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Microfluidic Synthesis of Block Copolymer Micelles:
Application as Drug Nanocarriers and as Photothermal
Transductors When Loading Pd Nanosheets

Miriam Abad, Gracia Mendoza, Laura Usén, Manuel Arruebo, Milagros Pifiol,

Victor Sebastidn,* and Luis Oriol*

The synthesis of polymeric nanoparticles from a block copolymer based on
poly(ethylene glycol) and a polymethacrylate containing the nucleobase
analog 2,6-diacylaminopyridine is optimized by microfluidics to obtain
homogeneous spherical micelles. Loading and delivery properties are studied
using naproxen as a model. The incorporation of a Pd precursor in the
polymer organic solution fed into the micromixer allows the preparation of
Pd(ll) precursor-polymer hybrid systems and the subsequent reduction with
CO leads to the in situ synthesis of Pd nanosheets inside of the hydrophobic
core of the polymeric micelles. This methodology is highly efficient to yield all
polymeric nanoparticles loaded with Pd nanosheets as detected by electron
microscopy and energy-dispersive X-ray spectroscopy. The cell viability of
these Pd nanosheets-containing polymeric nanoparticles is evaluated using
five cell lines, showing a high cytocompatibility at the tested concentrations
without detrimental effects in cell membrane and nuclei. Furthermore, the use

polymeric blocks is especially appealing.[!]
The phase segregation of the different seg-
ments constituting block copolymers (BCs)
into a variety of periodic nanostructures
has been widely used in the preparation of
nanomaterials. Of particular interest are the
polymeric self-assemblies of amphiphilic
BCs in aqueous solutions due to their ap-
plication as nanomaterials of utility in dif-
ferent biomedical fields. Specifically, the
use of polymeric micelles in drug deliv-
ery shows several advantages in compari-
son to other nanocarriers such as improved
stability and their ability to solubilize hy-
drophobic drugs into their cores, which
improves hydrophobic drugs bioavailabil-
ity. Other advantages of these polymeric

of these hybrid polymeric nanoparticles as photothermal transductors is
evaluated using near infrared as irradiation source as well as its application in
photothermal therapy using different cell lines demonstrating a high

efficiency in all cell cultures.

1. Introduction

Among the different facets of polymer chemistry as a toolbox
of interest in nanoscience, the self-assembly of macromolecules
resulting from the chemical covalent bonding of immiscible

nanoparticles (NPs) are their high stability
in diluted media, consequence of low criti-
cal aggregation concentration (CAC) values,
their small size, and their prolonged circu-
lation lifetime in the bloodstream. In addi-
tion, amphiphilic BCs can be easily func-
tionalized to respond to external stimuli and
to achieve active targeting or labeling.!>?]
Following these criteria, smart polymeric nanocarriers have been
described having response to a panoply of stimuli such as tem-
perature, pH, enzymes, redox conditions, and electromagnetic
fields. Among them, light is of interest because it can be ex-
ternally applied when and where it is required. Photochemical
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processes in organic chromophores, which are commonly used
to induce the response to light in macromolecules, are generally
based on photoisomerization, photocleavage, photocrosslinking,
or photoinduced rearrangement reactions promoted by UV or
visible light.[*l However, biomedical applications require of wave-
lengths with a higher penetration depth in biological tissues, as
well as having low light-induced biological damage, which is usu-
ally achievable in the near infrared (NIR) window of about 650—
900 nm. Direct photochemical processes are scarcely achieved
in this region using conventional organic chromophores. Two-
photon processes with photosensitive organic groups, such as
coumarin derivatives, can be triggered with NIR light inducing
similar chemical processes to those produced by direct absorp-
tion in the corresponding UV-visible (UV-vis) region. However,
for that purpose pulsed lasers with high power densities, and
small areas of irradiation, are required. Upconverting NPsl®] or
plasmonic metal NPs are attractive and robust alternatives in the
preparation of NIR-responsive polymeric systems.

BCs have been used for the preparation of metal-polymer hy-
brid materials by means of a controlled preparation of metal NPs
into BC assemblies either in bulk or using self-assemblies of
amphiphilic BC in selective solvents as was initially reviewed
by Forster and Antonietti.l’! Thus, micelles of polystyrene-b-
poly(vinylpyridine) were used by Antonietti et al.,[’) and Méller
and co-workers®! for the successful synthesis of Au NPs inside
the micelle cores previously charged with a metal salt precursor.
In the case of similar Pd-polymeric hybrid materials, the stabi-
lization of Pd NPs has been subject of intense research, as was en-
visaged in the pioneering work of Antonnieti et al.,l’! for their ap-
plication in organic synthesis as catalysts for C-C bond formation
reactions in environmentally benign experimental conditions.l’

The tunable surface plasmon resonance and photothermal ef-
fects of metal nanomaterials, and in particular Au-based nano-
materials, are of high interest in nanobiomedical applications
such as photothermal therapy using NIR as irradiation source,
the combination of photothermal response with temperature-
induced drug delivery (chemophotothermal therapy), or the com-
bination of photodynamic-photothermal effects.'%! Polymers can
also be employed in the design of biomedical nanoplatforms
based on metal nanomaterials, mostly Au nanomaterial, previ-
ously prepared and subsequently coated with polymeric shells.[!!]
Alternatively, the in situ preparation of Au nanoparticles in-
side of polymeric nanoparticles of poly(p,1-lactic-co-glycolic acid)
(PLGA) has been also described by our group.!'?) Additionally,
other noble metal NPs including Ag and Pt have also been widely
studied for therapeutic applications.['*] However, the biomedical
applications of Pd nanostructures were not exploited until very
recently.'l The pioneering work of Zheng and co-workers!!®!
demonstrated that Pd hexagonal nanosheets, obtained by a car-
bon monoxide-confined growth method assisted by ammonium
bromide surfactants, have tunable NIR surface plasmon reso-
nance features of application in photothermal therapy having the
advantage of a higher photothermal stability in comparison to Au
or Ag. Although the 2D ultrathin nature of these Pd nanosheets
hinders an efficient response, a silica coating significantly im-
proves their efficacy as photothermal agents!!'®! and provides syn-
ergistic chemophotothermal properties by loading drugs onto
the mesoporous silica coating.!'”*® The same group has also de-
scribed the preparation of ultrasmall Pd nanosheets with high

Macromol. Biosci. 2022, 22, 2100528 2100528 (2 of 14)

www.mbs-journal.de

photothermal yield and optimal clearance from the body and also
again having the ability of coordinating chemotherapeutic agents
to combine photothermal and chemotherapies.['>?] These Pd
nanosheets have also been described for their application in pho-
toacoustic imaging!?*?!l and cancer treatment by combining their
photothermal properties with immunotherapy.!??!

