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Abstract

The relationship between the fluorescence decrease by Aggregation-Caused Quenching (ACQ) and the
Photoacoustic Generation Efficiency in polylactide-Bodipy nanoparticles (PLA-Bodipy NPs) is
demonstrated. PLA NPs with different PLA-Bodipy loading (from 2.5% to 50% by weight) were studied
using a calibrated photoacoustic spectrophotometer. We demonstrate the presence of two
photoacoustic emission regimes thanks to the determination of the Global PhotoAcoustic Efficiency
(GPAE) which represents the averaged Photoacoustic Generation Efficiency (PGE) over the whole
studied band (680-870 nm). In the monomer regime, below 10% by weight of PLA-Bodipy, the
fluorescence emission from the Bodipy monomer limits the GPAE. Above 10% of PLA-Bodipy, in the
ACQ regime, non-radiative deactivations from the aggregates are predominant and GPAE reaches a
high value of 93%. We also introduce the photoacoustic brightness Bea, as the produce of the GPAE by
the molar extinction coefficient of NPs. When Bodipy is aggregated, high nanoparticular extinction
coefficients (2.4 x 10 L.mol™.cm™ for NP-50%) and high GPAE values are reached leading to ultrabright
NPs (22 x 107 L.molt.cm™). Finally, we show that high laser fluences (1-3.5 mJ.cm™) can significantly
reduce the photoacoustic signal by ground state depopulation at the band maximum excitation (-20%
for NP-2.5%). This non-linear effect can be highly reduced with NPs in the ACQ regime. Above 10%

PLA-Bodipy, NPs exhibit intense photoacoustic brightness and low signal loss by nonlinear effects. A



mathematical fit of the absorption and photoacoustic excitation spectra allowed to introduce the Band
PhotoAcoustic Efficiency (BPAE) to spectrally differentiate the averaged photoacoustic efficiency at the
band maximum BPAEs and in the vibrational shoulder BPAEpi,. The BPAE.q highly depends on the
laser fluence due to high ground state depopulation, whereas the BPAE . does not change with the

fluence thanks to a lower laser fluence saturation.



Introduction

In medicine, nanoparticles (NPs) are promising to treat pathologies like cancer, autoimmune and
inflammatory diseases, diabetes and neurodegenerative diseases® and recently to reduce the SARS-
CoV-2 pandemic (from 2020)2. However, despite significant development of active and passive
targeting, the actual proportion of NPs reaching the diseased tissue remains low?. To address this
limitation, the concept of nanotheranostics has emerged?. The idea is to quantify the accumulation of
therapeutic NPs by an imaging modality before deciding whether to treat or not the patient with these
NPs. To this purpose, the development of clinically transposable NPs co-encapsulating a therapeutic
agent and an imaging agent is needed*. Among imaging modalities, fluorescence imaging in the near
infrared region is promising as several fluorescent dyes have been developed and tested in vivo in
animal models. In vivo florescence imaging beyond microscopic depth can be achieved in two
dimensions for clinical applications, in particular for intraoperative imaging®, and in three dimensions
using tomographic imaging for preclinical investigations®. The image reconstruction is challenging” and
spatial resolution and location accuracy of fluorescent targets (millimeters) remain weak due to the
strong scattering of biological tissues. However, the molecular imaging capabilities of fluorescence
technic are a strong asset, especially when combined to highly luminescent NPs. Dye-loaded
luminescent polymer NPs are excellent candidates for theranostic applications as they exhibit good
biocompatibility and biodegradability (based on polylactide, chitosan, collagen, poly(lactide-co-
glycolide),...), they can be functionalized on the surface, they are stable in biological media, and a
controlled drug release can obtained®®. Recently, the development of prodrug polymer nanoparticles,
with a covalent grafting of the dye or drug to the polymer, allowed to highly increase the loading (up
to more than 30% in weight) and reduce burst release problems!®2,

Usually, a high dye loading is required for easier detection of polymer NPs in fluorescence imaging, but
such loading leads to fluorescence loss, detrimental to detection. Indeed at high loading, dyes with
planar backbones and aromatic rings are likely to create intermolecular -1t interactions and other
interactions like excimer, exciplex, energy hetero-transfer or charge transfers and excited states

13716 All these interactions are often referred as Aggregation-Caused Quenching (ACQ) or self-

reactions
quenching. Additionally, high dye loading in NPs is also likely to favor homo-Excitation Energy Transfer
(EET, or exciton diffusion): due to the dyes’ close proximity inside the polymer matrix, the energy can
be transferred between several emitters before finally being quenched by non-fluorescent aggregates
or a trap?%. Thus, if luminescent imaging is still a powerful tool, new imaging technics exploiting the
high loading of organic chromophores in NPs would be advantageous to improve the NP detectability

and additionally the image spatial resolution. Photoacoustic imaging, which benefits from the non-

radiative energy transfer subsequent to light absorption by the dye, shall be one of them.



Photoacoustic imaging is a cost-effective biomedical imaging modality that combines optical excitation
and ultrasound detection. This hybrid modality benefits from a high contrast and a great spatial

resolution (submillimeter at centimeter depth)?

. Absorbing molecules are excited by a pulsed
nanosecond excitation, then de-excitation through vibrations and collisions with the solvent, or
surrounding matrix, create a local heating of the media that subsequently generates an initial pressure
increase and an ultrasound wave. In the literature, high non-radiative rate constant knr, low fluorescent
guantum yield ®r and a low inter-system crossing rate constant k.s, are often considered to increase

the photoacoustic signal 3033, Thus, different strategies are used to quench the fluorescence signal and

favor non-radiative decays such as quencher encapsulation??, photoinduced electron transfer?*2,

25-28 29-31

intramolecular charge transfer*~=*°, molecular rotors**~>*, and long backbone spacers to conserve
intramolecular motion in the solid state23032-34 Therefore, the fluorescence loss with high dye-loaded
polymer NPs is a very promising strategy to favor non-radiative decays and enhance the photoacoustic
signal. If some papers mentioned the ACQ effect in dye-loaded NPs to improve the photoacoustic

1233536 it is rarely seen as a real strategy for photoacoustic enhancement and, to the best of our

signa
knowledge, no proper quantification of the photoacoustic efficiency increase in relation with the
fluorescence loss has been performed so far.

Herein, we investigate the relationship between the photophysical properties of the dye-loaded
polymer NPs and the generated photoacoustic signal for different dye loadings and various excitation
fluences. Our objective is to unravel mechanisms that enhance the efficiency of the energy conversion
between light absorption and ultrasound emission. The initial pressure increase po in a solution of
absorbing NPs illuminated at the excitation wavelength 1 and with a the laser fluence I(1) in mJ.cm™,

can be written as®’:

po(A) = PGE(A, I(L), H) - T - In(10) - e(}, H) - Cyp - I(A) )

where PGE(4,1(1), H) is the Photoacoustic Generation Efficiency, Iis the Griineisen coefficient of the
solvent, Cyp is the NP concentration in mol.L?, € is the molar absorptivity of NP in L.molt.cm™ at the
excitation wavelength. H represents the NP dye loading and can be expressed as the mass percentage
of the dye in a NP. In(10) is the natural logarithm of 10. In(10) - (4, H) - Cyp * I(1) is the absorbed
optical energy per unit of volume of the NP solution. Part of this energy is converted into heat, with
the photothermal conversion efficiency. Then, the conversion of the heat energy to the initial pressure
rise po is described by the Griineisen coefficient of the solution. For diluted sample of polymer NPs, the
Grineisen coefficient of the solution equals that of the solvent. Finally, PGE is a dimensionless
parameter which represents the efficiency of conversion of given wavelength absorbed light energy

into heat, and subsequently into acoustic energy for the NP suspension. The PGE is the produce of the



