Open Access Article. Published on 18 Ximoli 2021. Downloaded on 01/11/2025 8:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4, 39

Received 25th August 2021
Accepted 18th November 2021

DOI: 10.1039/d1na00649%e

rsc.li/nanoscale-advances

Introduction

Counterion-insulated near-infrared dyes in
biodegradable polymer nanoparticles for in vivo

imagingf

Joanna Sobska,}? Bohdan Andreiuk,1° llya O. Agarin,b Andreas Reisch,*”
Wojciech Krezel*® and Andrey S. Klymchenko () *P

Polymeric nanoparticles (NPs) are highly attractive for biomedical applications due to their potential
biodegradability and capacity to encapsulate different loads, notably drugs and contrast agents. For in
vivo optical bioimaging, NPs should operate in the near-infrared region (NIR) and exhibit stealth
properties. In the present work, we applied the approach of ionic dye insulation with bulky hydrophobic
counterions for encapsulation of near-infrared cyanine dyes (Cy5.5 and Cy7 bearing two octadecyl
chains) into biodegradable polymer (PLGA) NPs. We found that at high dye loading (20-50 mM with
respect to the polymer), the bulkiest fluorinated tetraphenylborate counterion minimized best the
aggregation-caused quenching and improved fluorescence quantum yields of both NIR dyes, especially
of Cy5.5. In addition, bulky counterions also enabled formation of small 40 nm polymeric NPs in contrast
to smaller counterions. To provide them stealth properties, we prepared 40 nm dye-loaded PEGylated
NPs through nanoprecipitation of synthetic PLGA-PEG block copolymer with the dye/counterion salt.
The obtained NIR NPs loaded with Cy5.5 dye salt allowed in vivo imaging of wild-type mice with a good
contrast after IV injection. Compared to the bare PLGA NPs, PLGA-PEG NPs exhibited significantly
slower accumulation in the liver. Biodistribution studies confirmed the preferential accumulation in the
liver, although PLGA and PLGA-PEG NPs could also be distributed in other organs, with the following
tendency: liver > spleen > lungs > kidney > heart > testis > brain. Overall, the present work validated the
counterion approach for encapsulation of NIR cyanine dyes into biodegradable polymer NPs bearing
covalently attached PEG shell. Thus, we propose a simple and robust methodology for preparation of
NIR fluorescent biodegradable polymer NPs, which could further improve the existing optical imaging
for biomedical applications.

infrared region of the spectrum.'®** There are two optical
windows where the tissue presents better transparency and

Polymeric nanoparticles (NPs) have attracted significant atten-
tion due to their capacity to encapsulate different loads, notably
drugs and contrast agents."” In particular, fluorescent poly-
meric nanoparticles are attractive as tools for biosensing and
bioimaging.** Among a large variety of in vivo optical imaging
modalities,*” in vivo fluorescence imaging is attractive because
of simplicity of use, inexpensive detection setups and diversity
of fluorescence imaging agents.'®"* However, in vivo fluores-
cence imaging requires imaging agents operating in the near-
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lower light scattering and light absorption: NIR-I (700-900 nm)
and NIR-II (950-1500 nm). Although NIR-II is superior to NIR-I
because of lower auto-fluorescence and light-scattering,'*** NIR-
I remains the dominant region for biomedical applications,
because most imaging instruments operate in the NIR-I range
using the FDA-approved indocyanine green as a NIR dye.”"”
Therefore, the development of polymeric NPs operating in the
NIR-I remains an important task.

A number of approaches have been followed to prepare NIR-I
polymeric nanoparticles. One is based on the use of conjugated
polymers. Even though it is challenging to shift conjugated
polymers to the NIR region, recent studies using conjugated
donor-acceptor fluorophore systems showed remarkable
examples exhibiting high brightness and good in vivo imaging
contrast.’® However, these systems owing to their structures
remain essentially non-biodegradable NPs. Another approach is
to use biodegradable polymeric NPs*>*” as a nanocarrier of dyes.
In this case, the biodegradable polymer PLGA,**** which is
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already approved in some medical applications, can be used as
a particle matrix for loading a fluorescent dye. However, the
problem is that at high dye loading conditions required to
assure high brightness of NPs, the dyes tend to undergo
aggregation-caused quenching (ACQ), due to formation of non-
emissive H-aggregates.” The problem of ACQ can be addressed
by different approaches,® including aggregation-induced emis-
sion (AIE),>** the use of bulky side groups,*®** and bulky
hydrophobic counterions.?”*® Previously, we have shown that
bulky hydrophobic counterions are particularly effective to
prevent ACQ in dye-loaded polymeric NPs.?”**** These coun-
terions play a dual function: on one hand, they form hydro-
phobic ion pairs with cationic dyes to ensure their nearly
quantitative encapsulation inside hydrophobic polymeric core
of NPs prepared by nanoprecipitation.”>*"** On the other hand,
these bulky anions serve as spacers or insulators for encapsu-
lated cationic dyes, thus preventing formation of non-emissive
H-aggregates.””***> Therefore, the NPs even at high loadings
of cationic dyes paired with these counterions (up to 50 wt%
with respect to polymer) displayed remarkably high fluores-
cence quantum yields (~50%).** These NPs can be up to 100-
fold brighter than quantum dots of similar size and emission
color.””?**% Moreover, the counterion also ensured short dye-
dye distances in the polymer matrix that resulted in ultrafast
excitation energy transfer,” where thousands of loaded dye
molecules could efficiently transfer energy to few energy
acceptors generating a giant light-harvesting nanoantenna for
single-molecule detection at ambient light.** The universal
concept of bulky counterions is applicable to both rhodamine
and cyanine dyes, which enabled preparation of fluorescent NPs
of any desired color in the visible range and notably developing
a cell barcoding method for in vitro and in vivo applications.*®
Despite high loading of dyes with their bulky counterions, PLGA
NPs did not show significant cytotoxicity even at concentrations
10 times those used for bioimaging.*® Dye-loaded polymeric NPs
have been successfully converted into biosensors for detection
of nucleic acids with single-molecule sensitivity**** and also
applied for single-particle tracking inside cells.*””*®* However, in
vivo application of this type of NPs have been limited so far to
two-photon intravital microscopy using rhodamine-loaded NPs
non-covalently coated with Pluronic surfactant.*® To adapt these
NPs to the whole animal NIR imaging, the counterion approach
should be applied to the encapsulation of near-infrared dyes
into polymeric NPs. Earlier works showed that bulky anions
could increase performance of NIR dyes of the cyanine family,
but these works were done either on pure dye salts* or on
polymeric coatings at low dye loading.** In addition, we inten-
ded to implement a covalent PEGylation strategy for these dye-
loaded NPs, which has been proven to be fruitful to ensure
stealth properties to polymeric NPs.**™**

