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ABSTRACT: Polymeric nanoparticles (NPs) continue to assert their high potential as efficient nanovectors for nanomedicine and
imaging agents. Among them, biocompatible polyesters block copolymers (BCP) possess appealing features as their physicochemi-
cal properties can be readily modified by the composition of their blocks. Although the fluorescent labeling of polymers is often
used to track the formed NPs in bioimaging, it is rarely used to characterize their physicochemical properties. In this work we as-
sumed that the branching degree of the hydrophobic block copolymer might play an important role in the properties of the biocom-
patible NPs and thus could help in controlling their cargo encapsulation and release. To this end clickable PEG-PCL block copoly-
mers with various branching degrees were synthesized. Owing to their covalent fluorescent labeling using strain-promoted azide-
alkyne cycloaddition (SPAAC), several parameters like the critical aggregation concentration of the BCPs as well as the colloidal
stability, the core polarity and stealth of the NPs have been studied. Taking advantage of the fluorescence labeling of the NPs’ core,
their ability to encapsulate and release a fluorescent cargo (Rhodamine Cyg) was assessed by Forster Resonance Energy Transfer
(FRET). The observed differences in release profile was confirmed in cells where the fluorescent NPs and their cargo were tracked.
Finally, the cargo release of endocytosed NPs was imaged and assessed by FRET ratiometric imaging. This study proved that the
covalent fluorescent labeling of the BCPs is an efficient tool, offering various methods to characterize and assess the effects of

polymers modifications on the NPs’ properties.

INTRODUCTION

New drug delivery materials are continuously asserting their
importance for the development of innovative treatment strat-
egies." The use of nanovectors like nanoparticles (NPs) has
revolutionized the administration of medicines,® by protecting
them and thus improving their bioavailability, therapeutic
efficacy, specificity but also by lowering their toxicity.**
Among these nanovectors, polymeric NPs stand out from
others by their high loading capability, their accessible surface
modification for targeting and their lowered cytotoxicity.” The
major advantage of polymeric NPs lies in the possibility to
modulate their composition by chemical modifications, lead-
ing to new encapsulation and release properties.® To control
and modify these parameters, the polymer itself should present
adjustable properties. Among organic polymers, block copol-
ymers (BCPs) display appealing features as they are composed
of two or more blocks, each with specific physicochemical
properties or functionalities, offering opportunities of combi-
nation to develop new materials.”® BCPs are often composed
of at least a hydrophobic and a hydrophilic blocks, leading to
amphiphilic macromolecules, generally resulting in NPs pre-
senting a core/shell structure.” Advantageously, BCPs com-
posed of PEG and polyesters like poly(lactic-co-glycolic acid)
(PLGA), poly lactic acid (PLA) or polycaprolactone (PCL) are
the most commonly used due to their respective biocompati-
bility and biodegradability.’**? Consequently, nanomaterials
arisen from these BCPs were widely studied as nanovectors
for drug delivery.*** NPs composed of PEG-PCL have drawn
a specific interest as promising vectors for nanomedicines.* In
order to study the structure/drug delivery relationship of these
PEG-PCL-based NPs, several parameters have already been
varied including: the length of hydrophobic/hydrophilic
blocks,™ the ratio between hydrophobic/hydrophilic blocks,"
the number of various blocks per chain,*® the combination and
the ratio between diblock and triblock chains'® or the nature

and the functionalization of blocks.”” * Additionally, the
shape of the polymeric structure (linear, 3, or 4-arms, brush
and branched) can also be varied through the modification of
initiator or the addition of branching agent.?** These modifi-
cations mainly alter the balance between the hydrophobic and
hydrophilic blocks and can improve the solubility, the encap-
sulation or the release of the cargo.

In general, the influence of these parameters is assessed by
time consuming HPLC analysis® or low sensitivity UV-visible
spectroscopy.”® Moreover, these methods only report on the
drug loading and the amount of drug released, providing no
information about the physicochemical properties of the NPs
and their behavior in a biological environment. The fluores-
cence is a powerful tool which is already used to image mate-
rials and to track them in biological environment.”? In this
regard, we recently reviewed the different chemical approach-
es to fluorescently label block copolymers and their applica-
tions in bioimaging.”® Although the fluorescent labeling is
mainly used for bioimaging applications, it can also allow to
understand the formation of NPs,*® to characterize their prop-
erties,”" to sense cellular environments,* and to assess the
cargo encapsulation and monitor the release.** * Consequent-
ly, the fluorescent labeling can help to determine the physico-
chemical properties of the BCPs and of the resulting NPs.

Herein, we studied the influence of the branching on PEG-
PCL block copolymers obtained through the copolymerization
of PEG, e-caprolactone, azido-caprolactone® and glycidol®® as
branching agent. These polymeric chains were fluorescently
labeled by click chemistry using BODIPY and the
solvatochromic Nile Red. Thanks to this labeling, the aggrega-
tion, the colloidal stability, the stealth character and the core
polarity of the resulting NPs were studied. Then, the encapsu-
lation and the release of a fluorescent drug model were as-
sessed and monitored using FRET in in vitro and in cellulo
assays.



MATERIALS AND METHODS

Materials. PBS (phosphate buffer saline) pH 7.4 was pur-
chased from Eurobio (Gourtaboeuf, France). FBS (fetal bovin
serum) was purchased from Lonza. Rhodamine-C,g perchlo-
rate was purchased from ABCR GmBH.