Very recently, we have described the in situ controlled assem-
bly of Pd nanosheets inside of exosomes derived from cancer
cells for targeted bioorthogonal catalysis.[?’] The procedure is
conducted under mild conditions using carbon monoxide (CO)
gas as reducing and growth-directing agent to promote the effi-
cient assembly of Pd nanosheets from a Pd precursor encapsu-
lated inside of the exosomes, and without disrupting their mem-
brane structure.** Besides, the generated Pd nanosheets can be
used for biomedical applications, as they have been synthesized
without the use of highly toxic ammonium bromide surfactants,
preserving their NIR properties.[?>-2| However, the in situ prepa-
ration of Pd nanosheets inside of block polymer NPs has not been
described so far.

The assembly of polymers at the nanometer scale is usually
performed in conventional batch-type reactors. This type of reac-
tors is not proper to run fast kinetic reactions, since the mixing
and heat transfer are not well suited to reactions occurring in the
time frame of seconds and milliseconds. Consequently, there is a
limited batch-to-batch reproducibility and controllability in terms
of size or cargo loading. This phenomenon is even more seri-
ous when the production volume is scaled-up, because the mix-
ing and heat transfer efficiencies inversely increase as the reactor
volume does.!?] As a result, there is often a tradeoff to maintain
the ability to control the nanoscale dimension and a feasible pro-
duction throughput. After more than 30 years, microfluidics has
become a mature technology to face the shortcomings related to
fluid manipulation. In this particular case, the small channel di-
mensions lead to large surface-to-volume ratios, which enhance
the heat and mass transport, and then a precise control of fast
kinetic reactions. In addition, a parallelization process can eas-
ily tune the production throughput. Our group has considered
a large variety of available microfluidic systems where mixing
and flow conditions can be tuned on demand by complex fluid
dynamic designs. However, it is important to consider that the
aim is to translate the production of polymeric vectors from lab
to market and simple systems should be used to ease their op-
eration by nonskilled users. As a result, interdigital micromix-
ers were demonstrated to achieve an excellent control(!22728] in
nanovector specifications while maintaining a production rate as
highas10gh™".

In this work, microfluidics is applied to the preparation
of polymeric NPs derived from an amphiphilic BC (PEG-b-
PDAP) consisting of a poly(ethylene glycol) block and a poly-
methacrylate with 2,6-diacylaminopyridine (DAP) pendant moi-
eties as nucleobase-analogs, which confer good self-assembly
properties.[?30 This technology is fast, scalable, and repro-
ducible in comparison to other conventional techniques.[3**]
The application to drug delivery nanocarriers was validated using
naproxen as model. In an attempt to provide NIR response to the
polymeric NPs prepared by microfluidics herein, we describe the
fast and efficient preparation of Pd nanosheets inside of the core
of polymeric micelles without disrupting the amphiphilic BC as-
sembly and without the need of using highly toxic surfactants.

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. a) Synthesis of PEG-b-PDAP by RAFT polymerization of monomer DAP. b) PEG-b-PDAP 'H NMR spectrum (CDCl;, 400 MHz) 6 (ppm).

The NIR-response of these hybrid Pd-polymeric NPs and their
application in photothermal therapy using different cell lines are
also studied.

2. Results and Discussion

2.1. Synthesis and Characterization of PEG-b-PDAP

PEG-b-PDAP was synthesized by reversible addition frag-
mentation chain transfer (RAFT) polymerization (Figure 1a)
of the methacrylic monomer DAP B4 using commercially
available poly(ethylene glycol) methyl ether 4-cyano-4-
(phenylcarbonothioylthio)pentanoate as macromolecular chain
transfer agent (PEG-macroCTA) with an average molar mass
(M,,) of 210 000 g mol~! (see the Experimental Section and Fig-
ure S1, Supporting Information) as previously reported.[?] The
polymerization degree of the hydrophobic block and M, of the
BC were determined by '"H NMR spectroscopy (Figure 1b). Com-
paring the relative integrations of proton signals at 6 3.43-3.89
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ppm corresponding to PEG block (protons b and c) and the ones
at 6 3.97-4.55 ppm corresponding to the DAP repeating unit
(protons fand g), a degree of polymerization of 27 was estimated
for the hydrophobic block when considering a polymerization
degree equal to 227 for PEG-macroCTA. Accordingly, the average
M, was 20 480 g mol~! and the estimated PEG/polymethacrylate
block weight ratio was around 1:1. The dispersity (D) of the
BC was 1.04 as determined by gel permeation chromatography
(GPC) (Figure S2, Supporting Information) that is in agreement
with values expected for a controlled radical polymerization.

2.2. Self-Assembly on PEG-b-PDAP by Nanoprecipitation in Water

Polymeric aggregates of PEG-b-PDAP were first prepared by
nanoprecipitation to check self-assembly ability, by gradually
adding water to a tetrahydrofuran (THF) solution of PEG-b-PDAP
while monitoring changes on the light transmittance since these
changes are related to self-assemblies formation (Figure S3, Sup-

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. a) PEG-b-PDAP NPs dispersion prepared by cosolvent nanoprecipitation. b) Number particle size distribution recorded by DLS of PEG-b-PDAP
NPs prepared by cosolvent nanoprecipitation. ¢) TEM image and d) histogram of TEM size distribution of PEG-b-PDAP NPs prepared by cosolvent

nanoprecipitation.

porting Information).®) When turbidity reached a stable value,
the suspension, with a polymer concentration of 1.98 mg mL™!,
was dialyzed against water to obtain an aqueous dispersion of
the polymeric self-assemblies (Figure 2a). Homogeneous spher-
ical micelles with a diameter around 30 + 6 nm were observed
by transmission electron microscopy (TEM) (Figure 2c) that was
consistent with dynamic light scattering (DLS) results, where a
main distribution was observed having a hydrodynamic diameter
(Dy) of 29 + 12 nm (polydispersity index, PdI = 0.17) (Figure 2b
and Figure S4, Supporting Information).

CAC of PEG-b-PDAP in water was determined by fluorescence
spectroscopy using Nile Red as a fluorescent probe (Figure S5,
Supporting Information).**! PEG-b-PDAP NPs dispersions were
stirred together with the Nile Red solution overnight and the
emission spectra of Nile Red recorded from 560 to 700 nm while
exciting at 550 nm to determine the concentration at which the

Macromol. Biosci. 2022, 22, 2100528 2100528 (4 of 14)

fluorescence of Nile Red increases due to the micellar self- as-
sembly and its encapsulation in the hydrophobic core. The CAC
was 36 ug mL™1, which is a typical value for amphiphilic BCs.*’]

2.3. Self-Assembly on PEG-b-PDAP by Microfluidics in Water

Once checked the self-assembly properties using a batch co-
solvent methodology, the preparation of PEG-b-PDAP NPs was
accomplished by microfluidics to check the feasibility of this
methodology to produce in a continuous manner, homogeneous
spherical micelles, and improve the reduced reproducibility that
batch production usually suffers.

