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1. Introduction

Optically monitoring the microenvironment of
a hydrophobic cargo in amphiphilic nanogels:
influence of network composition on loading
and releaset

Clara Lépez-Iglesias,1*° Ante Markovina,1? Nithiya Nirmalananthan-Budau,©
Ute Resch-Genger (2 *¢ and Daniel Klinger (2 *@

Amphiphilic nanogels (ANGs) are promising carriers for hydrophobic cargos such as drugs, dyes, and cat-
alysts. Loading content and release kinetics of these compounds are controlled by type and number of
hydrophobic groups in the amphiphilic copolymer network. Thus, understanding the interactions
between cargo and colloidal carrier is mandatory for a tailor-made and cargo-specific ANG design. To
systematically explore the influence of the network composition on these interactions, we prepared a set
of ANGs of different amphiphilicity and loaded these ANGs with varying concentrations of the solvato-
chromic dye Nile Red (NR). Here, NR acts as a hydrophobic model cargo to optically probe the polarity of
its microenvironment. Analysis of the NR emission spectra as well as measurements of the fluorescence
quantum yields and decay kinetics revealed a decrease in the polarity of the NR microenvironment with
increasing hydrophobicity of the hydrophobic groups in the ANG network and dye—dye interactions at
higher loading concentrations. At low NR concentrations, the hydrophobic cargo NR is encapsulated in
the hydrophobic domains. Increasing NR concentrations resulted in probe molecules located in a more
hydrophilic environment, i.e., at the nanodomain border, and favored dye—dye interactions and NR aggre-
gation. These results correlate well with release experiments, indicating first NR release from more hydro-
philic network locations. Overall, our findings demonstrate the importance to understand carrier—drug
interactions for efficient loading and controlled release profiles in amphiphilic nanogels.

nanogels limits the loading with hydrophobic cargos. As 75% of
the drugs currently under development and up to 90% of new

Nanogels contain crosslinked polymeric networks which combine
excellent colloidal stability, high surface area, and tuneable par-
ticle size,"* with good control over diffusional and mechanical
properties.> The polymer composition of nanogels can be
adjusted to make them biocompatible and thereby promising car-
riers for the delivery of various cargos ranging from small mole-
cule drugs, catalysts, and dyes to macromolecules, e.g., proteins,
enzymes, and DNA.*® However, the overall hydrophilic nature of
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chemical entities with a therapeutic potential are poorly water-
soluble,” this restricts the applicability of hydrophilic nanogels
for drug delivery. This triggered the development of amphiphilic
nanogels (ANGs),'® which are based on amphiphilic (random)
copolymers that contain conventional hydrophilic groups but also
pendant hydrophobic units."' In aqueous media, these hydro-
phobic groups on the network assemble into hydrophobic
domains that are surrounded by a hydrophilic hydrogel matrix, as
recently demonstrated by small angle X-ray scattering (SAXS)."?
This unique structure combines many advantages in a single col-
loidal system. The hydrophobic nanodomains enable the encap-
sulation of poorly water-soluble cargos.'> The cargo loading
capacity and release kinetics are governed by the interaction
between the hydrophobic cargo and the hydrophobic
nanodomains.'*"® In addition, the flexible hydrophilic matrix
provides control over the nanogel’s mechanical properties and
reduces potential toxic effects of the hydrophobic groups. The
amphiphilic structure can be used to adjust and fine-tune the
interaction with biological systems. For example, this enables con-
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trolling protein corona formation'® and adjusting the interaction
with biological barriers, e.g., skin."> Consequently, tailor-made
ANGs elegantly combine the advantages of traditional nanogels
with the properties of micelles or hydrophobic particles.

To utilize the potential of ANGs as a platform for drug deliv-
ery applications, a more detailed understanding of the drug
loading and release mechanisms is required as a prerequisite
to predict and adjust drug-specific pharmacological profiles.
Thus, the interaction of the cargo with the nanogel network,
the precise cargo location, and a possible influence of the
cargo loading concentration including cargo-cargo inter-
actions need to be examined. While these interactions can
differ from drug to drug depending on, e.g., drug hydrophobi-
city and molecular structure, the detailed study of these para-
meters for multiple drugs is too laborious and time consum-
ing. Therefore, the utilization of hydrophobic dyes as model
drugs has been established to provide more simply accessible
insights that can be used as a basis for more detailed investi-
gations with actual drug molecules."””™"° Thereby, also optical
spectroscopic methods such as fluorescence spectroscopy can
be exploited, which enable fast and very sensitive measure-
ments and require relatively inexpensive instrumentation.