Synthesis. All starting materials for synthesis were purchased
from Alfa Aesar, Sigma-Aldrich or TCI Europe and used as
received unless stated otherwise. PEG2000 was purchased
from Clariant. Caprolactone and Ns-caprolactone were pur-
chased from Alfa Aesar. NMR spectra were recorded on a
Bruker Avance 111 400 MHz spectrometer. Mass spectra were
recorded using an Agilent Q-TOF 6520 mass spectrometer.
Protocols for synthesis and characterizations of all new com-
pounds including polymers, NR-DBCO, BDP-DBCO, and
Rhod-Cg are given in the supporting information (SI).

Polymerization. To a solution of PEG (0.25 mmol, 1 eq), &-
caprolactone (10.92 mmol, 43.7 eq), Ns-caprolactone (0.32
mmol, 1.3 eq) and glycidol (0, 1, 3 or 7 eq) were dissolved in
1,2-dichloroethane under inert atmosphere (Argon). The mix-
ture was heated at 100 °C for 3 h using a Dean-Stark apparatus
to remove traces of water. Then, a drop of Tin(ll) 2-
ethylhexanoate (Sn(Oct),) was added and the reaction was
heated up at 120°C. The reaction was allowed to stir for 16 h
and the disappearance of the caprolactone monomers was
monitored by TLC using DCM/MeOH, 9/1 as eluent. The
solvent was evaporated and the resulting copolymer was dis-
solved in acetone and was precipitated in EtOH (1/4, ace-
tone/EtOH).

Fluorescent labeling of polymer. PEG-PCL copolymer (50
mg), and BDP-DBCO or NR-DBCO (0.0034 mmol, 4.5 eq)
were dissolved in DCM (3 mL), and the reaction mixture was
allowed to stir at RT for 2 h. The solvents were evaporated
and the crude was purified by size exclusion column using
DCM/MeOH, 1/1. The yield of the reaction was calculated by
measuring the absorbance of a 10 mg.mL™ solution of copol-
ymer.

Formulation of NPs. 50 pL of a copolymer solution (2.5
mg.mL™ in dioxane) was added to an Eppendorf tube and 950
pL of PBS was vigorously added by back and forth pipetting
using a 1 mL micropipette. The solution was immediately
vortexed for 10 seconds. For the fluorescently labeled NPs,
solutions of non-labeled polymer and fluorescently labeled
polymer (2.5 mg.mL™ in dioxane) were mixed so that the
concentration of BODIPY was set to 30 uM. After formula-
tion (20-fold dilution), the final concentrations were 125
pg.mL™ of copolymers and 1.5 pM of BODIPY.

Encapsulation of acceptors. 50 pL of dioxane solution con-
taining a mixture of labeled and non-labeled copolymers (2.5
mg.mL*, BODIPY concentration 30 uM) and the acceptor
rhodamine (0 to 12 uM) was added to an Eppendorf tube and
950 uL of PBS was vigorously added by back and forth pipet-
ting using a 1 mL micropipette. After formulation, the final
concentrations were 125 pg.mL™ of copolymers, 1.5 pM of
BODIPY and 0 to 0.6 pM of rhodamine.

Determination of CAC using free Nile Red. 50 pL of
dioxane solution with an increasing concentration of copoly-
mers and a fixed concentration of Nile Red (0.2 uM) was
added to an Eppendorf tube. Then, the NPs were formulated as

described above. For each copolymer, a gradient of copoly-
mers concentrations was performed from 0.1 to 16 pM.

Determination of CAC using Nile Red-labeled BCPs. 50 pL
of dioxane solution with an increasing concentration of copol-
ymer (95% of non-labeled copolymer and 5% of NR-labeled
copolymer) was added to an Eppendorf tube. Then, the NPs
were formulated as described above. For each copolymer, a
gradient of copolymers concentrations was performed from
0.05 to 16 puM.

Reduction of the interfacial NR. Nile Red-labeled NPs (con-
taining 5% Nile Red-labeled BCPs) were formulated accord-
ing to the protocol described above. 500 pL of the solution
was diluted with PBS and the other 500 pL by PBS containing
sodium dithionite (40 mM). The emission spectra were rec-
orded right after dilution.

Dynamic light scattering. The sizes of NPs were measured
by dynamic light scattering using the instrument Zetasizer®
Nano ZSP (Malvern, UK). Measurements were performed at
25°C. Both size distribution and the dispersity (D) were rec-
orded.

Gel permeation chromatography (GPC). To a solution of
copolymers in anhydrous THF (10 mg.mL™), two drops of a
solution containing 10 v/v % of toluene in THF was added.
Then, the solution was filtered (0.45 um, PTFE). The samples
were measured by GPC-Refractive Index (JASCO-RI 4030
with Shodex-GPC-KF805L column) using THF as eluent and
conventional calibration with polystyrene standards (from
1,650,000 to 580 g.mol™). The data were analyzed with the
software ChromNAV.

Differential calorimetry scanning (DSC). 5-10 mg of copol-
ymers were weighted in an aluminum crucible and analyzed
by DSC (Q200, TA instrument). The calorimeter was calibrat-
ed from -80 °C to 300 °C. The data were analyzed with TA
Universal Analysis software. The melting temperature (Tm)
were determined on the second heating ramp. The degree of
crystallinity (xc) was calculated for PEG-PCL samples using
the following equation (Eq.1):
AHg

Xe =7
AHpolymer

x 100 (1)

Where AH; is the released heat of the sample (J.g™) and AH® is
the released heat of the same copolymer which is 100%
crystallin. AH%¢, = 136 J.g™.

Samples were characterized with the following method: (1)
heating ramp from 25 °C to 100 °C at 10 °C/min then isotherm
for 3 min; (2) cooling ramp from 100 °C to -80 °C at 10
°C/min then isotherm for 3 min; (3) heating ramp from -80 °C
to 100 °C at 10 °C/min then isotherm for 3 min and (4) cool-
ing ramp from 100 °C to 25 °C at 10 °C/min.