photothermal conversion efficiency and the ratio of Griineisen coefficients between the solution and
the solvent. A PGE of 1.0 corresponds to a sample solution for which the absorbed optical energy is
fully converted into pressure in a medium with the Griineisen coefficient of the solvent. PGE may vary
with the excitation wavelength 1%’. Because of the dye aggregation, the PGE and the molar absorptivity
€ can be a function of H. Moreover, non-linear phenomena may result in a variation of PGE with laser
fluence 1(1)38. For clinical applications, it is important to limit the fluence to avoid tissues damage®.
Moreover, the nanoparticle concentration should also be restrained to avoid toxicity concerns®. Thus,
two main parameters can be tuned to enhance the photoacoustic signal: the PGE and the molar
absorptivity. Both parameters can be strongly enhanced thanks to high dye loading in polymer NPs.
To this attempt, we exploit a calibrated photoacoustic spectrophotometer®” and a robust Bodipy-
loaded polylactide NP recent formulation®. Absorption, steady-state and time resolved emission, as
well as calibrated photoacoustic spectra (at an incident fluence around 0.98 mJ.cm™) were studied on
PLA-Bodipy NPs with different PLA-Bodipy loadings: from 2.5% to 50% by weight. We define and
introduce a new photoacoustic parameter: the Global PhotoAcoustic Efficiency (GPAE), which
represents the weighted average of the PGE over the whole studied band (680-870 nm). By studying
the GPAE and the non-radiative rate constant of the Bodipy NPs, we demonstrate the presence of two
photoacoustic emission regimes: a monomer regime and an ACQ regime. We propose a mathematical
model to predict the minimum dye loading for polymer NP to reach the ACQ regime, simply by
exploiting the absorption and emission spectra, the molar absorptivity and the Strickler-Berg relation.
The high performance of the NPs for photoacoustic imaging were highlighted by the calculation of the
NP photoacoustic brightness Bpa. Bpa Wwas defined as the produce of the maximum molar extinction
coefficient of NPs (enp) by the GPAE.

Finally, we demonstrate the loss of photoacoustic signal at high laser fluence (3.5 mJ.cm) at the band
maximum by ground state depopulation. This non-linear effect is detrimental for photoacoustic
imaging and can be suppressed with NPs in the ACQ regime. Above 10% of PLA-Bodipy, NPs exhibit

high PGE, high photoacoustic brightness, and poor signal loss by nonlinear effect.



Methods

Materials

DL-lactide was purchased from Biovalley, Polysciences Inc. (USA). Poly(ethylene glycol) methyl ether
(OH-PEG-OCHs, average M, = 5000 g.mol?) was obtained from Iris Biotech GmbH (Germany).
Anhydrous toluene, stannous 2-ethyl hexanoate (stannous octoate, Sn(Oct),), sodium cholate,
tetrahydrofuran (THF) spectroscopic grade and all the reagents for the Bodipy synthesis were
purchased from Sigma-Aldrich (France) or TCl (France) and used as received. Spectroscopic
experiments were conducted in spectroscopic grade dichloromethane (DCM) from Sigma-Aldrich

(France). Milli-Q water was used (Reference system Merck-Millipore, France).

Bodipy and polymer synthesis : See Supplementary Information.

Nanoparticles synthesis : See Supplementary Information.

Nanoparticle characterization

NP hydrodynamic diameter (Dynamic light scattering (DLS)), zeta potential and polydispersity index
(PDI) were determined with a Zetasizer Nano ZS (Malvern, France) at 25°C, with a 632.8 nm laser
(backscatter angle of 173°). The Bodipy encapsulation efficiencies were evaluated as described in 40
thanks to a calibration curve (Beer-Lambert’s law) of PLA-Bodipy absorption at 757 nm in DCM as a
function of the concentration (slope: €pia-sodipy = 78 000 L.mol™.cm™, DCM, 757 nm). The mean Bodipy
number per NP (Npia-sodipy) Was determined in 40 by computing the ratio of the experimental Bodipy
concentration Cgogipy t0o the nanoparticle concentration Cne (determined by Nanoparticle Tracking

Analysis®). The nanoparticle molar extinction coefficient was evaluated in 40 thanks to eyp =

Npra—Bodipy X €EPLA-Bodip -

The Bodipy distance to the nearest neighbor <R> (nm) was determined thanks to:

<R> =0.554x

1/3
nt/

PLA-Bodipy

with npiasodipy the number of Bodipy per particle per nm? 2, Differential Scanning Calorimetry
experiments were performed on Bodipy NP (50 mg.mL? of polymer in water) with a VP-DSC

microcalorimeter (Perkin-Elmer DSC Diamond), 1°C per min, from 5°C to 70°C, three repeated scans.
Theoretical fluence saturation

The theoretical fluence saturation of the Bodipy dye at 680 nm and 757 nm, was calculated thanks to

j 1 he 39

saturation = gaanioT0ns DR h the Planck constant, c the speed of light in vacuum (m.s’
. PLA-Bodipy



1), A the wavelength of the laser (m), and €pia-sodipy the PLA-Bodipy extinction coefficient (L.mol*.cm™)
and F the saturation fluence (J.cm™). €pia-80dipy (757 Nm) = 80 000 L.mol™.cm™ and €pia-sodipy (680 NM) =
33 200 L.mol*.cm™. By definition, at Fiaser = Fsaturation, 37% Of the initial absorbance signal is lost. The

theoretical fluence saturation is 0.86 mJ.cm™ at 757 nm and 2.3 mJ.cm™ at 680 nm.
Bodipy reprecipitation experiments : See Supplementary Information.

Photophysical measurements

Spectra were obtained in 10 mm path length quartz cuvettes. For UV-visible spectra a Shimadzu UV-
visible spectrophotometer UV-2600 was used. Fluorescence emission spectra were recorded on a
Fluoromax-4 spectrofluorimeter (Jobin-Yvon; Horiba). Signals were corrected from the instrument
response and from the lamp fluctuations. The absorption was checked to be lower than 0.1 to avoid

inner filter effects and fluorescence signals were normalized to account for the absorbance at the

excitation wavelength I, = The nanoparticles’ fluorescence quantum vyield (QY) was

1-10~4°

1-10"40 5, /n,\?2 .
— —x(—") where the index
1-10~4x S, \n,

X
determined using the Bodipy in DCM at 25°C as a reference and % =

F
and exponent 0 and x correspond to the reference and the Bodipy NP, respectively, @O is the
fluorescence quantum vyield, A is the absorbance at the excitation wavelength 670 nm (or 540 nm), S
is the integral of the emission curve and n the refractive index. ny= 1.4242 corresponds to DCM at 25°C

and no=1.33 towater at 25°C. @2 = 0.007 was determined in 40.

Time-resolved fluorescence was measured with the Horiba Scientific NanoLED-785L (950 V, 781 nm,
<200 ps), the deltaHub™ controller and the DeltaDiode™ controller (Jobin-Yvon; Horiba), in a 10 mm
path length quartz cuvette on the Fluoromax-4 (Jobin-Yvon; Horiba). The emission was collected at 820
nm and a preset peak of 12 000 counts. The lamp signal was collected with a colloidal silica solution
40% by weight (Ludox® HS-40) from Sigma Aldrich to scatter the excitation light. All fluorescence

decays were fitted using the Levenberg—Marquardt algorithm and a non-linear least-squares fit. The
-t -t
fitted functions were either a bi-exponential function y = A + B;e Tt + B,e Tz or a sum of a
(_L)ﬁ _t
monoexponential and a Kohlrausch function (stretched exponential) y = A + Bie\ Tt/ + Bye Tz %,

Fit quality was estimated thanks to the variance of weight residuals x*. Good fit quality was estimated

B, TZ+B,T?

with 2 < 1.2. The average lifetime was estimated for a bi-exponential fit T = with Bithe pre-

1T1+B,T;
exponential factors and T; the associated lifetimes. The contribution of each species (species 1 and

BTy

———— (relative

species 2 associated with T; and T, respectively) was estimated thanks to %1 =

amplitude). For the Kohlrausch function, the distribution function, H(k), was determined thanks to the

inverse Laplace transformation and described in detail in supplementary information.



