes Molecular uorophoresl-3are shown irFigure 1and they were
in highly bright, and uorescent NPs which are very stablé’iBS  synthesized following the general reaction reportedrigure 1
(phosphate bu ered saline) solution. Photophysical properties of molecul&s3 where investigated in

In designing the new MF, our attention was attracted by theCH,Cly solution at the concentration 5 10 ®> M and they are
N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) dye derizes summarized inTable 1 In particular, the e ect of the substituent
(Fery-Forgues et al., 1993; Mukherjee et al., )J.9PHis family  on the phenyl ring was investigated. We would like to stress
of dyes has very interesting properties for imaging application that uorophores 1-3 are insoluble in water but that they can
In particular the synthetic precursor NBD chloride is quite be dispersed in water in the form of NPs as discussed in the
inexpensive and it is easily conjugated with amine deriestiv next section.
yielding uorescent dyes featuring absorption and emission UV-Vis electronic absorption spectra are shownHRigure 2
the visible range, large Stokes shift and good quantumgield  (continuous lines) together with the normalized uoresaen

Unfortunately, emission of NBD derivative in the aggregatedpectra. The absorption spectrum of compouddshows a
form is often very low and it is almost completely quenched inmaximum atl D 482nm ¢ D 34,300 M lcm 1) while the
aqueous environment=ery-Forgues et al., 1993Ve reasoned uorescence band presents a peak at 534 nm. Both absorption
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FIGURE 1 | Chemical formula of compounds 1, 2, 3 and scheme of the synthtc reactions for their preparation.
TABLE 1 | Photophysical data of compounds 1, 2, 3, 4 and of 2NP and 3NP.
Compounds Solvents | max,ass +max | max, uo QY <n>b BP <d>P
(nm) ™ tem 1 (nm) ™ tem 1) (nm)

CH,Cl, 482 34,300 536 0.50 - 1.7 104 -

CH,Cl, 488 32,600 526 0.65 - 21 104 -

CH,Cl, 524 26,200 555 0.09 - 26 108 -
4¢ H,O 482 28,000 566 0.03 - 8.4 102 -
2NP H,02 480 29,300 536 0.31 1.1 108 1.0 1010 91 13
3NP H,0? 520 17,800 556 0.01 1.6 10° 28 107 54 9

apBS.
bCalculated from TEM.
CFrom Fery-Forgues et al. (1993)

and uorescence maxima are very close to those reportetb 488 nm and of the uorescence to 524 nm. It is interesting
for the same molecule in acetonitrileRégab et al., 20),6 observing that going froni to 2, only a very small decrease of
and they are very similar to those reported for the parenthe energy of the lowest singlet excited state is observeah, f
compound, diethylamino-NBD4) (Fery-Forgues et al., 1993 2.44eV forl to 2.45eV for2, but a relevant decrease of the
The photophysical properties of NBD derivatives in di erent Stokes shift from 0.26 to 0.18 eV occurs. This indicates tieat
solvents have been investigated by Lopez and coworkeesect of the methylation is to increase the hindrance of théidyu
who reported for4 in dichloromethane an absorption and triphenylphosphazene substituents on the phosphorous atom
uorescence band with maxima at 482 and 534 nm, respectivelgnd hence it reduces the degree of conformational reorggioiz
(Fery-Forgues et al., 1993These bands are attributed to an of the excited states which produces the Stokes shift. The
electronic transition with charge transfer (CT) charactdre  electronic e ect of the weak electron donor methyl group, oe th
amino group acting as the electron donor and the nitro groupother hand, is marginal and since the electronic transitieas

as the acceptor. Because of its nature, the CT bands are a ectadtrong charge-transfer character, no relevant di erencéhie
both by the polarity of the environment (e.g., the solventfan electronic transition is observed. The rigidi cation e edtue to

of substituents. Considering the similarity between NBDhae  the bulkier substituents also a ects the uorescence QY amal t
andl,we can conclude that the triphenylphosphazene group andxcited state lifetime that rises, with respectlido QY D 0.65

the diethylamino group have a very similar electronic eeat 0 and D 7.7 nsin2.

the nitro-aromatic system. Moreover, the uorescence QR¥.50 On the contrary, the substitution of each of the three phenyl
and the excited state lifetimeD 5.7 ns of 1 in CHCI; are very  rings with three strong electron donor methoxy groups to give
similar to those of NBD. 3 produces a large hypsochromic shift both of the absorption