Spectroscopy. Absorption and emission spectra were recorded
on a Cary 5000 Scan ultraviolet—visible spectrophotometer
(varian) and a FS5  (Edinburgh Instruments)
spectrofluorometer respectively. For standard recording of
fluorescence spectra, the emission was collected 10 nm after
the excitation wavelength. All the spectra were corrected from
a wavelength-dependent response of the detector. Nile Red
was excited at 500 nm and the spectra were recorded from 510
to 800 nm. BODIPY was excited at 460 nm and the spectra
were recorded from 470 to 700 nm. The extinction molar
coefficient (g) used for titration were 80,000 M™*.cm™ for the
BODIPY and 38,000 M™.cm™ for the Nile Red (both in
dioxane). The solvents were of spectroscopic grade. The quan-



tum yields, QY were determined by comparison with the ref-
erence following the equation (Eq.2):

n2
QY — QYR x IXODRpXx (2)

IRx0ODxn%
where | is the integrated fluorescence intensity, n is the refrac-
tive index, and OD is the optical density at the excitation
wavelength. R represents the reference. For the BODIPY
labeled BCPs, BODIPY 496/503 in water was used as refer-
ence.”” FRET parameters were determined following the equa-
tions (Eq. 3 and 4):
FRET ratio = — = x 100 3)
Imax (A)+Imax (D)
where Imax (A) is the fluorescence intensity of the acceptor in
FRET spectrum and Imax (D) is the fluorescence intensity of
the donor in FRET spectrum.
.. _ __ Imax (D)
FRET efficiency = (1 1 (00)

)x100  (4)

where Imax (D) is the fluorescence intensity of the donor in
FRET spectrum and Imax (DO) is the fluorescence intensity of
donor in the absence of acceptor.

Kinetic of release. NPs were formulated as described above.
500 pL of the solution was diluted in PBS and the other 500
pL by 20 viv % FBS in PBS. Emission spectra of the solution
containing FBS were measured over 5 h. The measures were
performed in triplicates.

Electrophoresis. Agarose gel (0.5 wt.%) was prepared in
TAE (Tris Acetate 40 mM, EDTA 1 mM). 13 pL of the for-
mulation solutions were carefully added in the wells. The
electrophoresis was run at 125 V for 1 h. The gels were visual-
ized with an ImageQuant LAS 4000 system (GE Healthcare
Life science). Excitation was 473 nm and the fluorescent sig-
nal was collected using a 510 £ 10 nm filter with an exposition
time of 10 seconds. The images were processed using ImageJ
software.

Cellular imaging. KB cells (ATCC CCL-17) were grown in
minimum essential medium (MEM, Gibco-Invitrogen) with 10
% fetal bovine serum (FBS, Lonza), 1 % non-essential amino
acids (Gibco-Invitrogen), 1 % MEM vitamin solution (Gibco
Invitrogen), 1 % L-glutamine (Sigma-Aldrich), and 0.1 %
antibiotic solution (gentamicin, Sigma-Aldrich) at 37 °C in a
humidified atmosphere containing 5 % CO,. For the imaging
experiments, cells were seeded onto a 35 mm IBIDi live cell
plates at a density of 1 x 10° cells/well 24 h before the micros-
copy measurement. Prior to incubation, NPs were formulated
in Opti-MEM and their size were checked by DLS and showed
similar sizes than in PBS (Table S2). Rhodamine-Cys loaded-
NPs were then formulated in sterile Opti-MEM following the
protocol described above and the solution was diluted 5 times
to provide a NP solution with a copolymer concentration of 25
ng.mL™. This solution was added to the cells, which were
thereafter incubated at 37°C for 3 h in the presence of Hoechst
(5 pg.mL™?) to stain the nuclei. The medium was then re-
moved, washed 2 times with PBS and then fixed with 4% PFA
for 10 min at room temperature. The medium was removed
and the cells were washed with PBS and imaged in PBS. The
fluorescence microscopy was performed on a Leica TSC SPE
laser scanning confocal microscope with a 63X objective. The
setting of the channels used were as follows: Donor
(BODIPY): excitation laser 488 nm, fluorescence signal: 500-
550 nm (green channel); Acceptor (Rhodamine): excitation
laser 560 nm, fluorescence signal: 570-700 nm (green chan-
nel); FRET channel: excitation laser 488 nm, fluorescence

signal: 570-700 nm. The images are maximum intensity pro-
jections obtained from z-stacks with steps of 1 um (minimum
6 images). The ratiometric images were obtained from the
donor channel and the FRET channel using an ImageJ macro:
“Ratio Intensity color 3.4” developed by Romain Vauchelles.

RESULTS AND DISCUSSION
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Figure 1. Synthesis of the clickable BCPs with increasing
branching of the PCL block due to insertion of glycidol branching
agent. For clarity, the schemes of the polymers do not represent
their random distribution.