The radiative rate constant k. was evaluated using the Strickler-Berg equation*, k, = 2.88 X

10—9n2 fF(VF)dVF f

V 4)dv L. . —
(72 F(r par £04) Y4 The non-radiative rate constant was estimated from 7 and k.
F F F

Va

values: k,,- = %— k,. The Bodipy NPs’ Forster radii Ro were calculated as described in 45 with an
orientation factor of 0.476 (for molecules randomly oriented in a rigid matrix)*, water refractive index
of 1.33, and the molecular Bodipy extinction coefficient (80 000 L.mol.cm™ at 757 nm). The Bodipy
NPs’ QY in absence of acceptor was supposed to be the NP-2.5% QY (0,009), as for NP-2.5% the Bodipy

is the most dispersed in the polymer matrix.
Solvatochromism: See Supplementary Information.
Transient absorption spectroscopy: See Supplementary Information.

Photoacoustic spectrum measurements

Photoacoustic excitation spectra (PES) in spectroscopic units were obtained on a home-built calibrated
photoacoustic spectrometer®. The setup is composed of a tunable nanosecond laser to excite the
sample (680-970 nm, pulse width <8ns, pulse repetition rate: 20Hz, SpitLight 600 OPO, Innolas,
Germany). PES between 680 and 970 nm were obtained with 10 nm steps. Ultrasound (US) detection
was performed with an US linear array (L7-4, ATL, USA) driven by a programmable US machine
(Vantage, Verasonics, USA) used in receive-only mode. Samples (15uL) were injected in PTFE tubes
(inner diameter: 0.2 mm, Bola, Germany) using 33-gauge needles and a 50yl glass syringe (Hamilton).
Tubes were placed at 2.5 cm from the detector surface and perpendicular to the imaging plane. For
acoustic coupling, the tubes and the US detector were immersed in a thermostatic water bath filled
with ultrapure water (Purelab Option Q, ELGA LabWater). The temperature of the bath was maintained
at 25°C (Optima T100-ST12, Grant) for the stability of thermodynamic parameters implied in the
photoacoustic process such as the speed of sound and the Griineisen coefficient. Excitation light was
guided in a fiber bundle with two outputs arranged in lines, placed on each side of the US detector,
immersed in water, and oriented toward the imaging plane. The illumination surface was evaluated in
air to be rectangular with a width of 1 cm along the direction of the tube and a length of 5.5 cm. With
this illumination surface and the total energy at the fiber outputs (Pyroelectric Energy sensor ES245C,
Thorlabs), the fluence at the location of the tube was evaluated to have a maximum value of 3.5 mJ.cm’
2 at 760 nm. With polarizing optics between the output of the laser and the input of the fiber bundle,
the fluence at 760 nm was varied between 3.5 mJ.cm? and 0.3 mJ.cm™, by steps of 0.63 mJ.cm™. This
fluence does not account for the light propagation in water (about 3 cm from the fiber output to the
tubes) which is expected to reduce the angular divergence of light and the light energy due to
absorption. Moreover, the laser energy was not constant over the whole spectral range and had a

maximum around 730 nm (figure S1). For each fluence, the PA spectrometer was calibrated with a
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solution of CuSQO,, 5H,0 at a concentration of 0.25M. Following this calibration, samples were injected
successively. For each laser fluence, five Bodipy NPs were studied: NP-2.5%, NP-5%, NP-10%, NP-25%
and NP-50%. NP-50% were diluted three times and NP-25% were diluted 2 times, no dilution was
performed for NP-2.5%, NP-5% and NP-10%. We verified that no detectable absorption remained in
the tubes between two samples by systematically measuring a background reference (ultrapure
water). The PES were computed in spectroscopic units (photoacoustic absorbance: PAbs). For the
calibration, a dimensionless PGE of 1.107, independent of the excitation wavelength, was used for the
solution of CuSO4, 5H,0 to account for the Griineisen coefficient of this reference solution compared
to water. A dimensionless PGE equal to 1.0 corresponds to a sample for which the absorbed optical
energy is fully converted into pressure in a medium with the Griineisen coefficient of the water. With
the calibration, PAbs corresponds to the product of the PGE and the optical absorption that would be
determined for an optical length of 1 cm. PAbs is unitless and can be directly compared with the

absorption measurements performed with a spectrophotometer in a 10 mm path length cuvette.

The samples were injected twice in four tubes (three times for the lowest fluence 0.35 mJ.cm?). For
each tube, a spectrum was obtained by averaging ultrasound data over 15 laser pulses (30 laser pulses
for the lowest fluence). For each laser fluence, a total of 8 spectra (12 for the lowest fluence) were
obtained per sample. The median values and the Median Absolute Deviation (MAD) MAD = 1.4826 -
median(|PAbs; — median(PAbs;)|) were computed. To check that the photoacoustic signal
variations with the laser fluence do not arise from experimental artifacts, photoacoustic excitation
spectra of a nigrosin (CAS 8005-03-6, Sigma-Aldrich) solution (water, C = 4.84x10* or 9.51x10* mol.L"
1) were determined at 25°C with the same laser fluences used for Bodipy NPs and compared to the

absorption spectra.
Photoacoustic spectrum analysis: GPAE and global photoacoustic brightness
For the solution of NPs, the dimensionless PGE was defined at a given excitation wavelength A as:

PAbs(})
A

PGE(M) = where A is the absorbance of the solution. This PGE corresponds to a spectral

photoacoustic efficiency. To obtain a scalar parameter for the investigated spectral range, we define
the GPAE. GPAE is the weighted continuous average value of the spectral photoacoustic efficiency on

the interval [A; = 680 nm, A, = 870nm] with weight equal to the optical absorption. The formula for the

A2

GPAE is : GPAE = L ACYPSEQ AL _ [y} Pabs ()2

= = . The GPAE corresponds to an averaged PGE that
/112 A(A) dA /112 A (M)dA

accounts for the contribution of each wavelength in the whole band. The integrals were calculated on

the experimental spectral range thanks to the Origin software (OriginLab) and the trapezoidal rule. The



GPAE was calculated, for each NP batch, from photoacoustic excitation spectrum measured with a low

fluence (0.98 mJ.cm™), to avoid non-linear effects.

By comparison with the fluorescence brightness, we defined a global photoacoustic brightness Bpa.
Bpa = NpLa-Bodipy * MaXp,;a,1(EpLA-Bodip (A1)) - GPAE = maxp a,i(enp(A)) - GPAE, with N
pLA-Bodipy the number of PLA-Bodipy per NP, €piaso0dipy the polymer extinction coefficient (mol.Lt.cm™)
and enp the NP extinction coefficient. The maximum value of the extinction coefficient over the
investigated spectral range was taken. NP photoacoustic brightness was calculated, for each NP batch,

from GPAE value calculated with a low laser fluence (0.98 mJ.cm), to avoid non-linear effects.

PES and UV-spectra fitting
Gaussian peak fitting was found to adequately model the spectral shape of the absorption spectrum

)¥. As for ICG modeled by a sum of two Gaussian functions, the absorption

of indocyanine green (ICG
spectrum of Bodipy comprises a dominant band (at 760 nm) and a vibronic shoulder (680-700 nm).
Therefore, we implemented a decomposition of the absorption and PA spectra into Gaussian
functions. We used a fitting algorithm based on a nonlinear least-squares solver (trust-region-reflective
method) to determine the amplitude a;, the central wavelength A; and the Gaussian Root Mean Square

(A-2)?
2w?

(RMS) width w; of each Gaussian function of the sum. S(1) = Y; a;exp (— ) . We found that for

the spectral range covered by the PA spectra, the spectra could be fitted by the sum of two Gaussian
functions centered around Areq =760 nm (called red Gaussian function) and A viue = 680 nm (called blue
Gaussian function). However, as the PES starts at 680 nm, the Gaussian fitting leads to a large variability
for the blue Gaussian function. Therefore, we first implemented the Gaussian peak fitting on the UV-

Visible absorption spectra and then used some parameters to fit the different PA spectra.