The introduction of the methyl group on the phenyl band,| D 524nm ¢D 26,200 M lcm 1) and of the uorescence
substituent to giv& produces a shift of the absorption maximum maximum | ¢,y D 555 nm, corresponding to a decrease of the
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The size distribution oRNP and 3NP was also investigated
by TEM: representative images of the two samples are shown
in Figures 3c,d,respectively while the histogram obtained by
L os measuring the size of the NP in the images with the software
Image J are shown irrigures 3e,f Fitting the data with a
Gaussian model, we obtained the NP size: 913 and 54 9
for 2NP and3NP, respectively. While the diameter measured for
L 0.4 2NP by TEM was consistent with the hydrodynamic diameter
measured by DLS, a signi cant di erence was observed in the
0.2 case of3NP. The larger hydrodynamic diameter measured by
DLS for this latter sample revealed a partial aggregaticBN®?

00 in water.
The photophysical characterization @NP and 3NP was

A (nm) performed in PBS, results are summarizedTable 1 Since it

) _ _ was not possible to compare the propertie2P and 3NP with

FIGURE 2 | Absorption (continuous lines) and uorescence spectra (dased the molecular componentd and3in aqueous medium because
lines) of molecules 1 (blackl exc D 450 nm) 2 (green,l exc D 450 nm) and 3 o -
(red, | exc D 490 nm) in dichloromethane (concentration 5 10 5 M). of their insolubility, we compared them to the parent compound
diethylamino-NBD @), as shown infable 1

The UV vis absorption spectra @\P and 3NP are shown
energy of the transition to 2.30eV. The further increasehsf t in Figures 4 5, respective|y. The molar absorption coe Cient)(
hindrance of the phosphazene substituents3iwith respect to  \yas calculated for the molecul2sand 3 in the NP considering
2 leads to a decrease of the Stokes shift to 0.13eV. On the othﬂb”' average ConcentratiorEigureS 4 5 Clearly show that the
hand the presence of the electron rich trimethoxyphenyl grougyggregation in the NP has only a minor e ect on the absorption

I 0.6

I (a.u.)

ex107*(M'em™)

300 400 500 600 700

state lifetime to D 4.2 ns hypsochromic shift and a moderate decrease of

. . . On the contrary, NP formation had a very dierent e ect
Preparation and Characterization of on the uorescence properties c@ and 3. In particular, 2
the NPs maintains in the NPs an acceptable quantum yield (Q¥.31)

Dye moleculed, 2, and3 are water insoluble and nanoparticles while 3 undergoes strong aggregation induced quenching (QY
(NPs) were prepared by nanoprecipitationReisch and D 0.01). This observation suggests that the introduction of
Klymchenko, 2016 A small volume (10mL) of a THF methyl on the bulky tri(phenyl)phosphazene group is suitable t
solution of 1, 2 or 3 (2 mg/ml) and the surfactant Pluronic decrease the intermolecular electronic interactions & NPs by
F127 (20 mg/mL) was rapidly injected into 2.5 mL of Millipore reducing the overlap of the molecular orbitals of the uorest
water under vigorous stirring. The reaction vial was kept opeNBD units. Nevertheless, the presence of electron donating
to atmospheric air in order to allow complete evaporation of thetri-methoxyphenyl groups is known to cause uorescence
organic solvent. After 2 h of stirring, a precipitate was foohme  quenching because of the formation of charge-transfer non-
the case of compountl while transparent, colored suspensions uorescent excited statesStiukla and Wan, 1993Fluorescence
were obtained for samples containi@gnd 3. anisotropy measurements demonstrated that the quenching
The formation of the NP constituted by and 3 was e ectis enhanced by excitation energy migration inside tHesN
demonstrated by dynamic light scattering (DLS), transioiss (Bonacchi et al., 2008; Jiang and McNeill, 20Bobth 2 and 3
electron microscopy (TEM) and uorescence microscopy (FM)in fact showed in a high viscosity medium like propylene glycol,
In particular, DLS measurements showed the presence of cquite a high value of uorescence anisotropyr D 0.21 for2
quite monodisperse single population of NPs both in the samplandr D 0.23 for3 at r.t.). On the contrary, the two uorophore
containing2 (2NP,dD 128 nm, PdD 0.11) andB (3NP,dD 140, immobilized in the NPs showed a uorescence anisotropy which
PdID 0.06). The size distribution of the two samples is shown ins zero both for2NP and 3NP. The complete depolarization
Figures 3a,b respectively. DLS measurements were performedbserved in the NP is in contrast with the lack of rotational
after dilution of the NPs suspension in phosphate-bu eredfreedom of the uorophores in the nanostructures and can be
saline (PBS) solution (1:50, vol:vol). After such a dilatithe explained only by considering a fast depolarization involwime
concentration of the surfactant Pluronic F127 was Ol  homo-energy transfer processésnovese et al., 2013
hence more than three order of magnitude below the critical Time resolved uorescence measurements (time correlated
micelles concentration (cmd 0.3mM at r.t.) Rampazzo et al., single photon counting, TCSPC) showed that the spectral
201). In order to exclude the formation of NPs constituted changes observed upon NP formation were due to the presence,
by the surfactant (micelles that, on the other hand, havenbeein the NPs, of populations of uorophores experiencing di erent
reported to show size of tens of nm), a blank sample was prepareshvironments. Tri-exponential decays were observed bothén
following the same procedure used @iMPand3NP. Norelevant case o2NP( 1D 0.46ns, BD 3,196,,D 1.45,BD 1,085, 3D
scattering signal was detected in the case of the blank samplésl6, B D 44) and3NP( 1 D 0.62ns,BD 4,132,,D 2.44,BD
con rming the absence of NPs. 3,724,3D 7.81, B D 1,559). From these data the average excited
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FIGURE 3 | Top: size distribution obtained by DLS analysis of 2NPa) and 3NP (b). Center: representative TEM images of 2NRc) and 3NP (d). Bottom: size
distribution resulting from the analysis of the TEM imagesf@NP (e) and 3NP (f).