For that purpose, a solution of PEG-b-PDAP in THF was in-
stantaneously mixed with Milli-Q water using a commercial slit
interdigital microstructured mixer. Both, the polymer THF solu-

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. a) Diagram of the experimental setup for the continuous preparation of polymeric self-assemblies: Upper right inset, scheme of the flow
arrangements inside the micromixer (reagents come from both sides of the central slit from where the mixed products come out); lower right inset,
image of the micromixer components. TEM images of PEG-b-PDAP NPs prepared by microfluidics at 48 ms residence time (10 mL min~' flow ratio)
and different experimental conditions (aqueous/organic phase ratio) featured in Table 1: b) A (60:40), c) B (70:30), d) C (80:20), e) D (90:10), and f) E
(95:5). g) Number particle size distributions recorded by DLS of PEG-b-PDAP NPs prepared by microfluidics at different experimental conditions (see

Table 1).

tion and water were fed into the micromixer using two syringe
pumps (Figure 3a). First, the process was optimized by check-
ing the influence of experimental microfluidic conditions (the
residence time and phase ratio values) on the self-assembly pro-
cess. Four different residence times, calculated as the ratio of re-
actor volume/total flow rate, were tested that are 1200 ms (0.4
mL min~! flow ratio), 240 ms (2 mL min~' flow ratio), 48 ms (10
mL min~' flow ratio), and 9.6 ms (50 mL min~' flow ratio). For
each residence time, two aqueous/organic solution phase ratios,
60:40 and 80:20, were evaluated according to the turbidity curve
registered by nanoprecipitation (Figure S3, Supporting Informa-
tion). Considering that the nanoprecipitation process is highly
sensitive to the concentration profiles localized in the reaction

Macromol. Biosci. 2022, 22, 2100528 2100528 (5 of 14)

media,[?838] the mixing time of the organic and aqueous mis-
cible streams should be as short as possible to promote a fast
nucleation and growth of PEG-b-PDAP NPs. The slit interdigital
micromixer selected to achieve a molecular mixing of reagents
is able to control the efficient mixing of reagents by the shear
stress generated at the fluid-fluid interphase and channel-fluid
interphase.l?’”] This fluid mixing is achieved in a passive manner
because each input flow (organic and aqueous streams) diverges
into 16 slits where streams laminate into microchannels of 50 um
width, following a 90° trajectory at the mixer outlet to accelerate
the mixing of reagents and promoting high shear stress (Inset
Figure 3a). The best results in terms of nanoparticle size control
and then efficient phases mixture were obtained for the residence

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 1. PEG-b-PDAP NPs prepared by microfluidics with a residence time
fixed at 48 ms (flow rate 10 mL min~'): Phase ratios (aqueous solu-
tion/organic solution) conditions, final polymer concentration, D, and Pd|
values determined by DLS.

Experimental Aqueous/organic Polymer Dy, (Pdl)c)
conditions solution phase ratio” concentration

[mgmL~"]
A 60:40 2.00 34+ 14 nm (0.17)
B 70:30 1.50 29+ 12 nm (0.17)
c 80:20 1.00 25 + 11 nm (0.19)
D 90:10 0.50 26 + 10 nm (0.15)
E 95:5 0.25 23 + 7 nm (0.09)

% Ratio between Milli-Q water and a 5 mg mL~! THF solution of PEG-b-PDAP fed
into the micromixer ~ Polymer concentration in the self-assemblies’ dispersions col-
lected at the micromixer outlet  Average D, values and PdI determined from the
number particle size distribution recorded by DLS.

times of 48 and 9.6 ms. These results are in agreement with our
previous work!?’] where computational fluid dynamics modeling
was used to elucidate and predict the best fluid dynamic condi-
tions to promote the fast mixing in the interdigital micromixer
and promote the monodisperse production of PLGA NPs. A fast
flow rate induces a fast-convective mixing and high shear stress
that minimize the concentration profiles of PEG-b-PDAP copoly-
mer. Consequently, the copolymer nucleation occurs simultane-
ously and the growth events are similar for all NPs. Regarding
the results obtained at a residence time of 48 and 9.6 ms, no re-
markable differences were observed (Figure S6, Supporting In-
formation). This fact evidences that the kinetics of the nanopre-
cipitation reaction is not as fast as the mixing time achieved in
the micromixer and then, the nucleation/growth events for NPs
produced with a residence time of 48 ms are similar than the
ones at 9.6 ms. On the other hand, a residence time of 240 ms
and of 1200 ms was not able to promote a mixing fast enough to
compete with the nanoprecipitation kinetics and a lack of a good
nanoparticle size control was observed (Figure S6c,f, Supporting
Information).

Considering these facts, a residence time of 48 ms (flow rate
of 10 mL min~!) was selected because although the production
throughput (between 1200 and 150 mg h~!) was not as high as
with 9.6 ms (between 6000 and 750 mg h™?), the setup operability
was more convenient and less waste was generated until reach-
ing the steady state than when a residence time of 9.6 ms was
selected. Therefore, once fixed the flow rate, dispersions with dif-
ferent phase ratios and consequently, different final polymer con-
centrations were obtained (Table 1).

The morphology and size of these self-assemblies were first
studied by TEM. Working under the optimized conditions, ho-
mogeneous spherical micelles were obtained (Figure 3b—{) with
diameters gradually decreasing (from ~35 to 20 nm according
to the average diameter observed by TEM, Figure S7, Support-
ing Information) on increasing the percentage of aqueous phase
(from A to E experimental conditions in Table 1). This trend was
also observed by DLS (Figure 3g) by which measured D, val-
ues decreased from =34 to 23 nm when the percentage of aque-
ous phase increased. The obtained results are in agreement with
the literature,3**°1 where the influence of the organic to aque-
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ous phase ratio on the particle sizes was rationalized in terms of
diffusion rate of solvents. The increase of aqueous phase ratio
results in decreasing the particle size because the diffusion rate
of the water-soluble organic solvent where the polymer is solubi-
lized is also increased. The increase of aqueous/organic phases
ratio results in a low polymer concentration and a decrease of
viscous forces. Viscous forces oppose the shear stress. Thereby,
the decrease of polymer concentration or organic phase content
will decrease the length of diffusional pathways into the aqueous
phase. Consequently, the rapid migration of THF to the aqueous
phase is promoted and the nucleation/growth events are acceler-
ated to yield NPs with smaller size and PdI (Table 1).

2.4. Encapsulation of Naproxen

The potential application of the PEG-b-PDAP NPs for drug load-
ing (DL) and delivery was tested using naproxen as a model.
Naproxen is a nonsteroidal anti-inflammatory drug employed for
the treatment of chronic inflammations and autoimmune dis-
orders among other conditions. However, its extended use im-
plies side effects such as gastrointestinal, renal, and cardiovas-
cular complications.*!l In addition, it exhibits low water solu-
bility, which limits its therapeutic effect. The development of
new naproxen delivery systems could solve these limitations.
Naproxen loaded nanoparticles (PEG-b-PDAP/Npx) were pre-
pared by microfluidics. Thereby, the drug was dissolved in the
polymeric organic phase and dispersions were obtained by mi-
crofluidics with a residence time of 48 ms and a 60% of water
content (experimental condition A according to Table 1). Col-
lected samples were dialyzed against water and then they were
filtered to remove nonencapsulated naproxen. Naproxen drug
loading and encapsulation efficiency (EE) reached 2.3 + 0.2 and
3.4 + 0.4 wt%, respectively (see the Experimental Section, Equa-
tions (2) and (3)). The drug loading value is similar than the one
reported by Erfani-Moghadam et al.l*!l The morphology of PEG-
b-PDAP/Npx NPs was studied by TEM and DLS. Spherical mi-
celles slightly bigger than nonloaded ones, with an average di-
ameter of 37 + 5 nm, were observed by TEM (Figure S8a,b, Sup-
porting Information) in accordance with the values observed by
DLS (Figure S8c, Supporting Information).