The absorption spectra were acquired in a broader wavelength range (400 nm — 900 nm) than the PES.
However, the absorption did not decrease to almost zero around 610 nm but increased again to a third
band centered at 540 nm. We chose to restrict the wavelength range from 530 to 870 nm to add a
third Gaussian function (called grey Gaussian function) centered around Agrey = 540 nm. The parameters
Mgrey and whgrey Of this grey Gaussian function as well as AMyue and w?piwe of the blue Gaussian were
found consistent for NP-10%, NP-25% and NP-50% (about 0.1-0.5% relative standard deviation). For
NP-2.5% and NP-5%, the scattering was no longer negligible, resulting in a wider fitted band for the
grey Gaussian function within turns induced some variation on M. To avoid this effect, we chose to
set the parameters Myue and whyie to the median value over the NP with three highest concentrations
in Bodipy (i.e. 10, 25 and 50%): AMbiue fixed = 685.05 nm and W pjue fixed = 37.04 nm . Then, we performed

again a Gaussian band fitting but with two Gaussian functions only (blue Gaussian at 685.05 nm and

10



red Gaussian around 760 nm) and in the range 670 nm - 870 nm, to determine the parameters a* e,

Mred, Whed and a’pie for each nanoparticle.

As the absorption spectra, the PES were fitted with the sum of two Gaussian functions (blue Gaussian
at 685.05 nm and red Gaussian around 760 nm). For the blue Gaussian function Mpjue fixed aNd WPbiue fixed
were used. As the wavelength step of the PA spectra was loose (every 10 nm), we found that A%eq could
be imported from the absorption spectra for each nanoparticle without altering the quality of the fit.

This solution facilitated the comparison between the two spectral modalities.

The optimization algorithm could not directly use the uncertainty of the measurements. Therefore, we
chose to feed the optimization algorithm not with the median value but with all the spectra to

determine a™ req, W™eq and a™pie for each NP.

By exploiting the fitted curves, Band PhotoAcoustic Efficiencies (BPAE) could be defined as:

A-24))
(z(mf A‘))z )dA

z
A2 _A D)
f)ll ajexp ( z(wf)z

A2 _PA
fal a; “exp (-

BPAE; = , with i = blue or red. For each band, the BPAE is the ratio of the

YdA

integrated Gaussian function for photoacoustics to the integrated blue Gaussian function for
absorption. BPAEy;,. and BPAE, .4 are the weighted continuous average PGE of the vibronic shoulder
and of the red band, respectively. BPAE};,,. and BPAE,..; were calculated for each NP and each laser

fluence, respectively.
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Results & Discussion

NP formulation

PLA-PEG /

Sn(oct), (o]
_—

toluene Bodipy (0]
2h, reflux \O

Bodipy PLA-Bodipy Bodipy NP

Figure 1. Molecular structure of the Bodipy and PLA-Bodipy and schematic representation of the

photoacoustic activated Bodipy NP.

Bodipy was synthesized with the three-steps one pot protocol described in details in 40. As already
demonstrated previously, the introduction of two electron-donating groups: 4-(N,N-
dimethylamino)styryl, shifts the maximum of absorption close to the Near Infra-Red region (757 nm)
and introduces an Internal Charge Transfer (ICT) that quenches the Bodipy fluorescence (QY = 0.007 in
dichloromethane). Bodipy exhibits strong absorption properties € (757 nm) = 80 000 L.molt.cm™in
dichloromethane and its low fluorescence favors high Photoacoustic signal. Ring Opening
Polymerization (ROP) of DL-lactide was initiated by the Bodipy alcohol function to obtain a PLA-Bodipy
(14 500 g.mol) (figure 1). PEGylated Bodipy NPs were formulated by emulsion—evaporation technique
by mixing different mass percentage of PLA-Bodipy (from 2.5% to 50%) compared to PLA-PEGsgoo: NP-
2.5%, NP-5%, NP-10%, NP-25% and NP-50%. The synthesized NP are monodisperse with a diameter

around 100 nm*°.

Photoacoustic response at a fluence of 0.98 mJ.cm™

The PES and absorption spectra of Bodipy NPs are presented in figure 2 and figure S2. For the solutions
of Bodipy NPs that were very absorbent and very diluted, we can consider the Griineisen coefficient
of the solution equal to that of the solvent lsampie ™ Mwater. Therefore, the PGE is inferior or equal to 1

and PAbs represents the part of optical absorption that is effectively transformed into the acoustic
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emission. Absorption spectra and PES for NP-2.5% and NP-50% have very close spectral shapes. The
maximum of absorption is around 760 nm and the vibronic shoulder at 680 nm. Comparable results
are observed for all the batches (NP-2.5%, NP-5%, NP-10%, NP-25%, NP-50% figure S2). A slight red
shift is observed on the absorption spectra and PES as the PLA-Bodipy amount increases. For NP-2.5%
we can observe, at any excitation wavelength, a lower PAbs compared to absorption. The PGE, ratio
between the photoacoustic absorption and the absorption, is about 74% at 760,4 nm (table 1). The
PGE7eonmincreases when PLA-Bodipy increases. For instance, a PGE7s0nm 0f 91% is observed for NP-50%.
Thus, PES and absorption spectra are getting closer with higher PLA-Bodipy amount. The GPAE was
defined as the weighted continuous average value of the PGE on the interval [680 nm, 870nm] with
weight equal to the optical absorption, and it was computed as the ratio of the areas under the curve
between the PES and the optical absorption over the whole studied spectral range. It represents the
overall photoacoustic efficiency of the sample. A GPAE equal to 100% would correspond to a PGE equal
to 1 over the entire spectral range and a perfect match between the PES and the absorption spectra.
NP-2.5% exhibits a 69.3% GPAE and GPAE is increasing up to 92.8% as PLA-Bodipy increases to 50%.
NP-10%, NP-25% and NP-50% all display GPAEs higher than 85%. Thus, GPAE seems to increase a lot
between 2.5% and 5% of PLA-Bodipy, and changes only slightly above 10% of PLA-Bodipy. It appears
that the GPAE is correlated with percentage of PLA-Bodipy in NPs.

The GPAE estimation would usually be based on (1-®¢)*® with Or the fluorescence quantum yield of
the particles. The direct determination of the GPAE is more accurate because it only considers non-
radiative effects that contribute to the acoustic wave generation. With (1-®¢) estimation, all non-
fluorescent phenomena, even those that do not contribute to the thermoelastic expansion, are
considered in the calculation. Moreover, the photoacoustic signal not only depends on the GPAE, but
also on NP absorption coefficient. Higher PLA-Bodipy per NP will favor higher photoacoustic signal
because of a greater absorption. For this reason, NP-50% exhibit a much higher PAbs (8.66 at 760 nm)
than NP-25% (PAbs = 4.55 at 760 nm) (figure S2), even though their respective GPAE are very similar.
By comparison with the fluorescence brightness, we define a photoacoustic brightness, Bpa(A), product
of the NP extinction coefficient and the GPAE. NP brightness are indicated in table S1 as a function of
PLA-Bodipy content. The brightest NPs are obtained with NP-50%, Bpa = 2.2x108 L.mol™*.cm™. For NP-
5%, NP-10% and NP-25%, the photoacoustic brightness is 1.2x10” L.mol.cm™, 2.5x10” L.mol*.cm™® and
7.9x107 L.molt.cm™ respectively. To the best of our knowledge, this is the first report of a quantitative
determination of the photoacoustic brightness, thanks to a precise determination of the NP GPAE. By
comparison with fluorescence imaging, ultrabright Bodipy polymer NPs exhibit fluorescence brightness
of 1.4x10% L.molt.cm™® and dye-loaded polymer NPs have fluorescence brightness about 10°-107

L.molt.cm1 %7071 Herein, we have synthesized NPs with high NP extinction coefficient (107-10% L.mol
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1.em™?%) and very high GPAE that makes them ultrabright photoacoustic emitters. The photoacoustic
brightness could be used as a quantitative photophysical parameter to compare in vitro different

photoacoustic contrast agents.
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Figure 2. Absorption spectra (continuous line) and PES (triangle) for nanoparticles batch. (a) NP-2.5%
(yellow), (b) NP-50% (green). Laser fluence 0.98 mJ.cm™. The error bars for the PES corresponds to
the median value * MAD. Absorbance values were corrected from dilution factor: no dilution for NP-
2.5% and 10 times dilution for NP-50%. PAbs values were corrected from dilution factor: no dilution

for NP-2.5% and three times dilution for NP-50%.