In the present work, we applied the bulky counterion
approach to the encapsulation of two near-infrared dyes based
on Cy5.5 and Cy7 into NPs based on the biodegradable polymer
PLGA. Evaluation of four counterions revealed that fluorinated
tetraphenylborates can drastically increase fluorescence
quantum yield of the encapsulated dyes by minimizing their
ACQ. Moreover, they ensure formation of small NPs, in contrast
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to dye salts with the small inorganic anion chloride. Then, to
provide PEGylation to these NPs, we synthesized PLGA-PEG
block copolymer and applied it for the formulation of 40 nm
NPs loaded with NIR dye Cy5.5. Optimized formulations based
on PLGA and a PLGA-PEG were then tested for in vivo imaging
of mice. Studying the biodistribution of these NIR particles
showed that PEGylated PLGA NPs loaded with Cy5.5 with bulky
counterions are promising systems for in vivo imaging.

Materials and methods

Poly(p,.-lactide-co-glycolide) (PLGA, lactide 50 mol%, glycolide
50 mol%, acid terminated, M,, 25 300, PDI 1.3) was purchased
from PolySciTech (Akina, Ref. AP082, Lot 70201AMS-A). The
amino-terminated PEG NH,-PEG-OH (PEG3010) with molec-
ular weight 3000 Da was purchased from Iris Biotech.

Synthesis

Synthesis of dyes and their ion pairs with bulky counterions are
described in ESL.}

PLGA-PEG

300 mg of PLGA (0.012 mmol, 1 equiv. of COOH) were dissolved
in anhydrous dichloromethane (2.5 mL). To this solution DIPEA
(14 pL, 0.082 mmol, 7 equiv.) and HATU (25 mg, 0.066 mmol,
5.5 equiv.) were added as solutions in anhydrous dime-
thylformamide (total of 1.5 mL) under argon. 140 mg of NH,-
PEG-OH (0.047 mmol, 4 equiv.) were dissolved in 1 mL of DMF
and added to the reaction mixture. After stirring for 24 h at
room temperature, part of the solvent was evaporated at 40 °C
under reduced pressure. The obtained solution was precipitated
in methanol. The precipitate was washed with methanol,
redissolved in acetonitrile, and reprecipitated twice in meth-
anol. After drying under a vacuum, 172 mg of a white solid were
obtained (yield 52%). "H NMR (400 MHz, CDCl,): 6/ppm 5.3-5.1
(m, 1H), 4.9-4.6 (m, 2H), 4.30 (m, 0.07H), 3.8-3.4 (m, 1.34H),
1.8-1.4 (m, 3H). Degree of modification 96%.

Preparation of NPs

Stock solutions of polymers were prepared at a concentration of
10 ¢ L™ in acetonitrile. These were used to prepare acetonitrile
solutions containing 2 to 4 g L™ of polymer and the desired
amount of dye salts. For particle preparation the solutions were
quickly added to a 9-fold volume excess of phosphate buffer
(20 mM, pH 7.4) and water, for PLGA and PLGA-PEG, respec-
tively, under shaking (Thermomixer comfort, Eppendorf,
1000 rpm, at 21 °C). Directly afterwards, the solutions were
either further diluted to the desired concentration in the
aqueous phase, or the acetonitrile was removed through evap-
oration under reduced pressure (for in vivo applications).

Characterization of NPs

Dynamic light scattering (DLS). The sizes of the NPs were
measured on a Zetasizer Nano series ZSP (Malvern Instruments
S.A.). Each sample was measured 10 times with a run length of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10 s each. The volume average values were used, which are
determined by the Zetasizer software (Malvern) based on Mie
theory. Mean values give the average over at least three inde-
pendent measurements, error bars correspond to standard
error of the mean. Absorption and emission spectra were
recorded on a Cary 4000 Scan ultraviolet-visible spectropho-
tometer (Varian) and on a Fluoromax 4 spectrofluorometer
(Horiba Joban Yvon) equipped with a thermostated cell
compartment, respectively. Quantum yields of Cy5.5-C18 and
Cy7-C18 NPs were determined using methanolic solutions of
DiD (QY = 0.33) and DiR (QY = 0.28) with optical density < 0.1
as references.