The release kinetics of naproxen from PEG-b-PDAP/Npx NPs
was investigated at 25 and 37 °C. As it is observed in Figure 4,
naproxen was completely released after 148 h at 25 °C. How-
ever, a faster release of the encapsulated naproxen was observed
at 37 °C (32 h for complete release). These results showed that
the increase of temperature boosts the release of the encapsu-
lated naproxen. DLS measurements performed at 25 and 37 °C
for these PEG-b-PDAP/Npx NPs did not show remarkable differ-
ences depending on the temperature (Figure S9, Supporting In-
formation).

In order to understand the release kinetics and the transport
mechanics involved in the naproxen release, different models
were used to fit the experimental data using OriginPro 2021 soft-
ware. According to the results obtained, the best fitting model
to the experimental data was Peppas-Sahlin model,[?] explained
by Equation (1), in which M, and M, are the cumulative drug re-
lease at time t and infinite time, respectively; K; and K, are kinetic
constants and m is the diffusional exponent. This model consid-

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Release profile of naproxen from polymeric nanoparticles at 25
and 37 °C.

ers two competing release mechanisms: Fickian diffusional re-
lease, related to molecular diffusion of the drug due to a chemical
potential gradient (first term of Equation (1)), and a Case-II relax-
ational release, related to drug transport caused by hydrophilic
polymer chain swelling in water or biological fluids (second term
of Equation (1)).

M K™ + Kt (1)
M

0

The values obtained by fitting the release data for the diffu-
sional coefficient m (see Table S1 and Figure S10, Supporting In-
formation) were lower than 0.43 for release at 37 °C, so Fickian
diffusion was the principal release-controlling mechanism. How-
ever, m value obtained for release at 25 °C was higher than 0.43
but lower than 0.85, so this can be described as an anomalous
transport case in which, even though Fickian diffusion contribu-
tion was predominant, Case-II relaxational contribution signifi-
cantly influenced on the naproxen release.[*?]

2.5. Preparation of Hybrid Pd-Polymeric NPs by Microfluidics

The direct encapsulation of metallic nanomaterials in polymeric
NPs is challenging, since the encapsulation control and repro-
ducibility is limited.'”] Our previous findings, where metallic
nanomaterials were formed in situ and inside PLGA NPs ob-
tained by a double emulsion process in continuous flow with
an excellent control,*}] inspired us to adapt it to this nanopre-
cipitation approach. Then, as far as we know from the litera-
ture, this work is the first one dealing the in situ reduction of
Pd precursors inside BC micelles produced by a nanoprecipi-
tation continuous approach. For that purpose, potassium tetra-
chloropalladate(II) (K,PdCl,) was added to the organic phase to-
gether with the BC to promote the encapsulation during nanopar-
ticle formation. In order to obtain dispersions with a higher con-
centration of NPs containing Pd(II), the experimental condition
coded as A, with a residence time of 48 ms and a water content
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of 60%, was chosen. The nanoparticle dispersions prepared by
microfluidics, which shown a yellowish color due to the pres-
ence of Pd(II) (Figure 5a), were subjected to a reducing treatment
where Pd(II) cations loaded inside PEG-b-PDAP micelles were
reduced to Pd(0). The reduction reaction was carried out by a re-
ductive gas atmosphere where CO gas molecules diffuse through
the polymer matrix to promote the electron exchange. For this
purpose, polymeric NPs were exposed to a CO atmosphere at
30 °C for 40 min in an attempt to induce the formation of Pd
nanosheets according to a method previously reported for hybrid
Pd nanosheets-containing exosomes.[?*! A color change from or-
ange to dark blue hue was clearly observed (see Figure 5b) that
can be attributed to the metal reduction. Then, the dispersion
was dialyzed against water. CO molecules serve not only as re-
ducing agent but also as capping agent to promote the anisotropic
growth of Pd nanosheets. CO is preferentially adsorbed to basal
{111} planes, confining the 2D growth of Pd.[**] Interestingly, this
type of Pd nanostructure is featured with a surface plasmon res-
onance in the NIR range.>* The hybrid NPs, coded as PEG-
b-PDAP/Pd, were studied by TEM and ultrahigh resolution-high
angle annular dark field-scanning TEM (UHR-HAADF-STEM).
TEM images (Figure 5c) first showed that Pd nanosheets were
only observed within the polymeric NPs, inferring that the pro-
posed method to load Pd nanostructures by the in situ reduction
approach is highly selective. Interestingly, Pd nanosheets were
loaded in all the polymeric NPs. This synthesis procedure was re-
produced at least five times, achieving a total control in Pd selec-
tive loading in all the polymeric NPs analyzed (N > 250). This fact
is highly relevant since loading control and reproducibility are
the major drawbacks in the production of hybrid nanomaterials
when using batch processes. Also, the obtained results evidence
that the efficient mixing inside the micromixer with a 48 ms res-
idence time is homogenous enough to achieve an equal loading
of Pd(II) precursor in all the nanoparticles produced. Morphol-
ogy agrees with the formation of nanosheets. Some nanosheets
are tilted and enable the cross-section view (Figure 5c). UHR-
HAADF-STEM was selected to further study the PEG-b-PDAP/Pd
structure (Figure 5d). Pd nanosheets were selectively localized in-
side the polymeric NPs and showed variable lengths up to 20
nm and a thickness of 2.0 + 0.3 nm (Figure 5d). The atomic
composition of PEG-b-PDAP/Pd NPs was studied by energy dis-
persive X-ray spectroscopy (EDS) and the results also confirm
the hybrid nature of these Pd nanosheets-containing polymeric
NPs as Pd was clearly detected within these assemblies (Fig-
ure S11, Supporting Information). In this way, the encapsula-
tion ability of the polymeric micelles and the possibility of induc-
ing chemical reactions inside of the micelles were consequently
demonstrated.

DLS measurements showed that the resulting PEG-b-
PDAP/Pd nanoparticle sizes were slightly larger than that
of the corresponding to PEG-b-PDAP NPs prepared under
similar experimental conditions without Pd precursor. Figure Se
displays the shift of the DLS curve as consequence of the en-
capsulation of the Pd precursor and subsequent reduction to
produce the hybrid Pd nanosheet-containing polymeric (PEG-b-
PDAP/Pd) NPs. D, of the PEG-b-PDAP/Pd NPs was 36 + 15 nm
and with a PdI = 0.17. The content of Pd determined by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
(see the Experimental Section, Equation (4)) was 14.7 + 0.1 wt%.
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Figure 5. Hybrid Pd-polymeric NPs, PEG-b-PDAP/Pd, aqueous dispersion a) before and b) after reducing treatment. ¢) TEM and d) UHR HAADF-STEM
images of PEG-b-PDAP/Pd NPs (yellow arrows indicate Pd nanosheets). e) Number particle size distributions recorded by DLS of PEG-b-PDAP/Pd and

PEG-b-PDAP NPs.