One of the gold standards for optical probing studies is the
charge transfer (CT)-type dye Nile Red (NR), which shows a
strong polarity responsiveness of its absorption and fluo-
rescence spectra and its fluorescence quantum yield. An
increase in NR microenvironment polarity is signalled by a red
shift in absorption and fluorescence and a diminution in fluo-
rescence intensity and quantum yield. The environment sensi-
tivity of the optical properties of NR is attributed to the involve-
ment of a twisted intramolecular charge transfer (TICT) in the
depopulation of its excited singlet state, which is possibly due
to the flexibility of the N-C bond between the dimethyl amino
group and the aromatic core.>*>* In addition, NR can form opti-
cally detectable aggregates at high local dye concentration,
which reveal blue shifted absorption spectra and are non- or
barely emissive.>*® Hence, NR has been frequently explored to
probe the environment of cargo molecules in different nano-
structures, e.g., polymeric and surfactant micelles, dendrimers,
and other multicompartment nanoparticles as well as
nanoclays.”>?° Optical studies of carrier systems such as ANGs
with NR can provide information on the influence of NR con-
centration, carrier concentration, carrier degradation,**?' and
solvents used for ANG loading on NR microenvironment as pre-
viously shown by us.?” However, a systematic study on the NR
microenvironment in ANGs made from copolymers containing
different hydrophobic groups and the correlation of the results
with NR release studies has not been reported so far.

Aiming for a deeper insight into the potential of ANGs as
drug carriers, in the present work, we explored the influence of
network hydrophobicity on cargo microenvironment for ANGs
prepared from copolymers with different substitution pattern,
i.e., different types of hydrophobic groups, and varying NR
loading contents (LCs). To establish structure—property relation-
ships for the tailor-made design of the next generation of drug
carriers and delivery vehicles, we also correlated the results of
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photometric measurements and steady state and time resolved
fluorescence studies with NR loading and release experiments.

2. Results and discussion

Network hydrophobicity and NR LC are assumed to influence
the microenvironment of NR molecules in ANGs. This can
yield NR species with spectroscopically distinguishable pro-
perties: (a) NR molecules located in an apolar environment,
i.e., in the nanodomains formed by the hydrophobic groups,
(b) NR molecules dispersed at the border to the surrounding
hydrophilic matrix, and (c) NR molecules undergoing dye-dye
interactions and possibly forming dye aggregates in a hydro-
philic environment. This is schematically depicted in Fig. 1.
To distinguish between these scenarios and to correlate them
with the respective loading procedures, ANG composition, and
ANG structure at a molecular level, we measured the absorp-
tion and fluorescence emission spectra, fluorescence quantum
yields, and fluorescence decay kinetics of different ANGs with
varying NR LCs. These spectroscopic data were then compared
with the absorption and emission properties of NR deter-
mined in a series of aliphatic alcohols of increasing alkyl
chain lengths and in acetonitrile (ACN)-water mixtures of
varying water content. These comparisons are utilized to corre-
late the NR microenvironment in the ANGs with molecular
model systems of well-defined polarity and proticity.

2.1. ANG synthesis

Establishing structure-property relationships to guide the
design of ANGs requires control over the network amphiphili-
city while ideally maintaining the same colloidal structure, i.e.,
size distribution, particle morphology, and crosslinking
density. To overcome synthetic challenges originating from the
different solubility of hydrophilic and hydrophobic monomers,
we developed a versatile platform for the synthesis of ANGs
with variations in network hydrophobicity but similar colloidal
properties.>® For this, we use crosslinked reactive precursor
particles that are transferred into ANGs via a post-modification
procedure. Thereby, different hydrophobic and hydrophilic
groups can be introduced into the network starting from one
batch of poly(pentafluorophenyl methacrylate) (PPFPMA) pre-
cursor particles.>® For the intended systematic study with NR,
we used this strategy to prepare a library of ANGs with varying
network amphiphilicity by functionalizing the reactive
PPFPMA precursor particles with 80 mol% of hydrophilic
2-hydroxypropyl amine (HPA) and 20 mol% of different hydro-
phobic groups (ESI, Fig. S1at). For a medium hydrophobicity,
the network was functionalized with benzylamine (BENZA) or
hexylamine (HEXA). For a high hydrophobicity, dodecyl amine
(DODA), branched dodecyl amine (b-DODA), and amine-modi-
fied cholesterol (CHOLA) were employed. Successful
functionalization was confirmed by ATR-FTIR (ESI, Fig. S1b¥).
Thereby, ANGs of comparable size (hydrodynamic diameter:
264-317 nm by DLS, ESI, Fig. S2 and S3t) and crosslinking
degrees (1 mol% of EGDMA) were obtained.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 NR molecules can be encapsulated in the amphiphilic network of the nanogels at different locations depending on the chemical composition
and structure of the ANGs and NR LC, yielding NR species in the following microenvironments: (a) NR molecules dispersed in the apolar environ-
ment provided by the hydrophobic ANG domains, (b) NR molecules also located in the hydrophilic ANG matrix, and (c) NR molecules undergoing
dye—dye interactions and possibly forming aggregates in a hydrophilic environment in the ANGs at high NR LC. NR species in microenvironment (a)
are expected to be fluorescent and reveal absorption and emission spectra located at shorter wavelengths compared to NR species (b), which
should be also emissive yet reveal red shifted absorption and emission bands and most likely display reduced fluorescence quantum yields due to
polarity- and hydrogen bonding-induced fluorescence quenching. (c) NR aggregates possibly formed at higher NR LC are most likely non- or barely
emissive and can be recognized by blue shifted absorption spectra according to previous reports.2®