Design and synthesis. In order to study the effect of branch-
ing on polymeric NPs, we synthesized PEG-PCL amphiphilic
polymers with PEG as hydrophilic block and PCL as hydro-
phobic one. PEG2000 was chosen to provide sufficient
hydrophilicity to the polymer and stealth to the NPs, which
will avoid non-specific interactions and will ensure their col-
loidal stability in PBS. Then, the PEG/PCL ratio was fixed.
We chose to synthesize block copolymers possessing an
equimolar amount of ethylene glycol and caprolactone units.
The block copolymers were thus synthesized by ring opening
polymerization (ROP) using MeO-PEG-OH (PEG2000, MW
2000 Da) as initiator, which corresponds to 45 ethylene glycol
units, and thus 45 equivalents of caprolactone. In order to
incorporate a clickable site to the PCL block, an azido
caprolactone (N3-CL) was introduced in the ROP, correspond-
ing to 3% of the total CL (Figure 1). Statistically, this propor-
tion ensures at least one azide function per copolymer chain.
Increasing amount of glycidol, i.e. 0, 1, 3, 7 eq (based on
PEG) was added to the ROP to obtain PEG-PCL copolymers
with increasing numbers of branching sites in the hydrophobic
block, as showed in previous works.®* This procedure gave
rise to a linear BCP: P, G, and branched BCPs: P, G;, P Gs,
and P,G; (Figure 1). Additionally, a linear copolymer pos-
sessing a small PEG (4 units), P4G,, was synthesized to study
the influence of the PEG chain.



Characterizations. After purification by precipitation, the
obtained copolymers were characterized by NMR. 'H NMR
showed that the copolymers were obtained in a pure form and
confirmed the targeted PEG/PCL units ratios by integration of
the methoxy group of the PEG (3.6 ppm) and the most shield-
ed methylene group (CH,O) of PCL unit (4.1 ppm) (Figure
2A, table). To prove the increasing insertion of glycidol in the
copolymers, trichloroacetyl isocyanate was added to the NMR
sample. Trichloroacetyl isocyanate spontaneously reacts with
free hydroxyl groups and provokes an important shift (3.6 to
4.2 ppm) of the methylene groups (CH,) that bears hydroxyl
group due to the deshielding effect of the electron deficient
trichloroacetyl carbamate group (Figure 2B).* Integration of
this new shifted signal clearly showed an increasing amount of
free hydroxyl groups upon branching thus suggesting the
controlled insertion of glycidol units in the block copolymers
(Figure 2B, Figure S1). Additionally, *C NMR study was
performed to discriminate CL units involved in linear chains
from those positioned at the terminal end of the polymer. This
experiment showed that upon increase of branching, new CH,
peaks appeared corresponding to the terminal CL units bearing
a free hydroxyl group (Figure 2C, Figure S2).
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Figure 2. Characterization of the BCPs. (A) *H NMR spectra
(400 MHz, CDCI,) confirming the targeted EG/CL ratio indicated
in table. (B) 'H NMR spectra (400 MHz, CDCI3) of PG and
P,G; with trichloroacetyl isocyanate revealing the increasing
number of free hydroxyl groups upon branching. (C) *C NMR
spectra (126 MHz, CDCly) of P, Gy and P, G, showing the appa-
rition of shifted peaks upon branching. (D) GPC chromatograms
(THF) depicting the increasing retention time and sharpness of the
peak upon branching. (E) DSC second heating and (F) first cool-
ing curves.

The copolymers were then submitted to gel permeation chro-
matography (GPC). Overall the results showed a general trend

where branching led to longer retention times along with
sharper peaks (Figure 2D). This effect might be rather as-
signed to difference of conformations and steric effects due to
the branching rather than the slight increase of molecular
weight induced by the addition of small glycidol units (maxi-
mum +500 Da). Indeed, P,G, and PG, which have a differ-
ence of molecular weight of ~1800 Da, displayed overlaid
GPC spectra. Although questioned in the literature for its
limitations,* this GPC study showed a trend suggesting the
effective difference of branching.

Finally, the copolymers were studied by differential scanning
calorimetry (DSC). The results indicated that branching led to
a decrease of fusion temperatures probably due to shorter PCL
chain length (Figure 2E), along with lower crystallization
temperatures due to insertion of structural amorphous defects
within the copolymer chain (Figure 2F). These results are in
line with previous report on branched PCL.* Overall these
characterizations confirmed that PEG-PCL BCPs with increas-
ing branching sites and different physicochemical properties
have been obtained.

Fluorescence Labeling. Once the block copolymers fully
characterized, the covalent fluorescent labeling has been
achieved by strain-promoted azide-alkyne cycloaddition
(SPAAC) that proved its efficiency in labeling block copoly-
mers.”® For this endeavor, two fluorophores were used. First, a
bright green emitting BODIPY was used and served to study
the stability and the stealth character of the NPs, and as a
FRET donor to study the cargo encapsulation and cargo re-
lease (vide infra). The second is a Nile Red derivative,* which
is highly solvatochromic and that will serve to determine the
critical aggregation concentration (CAC) of the copolymers, as
well as to evaluate their surface reactivity and the core polarity
of the NPs. Both fluorophores, bearing a carboxylic acid func-
tion, were coupled to a DBCO-NH, unit to provide BODIPY -
DBCO and NR-DBCO (Figure 3). The latter were clicked to
the azide groups of the copolymers by SPAAC in mild condi-
tions (Figure 3). The labeled copolymers were purified by size
exclusion chromatography to remove any traces of free
fluorophores. The efficiency of the labeling was assessed by
absorbance spectroscopy providing yields ranging from 30 to
68% of labeled chains. NMR analysis confirmed that the
polymers were not affected by the click conditions (Figure
S3). Moreover, the success of this labeling reaction proved, a
posteriori, the efficient insertion of N3-CL during the polymer-
ization step (Figure 1).

-Labeled BCPs

Clickable BCPs

NR-labeled BCPs

Figure 3. Fluorescent labeling of the BCPs by a green emitting
BODIPY fluorophore and an environment sensitive Nile Red
probe, using SPAAC click chemistry. The solvent was DCM. All
the BCPs were labeled, P, G5 was given as an example.