Transmission electron microscopy

Solutions of NPs (5 pL) were deposited onto carbon-coated
copper-rhodium electron microscopy grids following amyl-
amine glow-discharge. They were then treated for 20 s with a 2%
uranyl acetate solution for staining. The obtained grids were
observed using a Tecnai F20 Twin transmission electron
microscope (FEI Eindhoven Holland) operating at a voltage of
200 kV. Images (2048 pixels x 2048 pixels) were recorded using
a US1000 camera (Gatan). After drying, the uranyl acetate
remaining on the sample provides the contrast, often negative,
but in some cases also in the form of a ring or shadow around
the particles. Images were analyzed using the Fiji software. At
least 200 particles per condition were analyzed.

Animals

CD1 male mice were obtained from Charles River Laboratory
and were imaged at 5-6 weeks of age. All animals were housed
in the 12 : 12 light/dark cycle with food and water available ad
libitum. The experiments were approved by local ethics

E
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committee (authorisation no. 2018030111543287) and accredi-
ted by the French Ministry for Superior Education and Research
in accordance with the Directive of the European Union Council
(2010/63/EU), and were carried in compliance with the guide-
lines of CNRS and the French Agricultural and Forestry Ministry
(decree 87848).

In vivo imaging

CD1 mice were anesthetized using inhalation anesthesia system
with isoflurane and were intravenously (IV) injected with two
types of nanoparticles: PLGA or PLGA-PEG loaded with 20 mM
Cy5.5/F12-TPB (100 puL per mouse). Images were collected using
Lumina XRMS imaging system (PerkinElmer) at different time
points: 0 (prior to injection) and at 2, 10, 20, 30, 60, 90, 120, 180
minutes after injection. Mice were euthanized with CO, directly
after imaging and all organs (brain, lung, kidney, spleen, liver,
testis, heart) were collected. Living mice and tissues were
analyzed using Lumina XRMS imaging system (PerkinElmer)
and the following filters were applied: excitation at 660 nm and
emission at 710 nm. Additional non-treated mice were eutha-
nized with CO, and the same organs as above were collected
and used as a negative control.

Results and discussion

Encapsulation of NIR dyes into PLGA NPs: role of counterion

Cyanine NIR dyes Cy5.5-C18 and Cy7-C18 were selected for
encapsulation into PLGA NPs (Fig. 1) because of their high
hydrophobicity, cationic nature, and favorable optical proper-
ties. Four counterions were studied here: chloride (Cl), tetra-
(TPB), tetrakis(pentafluorophenyl)borate (F5-
and tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-

phenylborate
TPB),
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Fig. 1

PLGA-PEG

(A) NIR cyanine dyes (in red) and their counterions (blue) used in this study to prepare dye-loaded polymeric NPs. (B) Scheme of NPs

preparation by nanoprecipitation of the polymer (PLGA or PLGA-PEG) with a cationic dye and its counterion.
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Fig.2 TEM images (left) and corresponding size distribution histograms (right) for PLGA (A) and PLGA-PEG (B) NPs loaded with 20 mM Cy5.5/
F12-TPB dye. The values correspond to the average NP diameter, while errors correspond to the half-width at the half maximum. At least 200

NPs were analyzed per condition.

propyl)phenyl]borate (F12-TPB). These salts were obtained in
good yields (Table S1}) by a simple ion exchange followed by
purification through column chromatography on silica gel.
Thin layer chromatography (TLC) of the obtained salts revealed
a strong effect of counterion on their retardation factor (R¢). The
chloride salts did not move at all on TLC in pure dichloro-
methane, whereas F5-TPB and F12-TPB salts showed the high-
est mobility (Fig. S1T). The R¢ of TPB salts was intermediate, as
their hydrophobicity is lower than those of the fluorinated
TPBs. Three dye loadings of Cy5.5 and Cy7 dyes in the PLGA NPs
were studied: 5, 20 and 50 mM with respect to the polymer.
PLGA NPs were prepared by the nanoprecipitation method,
previously described by us.*”* An acetonitrile solution of the
polymer and the dye at appropriate concentration was added
rapidly to an aqueous phase under intense stirring, followed by
a second dilution or evaporation of acetonitrile. At neutral pH,
PLGA is negatively charged, which ensures formation of rela-
tively small NPs of 40-50 nm.*” Indeed, according to dynamic

A

light scattering (DLS) of PLGA NPs loaded with Cy7/TPB salts
(Cy5.5 - NPs were not measured because of incompatibility with
DLS), small sized NPs (46-60 nm) with low polydispersity (~0.1,
Table S2+) were observed. However, in the case of the chloride
salt (Cy7/Cl), we observed a clear increase in the particle size
with the dye loading, so that at 50 mM, very large aggregates of
780 nm size with relatively high polydispersity (0.26) were
observed. According to our previous studies, this increase in
size was systematically observed for different cationic dyes and
it can be explained by the adsorption of non-encapsulated dye
on the NPs surface leading to neutralization of its negative
surface charge and further aggregation. By contrast, bulky tet-
raphenylborates ensure effective encapsulation of dyes pre-
venting surface adsorption and thus favor formation of stable
particles. Here, we show that this is valid also for a NIR cyanine
dye. As we could not perform DLS of Cy5.5-loaded NPs, we
studied by TEM a selected formulation of NPs loaded with the
Cy5.5/F12-TPB salt at 20 mM. The observed NPs of round shape
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Fig.3 Normalized absorption spectra of PLGA NPs loaded at varied concentration (5, 20, or 50 mM with respect to polymer) of Cy5.5 (A) and Cy7

(B) dyes paired with different counterions.
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were of 42 nm diameter (Fig. 2), confirming that the counterion
approach also allowed obtaining small Cy5.5-loaded NPs.