2.2. NRloading

The study consists of two parts as summarized in Fig. 2. In
part A, we spectroscopically assessed the influence of hydro-

Group hydrophobicity
BENZA HEXA DODA bDODA  CHOLA
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Fig. 2 Library of NR-loaded nanogels prepared for the spectroscopic
studies. Light grey areas indicate hydrophobic groups of medium hydro-
phobicity and dark grey areas groups of high hydrophobicity,
respectively.

This journal is © The Royal Society of Chemistry 2024

phobic groups in the polymer network on the NR microenvi-
ronment. Here, it was crucial to determine the range where NR
loading content (LC) affects the spectroscopic properties. We
therefore used low (0.03 wt%), medium (0.3 wt%), and high
(10 wt%) feed ratios. In part B, we investigated the influence of
NR LC on the spectroscopic properties in more detail using
BENZA and DODA ANGs as representative ANGs of medium
and high hydrophobicity. The aim of this second part was to
identify NR concentrations that can optically signal changes in
the NR microenvironment. Therefore, we used a wider range of
NR feed ratios. To ensure comparability between the different
NR-loaded samples, always similar NR LCs were confirmed
(ESI, Fig. S41).

2.3. Influence of network composition on NR
microenvironment at low, medium, and high loading content

Photometric assessment of NR microenvironment polarity.
The polarity of the NR microenvironment can be photometri-
cally determined. With this information, we aim to identify
different NR species as postulated in Fig. 1. As shown in
Fig. 3a and b, the NR absorption spectra in DODA-NR10,
b-DODA-NR10, and CHOLA-NR10 were very similar. The

Nanoscale, 2024, 16, 9525-9535 | 9527
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Fig. 3 Absorption data of the nanogels prepared with high LC summarizing the influence of the hydrophobic groups in the nanogel network on the
polarity of the NR microenvironment. (a) Absorption spectra of the different NR-loaded ANG samples with the inset showing the absorption peaks in
more detail, (b) absorption maxima of the different NR-loaded ANG samples, and (c) comparison of the absorption maxima of the NR-loaded ANG
samples with the corresponding values obtained for NR in acetonitrile/water mixtures of different water content and in alcohols of different chain
length. Note that x-axis depicts the solvents’ empirical polarity, which is represented as energy of transition (Et). Values were extracted from the

literature. 3738

respective absorption maxima (labsmax) Were at 558 nm
(DODA-NR10 and b-DODA-NR10) and 556 nm (CHOLA-NR10).
The more hydrophilic ANGs HEXA-NR10 and BENZA-NR10
exhibited red-shifted NR absorption bands, peaking at 566 nm
and 574 nm. For the latter sample, a second blue-shifted
absorption band at 510 nm appeared (Fig. 3a). This is attribu-
ted to NR molecules interacting with each other (Fig. 1,
species (c)). Although NR is not very prone to aggregation, in
contrast to cyanine or xanthene dyes,*>*® some studies
reported the formation of non- or barely emissive H-type NR
aggregates with blue shifted absorption bands at high dye con-
centration.”® These literature spectra closely match with the
changes in absorption observed by us. Thus, we conclude that
the more hydrophilic environment in the BENZA ANGs favors
dye-dye interactions and NR aggregation (Fig. 1, species (c))
while the more hydrophobic environment in the HEXA, DODA,
b-DODA, and CHOLA ANGs prevents dye aggregation even at
high LCs (Fig. 1, species (b)). Spectral similarities between the
more hydrophobic moieties (DODA, b-DODA, and CHOLA)
suggest only a small influence of the chemical structure if
polarity is low enough.