Formulation. Prior to the formulation of the NPs, the critical
aggregation concentration (CAC) of the copolymers were
measured to evaluate the concentration at which the copoly-



mer could form NPs. Nile Red is a valuable fluorescent tool to
evaluate CMC of surfactant or CAC of polymer by spectros-
copy.** Indeed, Nile Red fluorescence intensity and Ama
(Em) respectively increases and blue shifts when the hydro-
phobic core of micelles or NPs are formed. In a first attempt,
the non-labeled copolymers were formulated in PBS at various
concentrations in the presence of a fixed concentration of Nile
Red (Figure 4A top). Surprisingly, the CAC were found to be
similar for each polymer (~1-2 uM), even for the highly hy-
drophobic P,G, (Figure 4B top). These results suggested that
at this concentration Nile Red was not able to report
submicromolar CAC as its affinity towards the precipitated

polymer is probably insufficient, so that it remained mainly in
the aqueous phase at low polymer concentration. To prove it,
we took advantage of our NR-labeling BCPs, where Nile Red
moiety acts as an internal reporter (Figure 4A, bottom). Solu-
tions of copolymers containing 5% of their NR-labeled cog-
nates were diluted in PBS at various concentrations. The re-
sults showed that the NR reporter displayed a constant blue
shifted emission maximum (around 634 nm) compared to free
NR in water (660 nm), even at low concentrations (Figure 4B
bottom). These results suggested that the CACs were below 50
nM (~350 ng/mL) and confirmed the relatively high hydro-
phobic nature of the copolymers.
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Figure 4. Formulation and stability of the NPs. (A) Determination of the critical aggregation concentration using free NR (top) or NR-
labeled BCPs (bottom). (B) plot of NR A.x(Em) upon increase of the BCPs concentration using free NR (top) or NR-labeled BCPs (bot-
tom). (C) Formulation of the polymeric NPs by nanoprecipitation. (D) Size of the non-labeled and labeled NPs and assessment of their
colloidal stability after 5 days. (E) Relative absorbance of labeled NPs (values were normalized to 1 for NPs at day 1), right after formula-
tion, after 5 days and in the presence of 10 v/v % FBS. (F) Electrophoresis of the labeled NPs and NPs in the presence of 10 v/iv % FBS
showing their stealth. Scale bar is 5 mm and indicate the level of the wells.

Subsequently, the NPs were formulated in PBS by
nanoprecipitation, way above the CAC, at a final copolymer
concentration of 125 pug.mL™ (Figure 4C). To obtain fluores-
cent NPs, the non-labeled copolymer were mixed with a small
amount of BDP-labeled BCP (~6 wt.%) to avoid aggregation
caused quenching of the fluorophores and thus ensuring a high
quantum yield.*”® The sizes of the obtained NPs were measured
by dynamic light scattering (DLS). Except for P,G, which
formed polydisperse large size NPs due to its small PEG chain
(data not shown), NPs were obtained with sizes ranging from

42 + 3 nmto 81 £ 3 nm (Figure 4D) with good polydispersity
indexes (from 0.10 to 0.18). Interestingly, the results clearly
indicated that branching of the PCL block led to larger NPs
(Figure 4D). In addition, formulation in the presence of fluo-
rescently labeled-BCPs did not significantly change the ob-
tained sizes (Figure 4D), suggesting that fluorescent labeling
did not affect the nanoprecipitation of the polymer. The col-
loidal stability of the NPs was assessed by measuring their
sizes over the time. After 5 days the mean size did not display



a significant change, however an increase of the polydispersity
index was observed (from 0.22 to 0.48).

Taking advantage of the BODIPY labeling, absorption spectra
of the labeled NPs were measured over the time, which re-
vealed that only 4% of the signal was lost over 5 days, thus
depicting a good colloidal stability over this period (Figure
4E). Further measurements after several weeks indicated that
the NPs gradually lose their colloidal stability, which conduct
us to freshly formulate the NPs prior to any studies. To study
the stealth properties of the NPs, the latter were put in the
presence of 10 v/iv % Fetal Bovine Serum (FBS) that is com-
posed of various amphiphilic biomolecules that could interact
with the NPs.** * The absorption spectra were only slightly
affected by the presence of FBS (Figure 4E), identical obser-
vations were made with fluorescence spectra (Figure S4). To
better assess their stealth character, the NPs were analyzed by
electrophoresis in absence and presence of FBS. The image
revealed that the NPs due to their non-charged nature, only
slightly move towards the anode (Figure 4F). Moreover, their
migration was poorly affected by 10 v/iv % FBS suggesting
that the NPs did not interact with biomolecules from FBS, thus
showing a high stealth degree. Overall, despite the low CAC
values due to relatively high hydrophobic nature of the copol-
ymers, the formulated NPs were found to be rather stable over
the time and presented a strong stealth character, which are
desirable features of nanocarriers used for drug delivery.

Determination of NPs core polarity. As discussed earlier,
branching of the BCP provoked the shortening of the PCL
chains along with their increasing number and thus of the
terminal hydroxyl groups (Figure 2B and C). Consequently,
we assumed that the branching of BCP could have an effect on
the polarity of the polymeric matrix which in return could
directly influence the cargo encapsulation efficiency as well as
the cargo release. To evaluate the polarity of the polymeric
matrix of the NPs, we formulated NPs composed of 5% Nile
Red-labeled BCP (Figure 5A).