As it has been mentioned above, light plasmonic absorption
in the NIR region and its efficient transduction into heat has
been reported for Pd-nanosheets. Consequently, the photore-
sponse of these PEG-b-PDAP/Pd NPs (see UV-vis—NIR spectrum
in Figure S12, Supporting Information) was studied by monitor-
ing the increase of temperature upon irradiation with an NIR
laser (808 nm, 1.5 W cm™2). Thus, a PEG-b-PDAP/Pd NPs dis-
persion (adjusted to 0.4 mg mL~! polymer concentration, what
was the determined subcytotoxic dose as it is shown below) was
first thermostated at 27 °C and then irradiated until reaching a
temperature of 45 °C, gained after 1.7 min of irradiation (Fig-
ure 6a), because at this temperature it has been reported cell
death by hyperthermia.[*! To check the resilience of these PEG-
b-PDAP/Pd NPs, the system was first left to cool down to phys-
iological temperature (37 °C, reached 3 min after switching off
the NIR source) and then subjected to several on/off NIR irradi-
ation cycles so that the sample was heated to ~#45 °C by NIR irra-
diation and subsequently cooled to 37 °C by switching the laser
off. The photothermal behavior was reproducible after several cy-
cles, which shows the stability of the NPs under these irradiation
conditions as well as their potential reusability. This was corrobo-
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rated by TEM inspection of PEG-b-PDAP/Pd NPs as after 9 on/off
irradiation cycles no significant morphological changes were ob-
served (Figure S13, Supporting Information). The D, of both
PEG-b-PDAP/Pd and PEG-b-PDAP NPs were studied by DLS at
25, 37, and 45 °C (Figure 6b,c) and no significant differences were
found among them.

2.6. Cell viability, Apoptosis, and Cell Cycle Evaluation

The cytotoxicity was first evaluated in five cell lines (U251MG,
mouse mesenchymal stem cells (mMSCs), human macrophages,
B16F1 and human dermal fibroblasts). For that purpose, aque-
ous dispersions of PEG-b-PDAP and Pd/PEG-b-PDAP NPs (pre-
pared by microfluidics using experimental conditions A in Ta-
ble 1) were tested in the different cell lines at different nanopar-
ticle concentrations, which were adjusted from 0.025 to 0.4 mg
mL~!. Cell viability was estimated by the cell metabolism assay
(Figure 7a,b). These results showed that cell viability was higher
than 70% for both samples and for all the assayed concentrations,
although being close to that value for macrophages and fibrob-
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Figure 6. a) Temperature profile of PEG-b-PDAP/Pd NPs aqueous dispersion (0.4 mg mL™") over on/off cycles of NIR irradiation (808 nm, 1.5 W cm~2).
DLS measurements of b) PEG-b-PDAP and c) PEG-b-PDAP/Pd NPs at the different temperatures.

lasts for both samples at 0.4 mg mL~!. Considering these results
and the recommendations of the standard 1SO 109935, the
subcytotoxic concentration chosen for further studies was 0.4 mg
mL~!, which was the maximum concentration that could be as-
sayed with a viability percentage >70% in all cell lines evaluated.

Even though NPs do not show cytotoxicity at the concentration
assayed, they could disrupt cell cycle steps and cause DNA dam-
age or apoptosis. Consequently, in order to evaluate the effects of
both types of NPs on the cell membrane and nuclei, cell apopto-
sis and cell cycle studies were performed using flow cytometry. To
know the potential cell membrane effects caused by PEG-b-PDAP
and PEG-b-PDAP/Pd NPs, cell apoptosis studies of both samples
were made at the subcytotoxic concentration of 0.4 mg mL™!, and
the results obtained are shown in Figure 7c. As it can be seen, no
noticeable changes compared to control samples were observed
for any cell line, except for macrophages treated with PEG-b-
PDAP/Pd NPs, in which cell viability and necrosis percentages
decreased while early and especially late apoptosis percentages
increased (~30%). However, this effect was not observed in the
other cell lines tested in which early+late apoptosis did not yield
significant changes (<10%). This might be explained as a higher
cell uptake of PEG-b-PDAP/Pd NPs by macrophages. Those re-
sults agree with the previous literature as it has been reported that
compared to professional phagocytes (e.g., macrophages, mono-
cytes, neutrophils, and dendritic cells) many other cell lines such
as fibroblasts show also phagocytic character but at a much lower
extent.*’] In this regard, Weissleder et al. showed that out of
12 different cell lines, including tumoral cell lines, the highest
nanoparticle uptake occurs into macrophages and the lowest up-
take into nondividing parenchymal cells.[*¥] For mMSCs, it was
observed a slight rise in the levels of apoptosis, although for them
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as well as for the rest of cell lines, viability percentages were sim-
ilar than control assays ones and all of them were higher than
70%. Therefore, both samples showed appropriate cytocompati-
bility for biomedical applications according to the recommenda-
tions of ISO 10993-5.14¢]

Results obtained from cell cycle distribution studies are dis-
played in Figure 7d. For macrophages and B16F1 cells, not re-
markable changes compared to control cells were observed. In
the case of mMSCs, a slight increase in G1 and S phases with a
concomitant decrease in G2 phase was noticed. An increase of
G1 population (<20%), together with a countervailing decrease
in S population was observed for U215MG, whereas an increase
in S phase (<15%) together with a decrease in G2 phase was ob-
served for fibroblasts. Nonetheless, changes compared to control
cells depended on each cell line, but they were not notable.

2.7. Photothermal In Vitro Effects

Photothermal effects of PEG-b-PDAP/Pd NPs were evaluated on
human macrophages and B16F1 cells, using fluorescence mi-
croscopy (Figure 8). To study this effect, both cell lines were incu-
bated for 24 h with PEG-b-PDAP/Pd aqueous dispersions, having
a concentration adjusted to 0.4 mg mL~!. After removing non-
internalized PEG-b-PDAP/Pd NPs, cells were irradiated for 10
min with 808 nm NIR-laser (1.5 W), and there were not signif-
icant temperature changes between irradiated and not irradiated
sample wells. Then, samples were studied by fluorescence mi-
croscopy after staining live cells with calcein and dead ones with
ethidiumbromide. Using this technique, cell death on the irra-
diated area for both cell lines with internalized PEG-b-PDAP/Pd
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Figure 7. Cell viability in the five cell lines assayed of a) PEG-b-PDAP and b) PEG-b-PDAP/Pd NPs prepared by microfluidics (experimental conditions A,
Table 1; red lines correspond to 70% cell viability, the minimum recommended for considering a subcytotoxic concentration according to 1SO-10993).146]
c) Distribution of early and late apoptotic, alive and necrotic cells and d) cell cycle population distribution (percentage of cells, %) after treatment with
PEG-b-PDAP and PEG-b-PDAP/Pd NPs prepared by microfluidics (experimental conditions A, Table 1), with nanoparticle concentration adjusted to 0.4
mg mL~1. Cell viability percentages are expressed as the mean + SD of five independent experiments showing statistically significant differences between
the control sample (not treated cells) and cells treated with PEG-b-PDAP or PEG-b-PDAP/Pd NPs (*p < 0.05).