9528 | Nanoscale, 2024, 16, 9525-9535

Absorbance studies in different solvents and solvent mix-
tures. Next, we measured the absorption spectra of NR in alco-
hols of different chain lengths and compared these spectra to
the absorption spectra of NR in ANGs. As shown in Fig. 3,
Aabs,max Of NR in nanogels always exceeded the Aypsmax Of NR
molecules dissolved in polar protic methanol. This suggests a
pronounced influence of hydrophilic network components
and points to NR molecules (partially) located at the more
hydrophilic boundaries between the hydrophobic domains
and the surrounding hydrogel matrix (Fig. 1, species (b)). Since
alcohols of different chain lengths only covered a limited
polarity range,®*® we proceeded to use acetonitrile (ACN)-
water mixtures of different proportions to expand the range of
polarity. A comparison between Aaps max Of NR in the ANGs and
in ACN/water mixtures suggests that the polarity of the NR
microenvironment in the ANGs decreases in the order BENZA
> HEXA > DODA, b-DODA, CHOLA. This equals ACN/water
mixtures with a water content of 40%, 50%, and 60% (v/v),
respectively. These results underline the considerable influ-
ence of the hydrophobic groups at the examined high NR LCs:
Aabs,max Of NR red-shifts with increasing network hydrophobi-

This journal is © The Royal Society of Chemistry 2024
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city. Overall, the comparison of Adapsmax Of NR in ANGs to
different solvents indicates an average NR microenvironment
of intermediate polarity within the ANGs. Apparently, for this
high NR LC, dye molecules are present not only in the hydro-
phobic domains (Fig. 1, species (a)) but also in the hydrophilic
matrix (Fig. 1, species (c)). Here, they can further aggregate
(Fig. 1, species (c) - observed for the most polar BENZA-10NR).
Fluorometric assessment of NR microenvironment polarity.
Emission measurements were performed with different ANGs
with low, medium, and high LCs. These results are summarized
in Fig. 4a, b and ESI, Fig. S5.1 For low LCs, pronounced differ-
ences between the different ANGs are revealed. The hydro-
phobic ANG samples DODA-NR0.03, b-DODA-NR0.03, and
CHOLA-NRO0.03 showed NR emission maxima Aem,max Of about
620 nm, thus suggesting a relatively apolar NR environment.
For ANGs with the less hydrophobic groups HEXA-NR0.03 and
BENZA-NR0.03, NR Aemmax are red shifted to 627 nm and
631 nm, thus indicating a slight increase in polarity of the NR
microenvironment. For medium LCs, the differences in the
emission spectra between the different ANGs decreased. All
samples revealed Aemmax Vvalues at 630-635 nm. For the
maximum LC, a strong bathochromic shift in NR emission to
660 nm occurred for all nanogel samples. This indicates NR
molecules (additionally) located in a polar microenvironment.
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Spectral analysis of the NR emission bands of all ANGs
revealed the presence of a single emission band for low and
medium NR LCs, located at wavelengths of 618 nm to 635 nm,
while nanogels with the highest LC exhibit a second band
peaking at 660 nm. This band is ascribed to NR species (b)
shown in Fig. 1 in addition to species (a). As NR aggregates
(species (c) in Fig. 1) are most likely non- or barely emissive,
the formation of these species cannot be fluorometrically
detected.

Fluorescence quantum yields of NR-loaded ANG samples.
Fluorescence quantum yield (QY) measurements revealed a
decrease of QY with increasing LC of the ANGs (ESI, Fig. S67).
For nanogels with low NR LCs, high QY values between 0.6
and 0.8 were found which suggest a nonpolar environment of
NR (Fig. 1, species (a)). The slightly smaller QY of 0.6 obtained
for the BENZA samples could point to an additional influence
of the more hydrophilic BENZA groups. At medium and high
NR LCs, QY decreased and the differences between the ANG
samples became smaller. These findings indicate a more polar
NR environment and point to the formation of species (b)
(Fig. 1) that emits at about 660 nm. The formation of non- or
barely emissive NR aggregates, i.e., the formation of species (c)
in Fig. 1, can cause an apparent reduction in QY for excitation
wavelengths where the aggregates absorb. Under these con-
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Fig. 4 Emission spectra showing the influence of the hydrophobic network groups and LC on the polarity of the NR microenvironment: (a)
Emission spectra of medium and high LCs show a red shift with increasing LC, (b) emission maxima undergoing a red shift for increasing LC in the
ANG samples, and (c) comparison of the emission peak maxima obtained for the different NR LCs compared to the emission maxima of NR in ACN/
water mixtures and alcohols of different chain length. Values for the respective LCs and normalized emission spectra for lowest feed ratio can be

found in the ESI (Fig. S4a and S5, respectively).