Nile Red, as an electron deficient dye is readily reduced by
sodium dithionite. This property has been successfully used to
evaluate the flip flop of membrane probes at the surface of
lipidic vesicles, and to selectively remove NR signal at the cell
plasma membrane,” by selective bleaching of the interfacial
and water-exposed NR. Herein, we used this property to assess
the dye repartition within the NPs and to probe the polarity of
the NPs’ core. Indeed, Nile Red that is exposed at the
NP/water interface is quickly reduced by water soluble dithio-
nite whereas deeply embedded NR is protected from the re-
duction (Figure 5A). Upon addition of dithionite the fluores-
cence signal is thus decreased, which was accompanied with a
hypsochromic shift due to the preserved NR embedded in the
more hydrophobic core (Figure 5B). Consequently, sodium
dithionite was added to solutions of NR-labeled NPs and the
fluorescence loss was measured. The results showed a clear
trend where NPs arising from branched copolymers were more
resistant to the dithionite reduction (Figure 5C). This observa-
tion might be assigned to the difference in the NPs size. In-
deed, larger particles have lower surface/volume ratio thus
providing lower amount of accessible dyes at the NP/water
interface.

Interestingly, prior to addition of sodium dithionite, the NR-
labeled NPs displayed similar maximum emission wavelength
(~632 nm, figure 5C). After “bleaching” of the interfacial NR,

this value significantly decreased to reach different values
depending on the branching of the BCPs (Figure 5C). The
difference in the emission wavelength (before and after reduc-
tion) gradually decreased from 18 nm to 5 nm from the less
branched P, G, to the more branched P, G-. This experiment
confirmed that NPs with branched copolymers possess more
polar cores. These observations were confirmed with the most
hydrophobic P,G, where the loss of fluorescence intensity was
only 22% with a negligible shift of Ay (Em) (1 nm). Overall
these observed differences of polarity might influence the
cargo encapsulation and release ability of the NPs.
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Figure 5. Determination of the core polarity of NPs using NR-
labeled BCP as reporter. (A) NR-labeled NPs were formulated
and sodium dithionite bleached the interfacial NR reporter. (B) As
an example, emission spectra of P, G; before and after addition of
sodium dithionite depicting the signal loss and the hypsochromic
shift due to the interfacial bleaching of NR. (C) Data obtained
from the interfacial bleaching experiment of the different NPs, the
size of the NPs were added as a reminder. Excitation wavelength
was 500 nm.

Encapsulation and release assessed by FRET. In order to
study the influence of the BCP branching on encapsulation
and release of cargo molecules, FRET experiments were de-
signed with an efficient FRET couple,"”*® where the green
fluorescent polymer matrix was used as a FRET donor and red
emitting rhodamines as FRET acceptor and model cargo (Fig-
ure 6). To this end, a hydrophobic rhodamine bearing a stearic
ester (C,g chain) was used. To assess the effect of the cargo
polarity on the encapsulation and release, the perchlorate ion
was replaced by bulky hydrophobic anions tetraphenylborate
(TPB) and perfluorinated tetraphenylborate (Fs-TPB) (Figure
6A, details in SI), which were shown to improve encapsulation
cationic dyes and prevent their self-quenching.* * The cargo
rhodamines were dissolved in dioxane with the copolymers
and were encapsulated by nanoprecipitation (Figure 6B). The
spectral study of the obtained particles allowed to study the
encapsulation efficiency by measuring the FRET ratio and
FRET efficiency whereas the FRET decrease allowed to assess
the release of the acceptor cargo in the presence of fetal bovine
serum (FBS) (Figure 6C).
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Figure 6. Encapsulation and release of rhodamines. (A)
Rhodamine-C,g with counterions displaying a decreasing polarity
used for encapsulation in NPs. (B) Encapsulation of the
Rhodamine acceptors by nanoprecipitation leading to FRET NPs.
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leading to a FRET decrease.
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Prior to the encapsulation and release spectroscopic studies,
the quantum yields of the BDP-labeled NPs were evaluated to
ensure the ability of these nanocarriers to transfer sufficient
energy. After formulation in PBS the BDP-labeled NPs dis-
played high quantum yields ranging from 0.68 to 0.82 (See
table S1). BDP-labeled NPs with different branched matrix
were then formulated with the different rhodamines at a fixed
donor (BDP)/acceptor (Rhod) ratio of 2.5. Thereafter, the
emission spectra were recorded (Figure 7A-C) and analyzed
to assess the FRET ratio and FRET efficiency (Figure 7D-F).
In all cases, FRET occurred with a relatively high efficiency
(at least 57%) as the intensity of the donor clearly decreased
upon encapsulation depicting the energy transfer phenomenon
(Figure S5). The FRET efficiency clearly increased from
Rhod-C.s-CIO, to the less polar rhodamines: Rhod-C.s-TPB
and Rhod-Cs-F5-TPB thus suggesting a better encapsulation
of the latter in the core of the NPs (Figure 7D and 7E-F re-
spectively). Interestingly, the FRET ratio, which also informs
about the restitution of the transferred energy into the acceptor
fluorescence, significantly increased with the hydrophobicity
of the rhodamine cargo (Rhod-C.s-ClO, < Rhod-C.s-TPB <
Rhod-Cg-F5-TPB, Figure 7D-F). This effect is the most obvi-
ous with the linear P,G, where the FRET ratio increased
upon increased hydrophobicity of the cargo rhodamine from
0.45 to 0.58 to 0.67.
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Figure 7. Encapsulation and release efficiency assessed by FRET. (A-C) Emission spectra of differently branched BCP based NPs
encapsulating the three different Rhod-C,g cargos. (D-F) FRET ratio and FRET efficiency for the various formulations. (G-1) Release of
the Rhod-C.g cargo in the presence of FBS (10 v/v %) assessed by the increase of the FRET acceptor/donor ratio. The dashed grey line
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corresponding to 0.6 nmol.