Then, we characterized the optical properties of the obtained
NPs using absorption and fluorescence spectroscopy. The
absorption spectra of Cy5.5- and Cy7-loaded NPs showed an
increase in the short-wavelength band intensity with loading
(Fig. 3), indicating an increase in the dye aggregation at higher
loadings. However, in case of TPB counterions, this change in
the absorption spectrum was systematically much lower
compared to those with chloride counterion and their bands
were narrower, especially for Cy7 dye. Moreover, in case of F12-
TPB, the short-wavelength band was systematically lower for
both dyes at three studied loadings suggesting lower dye
aggregation (Fig. 3). The effect of counterion was the most
pronounced at the highest studied dye loading (50 mM,
Fig. S2t), where the dyes were expected to have the strongest
aggregation behavior. Thus, we can conclude that F12-TPB in
particular decreases the aggregation of both Cy5.5 and Cy7 dyes
in PLGA NPs.

In the fluorescence spectra, an increase in the dye loading in
PLGA NPs systematically produced a red shift (Fig. 4 and
Table 1). These shifts are in line with increased aggregation
level of the dyes observed in the absorption spectra, as aggre-
gation generally generates species of lower energy.”»** Again,
the strongest spectroscopic alternations due to the dye loading
were observed for both dyes with chloride counterion, whereas
the smallest effects were observed for F5-TPB and F12-TPB
(Fig. 4). An increase in the dye loading also led to a rapid
drop in the fluorescence quantum yield (QY, Table 1), suggest-
ing the presence of aggregation-caused quenching. However,
this drop was clearly less pronounced for the fluorinated TPBs
F5-TPB and F12-TPB, so that at the highest dye loading, they
showed the highest QY for both dyes. One should note that

A
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F12-TPB showed slightly higher QY values compared to F5-TPB,
which is probably related to the larger size of the former anion.
Indeed, the larger size could provide a better structural match
with relatively large cyanine dyes, in line with our previous
studies on cyanines operating in the visible spectral range.*
Moreover, Cy7 dyes showed much lower QY values compared to
Cy5.5 dyes, especially at higher dye loadings. Thus, the coun-
terion approach is less effective for the cyanine with the longest
conjugation chain, which is probably related to its lower energy
gap allowing more deactivation pathways in the aggregated
state. Based on these formulations, we selected Cy5.5/F12-TPB
at 20 mM, combining good QY with high loading, as the most
suitable for in vivo studies in mice.

In order to apply these NPs in vivo, non-specific interactions
at their surface should be minimized. To this end, we modified
our NPs with polyethylene glycol (PEG), which is known to
provide stealth behavior and prolong the circulation time in
blood.**¢ This was achieved by using a PLGA-PEG block
copolymer for the formulation of NPs.*”** The block copolymer
was obtained by coupling of PLGA to NH,-PEG-OH (3000 Da)
using peptide chemistry. The obtained block copolymer was
characterized by NMR, which suggested a modification degree
of 96%. Using a similar nanoprecipitation protocol, we
prepared PLGA-PEG NPs along with PLGA NPs loaded with
Cy5.5/F12-TPB and Cy7/F12-TPB at 20 mM. TEM microscopy
confirmed formation of NPs of ca. 40 nm size for both PLGA and
PLGA-PEG (Fig. 2 and Table S3}). Small sized PLGA-PEG NPs
could be also formulated with Cy7.5/F12-TPB (Table S37).
Nevertheless, only Cy5.5-loaded NPs were selected for in vivo
imaging because of their significantly higher fluorescence
quantum yields (Table 1). After 24 h of storage at room
temperature in the buffer, only minor increase in the size and
small decrease in the absorbance and fluorescence intensity
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Fig. 4 Normalized fluorescence spectra of PLGA NPs loaded at varied concentration (vs. polymer) with Cy5.5 (A) and Cy7 (B) dyes paired with

different counterions.
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Table 1 Spectroscopic properties of PLGA NPs loaded with NIR dyes with different counterions at varied loading

Absorption maximum, nm Fluorescence maximum, nm Quantum yield, %

Loading 5 mM 20 mM 50 mM 5 mM 20 mM 50 mM 5 mM 20 mM 50 mM

Cy5.5/Cl 691 689 689 711 717 728 14.7 £ 0.1 1.72 £ 0.08 0.30 £+ 0.01
Cy5.5/TPB 694 698 699 731 738 743 11.9 £ 0.1 1.81 £+ 0.08 0.92 + 0.01
Cy5.5/F5-TPB 691 693 694 730 736 739 12.5 £ 0.2 3.36 = 0.01 1.75 £ 0.06
Cy5.5/F12-TPB 691 692 694 724 730 731 15.1 + 0.6 4.94 + 0.08 1.91 £ 0.14
Cy7/Cl 756 755 764 780 780 >850 8.3+ 0.4 0.96 + 0.10 0.10 £+ 0.02
Cy7/TPB 756 757 758 804 821 827 1.1+£0.1 0.19 + 0.01 0.09 + 0.01
Cy7/F5-TPB 754 756 756 812 818 826 1.62 £ 0.03 0.30 £+ 0.01 0.13 £ 0.01
Cy7/F12-TPB 752 753 753 795 804 811 4.55 + 0.21 0.77 + 0.01 0.33 + 0.01

were observed for both PLGA and PLGA-PEG NPs loaded with  contrast, PLGA-PEG NPs showed much weaker fluorescence
20 mM Cy5.5/F12-TPB (Fig. S31). Thus, within the timeframe of  signal at the level of liver, but the signal grew steadily with time
experiments, NPs preserve their basic characteristics. and then reached values close to those for PLGA NPs. Two-way