This journal is © The Royal Society of Chemistry 2024
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ditions, the number of absorbed photons affecting the result-
ing QY values is overestimated. In addition, fluorescence
quenching can occur through energy transfer between fluo-
rescent monomers and non- or barely emissive aggregates for
dyes where monomer emission and aggregate absorption band
overlap. While this is frequently observed for cyanine and
xanthene dyes, it is not very likely for NR with its well separ-
ated (considerably Stokes shifted) absorption and emission
bands of the different NR species shown in Fig. 1.

Fluorescence studies in different solvents and solvent mix-
tures. As revealed in the previous sections, the emission
spectra and QY are affected more by NR LC than by ANG
network hydrophobicity (Fig. 4b and ESI, Fig. Séat). For
increasing LCs and same ANG composition, the red shift in
Jem,max and decrease in QY indicate an increasing influence of
the hydrophilic network components on the NR microenvi-
ronment. An exception is the BENZA system, ie.,
BENZA-NR0.03 (Fig. Seat). This is attributed to the more
hydrophilic character of the benzylamide groups.*® In analogy
to the photometric studies, we also prepared a series of NR
solutions in alcohols and ACN/water mixtures and compared
Aem,max values to those of the NR-loaded ANGs (Fig. 4b and c).
For the low LCS, Aem max Of NR in the ANGs matched with the
values in solvents like octanol or decanol and 90-100% ACN.
Again, an exception is the BENZA system where the NR fluo-
rescence suggests a more polar environment comparable to
butanol or ACN/water mixtures with 85% ACN (Fig. 4b and c).
For medium NR LCs, all samples showed Aem max cOmparable
to those observed for NR in ethanol or butanol and ACN/water
mixtures with 85% ACN. For nanogels with high NR LCs, the
average emission maxima could be correlated with those
obtained in ACN/water mixtures containing 80% water, regard-
less of the hydrophobic groups in the ANGs. QY studies with
the different ANG samples and spectroscopic model systems
supported these observations, although the QY values suggest
a slightly more polar environment than the Aemmax (ESI,
Fig. S67).
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Overall, absorption and emission studies suggest that at
low LCs, the NR molecules are preferably located in the hydro-
phobic domains (Fig. 1, species (a)). As the loading capacity of
these domains is limited, a further increase in NR content can
force NR molecules to also occupy environments of higher
polarity, i.e., the boundary between the hydrophobic groups
and surrounding hydrophilic matrix (Fig. 1, species (b)). In
such polar environments, NR-NR interactions encourage the
formation of aggregates (Fig. 1, species (c)).

Spectral deconvolution of fluorescence spectra from NR-
loaded ANGs. To distinguish between NR in hydrophobic and
hydrophilic environments, we spectrally deconvoluted the
emission spectra and integrated the resulting peaks to deter-
mine the relative contribution of each species to the overall
emission spectrum (Fig. 5 and Table S17). Please note, that
this spectral fitting procedure does not provide quantitative
information on both NR species: the different QY of both NR
populations as well as their different absorption at the exci-
tation wavelength of 556 nm were not considered. This was
beyond the scope of this study, which aimed solely for a rela-
tive comparison of the different ANG samples. Nevertheless,
these examinations revealed that the relative contribution of
the second species increased with NR LC. For low NR LCs,
only one emission peak could be observed (Table S1f). For
medium LCs, with percentages of 51% to 79%, a second NR
species contributed substantially to the overall emission,
except for the BENZA samples. For the highest LCs utilized the
contribution of this second species is further enhanced. The
extent of this contribution depends on ANG hydrophobicity.
BENZA and HEXA samples showed contributions of a species
of about 90%, while DODA, b-DODA, and CHOLA samples,
that can incorporate more NR in their hydrophobic domains,
exhibited contributions of about 70-80%.