NP-2.5% NP-5% NP-10% NP-25% NP-50%
GPAE (%) 69.3 80.4 84.8 88.3 92.8
PGE 760 nm (%) 74 79 84 88 91

Table 1: GPAE and PGE;¢ nm for each NP batch. GPAE was obtained by computing the area ratio of
PES and absorption spectra for each NP batch (680-870 nm).

Characterization of the fluorescence properties

As fluorescence would decrease the PGE since it is a competitive deactivation pathway, we
investigated the fluorescence properties of the Bodipy NPs and their relationship with GPAE. First, the
QY decrease with the NP dye loading will be discussed. Then, with solvatochromism experiments, we
will try to decipher if the fluorescence loss comes from an ACQ effect or from a polymer matrix effect.
The presence of J-aggregated Bodipy will be studied thanks to fluorescence excitation spectra, the
exciton theory and reprecipitation experiments. Finally, Forster Resonance Energy Transfer (FRET)
between the Bodipy in the polymer matrix and different ways of fluorescence quenching will be
discussed. Figure 3a presents the NP fluorescence emission spectra, from NP-2.5% to NP-50%, with a
670 nm excitation. A fluorescence intensity decrease is observed as PLA-Bodipy amount increases. The

highest fluorescence signal is obtained for NP-2.5% and the lowest for NP-50%. The maximum band
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position is red-shifted as PLA-Bodipy content increases. NP fluorescence QY relative to the Bodipy QY
(/D) was calculated (figure 3b and table S2). The NP QY is decreasing as PLA-Bodipy percentage
increases. NP-2.5% have a 125% relative QY, when NP-50% have a 12% relative QY. We observed a 113
percent loss of the QY. As Bodipy is a charge transfer Bodipy, matrix effect may influence the QY and
the spectral shift*. On the other hand, high dye-loaded polymer NPs are well known to enhance

fluorescence ACQ and red-shift behavior*>=2.
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Figure 3. (a) Emission spectra of the NPs (Aex= 670 nm, slit width 10 nm and A < 0.1). (Yellow, Bodipy
NP-2.5%), (blue, Bodipy NP-5%), (orange, Bodipy NP-10%), (grey, Bodipy NP-25%), (green, Bodipy
NP-50%). (b) Relative fluorescence quantum yield (red circle) evolution as a function of the PLA-
Bodipy mass percentage, excitation at 670 nm. Fluorescence quantum yield (&) relative to Bodipy,
298 K (®¢° = 0.007). <R>: average distance of the nearest neighbor between Bodipys (green triangles)

evolution as a function of PLA-Bodipy mass percentage. The blue line represents Ro(nm), the Forster

Radius for Bodipy NPs.

To discriminate between ACQ and matrix effect, solvatochromism was studied (figure S3, table S3). For
absorption, emission, and excitation spectra of Bodipy, a bathochromic shift was observed as solvent
polarity increases. The Stokes shift is increasing with the solvent polarity (Er(30) polarity scale®3), from
499 cm? for cyclohexane to 1294 cm™ for methanol. A positive solvatochromism is noticeable,
highlighting a higher excited state dipolar moment compared to ground state for Bodipy**. The charge
transfer nature of the electronic transition, from the donor aniline group to the acceptor Bodipy main
core, can explain the higher excited state dipole moment. Similar results were obtained in the
literature with a close Bodipy structure, and the charge transfer nature of the transition was
demonstrated by electron density calculations®. For non-polar solvents (cyclohexane, dioxane,

toluene, chloroform) a locally excited emission band was noticeable at low wavelength (700 nm). This
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emission arises from the Franck-Condon state. At higher wavelength, the solvatochromic main band
corresponds to a Twist Intramolecular Charge Transfer state where the dimethylamino group may have

5556 For the different solvents, no change of the

twisted 90° compared to the aromatic ring
fluorescence spectra was observed with the excitation wavelength. In hydrophobic solvent the Bodipy
QY was improved, QY = 0.16 in cyclohexane. In polar solvent the Bodipy intramolecular charge transfer
is favored, and the fluorescence was reduced (QY = 0.009 in methanol). The quenching effect caused
by charge transfer was demonstrated in 54, with a close Bodipy structure, and an increased
fluorescence when the charge transfer is avoided with a protonated amino group. The increased QY in
non-polar solvent can explain the slightly higher QY value for NP-2.5% compared to the Bodipy in DCM
(Dr/D° = 125%). In NP-2.5%, the Bodipy monomer resides in a hydrophobic and rigid polymer matrix,
as DSC shows that polymer glass-transition temperature (Tg) in the NP is 30-33°C, which favors
fluorescence more than in DCM. For NPs, no trace of a LE state was observed at low wavelength.
Moreover, NP red-shifted emission and absorption are less marked than what was observed in the

solvatochromic experiments. Therefore, NP fluorescence loss might arise from ACQ effect rather than

from matrix effect.

To investigate the possible presence of several emitters, excitation was changed. Fluorescence
emission spectra with a 540 nm excitation were measured (figure S4). The molecular Bodipy emission
fluorescence spectra (figure S4b) in DCM are unchanged whatever the excitation wavelength (670 or
540 nm). However, for the NP batches, the fluorescence spectral shape is changing upon excitation
wavelength change (figure S4a, table S4). Spectral deformations are magnified with high PLA-Bodipy
amount. The higher PLA-Bodipy percentage, the weaker the blue shoulder (793 nm; -39% from NP-
2.5% to NP-50%) and the higher the red shoulder (840 nm; +49% from NP-2.5% to NP-50%) (figure S4d
emission). On the contrary, no spectral change with the excitation wavelength was observed in the
solvatochromic experiments. This is a good clue to highlight the presence of ACQ in Bodipy NPs. NP
relative QY measured with a 540 nm excitation is also decreasing (table S2), but values are slightly
different from those obtained with a 670 nm excitation. For all NP batches, the fluorescence emission
bands with a 540 nm excitation are thinner than those with a 670 nm excitation (table S4). The Full
Width at Half Maximum (FWHM) is sharpening with an increased PLA-Bodipy loading from 927 cm™ to
786 cm* for the emission with a 540 nm excitation. The same sharpening of the band is observed with
the emission spectra with a 670 nm excitation (from 1187 cm™ to 907 cm?). Excitation spectra of the
Bodipy NP show an increased red shoulder (815 nm; +29% from NP-2.5% to NP-50%) with the PLA-

Bodipy amount, but no change in the blue shoulder (700 nm) was observed (figure S4c and S4d).