Then, we characterized the behavior of our Cy5.5-loaded ANOVA statistical analyses confirmed a significant effect of NPs
PLGA and PLGA-PEG NPs in vivo on wild-type mice. Mice PEGylation on the signal intensity in the thoracic region (F(1,6)
were imaged at different time points with respect to IV injection = 55.59, p = 0.0003), upper abdomen corresponding to liver
of NPs using a Lumina XMRS NIR imaging setup (Fig. 5). (F(1,6)=9.46,p = 0.0218) and lower abdomen (F(1,6) = 6.403, p
According to the obtained images, already at the early post- < 0.05) (Fig. 5 and S4t). Fisher's LSD post hoc analysis indicated
injection times the signal of bare PLGA NPs appeared at the that such differences reflect a significantly increased signal
level of liver and further increased slowly over time (Fig. 5). By intensity in the thorax and lower abdomen area coming from
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Fig. 5 In vivo real-time imaging and biodistribution of nanoparticles. (A and B) CD1 mice were injected via tail vein with 100 pL of PLGA NPs or
PLGA-PEG NPs loaded with 20 mM Cy5.5/F12-TPB and were analyzed with Lumina XRMS imaging system at different time points ((A) radiant
efficiency scale, (B) logarithmic scale). (C) The relative value of the fluorescence signal in three different area of the animal's body: thorax (lungs),
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PLGA-PEG nanoparticles. This localization difference between
two types of NPs was recorded over the entire 3 hour imaging
period in all designed body regions with the largest reordered
change in the thoracic region (p < 0.001 for all recorded time
points). The thorax contains the lungs (Fig. S47), which is highly
vascularized organ containing considerable amount of the
overall blood volume, and this may be the reason for a signifi-
cant increase in signal in this area. However, the highest
quantities of both types of NPs were detected was the liver
corresponding to the upper abdomen (Fig. 5 and S47). There we
have detected a higher presence of bare nanoparticles at time
points between 30 and 90 minutes after injection of Cy5.5 PLGA
NPs (p < 0.005). These results suggest that PEGylated NPs
accumulate in the liver much slower than bare PLGA NPs, which
is probably related to significantly longer circulation time of
PLGA-PEG NPs. They confirm the crucial role of the PEG shell to
ensure stealth properties of the polymeric NPs. Moreover, these
data show that our encapsulation approach using Cy5.5 with
bulky counterion F12-TPB ensures sufficient particle brightness
to provide good contrast in NIR imaging. Indeed, the signal
from the liver region of the injected mice after 180 min was 4
times higher than that of the control (non-injected) mice.
Further analysis of organs from mice dissected after 3 h of
imaging confirmed accumulation of NPs in certain organs.
Indeed, when compared to the control group, PLGA NPs with
and without PEG displayed significant fluorescence reflecting
their accumulation in the liver (p < 0.001), spleen (p < 0.001) and
lung (p < 0.01), but not in the kidney, heart, testes and brain.
Comparison of the intensity of such fluorescent signal between
organs pointed to accumulation with following preference: liver
> spleen > lung and other organs as indicated by respective
statistical differences (p < 0.01 for liver vs. spleen, p < 0.001 for
spleen vs. lung and absence of statistical differences between
lung and any of the other organs). Slightly lower signal from the
liver was observed for PEGylated NPs (Fig. 6), in line with in vivo

© 2022 The Author(s). Published by the Royal Society of Chemistry

imaging data analysis for the upper abdomen (Fig. 5C),
although such difference was not significant most probably due
to the late time-point of organ analysis. Overall, this analysis
shows that PLGA-PEG NPs can distribute in different organs of
healthy mice after IV injection, and suggest that PEGylation
increases the time spent in the blood circulation.

Conclusions

With the aim to prepare fluorescent polymeric NPs operating in
the NIR spectral region, we studied encapsulation of ion pairs of
NIR cyanine dyes with bulky hydrophobic counterions in PLGA
NPs. So far, the counterion approach has been shown to effec-
tively prevent ACQ effects for dyes operating in the visible
region, but it has not yet been applied for near-infrared dyes in
polymeric NPs. Here, we tested two cyanines Cy5.5 and Cy7 with
four counterions: small inorganic chloride and bulky hydro-
phobic tetraphenylborates which differ in size and level of
fluorination. We found that at high loading (20-50 mM vs.
polymer) of the dyes, the two fluorinated counterions decreased
the dye aggregation and improved fluorescence quantum yields
of both NIR dyes. Among the studied tetraphenylborates, the
bulkiest fluorinated counterion was the most efficient against
ACQ. However, it should be noted that the dye with the longest
absorption/emission wavelengths (Cy7) showed the lowest
quantum yields and the effect of the counterion was less
pronounced. In addition, bulky counterions also ensured
formation of small polymeric NPs, in contrast to those loaded
with dyes and small inorganic chloride. In order to test these
NPs in vivo, we prepared PEGylated NPs based on synthetic
PLGA-PEG and Cy5.5 dye with fluorinated TPB counterion (F12-
TPB). Thus, the bulky counterion approach of dye loading is
also compatible with NPs prepared by nanoprecipitation from
amphiphilic block co-polymers. The prepared NIR NPs allowed
in vivo imaging of wild-type mice with a good contrast after IV
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injection. Remarkably, PLGA-PEG NPs exhibited significantly
slower accumulation in the liver compared to the bare NPs,
probably because the stealth PEG shell ensures longer circula-
tion time. Biodistribution studies confirmed the preferential
accumulation in the liver, although PLGA and PLGA-PEG NPs
could also distribute in other organs, with the following
tendency: liver > spleen > lungs > kidney > heart > testis > brain.
Overall, the present work validated the counterion approach for
encapsulation of NIR cyanine dyes into polymeric NPs, allowing
preparation of NIR NPs with relatively good quantum yields and
high dye loading. This study also shows suitability of our
approach for preparation of PEGylated PLGA NPs for in vivo NIR
imaging applications. The PEGylated NPs with extended circu-
lation time will be of particular interest for specific targeting
and imaging of tumors using specific ligands, including anti-
bodies, which will be a subject of a dedicated study. We expect
that the bulky counterion approach, validated here for NIR dyes,
will help in preparation of new NIR fluorescent nanomaterials
and their further applications in vivo.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the by the European Research
Council ERC Consolidator grant BrightSens 648528, the ANR
JC/JC grant “Supertrack” ANR-16-CE09-0007 and ANR grant
ClickNanoClear ANR-16-CE09-0022-01. B. A. was supported by
LabEx Chimie des Systemes Complexes. J. S. was supported by
Bourse du Gouvernement Francais (BGF) attributed by the
French Embassy in Poland. The authors acknowledge the
support and the use of resources of the French Infrastructure
for Integrated Structural Biology FRISBI ANR-10-INBS-05,
Instruct-ERIC, and the institutional LabEx ANR-10-LABX-0030-
INRT grant, managed by the ANR as part of the program
Investissements d'Avenir ANR-10-IDEX-0002-02. We also thank
especially C. Crucifix for help with electron microscopy.