2.4. Dependence of NR fluorescence on loading content

To deeper examine the spectral properties of each individual
species observed in part A, we conducted fluorescence lifetime
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(a) Deconvoluted emission spectra of the representatively shown sample CHOLA-NRO.3 and (b) an overview of the relative spectral contri-

bution of the second long wavelength emissive NR species obtained from the spectral deconvolution of the NR-loaded ANGs studied.
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studies. Since the appearance of different NR species is
strongly dependent on LC, we expanded the previously investi-
gated NR LCs (feed ratios: 0.03, 0.1, 0.3, 1, 3 and 10%). In
these experiments, we focused on the BENZA system as model
for nanogels of medium hydrophobicity, and the DODA system
as model for ANGs of high hydrophobicity (Fig. 2). For all
samples, the previously determined dependence of the spec-
tral position of the emission maximum and QY on LC is still
visible over the now broader NR LC range (ESI, Fig. S7+).
Subsequently, fluorescence lifetimes were determined at
the different Aem, max Of the proposed NR species (peak 1 and at
peak 2 of the spectral deconvolution, ESI, Table S17) from the
measured decay kinetics. At both emission bands, the fluo-
rescence decay curves revealed at least biexponential decay
kinetics and an overall faster decay with increasing LC, both
for the BENZA and the DODA samples (ESI, Fig. S8at). This
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suggests an increasing contribution of the second NR species
with increasing LC. Deconvolution and fitting of the decay
kinetics at each emission peak gave two different fluorescence
lifetimes (z; and 7, with z; > 7,) for all NR LCs (Fig. 6 and ESI,
Fig. S8%). At low LCs, the longest lifetime 7, was predominant
that is ascribed to NR molecules molecularly dispersed in the
hydrophobic domains (species (a) in Fig. 1). An increasing LC
caused a decrease in the relative contribution of z; while the
contribution of the second shorter lived species with 7,
increased. We attribute this shorter lifetime 7, to NR in a more
polar environment such as the boundary of the hydrophobic
domains or the external hydrophilic network (species (b) in
Fig. 1).>" At high LCs, the increasing NR content leads to the
appearance of an additional decaying species with a very short
lifetime z5. This species is assigned to very weakly emissive NR
aggregates (species (c) in Fig. 1). For DODA nanogels, this
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Fig. 6 Relative contribution of the different NR species shown in Fig. 1 to the fluorescence decay for BENZA (top) and DODA (bottom) nanogels,
obtained after deconvoluting the fluorescence decay curves obtained for the first (left) and second (right) emission peaks. Actual Aem max Values vary

from sample to sample and can be found in Table S1, ESI.}
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effect is observed at LCs of 0.59 and 1.50 wt%. In contrast, for
BENZA nanogels this third NR species can only be observed
for a LC of 1.42 wt%. Thus, these additional low-emissive
aggregates appear in the DODA samples already at lower NR
LGCs.

2.5. Dependence of NR spectroscopic properties on release

To explore the dependence of the different NR species on the
release, we subsequently performed release studies with the
ANGs. We hypothesized that NR species located at the more
hydrophilic boundary between hydrophobic domains and
hydrophilic matrix should be released faster than NR mole-
cules facing a more hydrophobic microenvironment, ie., a
reverse behaviour as observed in the spectroscopically assessed
NR loading studies. To test this hypothesis, a dialysis-based
release experiment was conducted with selected NR-loaded
nanogels. We chose the most hydrophobic ANGs, ie.,
DODA-NR10 NGs, where the difference in hydrophobicity
between hydrophobic domains and the surrounding hydro-
philic matrix is maximized.

Under sink conditions, an initial burst release of 40% of
the total NR payload was observed in the first two hours,
reaching 60% after 8 h (Fig. 7). This
accompanied by a fast decrease of the 2"¢ species in the
more hydrophilic locations (dem,max Of 650 nm) to ca. 40%
after 8 h of release. This confirms a fast release of NR from
the more hydrophilic environment in the first hours. At
longer times, the amount of released NR reached a plateau
(ca. 85-90%). However, the percentage of 2"¢ species emit-
ting at 650 nm kept decreasing slowly until it reached 33%
after one week, thus suggesting a higher ratio of remaining
NR in the hydrophobic domains. These findings are sup-
ported by a blue shift of the fluorescence emission maxima
of the remaining NR in the ANGs, i.e., dem max Shifts from
628 nm to 623 nm during the release (ESI, Fig. S9at).
Similarly, the NR QY increases from 0.35 to 0.54 during the
release experiment (ESI, Fig. S9bt).
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Fig. 7 Evolution of the proportion of second species with the release
of NR from the NGs. The percentage of second species rapidly
decreased in the first 6 h, suggesting that hydrophilic NR is responsible
for the first burst effect while hydrophobic NR stays longer in the NGs
and is responsible for a more controlled release.