Change of the fluorescence emission spectra with the excitation wavelength for Bodipy NPs

and not for Bodipy in DCM, is characteristic of the apparition of a new species inside NPs. The increased
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spectral deformation with the PLA-Bodipy content is a strong indication for the appearance of
aggregated Bodipy inside NPs. Bodipy aggregation can be explained with the exciton theory and two
models of aggregates: sandwich like H-aggregates and head-to-tail or head-head J-aggregates!®>7>°,
The red shoulder increase (emission and excitation spectra) and the red-shift observed in absorption
and emission spectra with an increased PLA-Bodipy amount, could arise from red emitters formation:
J-aggregates®®®2, Moreover, a sharp emission band of about 641 cm™ for Bodipy J-aggregates and
about 1061 cm™ for Bodipy monomer can be found in the literature®®. The sharpening of NP emission
spectra is a further proof of J-aggregates formation. The blue shoulder decrease in the NP fluorescence
emission spectra highlights the disappearance of fluorescent Bodipy, which may be attributed to the
non-aggregated Bodipy monomer. On the Bodipy structure, alkyl chains on the alpha and beta
positions of the Bodipy core are known to induce a twisted pentafluorophenyl (meso position) out of
the Bodipy plane by steric hindrance. Similar Bodipy structure in literature show dihedral angle
between the indacene plane and the phenyl ring between 55°-88° >%6163-65 The pulky and
perpendicular pentafluorophenyl ring can favor J-aggregation compared to H-aggregation thanks to
lower intermolecular ri-1t interactions by steric hindrance®%%’. No clues for the formation of non-
fluorescent H-aggregates inside the NP were observed on the NP spectra (absorption blue shift,
broadening band in absorption). The QY decrease could come either from dark species formation: EET
down to a trap (J-aggregates could act as traps, or bimolecular singlet-singlet annihilation), the
presence of less fluorescent J-aggregates, or formation of poorly fluorescent aggregates with

intermolecular charge transfer'®%?,

To better decipher the aggregation behavior, Bodipy reprecipitation was studied in different
water/THF mixtures (figure S5-S7), with THF acting as a good solvent and water as a bad solvent. A red
shifted absorption and emission are noticeable when the water fraction increases. First, we observe a
decrease of the fluorescence emission as water fraction increases. Moreover, at high water fraction,
very similar spectral distortions (blue and red shoulder) as the one of Bodipy NP can be seen. For
fluorescence emission (540 nm excitation), a +48% red shoulder (840 nm) increase, and a -41% blue
shoulder (793 nm) decrease are visible between 0% and 70% water (figure S6). Those band ratio
variations are really close to those obtained within Bodipy NPs. Water/THF excitation spectra (figure
S7) highlight a huge increase of the red ratio at 815 nm (+150%) as water fraction increases. Red shift
in absorption and emission as well as the red shoulder increases are good clues for J-aggregates
formation at high water fraction. The blue shoulder decrease in emission might arise from monomer
transformation into aggregated species. The nanoprecipitation experiments, with an increased water
fraction, were in good agreement with the observed fluorescence evolution of NPs with an increased

PLA-Bodipy amount. As already stated above : the fluorescence loss with an increase water fraction
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could come from energy migration to a trap, the presence of less fluorescent J-aggregates, monomer

to less fluorescent J-aggregates energy transfer, or intermolecular charge transfer state!®%?,

For Bodipy NPs, distances to the nearest neighbor <R> (figure 3b) were estimated as described in 42
thanks to the mean Bodipy number per NP per nm? (npia-sodipy) Calculated in details in 40. <R> is
decreasing from 6.2 nm for NP-5% down to 3.9 nm for NP-50% but the values are probably
overestimated, as the NP volumes were calculated using NP hydrodynamic diameters. As a matter of
fact, Bodipy hydrophobicity is likely to favor aggregation in NP core and not in the hydrophilic
polyethylene glycol shell*>®8, |n literature, some J-aggregated Bodipy with a ri-rt distance of 0.4-1.7 nm

are reported®>®56%7! Those values are close to the over-estimated nearest neighbor.

<R> Bodipy values (6-4 nm). The Bodipy mean distance is reducing with the Bodipy loading, as does
the NP QY (figure 3b). Spatially close Bodipy in NPs could favor self-energy transfer as well as
aggregation. The Forster radius (Ro) was calculated for the Bodipy NPs and indicated table S2 and on
figure 3b (blue band). <R>values are close to NP Forster radius 3.4 nm and demonstrates the possible
existence of energy transfer inside Bodipy NPs. The energy transfer can be of two different natures:
excitation migration, through FRET between several identical emitters (such as J-aggregates or
monomers) also known as homo-FRET, or energy transfer between different emitters (hetero-FRET
e.g. Monomer to J-aggregates). The very high fluorescence quenching inside Bodipy NPs could either
come from hetero-FRET from monomer to less-fluorescent aggregates, or homo-FRET and energy
migration down to a trap (dark species or bimolecular singlet-singlet annihilation) or both. Such
behavior is consistent with literature, dye loaded polymeric nanoparticles are known to exhibit multi-

steps energy transfers between aggregates (homo-FRET or exciton diffusion)”>%7%73,

Link between the GPAE and the fluorescence properties of the NPs

We have demonstrated that an increased dye loading is likely to favor J-aggregated Bodipy
formation in NPs and fluorescence quenching. Time-resolved experiments were performed to better
decipher deactivation pathways and how they can be connected to acoustic wave generation (figure
4a). The fluorescence lifetime of Bodipy NPs is decreasing as PLA-Bodipy content increases. The fastest
fluorescence deactivation is observed with NP-50% and the longest one with NP-2.5%. Mean
fluorescence lifetimes (T) were estimated thanks to a bi-exponential fit (Table S5). The mean lifetime
decreased from 1.22 ns for NP-2.5% down to 0.27 ns for NP-50%. The excited state lifetime is
decreasing as PLA-Bodipy increases, as for the QY values, suggesting a stable radiative rate constant

(kr) and favored non radiative decays. The radiative rate constant k. was calculated with the Strickler-

18



Berg relation®! (table S5). We observe the same value for all NP batches (k.= 1.4x108 s?). The non-
radiative rate constant k- was estimated and is linearly increasing with PLA-Bodipy amount (figure 4b,
table S5). Excited state lifetime and QY decrease arise from favored non-radiative decay with as PLA-
Bodipy content increases and highlight ACQ_effect in NPs. The y-intercept of the fit, kn°= 7.4x108 s!
(1.1 ns equivalent lifetime), corresponds to a limit situation: isolated Bodipy monomer inside a
polylactide matrix. The 1.1 ns lifetime, is close to the one of Bodipy in DCM (1.03 ns)*. Similar kq linear
increase was obtained on Bodipy-loaded polymer NPs in literature*®. The mathematical fit highlights
two terms dependency for knr: a constant non-radiative deactivation of the Bodipy monomer (y-
intercept kn® = 7.4x10% s) and the aggregation caused quenching term, which depends on the PLA-
Bodipy percentage: kyco = 7.08 X 107 X %PLA — Bodipy. The overall equation obtained is: k,,, =
kS, + kacg, and a similar equation was noticeable in literature’. According to the mathematical fit
equation, above the calculated value of 10.5% PLA-Bodipy, kacq starts to be higher than k,° and
aggregation caused quenching becomes the favored non-radiative deactivation pathway. For PLA-
Bodipy below NP-10%, the favored deactivation pathway is the Bodipy monomer non-radiative decay
(monomer regime). For dye loading above NP-10%, the favored deactivation is operated by ACQ (ACQ

regime).

GPAE was plotted as a function of kn (figure 4c). GPAE highly depends on the Bodipy
aggregation state, it is increasing very fast with kn for low PLA-Bodipy NP: NP-2.5% and NP-5%. Above
10% PLA-Bodipy (GPAE = 84.8%), in the ACQ regime, the GPAE increase is slower and further
aggregation will poorly change its value. The fit of knr as a function of the PLA-Bodipy percentage might
be used as a highly predictive tool to estimate the minimal PLA-Bodipy content to be in the ACQ regime.
From the fluorescence lifetime measurement, one can therefore predict the minimum PLA-Bodipy

content to quickly reach high GPAE.
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Figure 4. (a) Fluorescence decays of NP solution, excitation at 781 nm with a pulsed diode <200 ps,
emission at 820 nm. (Yellow, Bodipy NP-2.5%), (Red, Bodipy in DCM), (blue, Bodipy NP-5%), (orange,
Bodipy NP-10%), (grey, Bodipy NP-25%), (green, Bodipy NP-50%), (purple, excitation diode signal).
(b) Evolution of the non-radiative rate constant k,, as a function of the introduced mass percentage
of PLA-Bodipy. The rate constants were determined thanks to the Strickler-Berg equation.
Absorbance linear fit: R = 0.9869 and y = 7.08 x 107x + 7.44 x 102. (c) Evolution of the GPAE

as a function of the non-radiative rate constant. The red line represents the curve GPAE = 100%.