lifetime was calculatedtobe > D 2.53nsank > D0.77 Molar volume for2NP and3NP were 2.4 1(° and 5.0 10*
ns for2NPand3NP, respectively. This resultis in agreement withL mol * while molar volume for2 and 3 were 0.23 Lmol® and
the low uorescence QY measured fBNP. 0.32L mol 1, respectively. Henc2NP and 3NP contain about
In order to evaluate the order of magnitude of the uorescenc 1.1 1 molecules and 1.6 10° dye molecules, respectively.
brightness of2NP and 3NP, the number of molecules per Considering these values, the brightnes@NP results to be as
particles was estimated as reportediable 1 This number was high as 10'°M 1cm ! while 3NP show a brightness which is
calculated considering the molar volume 2&nd 3 (molecular  almost two orders of magnitude lower th@NP.
volume ofl, 2, and3 were calculated to be 338.0, 380.9, and 533.6

A3, respectively) and the hydrodynamic diameter of the NPs. ) L
P Y) yerowy Size Characterization of 2NP by
Fluorescence Optical Tracking

3
VD 6d N @ Thanks to their outstanding brightnes&\NP could be detected, in
suspension, as single bright spots in a conventional uoreseen
Lhttp://www.scfbio-iitd.res.in/software/drugdesign/Volumal€ulator.jsp. microscope. Using an acquisition time as short as 10ms, the
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FIGURE 4 | Absorption (continuous lines) and uorescence spectra (dased

lines, | exc D 450 nm) of compound 2 (black, dichloromethane) and of 2NP
(red, PBS). FIGURE 6 | Histogram of the linear displacements measured for 2NP in PB

by uorescence microscopy for a time intervall t D 10 ms. Images were
acquired in time-lapse mode (4,000 frames) with an EMCCD Caera and
processed with Image J (Plug-in MOSAIC). Each pixel correspads to

0.16 mm. A representative image of the NP (bright white spots) is glwn in the
inset.

following equations:
I
(X x0)°

4Dt @)

1
P.x,t/ D p——ex
4p Dt P

Where P is the probability of observing a displacement of
an NP from the position ¥ to the position after a time
delay t and D is the di usion coe cient of the NP that, in a
spherical approximation, is dependent on the diameter of the NP
according to the Stokes-Einstein equation:

FIGURE 5 | Absorption (continuous lines) and uorescence spectra (dased KT
lines, | exc D 490 nm) of compound 3 (black, dichloromethane) and of 3NP (3)
(red, PBS). 3p!'d