9532 | Nanoscale, 2024, 16, 9525-9535

View Article Online

Nanoscale

Overall, these observations indicate a release-dependent
redistribution of NR inside the networks. At first, the NR cargo
in the more hydrophilic environment is released relatively fast.
However, this release is not completely selective, i.e. involving
only NR from hydrophilic ANG domains. It is rather the case
that NR from the hydrophobic domains is released simul-
taneously, yet much slower. In the second release stage, the
cumulative release reaches a plateau. The relative amount of
the 2™? NR species in the more hydrophilic locations (Aem,max
of 650 nm) still decreases. Possibly, the distribution of NR
inside the ANGs is changed thereby partly refilling the hydro-
phobic domains. This finding can support the use of ANGs as
drug carriers for drugs that require an initial fast activity fol-
lowed by a sustained release to maintain the therapeutic
action.

3. Experimental section

3.1. Materials

Pentafluorophenyl methacrylate (PFPMA) and amine-functio-
nalized cholesterol (CHOLA) were synthesized following litera-
ture procedures (Gruber 2018). Triethylamine (TEA, 99%
purity) and benzylamine (BENZA, 98% purity) were purchased
from ABCR. Hexylamine (HEXA, purity 99%), 2-butyl-n-octan-1-
amin (b-DODA, 98% purity), 1-decanol (DecOH, 98% purity)
and ammonium persulfate (APS, 99% purity) were obtained
from TCI Dodecylamine (DODA, 98% purity) Alfa Aesar.
Ethylene glycol dimethacrylate (EGDMA, 98% purity), amino-2-
propanol (HPA, 93% purity), and dodecyl sulfate sodium salt
(SDS, 95% purity), methanol (MeOH, 99.8% purity), ethanol
(EtOH, 99.9% purity), isopropanol (iPrOH, 99.5% purity),
n-butanol (BuOH, 99.5% purity) and 1-octanol (OctOH, 99%
purity) were purchased from Merck, Germany. Nile red (NR,
pure) was obtained from Fluorochem, UK.

3.2. Synthetic procedures

Synthesis of reactive poly(pentafluorophenyl methacrylate)
PPFPMA precursor particles. The reactive precursor particles
were synthesized using a free-radical emulsion polymerization
approach, following a previously reported procedure with
modifications.**** Briefly, 15.00 g PFPMA (59.4 mmol, 1.0 eq.)
and 0.236 g EGDMA (1.19 mmol, 0.02 eq.) were added to
275 mL of an aqueous SDS solution (1.25 mg mL™"). The solu-
tion was bubbled with nitrogen for 10 min and heated up to
60 °C in an oil bath. After equilibration for 30 min, 15 mL of
pre-purged APS solution in water (10 mg mL™") were added to
the reaction mixture, which was allowed to proceed for 72 h at
60 °C and 700 rpm.

Purification of the particles was carried out by centrifu-
gation (30 min, 10 000 rpm), followed by removal of the super-
natant and redispersion of the particles in DI water using a
vortex and an ultrasonication bath. The process was repeated 5
times and the resulting particle suspension was measured by
dynamic light scattering (DLS, Nicomp Nano Z3000, Particle
Sizing Systems, Port Richey, USA) to determine the particle

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00051j

Open Access Article. Published on 17 April 2024. Downloaded on 1/25/2026 4:03:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

size distribution. Afterwards, the suspension was freeze-dried,
and the polymeric structure was studied by ATR-FTIR spec-
troscopy (Spectrum Two, PerkinElmer, Waltham, USA).

Post-polymerization functionalization of reactive precursor
particles. Post-functionalization of the precursors was carried
out following the method previously described.>® Briefly,
400 mg of the obtained precursor particles were resuspended
in 80 mL DMF by short treatment in an ultrasonication bath
and swollen overnight. Afterwards, TEA (3 eq.) and a mixture
of the hydrophobic (BENZA, HEXA, DODA, b-DODA or CHOLA,
0.6 eq. w.r.t. pentafluorophenol units) and hydrophilic (HPA,
2.4 eq.) amines were added. The reaction was carried out at
50 °C for 3 days. Afterwards, the particles were subjected to
extensive dialysis against DMF, DI water and Milli-Q water, in
this order. The final particle suspensions were measured by
DLS to determine the hydrodynamic diameter, and the success
of the functionalization was monitored by attenuated total
reflection - Fourier transform infrared spectroscopy
(ATR-FTIR) of freeze-dried aliquots.