References

1 M. Elsabahy and K. L. Wooley, Design of polymeric
nanoparticles for biomedical delivery applications, Chem.
Soc. Rev., 2012, 41(7), 2545-2561.

2 K. S. Soppimath, T. M. Aminabhavi, A. R. Kulkarni and
W. E. Rudzinski, Biodegradable polymeric nanoparticles as
drug delivery devices, J. Controlled Release, 2001, 70(1-2),
1-20.

3 A. Reisch and A. S. Klymchenko, Fluorescent Polymer
Nanoparticles Based on Dyes: Seeking Brighter Tools for
Bioimaging, Small, 2016, 12(15), 1968-1992.

4 S.Y. Ong, C. Zhang, D. Xiao and S. Q. Yao, Recent Advances
in Polymeric Nanoparticles for Enhanced Fluorescence and
Photoacoustic Imaging, Angew. Chem., Int. Ed., 2021,
60(33), 17797-17809.

46 | Nanoscale Adv, 2022, 4, 39-48

View Article Online

Paper

5K. Li and B. Liu, Polymer-encapsulated organic
nanoparticles for fluorescence and photoacoustic imaging,
Chem. Soc. Rev., 2014, 43(18), 6570-6597.

6 V. Ntziachristos, Going deeper than microscopy: the optical
imaging frontier in biology, Nat. Methods, 2010, 7(8), 603-
614.

7 C. Qin,J. Zhong, Z. Hu, X. Yang and J. Tian, Recent Advances
in Cerenkov Luminescence and Tomography Imaging, IEEE
J. Sel. Top. Quantum Electron., 2012, 18(3), 1084-1093.

8 C. Kim, C. Favazza and L. H. V. Wang, In Vivo Photoacoustic
Tomography of Chemicals: High-Resolution Functional and
Molecular Optical Imaging at New Depths, Chem. Rev., 2010,
110(5), 2756-2782.

9 G. J. Tearney, M. E. Brezinski, B. E. Bouma, S. A. Boppart,
C. Pitris, J. F. Southern and ]. G. Fujimoto, In vivo
endoscopic  optical biopsy with optical coherence
tomography, Science, 1997, 276(5321), 2037-2039.

10 S. A. Hilderbrand and R. Weissleder, Near-infrared
fluorescence: application to in vivo molecular imaging,
Curr. Opin. Chem. Biol., 2010, 14(1), 71-79.

11 J. V. Frangioni, In vivo near-infrared fluorescence imaging,
Curr. Opin. Chem. Biol., 2003, 7(5), 626-634.

12 G. S. Hong, A. L. Antaris and H. ]J. Dai, Near-infrared
fluorophores for biomedical imaging, Nat. Biomed. Eng.,
2017, 1(1), 22.

13 G. S. Hong, J. C. Lee, J. T. Robinson, U. Raaz, L. M. Xie,
N. F. Huang, J. P. Cooke and H. J. Dai, Multifunctional in
vivo vascular imaging using near-infrared II fluorescence,
Nat. Med., 2012, 18(12), 1841-1846.

14 S. Kim, Y. T. Lim, E. G. Soltesz, A. M. De Grand, J. Lee,
A. Nakayama, J. A. Parker, T. Mihaljevic, R. G. Laurence,
D. M. Dor, L. H. Cohn, M. G. Bawendi and ]. V. Frangioni,
Near-infrared fluorescent type II quantum dots for sentinel
lymph node mapping, Nat. Biotechnol., 2004, 22(1), 93-97.

15 T. Ishizawa, N. Fukushima, ]J. Shibahara, K. Masuda,
S. Tamura, T. Aoki, K. Hasegawa, Y. Beck, M. Fukayama
and N. Kokudo, Real-Time Identification of Liver Cancers
by Using Indocyanine Green Fluorescent Imaging, Cancer,
2009, 115(11), 2491-2504.