Where k is the Boltzmann constant, T the temperature and

is the viscosity of the medium. Image sequences were pratesse
NP appeared motionless as shownFigure 6 (inset). Thermal  to acquire the positions of the NP in each frame and to identify
motions of the NP were clearly observed by time lapseghdividual NP movements. The trajectories of the NPs wereluse
acquisition (4,000 frames). The resulting movies were aealy to get the displacement (in pixels, where a pixel corresponds to
to measure the linear displacements of the NPs using the plugif 16nm) of the NP in the frame acquisition time interval @
MOSAIC for Image J §balzarini and Koumoutsakos, 200510 10 2s). Data represented in the histogram were tted with
Chenouard et al., 2014The displacements were then pIOtted in a Gaussian modeL as Shownﬁi’gure 6, to obtain the di usion
a histogram as shown iRigure 6. We would like to stress that coe cientD D 2.65 10 2m?s !; a value that corresponds to
an analogous experiment was performed f@NP sample and  NPs with an average diameter of 160 nm in good agreement with
no emissive spots attributable to NP di usion could be obseitve the DLS analysis.
This demonstrated that these NPs were not bright enough to
be detectable as individual objects by uorescence miapgc Biological Experiments
Moreover, by comparing two samples2ifIP and 3NP with the ~ To demonstrate their e cacy as a uorescent prob2NP and
same concentration (@g/ml), the average intensity measured3NP were incubated with HelLa cells at the relatively low dose
within a frame in the case dNP was more than 2 orders of of 80 ng/ml at 37C. After confocal microscopy analysis of 20 h,
magnitude higher than the one measured 8P. cells Figure 7) revealed an intense structur@iP signal within

The di usion coe cient of 2NP was calculated by tracking the cell cytoplasm, suggesting endosomal NP internalimatio

the uorescent NP via uorescence microscopy considering th although cytoplasmatic internalization cannot be completel
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FIGURE 8 | Cytotoxicity of 2NPs and 3NPs. HeLa cells were incubated for
20 h with the indicated doses of NPs in DMEM at 37C and subjected to MTS
assay. Data, expressed as % of control (no NP) samples, are me SE
(ND3).

to be used as uorescent contrast agents for bioimaging, also
thanks to their good biocompatibility. We believe that our
approach can be extended to other molecules and surfactants in
FIGURE 7 | Fluorescence signal of NPs in cells. HeLa cells grown on glas order to tune the excitation/emission wavelength as wellhas t

cover-slips were incubated for 20 h with no NPs (medium alorje 2NP or 3NP, NP size.
as indicated and analyzed by uorescence confocal microscoy with the same
instrumental setting for comparison. Representative imags are shown. In the EXPERI M ENTAL SECTION
case of 2NP cell signal distribution details are shown at higer magni cation.
Bars are the standard deviations of the means.

General: Solvents were puri ed by standard methods. All the
reagents used were purchased by Sigma-Aldrich and used

ruled out. As expected, based on their weak intrinsic uoss® as received.
3NP cellular signal was much weaker. MTS assays showed thsaﬁTLC analyses were performed using Merck 60 F254 precoated

both 2NP and 3NP are devoid of the toxic e ects on HeLa cells > .o gel glass plates... Column chromatography was carried out
. on Macherey-Nagel silica gel 60 (70-230 mesh).
of up to 1mg/ml (Figure 8).

NMR spectra were recorded using a Bruker AV 500
spectrometer operating at 500 MHz for 1H, 125.8 MHz for
CONCLUSIONS 13C. Chemical shifts are reported relative to internal Me4Si.