NPs was observed (Figure 8). In order to confirm that the cell
damage can be associated to the hyperthermia effect induced by
NIR irradiation on cells with internalized PEG-b-PDAP/Pd NPs,
control samples treated with PEG-b-PDAP/Pd NPs but nonirradi-
ated as well as cells nonincubated with PEG-b-PDAP/Pd nanopar-
ticles and irradiated were also studied (not shown). However, in
these cases, cell damage was not observed in both cell lines. As it
is observed in Figure 8, cell damage seems to be slightly higher
in macrophages than in B16F1 cells, and it might be due to a
higher cell uptake of PEG-b-PDAP/Pd NPs by macrophages being
professional scavengers. Regardless, PEG-b-PDAP/Pd NPs have
demonstrated to be a potential agent for photothermal therapy,
producing cell death upon internalization and selective NIR irra-
diation.

3. Conclusion

Preparation of self-assemblies from PEG-b-PDAP block copoly-
mer has been optimized by microfluidics to obtain homogeneous
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polymeric NPs in a reproducible and fast manner. This tech-
nique has been successfully applied to the preparation of hybrid
Pd-polymeric (PEG-b-PDAP/Pd) NPs as photothermal transduc-
tors. For the first time, Pd nanosheets have been prepared by re-
ducing a Pd precursor encapsulated inside of the core of block
polymer (PEG-b-PDAP) micelles during their formation by mi-
crofluidics. Pd nanosheets growth in this way does not disrupt
PEG-b-PDAP assembly and avoids the use of highly toxic surfac-
tants. This methodology has been demonstrated to be a repro-
ducible way to get homogeneous Pd loadings inside polymeric
micelles. These PEG-b-PDAP/Pd NPs have not shown cytotoxic-
ity at doses below 0.4 mg mL~!, and they have not disrupted the
cell cycle phases and caused DNA damage or apoptosis. More-
over, their photothermal ability was demonstrated in vitro show-
ing cell death in the irradiated area of cell cultures. This fact to-
gether with their small size, their ability to be internalized into
cells and their high stability, become them in potential materials
for photothermal therapy, as it has been evaluated, as well as drug
nanocarriers.
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Figure 8. Photothermal effects on macrophages (a and b) and B16F1 cells
(cand d). (a) and (c) show cells treated with PEG-b- PDAP/Pd NPs but not
irradiated, while (b) and (d) showed cells treated with PEG-b-PDAP/Pd
NPs and irradiated for 10 min (808 nm, 1.5 W). Samples were observed
under fluorescence microscope, showing live cells in green and dead cells
in red.

4. Experimental Section

Materials:  Macro-CTA poly(ethylene glycol) methyl ether 4-cyano-4-
(phenylcarbonothioylthio) pentanoate with a molar mass of 10 000 g
mol~" (PEG-macroCTA) was purchased from Merck (Merck KGaA, Darm.-
stadt, Germany). Its commercially reported average molar mass was veri-
fied by Matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectroscopy (M,, = 9685.6 g mol~" was the more intense m/z
peak) and "H NMR (degree of polymerization = 227, M,, = 9999 g mol~!
Figure S1, Supporting Information). Methacrylate monomer DAP was syn-
thesized following previously reported procedures.[**] Naproxen sodium
was purchased from Merck and converted into its free acid form before
encapsulation. Briefly, naproxen sodium (150 mg) was dissolved in Milli-
Q water (7 mL) and HCl 0.2 m was added dropwise until approximately
pH 3. Naproxen was separated from the solution as a white precipitate
that was isolated by filtering, thoroughly washed with water and dried. Fi-
nally, the solid was dissolved in dichloromethane (high performance lig-
uid chromatography HPLC grade), filtered through a 0.2 pm polytetraflu-
oroethylene (PTFE) filter, the solvent removed and the isolated naproxen
vacuum dried. Potassium tetrachloropalladate(ll) 99.99% was also pur-
chased from Merck and used as received.

Characterization Techniques: Fourier transformed infrared spec-
troscopy (FTIR) analysis was performed on a Bruker Vertex 70 spec-
trophotometer having an ATR Golden Gate accessory (Specac). Solution
NMR experiments were carried out on Bruker AV-400 spectrometer oper-
ating at 400 MHz for "H. Chemical shifts are given in ppm relative to TMS
and the solvent residual peak was used as internal reference. MALDI-TOF
mass spectrometry was performed on an Autoflex Bruker mass spectrom-
eter, employing dithranol as matrix. Positive ion electrospray ionization
high resolution (ESI HR*) was performed using Bruker Q-TOF-MS in a
positive ESI mode. GPC was performed using a Water Alliance 2695 liquid
chromatography system with a Waters 2424 evaporative light scattering
detector and a Waters 2998 PDA detector, using two columns, PLgel 5 um
MIXED-C and PLgel 3 um MIXED-E from Agilent (7.5 x 300 mm), and THF
(HPLC grade) as eluent (flow 1 mL min~"). Calibration was made with
poly(methyl methacrylate) narrow molecular weight standards. UV-vis
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spectra were recorded on a Varian CaryBio 100 UV-vis spectrophotometer.
Fluorescence measurements were performed using a Perkin Elmer LS
50B fluorescence spectrophotometer. DLS measurements were carried
out in a Malvern Instrument Nano ZS using a He-Ne laser with a 633 nm
wavelength, a detector angle of 173° at 25 °C. The self-assemblies were
measured at 0.1 mg mL~" concentration. Three measurements of each
sample were performed to ensure reproducibility and data of D;, and PdlI
were calculated from the Gaussian fit of the average experimental number
signal using OriginPro2021. TEM analysis was developed in an FEI Tecnai
T20 microscope, operating at 200 kV. Aberration corrected scanning
TEM (Cs-corrected STEM) images were acquired using an HAADF
detector in an FEI XFEG TITAN electron microscope operating at 300
kV equipped with a CETCOR Cs-probe corrector from CEOS. Elemental
analysis was carried out with an EDS using an EDAX detector, which
allows performing EDS experiments in scanning mode. Samples were
prepared placing a droplet of self-assemblies’ dispersion on a continuous
carbon film-copper grid, and the excess was removed by capillarity using
filter paper. Then, samples were stained with uranyl acetate (1% aqueous
solution), removing the excess by capillarity using filter paper. The grids
were dried overnight under vacuum. TEM size data was reported as
the mean + SD (standard deviation) of 150 measurements histogram.
Photothermal experiments were performed using an 808 nm laser diode
(model MDL-11-808-2W, Changchun New Industries Optoelectronics
Technology Co.). Samples were irradiated using a laser irradiance of 1.5
W cm~2 while sample temperature was being monitored.