Heterogeneity of the Bodipy aggregates was evaluated by fitting the fluorescence decays with a sum
of a mono-exponential function (Bodipy monomer, T,) and a stretched exponential function (lifetime
distribution of the aggregates, T1)***. The fitted parameters and the curves are indicated figure S9 and
S10, and the mono-exponential lifetime was fixed at T>= 1.1 ns (Bodipy lifetime in DCM). Results show
a decrease in the aggregates lifetime (T1) from 0.5 ns (NP-5%) to 0.1 ns (NP-50%) with increasing the
PLA-Bodipy percentage. The aggregates lifetime is decreasing due to favored non-radiative decay
thanks to ACQ. Aggregates relative amplitude (%1) is increasing with the PLA-Bodipy percentage: from
16.3% (NP-5%) to 94.8% (NP-50%). We can notice that above 10% of PLA-Bodipy, a relative amplitude
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of the Bodipy aggregates higher than 50% was obtained (68.4%). As seen before, above 10% PLA-
Bodipy, the aggregation caused quenching is the favored deactivation pathway (ACQ regime). The beta
exponent is decreasing as PLA-Bodipy content increases and highlights an increased inhomogeneity in
the NP*. The distribution of aggregates lifetime, H(k), is plotted figure S1la. We can observe a
broadening of lifetime distribution as PLA-Bodipy content increases that is characteristic of the
increased inhomogeneity in Bodipy interactions. The aggregates rate (%1), obtained with the fitted
parameter for stretched exponential, is plotted as a function of the PLA-Bodipy percentage and stacked
with the Bodipy NP relative QY curve (figure S11b). The aggregate contribution is increasing (+79%) as
the Bodipy QY is decreasing (-88%). Fluorescence quenching is then indeed related with the aggregate

concentration in the polymer matrix.

So far and to summarize we have demonstrated that the fluorescence quenching by ACQ and
excitation energy transfer could highly favor non-radiative deactivation and therefore increase the
GPAE up to 93%. Above 10% of PLA-Bodipy, the ACQ regime is reached with GPAE greater than 90%.

Higher PLA-Bodipy percentage than NP-10% will poorly improve the GPAE.
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PGE in different absorption bands and for different incident laser fluences
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Figure 5: Absorption spectra (continuous line) and PES (dots) of Bodipy NP for different laser
fluences. (a) NP-2.5%, (b) NP-5%, (c) NP-10%, (d) NP-25%, (e) NP-50%. From dark to light violet
respectively 0.35 mJ.cm?, 0.98 mJ.cm2 and 1.6 mJ.cm?, 2.2 mJ.cm’, 2.9 mJ.cm?, 3.5 mJ.cm™. The
arrow indicates the laser fluence increase. The error bars for the PES corresponds to the median

value £ MAD.

The Photoacoustic efficiency was studied over the whole absorption band and characterized with the
GPAE. However, one can notice some spectral differences of the PGE. In the blue region, between 680-
700 nm, PAbs and Absorbance are very close, even for NPs with low GPAE as NP-2.5% and NP-5%
(figure 2 and S1). However, the proximity of PES and absorption spectra is lowered at the band
maximum. To better visualized the spectral variability, absorption spectra and photoacoustic

excitation spectra were superimposed and normalized at 680.6 nm for each NP batch and the fluence
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was increased up to 3.5 mJ.cm?(figure S12). For low PLA-Bodipy loading, NP-2.5% and NP-5%, in PES,
the maximum of the band is closer to the vibronic shoulder than in absorption spectra. It seems that
the maximum band shrivel up for low PLA-Bodipy loading PES. For NP-25% and NP-50%, a perfect
match was observed between normalized absorption and PES. In the literature, this band deformation
for photoacoustic spectra compared to absorption spectra was also observed with bis-styryl Bodipy,
but never commented nor explained”’®. It was also noticeable in literature on fluorescent proteins”’.
The spectral deformation of the band might arise from non-linear effects caused by high fluence
irradiation on the sample. To verify this hypothesis, five different laser fluences were used, 0.35 mJ.cm’
2,0.98 mJ.cm?and 1.6 mJ.cm?, 2.2 ml.cm?, 2.9 mJ.cm?, 3.5 mJ.cm2 and photoacoustic spectra plotted
and compared with absorption spectra measured on a classical UV-visible spectrophotometer (with no
fluence variation) (figure 5). For each NP batch, the PAbs is reduced as the fluence increases. The PAbs
is getting further and further away from the absorption spectra with an increased fluence, a signature
of lower energy conversion between absorbed light and acoustic emission. One can notice that the
influence of the laser fluence is higher on low PLA-Bodipy loaded NPs (NP-2.5%, NP-5% and NP-10%)
than on high PLA-Bodipy loaded NPs: NP-50% and NP-25%. Moreover, as seen before on the PES
spectra (figure S2 and S12), spectral differences are also visible. For each NP batch, the PAbs loss as
fluence increase, is higher at the maximum band than in the vibronic shoulder (680-700 nm). Very few
PAbs variations with the fluence were observed between 680 and 700 nm for all NP batches. To finely
characterized and quantify the photoacoustic signal loss, the GPAE was calculated for each NP batch
and each laser fluence and plotted figure 6 (a). For each NP batch, an increased fluence leads to lower
GPAE. This loss of efficiency is the consequence of the PAbs decrease with laser fluence at the
maximum band (figure 6). GPAE is rather stable for NP-50%, GPAE = 92% at 0.35 mJ.cm™ and 86% at
3.5 mJ.cm?, close to the calculated NP-50% GPAE (93%, figure 2). By contrast, low PLA-Bodipy loaded
NPs exhibit even lower GPAE as fluence increases: 18% decrease for NP-2.5%, from 79% at 0.35 mJ.cm’
2t0 61% at 3.5 mJ.cm™. Aggregation can highly reduce the influence of the laser fluence on the GPAE.
The same irradiations fluences were also evaluated on a nigrosin aqueous solution (figure S13). No
change of the nigrosin spectra is observed with the laser fluence confirming that PAbs decrease arises

from nonlinear effects in Bodipy NPs and not from experimental artefacts.
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Figure 6. (a) GPAE as a function of mass percentage of PLA-Bodipy. From dark to light violet
respectively 0.35 mJ.cm? (triangles), 0.98 mJ.cm? (squares), 1.6 ml.cm? (circles), 2.2 mJ.cm?
(rhombus), 2.9 mJ.cm? (stars), 3.5 mJ.cm™ (upside down triangle). The arrow indicates the laser
fluence increase. (b) Photoacoustic excitation spectra of NP-50% with a 3.5 mJ.cm? laser fluence
(dark triangles). Total fit curve (yellow) composed of two Gaussian functions (in red and blue). NP-
50% were diluted three times. (c) BPAE,. values displayed with a gray colormap. (d) BPAE,.q4 values

displayed with a gray colormap.