Overall these results revealed the encapsulation pattern of the
cargo within the NPs. Indeed, the most polar rhodamine:
Rhod-C.s-ClO, might accumulate at the NPs interface after
their formation thus limiting the energy transfer to the interfa-
cial surface. Conversely, the most hydrophobic rhodamines
might precipitate with similar kinetics as the BCPs upon
nanoprecipitation. Consequently, the FRET efficiency is high-
er with those hydrophobic cargos. However, upon formulation,
Rhod-C,s-TPB can undergo significant self-quenching, in
contrast to Rhod-Cie-F5-TPB, where bulky fluorinated
counterion prevents self-quenching of rhodamine dyes in the
polymer matrix.* ® Therefore, FRET ratio values for Rhod-
C1s-TPB were significantly lower compared to those of Rhod-
Cig-Fs-TPB, despite their similar FRET efficiency (Figure 7E
and F). Overall, these results are consistent with previous
studies based on non-FRET polymeric NPs, showing that
more hydrophobic counterions provide more efficient encap-
sulation of rhodamines into a polymer matrix.”

Then, the results showed that branched copolymer-based NPs
displayed higher FRET ratios within the same rhodamine
series. For Rhod-C5-ClO,, where FRET is expected to mainly
occur at the interface (vide supra), this trend not assigned to
the difference in the NPs size. Indeed, large particles obtained
with branched polymers have lower surface/volume ratio and
would thus lead to lower FRET ratios. Consequently, these
results suggested that branching enhanced the encapsulation
and led to a more homogeneous repartition of the cargo within
the polymer matrix.

Taking advantage of this FRET system, the release of the
cargo can be directly assessed and quantified by the
ratiometric readout of the FRET. For this endeavor, calibration
curves were obtained by plotting the FRET acceptor/donor
ratios against the quantity of the encapsulated rhodamine
cargo (Figure S6). Then, to assess release of the cargo, FBS
was added to the FRET NPs (loaded with 0.6 nmol of cargo),
and the fluorescence emission spectra were measured at dif-
ferent time points. The calculation of FRET acceptor/donor
ratios allowed us to obtain the released amount of rhodamine
cargos (Figure 7 G-I). The analysis of the obtained release
curves revealed valuable information. First of all, one can
notice a clear-cut difference between the most polar cargos,
i.e. Rhod-C.s-ClO, and Rhod-Cys-TPB in one hand and the
most hydrophobic Rhod-C,s Fs-TPB in the other hand. NPs
incubated with the latter have identical slow release profiles
regardless of the branching degree of the BCPs (Fig. 71), all
plateauing at 0.3 nmol (half of the maximum release). Con-
versely, the release profiles of NPs loaded with more polar
Rhod-C.-ClO, and Rhod-C.s-TPB showed an important in-
fluence of the BCP branching (Figure7. G-H). Although the
release of Rhod-C.s-ClO, was slightly faster than for Rhod-
C1s-TPB, their release profiles were quite similar. Interesting-
ly, despite their large size (82 nm), NPs-based on the highly
branched BCP P,,G; quickly released the totality of its cargo
(0.6 nmol) whereas the other NPs did not reach the maximum
amount of released cargo suggesting that less branched BCP
allow to keep a reservoir of cargo within the core of the NPs.
In addition, figure 7G-H showed a trend proving that gradual
increasing of BCP branching can help in controlling the por-
tion of burst release and the reservoir of the cargo. The burst
release is assigned to cargo located at the water interface of
the NPs, whereas the reservoir cargo might be tightly encapsu-
lated in the polymeric core matrix. Overall, these results sug-

gested that the branching of BCP enable the control of the
cargo release depending on the nature of the latter.

Cellular Imaging. Finally, the effect of the branching of the
copolymers on the interaction of NPs with cells was evaluated
by laser scanning microscopy. At first, the cell permeability of
the NPs was evaluated. After checking that the size of the NPs
was not affected when formulated in the growing media (Ta-
ble S2), BDP-labeled NPs were incubated with KB cells for 3
h, before being washed and fixed. As expected, the NPs dis-
played low cell permeability due to their high stealth charac-
ter. Although NPs obtained from linear BCP P,G, and the
lower branched BCP P, G, did not display any signal corre-
sponding to the NPs, those obtained from branched copoly-
mers P, G; and P, G; provided signs of cell penetration (Fig-
ure S7). This difference of cell penetration might be assigned
to the difference of the polymer polarity or the various NPs
size. A dedicated study would be necessary to conclude re-
garding this phenomenon. However, a dedicated study would
be required to conclude about these differences. The
punctiform distribution of the green fluorescence signal and
their movement in live cells (Movie 1), indicated that these
NPs penetrate through endocytosis. The NPs with the higher
cell penetration ability, i.e. composed of PG, were thus
chosen to study the cargo release. Rhodamine-loaded PG,
NPs were incubated with cells and were fixed before being
imaged. Recording the green and red signal allowed to inde-
pendently monitor the fate of the NPs and the rhodamine car-
go, respectively (Figure 8 A-C).
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Figure 8. Laser scanning imaging of KB cells incubated with
P,.G; BCPs NPs encapsulating various cargos: Rhod-C.g ClO,
(A, B), Rhod-C,5 TPB (C, D) and Rhod-Cyg Fs-TPB (E, F). (A, B,
C) The green and red channels indicate the location of the NPs
and the cargo respectively. (D, E, F) FRET ratio imaging indicat-
ing the release of the cargo from the NPs. The nuclei were stained
with Hoechst (5 pg.mL™), scale bar is 20 um.