16 B. E. Schaafsma, J. S. D. Mieog, M. Hutteman, J. R. Van der
Vorst, P. J. K. Kuppen, C. Lowik, J. V. Frangioni,
C. J. H. Van de Velde and A. L. Vahrmeijer, The Clinical
Use of Indocyanine Green as a Near-Infrared Fluorescent
Contrast Agent for Image-Guided Oncologic Surgery, J.
Surg. Oncol., 2011, 104(3), 323-332.

17 Z. H. Sheng, D. H. Hu, M. B. Zheng, P. F. Zhao, H. L. Liu,
D. Y. Gao, P. Gong, G. H. Gao, P. F. Zhang, Y. F. Ma and
L. T. Cai, Smart Human Serum Albumin-Indocyanine
Green Nanoparticles Generated by Programmed Assembly
for Dual-Modal Imaging-Guided Cancer Synergistic
Phototherapy, ACS Nano, 2014, 8(12), 12310-12322.

18 H. Piwonski, W. Li, Y. Wang, T. Michinobu and S. Habuchi,
Improved Fluorescence and Brightness of Near-Infrared and
Shortwave Infrared Emitting Polymer Dots for Bioimaging
Applications, ACS Appl. Polym. Mater., 2020, 2(2), 569-577.

19]. C. Li and K. Y. Pu, Development of organic
semiconducting materials for deep-tissue optical imaging,

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00649e

Open Access Article. Published on 18 Ximoli 2021. Downloaded on 01/11/2025 8:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

phototherapy and photoactivation, Chem. Soc. Rev., 2019,
48(1), 38-71.

20 H. K. Makadia and S. J. Siegel, Poly Lactic-co-Glycolic Acid
(PLGA) as Biodegradable Controlled Drug Delivery Carrier,
Polymers, 2011, 3(3), 1377-1397.

21 F. Danhier, E. Ansorena, J. M. Silva, R. Coco, A. Le Breton
and V. Preat, PLGA-based nanoparticles: an overview of
biomedical applications, J. Controlled Release, 2012, 161(2),
505-522.

22 F. Wurthner, T. E. Kaiser and C. R. Saha-Moller, J-
Aggregates: From Serendipitous Discovery to
Supramolecular Engineering of Functional Dye Materials,
Angew. Chem., Int. Ed., 2011, 50(15), 3376-3410.

23 J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam and
B. Z. Tang, Aggregation-Induced Emission: Together We
Shine, United We Soar, Chem. Rev., 2015, 115(21), 11718~
11940.

24 W. Qin, D. Ding, J. Z. Liu, W. Z. Yuan, Y. Hu, B. Liu and
B. Z. Tang, Biocompatible Nanoparticles with Aggregation-
Induced Emission Characteristics as Far-Red/Near-Infrared
Fluorescent Bioprobes for In Vitro and In Vivo Imaging
Applications, Adv. Funct. Mater., 2012, 22(4), 771-779.

25 B. Zhang, H. Soleimaninejad, D. ]J. Jones, J. M. White,
K. P. Ghiggino, T. A. Smith and W. W. H. Wong, Highly
Fluorescent Molecularly Insulated Perylene Diimides:
Effect of Concentration on Photophysical Properties, Chem.
Mater., 2017, 29(19), 8395-8403.

26 K. Trofymchuk, A. Reisch, I Shulov, Y. Mély and
A. S. Klymchenko, Tuning the color and photostability of
perylene diimides inside polymer nanoparticles: towards
biodegradable substitutes of quantum dots, Nanoscale,
2014, 6(21), 12934-12942.

27 A. Reisch, P. Didier, L. Richert, S. Oncul, Y. Arntz, Y. Mély
and A. S. Klymchenko, Collective fluorescence switching of
counterion-assembled dyes in polymer nanoparticles, Nat.
Commun., 2014, 5(1), 4089.

28 C. R. Benson, L. Kacenauskaite, K. L. VanDenburgh,
W. Zhao, B. Qiao, T. Sadhukhan, M. Pink, J. S. Chen,
S. Borgi, C. H. Chen, B. ]J. Davis, Y. C. Simon,
K. Raghavachari, B. W. Laursen and A. H. Flood, Plug-and-
Play Optical Materials from Fluorescent Dyes and
Macrocycles, Chem, 2020, 6(8), 1978-1997.

29 B. Andreiuk, A. Reisch, E. Bernhardt and A. S. Klymchenko,
Fighting Aggregation-Caused Quenching and Leakage of
Dyes in Fluorescent Polymer Nanoparticles: Universal Role
of Counterion, Chem.-Asian J., 2019, 14(6), 836-846.

30 B. Andreiuk, A. Reisch, M. Lindecker, G. Follain,
N. Peyriéras, J. G. Goetz and A. S. Klymchenko, Fluorescent
Polymer Nanoparticles for Cell Barcoding In Vitro and In
Vivo, Small, 2017, 13(38), 1701582.

31 B. Andreiuk, A. Reisch, V. G. Pivovarenko and
A. S. Klymchenko, An aluminium-based fluorinated
counterion for enhanced encapsulation and emission of
dyes in biodegradable polymer nanoparticles, Mater. Chem.
Front., 2017, 1(11), 2309-2316.

32 B. Andreiuk, I. O. Aparin, A. Reisch and A. S. Klymchenko,
Bulky Barbiturates as Non-Toxic Ionic Dye Insulators for

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Enhanced Emission in Polymeric Nanoparticles, Chem.—
Eur. J., 2021, 27(50), 12877-12883.