We were able to evaluate the GPAE. However, due to significant spectral shift between absorption
spectra and PES, and fewer experimental points for PES (10 nm steps), we were not able to study PGE
spectral dependencies. To evaluate the spectral dependency of the photoacoustic efficiency, PES were
fitted with two Gaussian functions, one for the vibronic shoulder at 680 nm (blue curve) and another
for the maximum of absorption and the red part (red curve) (730-870 nm) (figure 6 (b)). The same
fitting procedure was operated on absorption spectra for each NP batch. The results are indicated in
figure 6 (b) and figures $14-518, for each NP batch and each laser fluence. Fitting allows to differentiate
the photoacoustic efficiency from the vibronic shoulder and from the maximum band. Similarly, to the
GPAE, Band photoacoustic efficiencies BPAE were defined as the weighted average of the PGE over
each band. BPAE, e and BPAEq4 are plotted as a function of the incident laser fluence and the mass
percentage of PLA-Bodipy with gray colormaps (figure 6 (c) and (d)). BPAEy. values are very high,
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between 0.8 and 1 for each NP and each fluence and seem to be randomly distributed, with no clear
evolution with the laser fluence, nor the PLA-Bodipy loading. For each NP batch, the standard deviation
of the BPAE,e values were between 3 to 7%, which is negligible. The blue vibronic shoulder is very
efficient for photoacoustic emission and its BPAE does not depends on the laser fluence. By contrast,
the red band is highly affected by the laser fluence. For each NP batch, we can observe a decrease of
the acoustic efficiency with an increased laser fluence. For NP-50% a 9% decrease of BPAE.q between
0.35 mJ.cm?and 3.5 mJ.cm™laser fluence is observed and for NP-2.5% a 20% decrease was measured.
As seen before, the photoacoustic signal loss is reduced with NPs containing aggregated Bodipy. The
lowest photoacoustic efficiency for the maximum band, BPAE..qs = 53%, was observed with NP-2.5%
and 3.5 mJ.cm? irradiation. The highest BPAE.q was measured with NP-50% (0.98 mJ.cm) BPAEeq =
96%. To summarize, on the one hand, the vibronic shoulder shows high BPAE and no variation with the
laser fluence nor the PLA-Bodipy loading. On the other hand, the maximum band highly depends on
laser fluence and PLA-Bodipy loading. High energy non-linear effect seems to only affect the Bodipy

maximum band.

Nanosecond-transient absorption of the Bodipy NPs and its link to the non-linear photoacoustic

behavior

To better understand the nonlinear effect, ns-transient absorption experiments were conducted. The
Bodipy nanosecond transient absorption spectra in DCM are plotted in figure S20. Bodipy triplet is not
observed, and the excited state goes back to the ground state in about a few tens of nanoseconds. The
transient absorption spectra of Bodipy highlights the presence of excited state absorption between
550 and 675 nm, and the ground state photobleaching between 680 and 770 nm accompanied by the
emission between 790 nm and 850 nm. In literature, push-pull Bodipys show similar band

627879 Intersystem crossing (kas) could have reduced the PA signal®®, but according to

positions
transient absorption spectra, Bodipy does not show any triplet spectral and kinetics signatures. PAbs
loss by dye degradation (bleaching) are also negligible, as demonstrated in 40 and the absorbance
value was checked to remain constant between before and after the experiments. Transient
absorption spectra of the NP batches, NP-5%, NP-25% and NP-50% were also recorded (figure S21)
and no new bands can be observed. In the nanosecond regime, Bodipy NPs have the same excited
state spectra as Bodipy in DCM. However, the excited state population is decreasing with the PLA-
Bodipy loading. Transient absorption values (absolute value|AA|) are lower with high PLA-Bodipy
percentage. The lowest |AA| signal is obtained with NP-50% and the highest is measured on Bodipy in
DCM. Those results are in good agreement with Bodipy NP excited state lifetime, which is decreasing

as PLA-Bodipy loading increases (table S5, figure S8). Aggregation favors very fast non-radiative

deactivations to the ground state. NP-50% has a very low excited state absorption, a low ground state
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photobleaching and a weak emission in the nanosecond regime. On the contrary, NP-5% exhibit great
signal for excited state absorption, ground state photobleaching and emission. The short-excited state
lifetime of NP-50% and NP-25% makes them less sensitive to nonlinear effects in the excited state. NP-

2.5% and NP-5%, however, have longer excited state lifetimes (about 1 ns).

As seen on the transient absorption spectra, ground state photobleaching is increasing close to the
maximum of absorption. On the photoacoustic setup, for one pulse excitation, with a high fluence and
NP with long excited state lifetime, the ground state is so much excited with early incoming photons
that there are not enough molecules remaining in the ground state for later incoming photons. This is
ground state depopulation (or ground state photobleaching): excited state is saturated, and
absorbance values are decreasing with the laser fluence®!. Lower absorption leads to lower
photoacoustic emission, and lower PAbs. On the photoacoustic setup, PAbs is decreasing with the laser
fluence, as shown figure 6. NPs containing Bodipy as aggregates, NP-50% and NP-25%, return very fast
to the ground state by non-radiative deactivation, leading to less ground state depletion and lower
PAbs and PGE loss. Similar results were observed in literature on other chromophores photoacoustic
spectra, but no quantification nor justification of the ground state depletion was proposed®7’. On
Bodipy NPs, ground state depletion effect is maximum at the maximum of absorption and causes a
20% loss of the BPAEq for NP-2.5% between 0.35 mJ.cm™?and 3.5 mJ.cm™. As seen on NP transient
absorption spectra, far from the absorption maximum, in the vibronic shoulder, ground state depletion
effect is lower, thanks to a lower absorptivity. The laser fluence to reach saturation was calculated for
Bodipy as detailed in 39. By definition, at the saturation fluence, 37% of the initial absorbance is lost.
The theoretical fluence saturations are 0.86 mJ.cm? at 760 nm and 2.3 mJ.cm™? at 680 nm. In the
vibronic shoulder, around 680 nm, almost all the irradiation energies tested were lower than fluence
saturation one (2.3 mJ.cm?): ground state depopulation was not observed and the BPAE,e remains
constant. On the contrary, at the band maximum, more irradiation energies were higher than the
saturation fluence (0.86 mJ.cm’) and caused ground state photobleaching and a BPAE 4 influenced by
laser fluences. Aggregation Caused Quenching is therefore a powerful tool to limit photoacoustic loss
by non-linear effects. With NP-25% and NP-50% very limited PAbs variations and high BPAE.q were

measured for each laser fluence.
Conclusion

We have studied and quantified the relationship between fluorescence quenching by Aggregation-
Caused Quenching and photoacoustic generation efficiency enhancement in PLA-Bodipy NPs. PLA NPs
with different PLA-Bodipy loading (from 2.5% to 50% by mass) were studied using a calibrated

photoacoustic spectrophotometer. We defined a Global photoacoustic efficiency (GPAE) representing
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the weighted average, over the whole band, of the photoacoustic generation efficiency. GPAE is equal
to 100% if all the absorbed energy is converted in ultrasound regardless of the excitation wavelength
over the whole spectral range. To quantify the high performance of NPs in photoacoustic imaging, we
have also defined the photoacoustic brightness Bpa, as the produce of the GPAE by the maximum molar
extinction coefficient of NPs in the investigated spectral range. Ultrabright NPs (1.2-22 x 107 L.molt.cm’
1) are obtained thanks to great photoacoustic efficiency of NPs containing aggregated Bodipy (GPAE =
93% for NP-50%) and high molar extinction coefficients (1.5x107-2.4x10% L.mol™.cm™). Two regimes for
photoacoustic emission exist: a monomer regime and an Aggregation-Caused Quenching regime. In
the monomer regime, below 10% by weight of PLA-Bodipy, fluorescence emission from the Bodipy
monomer limits the GPAE. Above 10% of PLA-Bodipy, in the ACQ regime, non-radiative deactivations
are predominant and the GPAE reaches a high asymptotic value of 93%. Finally, we have shown that
at high laser fluences (1-3.5 mJ.cm™), at the maximum of the absorption band, a significant loss of the
photoacoustic signal is remarkable by ground state depopulation (-20% for NP-2.5%). This non-linear
effect can be limited with NPs in the ACQ regime. The use of such NPs (Above 10% PLA-Bodipy) allows
to work at high laser fluence without loss of photoacoustic signal. We have developed a fine
mathematical fit of the absorption and photoacoustic spectra to calculate an average photoacoustic
efficiency at the band maximum BPAE.s and in the vibrational shoulder BPAEe. The fit allows us to
spectrally differentiate the photoacoustic efficiency in the absorption band and to demonstrate that

only the red band is affected by the ground state depopulation.
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