Synthesis of PEG-b-PDAP: PEG-b-PDAP was synthesized according
to the procedure reported by Concellén et al.?l PEG-macroCTA (0.15
g, 0.015 mmol), monomer DAP (0.227 g, 0.60 mmol), and 2,2'-
azobisisobutyronitrile (0.36 mg, 0.002 mmol) were dissolved in dried and
freshly distilled N,N-dimethylformamide (1.5 mL) into a Schlenk flask.
Three Ar/vacuum cycles were carried out to deoxygenate the system and
the reaction mixture was stirred at 70 °C for 5 h. The reaction was then
quenched with liquid nitrogen and the crude precipitated into cold diethyl
ether (100 mL). The polymer was isolated by filtering, dried under vacuum,
and obtained as a pink powder. Yield: 53%.

TH NMR (400 MHz, CDCls, §):9.05-8.31 (40H), 8.00-7.45 (80H), 4.55—
3.97 (109H), 3.89-3.43 (910H), 3.39 (s, 3H), 2.88-2.55 (104H), 2.46—
2.24 (54H), 2.04-1.71 (78H), 1.44-0.67 (170H); FTIR (attenuated total
reflectance, ATR), v (cm™"): 3304, 2895, 1732, 1697, 1587, 1520, 1450,
1282, 1244, 1151, 1101; GPC data (Figure S2, Supporting Information):
M, =15 x 10® g mol~!, D = 1.04.

Preparation of Polymeric NPs by Nanoprecipitation: Milli-Q water was
gradually added to a solution containing 5 mg mL™! of PEG-b-PDAP in
THF (HPLC grade), previously filtered through a 0.2 um PTFE filter. The
self-assembly process was followed by turbidimetry recording the decrease
of transmitted light intensity at 650 nm due to aggregation. Once a con-
stant value was reached, the dispersion was dialyzed against a large vol-
ume of Milli-Q water, in order to remove THF, employing a Spectra/Por
dialysis membrane (molecular weight cut-off, MWCO 1 kDa) (Repligen
Europe B.V., Breda, the Netherlands) for 4 d (water was periodically re-
freshed).

Determination of the CAC:  CAC was determined by fluorescence spec-
troscopy employing Nile Red as a probe, following a previously re-
ported method.[?8] First, 100 uL of a Nile Red solution in dicloromethane
(6.0 X 1076 M) was added into a series of flasks and then the solvent evap-
orated. Afterwards, water suspensions of self-assemblies were added to
each flask and concentrations adjusted in the range from 1.0 x 107# to
1.0 mg mL™1. The resulting dispersions were stirred overnight at room
temperature to reach equilibrium before fluorescence was measured. The
emission spectra of Nile Red were recorded from 560 to 700 nm while ex-
citing at 550 nm. The maximum emission at different concentrations was
represented and the CAC calculated as the intersection of two extrapolated
lines of the Nile Red emission plot (Figure S5, Supporting Information).

Preparation of Polymeric NPs by Microfluidics:  For the preparation of
polymeric NPs by microfluidics, PEG-b-PDAP was dissolved in THF (HPLC
grade) to a 5 mg mL™' concentration. After being filtered through a 0.2
um PTFE filter, this organic solution was fed into an interdigital passive
micromixer together with Milli-Q water using two syringe pumps Harvard
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Apparatus PHD Ultra CP 4400 (Harvard Apparatus, Holliston, MA, USA),
one for each solution. The micromixer employed was a commercial slit
interdigital microstructured mixer from Institut fir Mikrotechnik Mainz
GmbH, Germany interfaced with 0.76 mm internal diameter PTFE tubing.
This micromixer, which has an inner volume of 8 pL, was designed for di-
viding the inlet streams into 15 channels of 40 um each that were merged
at the outlet, achieving instant mixing.[’] Injection flow rates were ad-
justed to obtain different total flow rates (mixing times) and different val-
ues of the water content. Samples were collected after waiting several sec-
onds to micromixer’s steady state. Then they were dialyzed against Milli-
Q water to remove THF, using a Spectra/Por dialysis membrane (MWCO
1 kDa) for 4 d (water was periodically refreshed).

Naproxen-loaded polymeric NPs (PEG-b-PDAP/Npx) were prepared by
microfluidics as above described from a solution of naproxen and PEG-
b-PDAP (1:2 wt ratio naproxen/PEG-b-PDAP) in THF. The final concentra-
tion of the polymer was 5 mg mL™". After dialysis, PEG-b-PDAP/Npx NPs
dispersion was filtered through a 0.2 um CA filter to remove nonencap-
sulated naproxen. The PEG-b-PDAP/Npx concentration was determined
by gravimetry of an evaporated given volume (average of at least three
samples). The loaded naproxen was determined by HPLC, by previous
lyophilization of an aliquot of the sample (600 pL) and by its redissolu-
tion in a mixture of water/methanol (1:1). HPLC measurements were per-
formed using a Waters 600 controller pump system, a Waters 2998 photo-
diode array detector and a Waters Spherisorb C8 column (250 mm x 4.6
mm, 5 um particle size). The mobile phase was 1.8 x 1073 m phosphoric
acid (pH 2.8)/acetonitrile (1:1, v/v) at a flow rate of 1 mL min~! and the
injection volume was 10 uL. Detection was carried out at 272 nm. Quan-
tification of naproxen was performed from peak area measurements in re-
lation to those of standards chromatographed under the same conditions.
DL and EE were calculated by Equations (2) and (3):

Mass of naproxen in nanoparticles (m
DL (Wt%) = P P (mg)

- - X 100 (2)
Mass of polymeric nanoparticles (mg)

EE (wt%) = Mass of naproxen in nanoparticles (mg)

x 100 3
Naproxen fed in the system (mg) @)

Hybrid Pd-polymeric NPs (PEG-b-PDAP/Pd) were prepared by microflu-
idics as described for polymeric NPs with only the organic solution being
modified as follows: To promote the Pd precursor internalization into the
formed micelles, the organic solution was prepared by adding a potassium
tetrachloropalladate(ll) (K,PdCl,) solution in dimethyl sulfoxide DMSO
(HPLC grade) to the BC solution in THF. The final concentration of the
polymerwas 5 mgmL~" ina THF-DMSO (9:1) solution with a ratio 1:2 w/w
K,PdCl, /PEG-b-PDAP. Samples collected at the outlet of the micromixer
were loaded into a stainless steel Teflon lined autoclave and subjected to
a reducing treatment under CO atmosphere (6 bar) at 30 °C for 40 min
to reduce the precursor into Pd nanosheets.[*] Then, they were dialyzed
against Milli-Q water.