33 N. Melnychuk, S. Egloff, A. Runser, A. Reisch and
A. S. Klymchenko, Light-Harvesting Nanoparticle Probes
for FRET-Based Detection of Oligonucleotides with Single-
Molecule Sensitivity, Angew. Chem., Int. Ed., 2020, 59(17),
6811-6818.

34 A. Reisch, K. Trofymchuk, A. Runser, G. Fleith, M. Rawiso
and A. S. Klymchenko, Tailoring Fluorescence Brightness
and Switching of Nanoparticles through Dye Organization
in the Polymer Matrix, ACS Appl. Mater. Interfaces, 2017,
9(49), 43030-43042.

35 N. Melnychuk and A. S. Klymchenko, DNA-Functionalized
Dye-Loaded Polymeric Nanoparticles: Ultrabright FRET
Platform for Amplified Detection of Nucleic Acids, J. Am.
Chem. Soc., 2018, 140(34), 10856-10865.

36 K. Trofymchuk, A. Reisch, P. Didier, F. Fras, P. Gilliot,
Y. Mely and A. S. Klymchenko, Giant light-harvesting
nanoantenna for single-molecule detection in ambient
light, Nat. Photonics, 2017, 11(10), 657-663.

37 A. Runser, D. Dujardin, P. Ernst, A. S. Klymchenko and
A. Reisch, Zwitterionic Stealth Dye-Loaded Polymer
Nanoparticles for Intracellular Imaging, ACS Appl. Mater.
Interfaces, 2020, 12(1), 117-125.

38 S. Egloff, A. Runser, A. Klymchenko and A. Reisch, Size-
Dependent Electroporation of Dye-Loaded Polymer
Nanoparticles for Efficient and Safe Intracellular Delivery,
Small Methods, 2021, 5(2), 2000947.

39 I. Khalin, D. Heimburger, N. Melnychuk, M. Collot,
B. Groschup, F. Hellal, A. Reisch, N. Plesnila and
A. S. Klymchenko, Ultrabright Fluorescent Polymeric
Nanoparticles with a Stealth Pluronic Shell for Live
Tracking in the Mouse Brain, ACS Nano, 2020, 14(8), 9755-
9770.

40 D. K. Bwambok, B. El-Zahab, S. K. Challa, M. Li, L. Chandler,
G. A. Baker and I. M. Warner, Near-Infrared Fluorescent
NanoGUMBOS for Biomedical Imaging, ACS Nano, 2009,
3(12), 3854-3860.

41 A. H. Ashoka, S. H. Kong, B. Seeliger, B. Andreiuk,
R. V. Soares, M. Barberio, M. Diana and A. S. Klymchenko,
Near-infrared fluorescent coatings of medical devices for
image-guided surgery, Biomaterials, 2020, 261, 120306.

42 S. Stolnik, C. R. Heald, J. Neal, M. C. Garnett, S. S. Davis,
L. Ilum, S. C. Purkis, R. J. Barlow and P. R. Gellert,
Polylactide-poly(ethylene glycol) micellar-like particles as
potential drug carriers: production, colloidal properties
and biological performance, J. Drug Targeting, 2001, 9(5),
361-378.

43 S. Hak, E. Helgesen, H. H. Hektoen, E. M. Huuse,
P. A. Jarzyna, W. J. Mulder, O. Haraldseth and L. Davies
Cde, The effect of nanoparticle polyethylene glycol surface
density on ligand-directed tumor targeting studied in vivo
by dual modality imaging, ACS Nano, 2012, 6(6), 5648-5658.

44 J. V. Jokerst, T. Lobovkina, R. N. Zare and S. S. Gambhir,
Nanoparticle PEGylation for imaging and therapy,
Nanomedicine, 2011, 6(4), 715-728.

Nanoscale Adv., 2022, 4, 39-48 | 47


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00649e

Open Access Article. Published on 18 Ximoli 2021. Downloaded on 01/11/2025 8:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

45 A. Reisch, A. Runser, Y. Arntz, Y. Mely and A. S. Klymchenko,
Charge-Controlled Nanoprecipitation as a Modular
Approach to Ultrasmall Polymer Nanocarriers: Making
Bright and Stable Nanoparticles, ACS Nano, 2015, 9(5),
5104-5116.

46 S. Hak, E. Helgesen, H. H. Hektoen, E. M. Huuse,
P. A. Jarzyna, W. J. M. Mulder, O. Haraldseth and
C. d. L. Davies, The Effect of Nanoparticle Polyethylene
Glycol Surface Density on Ligand-Directed Tumor
Targeting Studied in Vivo by Dual Modality Imaging, ACS
Nano, 2012, 6(6), 5648-5658.

48 | Nanoscale Adv, 2022, 4, 39-48

View Article Online

Paper

47 ]J. Cheng, B. A. Teply, I. Sherifi, J. Sung, G. Luther, F. X. Gu,
E. Levy-Nissenbaum, A. F. Radovic-Moreno, R. Langer and
0. C. Farokhzad, Formulation of functionalized PLGA-PEG
nanoparticles for in vivo targeted drug delivery,
Biomaterials, 2007, 28(5), 869-876.

48 S. Dhar, F. X. Gu, R. Langer, O. C. Farokhzad and
S. J. Lippard, Targeted delivery of cisplatin to prostate
cancer cells by aptamer functionalized Pt(IV) prodrug-
PLGA-PEG nanoparticles, Proc. Natl. Acad. Sci. U. S. A.,
2008, 105(45), 17356-17361.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00649e

	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e

	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e

	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e
	Counterion-insulated near-infrared dyes in biodegradable polymer nanoparticles for in vivo imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00649e