Multiplicity is given as follow: ® singlet, dD doublet, tD triplet,
Summarizing the results so far discussed, we found thatcatge 0 D quartet, gnD quintet, mD multiplet, br D broad peak.
1 does not form stable NP upon nanoprecipitation in our ESI-MS mass spectra were obtained with an Agilent
experimental conditions. On the contrary, nanoprecipitationTechnologies LC/MSD Trap SL mass spectrometer. EI/MS
of molecules2 and 3 leads to NP formation. However, the SPectra were obtained with an Agilent Technologies 6850-
quantum yield of molecul®, which is already low in the non- 9973 GS/MS.
aggregated form, further decreases upon assembly in the NP. .
As a result, the brightness @NP is about two orders of SYynthesis of
magnitude lower than the one &NP. Such a di erence is so 4-Azido-7-Nitrobenzofurazan (NBD-N  3)
relevant that while2NP can be clearly tracked at the singleInto a ask, covered with an aluminum foil and containing NaN
NP level in solution at very low concentration by uorescenc (0.350g, 5.39 mM) dissolved in a EtOH/& mixture (1:1 vlv,
microscopy,3NP cannot be observed with the same technique20 mL), a solution of NBD-CI (0.5 g, 2.505 mM) in EtOH (40 mL)
Most interestingly, the brightness @NP could be estimated to was added dropwise within a 1 h period. The reaction was left
be about six orders of magnitude higher than an NBD watestirring for 6 h at RT. Subsequently, the solvent was removed
soluble derivative used as reference. These results dématens under reduced pressure and crude was puried via column
that rational design of the molecular precursor is fundanant chromatography on silica gel using petroleum ether/AcOEt 4:6
for producing stable and strongly bright nanoparticles by-selfas eluent. The product was obtained as an orange solid in
assembly. Cellular experiments proved tl2Ps are suitable 90% yield.
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H NMR (300 MHz, &-DMSO),d: 8.70 (d,J D5.3Hz, 1H), Excited State Lifetimes
6.40 (dJD 5.3 Hz, 1H). Excited state lifetime was measured with an Edinburgh F0S92
ESI/MS, m/z: 207.8 (15%,BHC), 178.8 (100%, M-BCHC).  uorimeter equipped with an electronic card for time corredat
EI/MS, m/z: 207 (100%, &), 180, 150, 133, 120, 104, 92,single photon counting TCSPC900. The kinetic tracks were
77,64, 52. tted with a tri-exponential model:I(t) D A C Bie ©1 C
Boe ©2C Bge '~ 3 with the software package FAST.

Synthesis of 4-Triarylphosphazo-7- Fluorescence Anisotropy Spectra

Nitrobenzofurazan _(1'3) _ _ o All uorescence anisotropy measurements were performed on
Into a ask, covered with aluminum foil and containind 4, Edinburgh FLS920 equipped with Glan-Thompson polarizers.
(0.1g, 0.485mM) and the desired phosphine (3 eq.) dissolveghisotropy measurements were collected using an L-format

in THF (8mL), HO (2.6mL, 145.553mM) was added atcon guration, and all data were corrected for polarizatiora®
once and left to react overnight under stirring. Subseqlyent using the G-factor.

the formed solid was ltered-o, washed with cold THF 4" harticular four dierent spectra were acquired for each
and dried giving the nal product as an orange solid with gample combining di erent orientations of the excitation and

quantitative yield. emission polarizers:vl/, IvH, lun, IHv (where V stands for
) ) vertical and H for horizontal with respect to the plane inclodi
4-Triphenylphosphazo-7-Nitrobenzofurazan (1) the excitation beam and the detection direction; and thet rs

'HNMR (300 MHz, CDC}) d8.19 (dJD 8.3Hz, 1H), 7.74 (M]  subscript refers to the excitation and the second subscript
D 13.0, 10.7, 4.7 Hz, 6H), 7.65-7.56 (M, 3H), 7.54—7.37 (M, 7Hkfers to the emission). The spectra were used to calculate the

6.56 (dJD 8.5Hz, 1H). G-factor and the anisotropy r: @ Iyy/lyn and r D Iyy-
31p NMR (202 MHz, CDGJ) d14.01. Glyn/lyC2Ghy.

13C NMR (126 MHz, CDG}) d137.04, 134.06, 134.02, 133.086, _ )
132.92, 130.21, 130.04, 126.84, 125.51, 40.86, 40.5840002, [Epi uorescence Microscopy

39.74,39.47, 39.19. The uorescence images were obtained with an inverted

ESI-MS, m/z: 425.2 (100% GHC). microscope (Olympus IX71) equipped with a Xenon lamp
for excitation. Excitation, dichroic and emission ltersene

4-Tri-(2-Methylphenyl)Phosphazo-7- purchased from Chroma and Thorlabs. Excitation lter:
Nitrobenzofurazan (2) 475 17.5nm; emission Iter: 530 21.5nm; dichroic

1H NMR (500 MHz, DMSO€g) d 8.20 (d,JD 8.8Hz, 1H), 7.71 Re ection/Transmission): 470-490/508-675nm. Fluoreseen

(t, JD 7.4Hz, 3H), 7.58-7.46 (m, 10H), 5.50 J@) 8.9 Hz, 1H), images were acquired with an Electron Multiplying Charge
2.20 (s, 9H). Coupled Device EMCCD Camera (Princeton Instruments,

31p NMR (202 MHz, DMSQdg) d 21.31. Photon Max 512). Acquisition time was 30ms per frame at

13C NMR (126 MHz, DMSOd6) d 154.93, 150.91, 143.15,the maximum ampli cation gain using a 100x oil immersion
143.08, 137.24, 134.40, 134.32, 134.09, 133.98, 13348), 130bjective for uorescence (Olympus UPLFLN100X0O2).
127.61, 127.51, 123.92, 123.15, 121.57, 117.25, 10910,
31.16, 30.06.