The amount of Pd in the final nanoparticles was determined by ICP-OES
spectroscopy. Samples were previously digested using aqua regia and the
amount of Pd was calculated according to Equation (4)

Mass of Pd (mg)

Pd content (wt%) =
content (wt%) Mass of hybrid nanoparticles (mg)

x 100 4

In Vitro Release of Naproxen from Polymeric NPs: Naproxen release
studies in phosphate buffered saline (PBS) solution were performed at
25 and 37 °C. An aliquot of the naproxen-loaded polymeric NPs disper-
sion (100 pL) was loaded into a dialysis cup (Slide-A-Lyzer MINI Dialysis
Device, 2K MWCO, 0.1 mL; ThermoFisher Scientific) and dialyzed against
PBS (1.6 mL) at the selected temperature. At a given time, the sample was
removed from the dialysis cup, lyophilized, and redissolved in a mixture of
water/methanol (1:1). Naproxen content was determined by HPLC. Sam-
ples were measured at different dialysis times in triplicate.

Cell Culture: The cytocompatibility of the polymeric and hybrid NPs
was assessed at different levels regarding cell metabolism, cell membrane
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(induction of apoptosis and/or necrosis), and cell nucleus (distribution of
cell cycle phases). These studies were performed by using THP1 human
macrophages (obtained from the American Type Culture Collection, US),
human dermal fibroblasts (purchased from Lonza, Belgium), mMSCs, hu-
man glioblastoma cells (U251MG), and mouse melanoma cells (B16F1)
(kindly gifted by Dr. Pilar Martin-Duque). Macrophages were obtained by
the in vitro differentiation of monocytes for 72 h through the addition of
1 x 107 M phorbol 12-mystirate 13-acetate (Sigma-Aldrich, US) to the
cell culture medium which was composed of RPMI 1640 (w/stable Glu-
tamine; Biowest, France), 10% fetal bovine serum (FBS; Gibco, UK), 1%
HEPES (Lonza, Belgium), 0.1% 2-mercaptoethanol (50 x 1073 m) (Gibco,
UK), 1% nonessential amino acids, 1% sodium pyruvate (100 X 1073 m),
and 1% penicillin-streptomycin-amphotericin B (Biowest, France). Fibrob-
lasts, U251MG, and B16F1 cells were grown in Dubbelco’s Modifed Ea-
gle’s Medium, DMEM, high glucose (DMEM w/stable Glutamine; Biow-
est, France) supplemented with 10% FBS (Gibco, UK) and 1% penicillim-
streptomycin-amphotericin B (Biowest, France). mMSCs were cultured in
DMEM-F12 (Biowest, France) containing 1% glutamine (Biowest, France),
10% FBS (Gibco, UK), and 1% penicillim-streptomycin-amphotericin B
(Biowest, France). All cell types were grown at 37 °C and 5% CO,, except
for mMSCs which were cultured in hypoxia (3% O,).

Cytotoxicity Assays: The effects of polymeric and hybrid NPs in cell
metabolism were determined by Blue Cell Viability assay (Abnova, Taiwan),
which is based on the reduction of a dye to a fluorescent compound medi-
ated by metabolic active cells. For that purpose, cells were incubated with
nanoparticles (0.01-0.4 mg mL™") for 24 h. Then, the reagent was added
(10%) and incubated for 4 h. After that, fluorescence was read at 535/590
nm (ex/em) in a Multimode Synergy HT Microplate Reader (Biotek, US).
Cell viability was determined by the interpolation of the emission data ob-
tained from the treated samples and the control ones, which were assigned
with a 100% viability. Samples without the cells were also tested to evalu-
ate a potential nanoparticle interference with the methodology.

Evaluation of Early and Late Cell Apoptosis and/or Necrosis: The ef-
fects of polymeric and hybrid NPs on cell membrane were determined by
a quantitative analysis of cell apoptosis and necrosis by flow cytometry.
Cells were incubated with the different samples at the subcytotoxic con-
centration obtained from the Blue Cell Viability assay for 24 h. Then, cells
were harvested in PBS and double stained with annexin V-FITC (fluores-
cein isothiocyanate) and propidium iodide. Briefly, cell suspensions were
stained with annexin V-FITC, treated with a solution composed of annexin
V-FITC, propidium iodide and annexin V binding buffer, to be finally incu-
bated with the binding buffer for 15 min before the analysis of the samples
in a FACSARIA BD equipment, using the FACSARIA BD software (Cell Sep-
aration and Cytometry Unit, CIBA, IS Aragon, Spain) to calculate the per-
centages of alive, apoptotic and necrotic cells. Control samples were also
evaluated in order to compare the basal status of cells to that obtained af-
ter nanoparticles treatment, and samples without the cells were also tested
to evaluate a potential nanoparticle interference with the methodology.

Study of Cell Cycle: The effects of polymeric and hybrid NPs on cell
cycle and DNA were determined by analyzing the distribution of cell cycle
phases by flow cytometry. As described above, cells were incubated with
the different samples at the subcytotoxic concentration for 24 h and then,
they were collected in PBS and fixed in 70% ice-cold ethanol. Then, sam-
ples were washed (2% BSA in PBS), centrifuged (300 g, 5 min), and the pel-
let were stained with the PI/RNASE Solution (Immunostep, Spain). After
incubation for 15 min, samples were analyzed in a FACSARRAY BD equip-
ment with the MODIFIT 3.0 Verity software. Control samples were also
evaluated in order to compare the basal status of cells to that obtained af-
ter nanoparticle treatment and samples without the cells were also tested
to evaluate a potential nanoparticle interference with the methodology.

Photothermal In Vitro Effects:  Photothermally induced cell death medi-
ated by hybrid Pd-polymeric NPs upon NIR light irradiation was evaluated.
For that purpose, human macrophages and B16F1 cells were seeded on
24-well plates at cell densities of 500 000 and 40 000 cells per well, respec-
tively. Then cells were treated with PEG-b-PDAP/Pd NPs dispersed with
growth medium to reach a concentration of 0.4 mg mL™' (subcytotoxic
concentration obtained from the blue cell viability assay). After incubation
for 24 h, cells were washed to remove noninternalized nanoparticles. Cells

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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were irradiated with an NIR laser (808 nm; 10 min at 1.5 W). Changes in
cell well temperature were also monitored. Cell damage was evaluated by
fluorescence microscopy just after irradiation by using the LIVE/DEAD vi-
ability/cytotoxicity kit (Thermo-Fisher Scientific, USA) following the manu-
facturer instructions. Briefly, a solution containing 2 x 1076 m calcein AM
and 4 x 107 M ethidium homodimer-1 was added. After incubation at
room temperature (30 min), cells were visualized under an inverted fluo-
rescence microscope Olympus IX81 through the composition of 144 fields
on each well acquired at 5X magnification to obtain a mosaic of each well.
Control samples (treated and not irradiated, not treated and irradiated, not
treated and not irradiated) were also assayed to evaluate the basal status
of cells.

Statistical Analyses: Data are reported as the mean + SD. Normal dis-
tribution of the variables was analyzed by the Shapiro-Wilk test followed
by the U-Mann—Whitney, ANOVA, or Student t-test (StataSE 12 statisti-
cal software, StataCorp LP, USA). Statistically significant differences were
considered when p < 0.05.
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