In the case of Rhod-C.s-ClO4 and Rhod-Cs-TPB, the green
punctiform signal is clearly separated from the red cytoplas-
mic signal with low colocalization, showing an important
release of the cargo from the NPs. The rainbow color coded
ratiometric imaging using the green channel and the FRET
channel (excitation of the donor, emission from the acceptor)
confirmed the high release of the cargo with spots correspond-
ing to the endocytosed NPs displaying low FRET ratios (Fig-
ure 8D, E). Conversely, NPs encapsulating Rhod-Cyg F5-TPB
displayed spots with colocalized green and red signals (Figure
8C). It is important to note that the NPs that overlay the nucle-
us are actually above the latter as images in figure 8 arise from
maximum intensity projections from a Z stack of several im-



ages (see Cellular imaging in the materials and methods sec-
tion). The FRET ratio imaging clearly indicated that the cargo
mainly remained in the NPs as the spots display FRET ratios
of higher values (Figure 8F). Overall, the cell imaging con-
firmed the trend observed in in vitro release experiments as-
sessed by FRET (Figure 7 G-I) and that Rhod-Cys Fs-TPB
remain tightly encapsulated in NPs even once the latter got
internalized in cells. These results are in line with the previous
studies showing that bulky counterions Fs-TPB due to its low
polarity prevents dye leakage from polymeric NPs.* Further
experiments conducted with Rhod-C,5 Fs-TPB loaded P, G-

A, Merged channels

B. Ratiometricimaging

based NPs demonstrated the interest of the ratiometric imag-
ing. Unlike the merge of the green and FRET signal which
only provided intensity-coded images (Figure 9A), the
ratiometric imaging displayed color-coded images directly
related to the FRET and informing on the release state of the
NPs (Figure 9B). Interestingly, ratiometric images also indi-
cated that a single cell possesses various populations of vesi-
cles where the cargo is more or less released or encapsulated
(Figure 9C). These results suggest that using advanced mi-
croscopy, the cargo release from NPs could be monitored at
the level of a single vesicle in live cells.

Low release =—>
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Figure 9. Laser scanning imaging of KB cells incubated with Rhod-Cg F5-TPB loaded P, G; BCP NPs. (A) Merge of the green and FRET
signal. (B) ratiometric image obtained from the green and FRET channel. (C) Zoom of the region of interest in B, where vesicles of differ-
ent ratio values are visible indicating difference of cargo release within the same cell. The nuclei were stained with Hoechst (5 pg.mL™),

scale bar is 20 pm.

CONCLUSION

Block copolymers constitute a unique platform for the devel-
opment of new materials with controlled properties. Indeed,
slight modifications of their composition can lead to important
change of their physicochemical properties that, in return, can
influence the encapsulation and release of cargos for drug
delivery applications. The branching degree of the non-polar
block PCL was herein modified by introduction of branching
agent (glycidol). The insertion of these branching points in the
BCPs was characterized by 'H and *C NMR. Conventional
techniques including GPC and DSC clearly indicated that
those modifications significantly modified the physicochemi-
cal properties of the BCPs. Introduction of small amount of an
azido-caprolactone monomer during the ring opening
polymerization step allowed to obtain clickable BCPs. This
feature was used to label the BCPs with fluorescent probes in
mild conditions using SPAAC.

The labeling with a green emitting BODIPY, in a
first part, helped to assess the colloidal stability and the stealth
of the NPs. The labeling with the solvatochromic Nile Red
allowed to determine the CAC of the BCPs (below 50 nM),
whereas the use of free Nile Red resulted in misleading data.
Additionally, the labeled-BCPs with Nile Red served to show
that NPs arisen from branched BCPs possessed more polar
cores. After characterizing the NPs with fluorescence tech-
niques, the BDP-labeled BCPs were used to study the encap-
sulation and release of fluorescent rhodamine cargos providing
a FRET ratiometric readout. The FRET efficiencies and ratios
tended to show that branched BCPs enabled a better encapsu-

lation of the cargos along with a more efficient release de-
pending on the polarity of the latter.

When incubated with cells, NPs obtained from
branched BCPs were shown to penetrate more efficiently.
When cell imaging of acceptors loaded P,G; NPs was per-
formed, both NPs and cargo have been tracked individually
and confirmed that non-polar cargo based on a cation dye and
bulky hydrophobic counterions, Rhod-C,g-Fs-TPB, remained
tightly encapsulated in their polymeric vectors.

Finally, further analysis of the ratiometric imaging
allowed us to show that within a same cell, coexist vesicles
containing NPs with different cargo release profiles, that can
be assigned to different stages of their endocytic pathway. In
conclusion, the fluorescent labeling of BCPs with fluorophores
like BODIPY or fluorescent probe like Nile Red gave rise to
various methods to characterize both polymers and NPs
providing important information for the encapsulation and
release of cargos using both spectroscopy and microscopy.

This approach led us to conclude that branching of
the BCPs’ hydrophobic block clearly affects their physico-
chemical properties as well as those of the formed NPs. We
believe that the methods described herein could easily be
applied in laboratories and will hopefully lead to the develop-
ment of NPs for biomedical applications.
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Movie 1. Time laps of live KB cells incubated with P,G; BCP
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Covalent labeling of PEG-PCL branched copolymers with BODIPY or environment sensitive Nile Red

fluorophores allowed in depth characterizations (stability, stealth, aggregation, core polarity) of the for-

mulated nanoparticles using spectroscopic techniques and enabled to monitor their cargo release in cells

using FRET and ratiometric imaging.