ESI-MS, m/z: 483.2 (100%,BHC), 505.1 (10%, @NaC).

10particle Tracking

Trajectories were tracked by analyzing sequences of images
acquired with an integration time of 10ms per frame.
The particles were localized and tracked by using the plug-in
MOSAIC for the software Image3ipalzarini and Koumoutsakos,
2005; Chenouard et al., 2017 he displacement distribution was
processed with the software Sigmaplot to obtain histograrat th
were tted with Gaussian peaks. The Stokes-Einstein equation
was used to obtain the particle diameter

4-Tri-(2,4,6-Triemthoxyphenyl)Phosphazo-7-
Nitrobenzofurazan (3)
IH NMR (500 MHz, Acetoned6) d8.54 (dJD 8.6 Hz, 1H), 8.05
(d,JD 9.4 Hz, 1H), 7.90 (s, 1H), 6.25 @D 4.7 Hz, 6H), 5.83 (d,
JD 8.4Hz, 1H), 3.88 (s, 10H), 3.60 (s, 27H).

31P NMR (202 MHz, Acetonelg) d 3.03.

13C NMR (126 MHz, Acetonals) d 167.49, 163.92, 142.36, Dynamic Light Scattering
140.66, 140.53,135.71, 129.25, 125.86, 118.39, 961205565. Light Scattering measurements were performed using a Malvern

ESI-MS, m/z: 711.2 (100%,BHC). Nano ZS instrument equipped with a 633 nm laser diode. Samples
. were housed in disposable polystyrene cuvettes of 1 cm optical
Absorption and Fluorescence Spectra path length. DLS measurements were performed after dilutfon o

UV-VIS absorption spectra were recorded at @y means of the NPs suspension in phosphate-bu ered saline (PBS) solution
Cary 300 UV-Vis spectrophotometer (Agilent Technologies).  (1:50, vol:vol).

Steady State Fluorescence Spectra Transmission Electron Microscopy

The wuorescence spectra were recorded with a Horib& Philips CM 100 transmission electron microscope operating
Fluoromax-4 spectro uorimeter and with an Edinburgh FLS920at 80 kV was used. For TEM investigations, a 3.05mm
uorimeter equipped with a photomultiplier Hamamatsu R928P. copper grid (400 mesh) covered by a Formvar support Im
Quartz cuvettes with optical path length of 1 cm were used fowas dried up under vacuum after deposition of a drop of
both absorbance and emission measurements. nanoparticles solution.
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Cellular Experiments DATA AVAILABILITY

HelLa cells were maintained in a DMEM medium (Gibco)

supplemented with 10% FCS (Euroclone) and antibioticé\ll datasets generated for this study are included in the
(penicillin and streptomycin, Invitrogen) at 3T in a humidi ed ~ manuscript and/or the supplementary les.

atmosphere containing 5% (v/v) GOcells were split every 2—3

days. For MTS cytotoxicity assay, cells (10* cells) were plated AUTHOR CONTRIBUTIONS

onto a 96-well culture plate the day before the experiment.sCell

were then incubated for 20 h with NPs at di erent concentraso MM designed the synthesis of the NPs and supervised their
in DMEM, added with 10% FCS. Cellular mitochondrial activity preparation and characterization. FM and JT synthesized
(indicator of cellular viability) was evaluated by MTS assaynolecules 1,2, and 3. VC prepared and characterized the NP. AC
(Promega) according to the instruction manual. For the MTSperformed the photophysical characterization of moleculés. R
test ND 3 independent experiments were run in triplicate. and EP performed the cellular experiments.

test (signi cativity p < 0, 05) were performed, but di erences

compared to control (no particles) were always not signi cantACKNOWLEDGMENTS

(p > 0,05). For the assessment of intracellular distribution of

NPs, cells (1 1CP) were seeded on cover glasses and after 24We gratefully acknowledge nancial support from the
they were incubated for 20 h at 3Z with NPs, washed with PBS European Research Council (ERC) (MOSAIC Starting Grant

and directly analyzed by confocal microscopy (Leica SP2)gbn
were processed using ImageJ software.
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