3.3. Loading of the particles with NR

Loading of NR was carried out by the co-solvent method
described by Gruber et al.>* Briefly, 5 mL of the aqueous NG
suspension (1.2 mg mL™") were stirred (450 rpm) with 2.5 mL
of a solution of NR in acetone at different concentrations to
achieve final feed ratios of 0.03, 0.1, 0.3, 1, 3 and 10 wt% w.r.t.
the NGs. The acetone was left to evaporate for 48 h, and after-
wards, the suspensions were filtered through cotton and
0.8 um cellulose mixed ester syringe filters to remove unloaded
precipitates of NR. The nanogel samples were denoted as
hydrophobic group + NR feed ratio. For example, CHOLA-NR10
refers to nanogels containing 80 mol% HPA groups and
20 mol% CHOLA groups in the network and loaded with a
feed ratio of 10 wt% NR.

Determination of the loading content. The particle suspen-
sions were freeze-dried and resuspended in 2 mL of DMSO to
determine NR content immediately after the absorption and
fluorescence studies. The concentration of NR was determined
by measuring the absorbance at 552 nm in a plate reader
(Tecan Infinite M100 PRO, Tecan Trading AG, Minnedorf,
Switzerland) using a calibration curve for NR in DMSO with
linearity in the 1-30 pg mL™" range (R* > 0.995).

3.4. Spectroscopic studies

Absorption measurements were performed with NR-loaded
ANG dispersions using the highest LC (feed ratio of 10 wt%) to
maximize NR absorbance while simultaneously reducing the
influence of scattering on the measured absorption spectra.
The absorption spectra were recorded in a plate reader using a
clear-bottom 96-well plate (UV-Star®, Greiner Bio-one).

Emission spectra of all the nanogels were recorded in a
fluorescence spectrophotometer equipped with an integrating
sphere (Quantaurus-QY, C11347 Absolute PL Quantum Yield,
Hamamatsu, Japan). Samples were measured at an excitation
wavelength of 556 nm using the same type of nanogels
without NR as reference.
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3.5. Fluorescence lifetime studies

The fluorescence decay kinetics providing the fluorescence life-
times (z) of the ANGs with different amount of NR were
recorded with the calibrated fluorometer Edinburgh
Instruments (FLS 920) equipped with the laser and a fast multi-
channel plate photomultiplier (MCP-PMT) as detector. All
samples were excited at 556 nm with a spectral bandwidth of
the excitation monochromator of 10 nm and the emission was
always detected at the emission maximum with a spectral band-
width of the emission monochromator of 10 nm, a
4096-channel setting, and time ranges of 50 ns. With this setup,
7 values > 0.2 ns can be reliably measured. The measured fluo-
rescence decay kinetics were evaluated using the reconvolution
procedure of the FAST program (Edinburgh Instruments). This
procedure considers the measured instrument response func-
tion determined with a non-emissive scattering LUDOX solution
(silica particle dispersion) which can influence the fluorescence
decays. All photoluminescence decay profiles could be satisfac-
torily analyzed with mono-, bi- or tri-exponential fits with
reduced > values between 0.8 and 1.2. From the multiexponen-
tial decays, subsequently, the intensity-weighted average life-
times were calculated and provided.

3.6. Release tests

DODA-NR10 nanogels were prepared following the procedure
described above. After filtration, 1 mL-aliquots were put into
Pure-a-lyzer kits (MWCO 6000 kDa) and subjected to dialysis
against 5 L of deionized water (37 °C, 100 rpm). At pre-
determined time points (2, 6, 24, 48, 72 and 168 h) the NGs
were removed from the dialysis membrane and the fluo-
rescence emission spectra and fluorescence quantum yield
were measured. Deconvolution of the fluorescence emission
gave the relative contribution of 1% and 2™ species. After fluo-
rescence measurements, the aliquots were freeze-dried and
resuspended in DMSO to determine the amount of NR remain-
ing in the ANGs. Release at each time point was estimated
indirectly from the difference in the LC of NR with respect to
the original ANGs.

4. Conclusion and outlook

We photometrically and fluorometrically examined the inter-
action of a hydrophobic cargo, i.e., the solvatochromic dye Nile
red (NR) with amphiphilic nanogels (ANGs) of varying network
composition. These ANGs were obtained by a platform
approach allowing for the introduction of different hydro-
phobic and hydrophilic groups into the polymer network.
Based upon the spectroscopic properties of NR, that signal the
polarity of its microenvironment by changes in the spectral
position and intensity of its absorption and fluorescence
bands, we could identify three different, and sometimes coex-
isting, scenarios for the encapsulation of the hydrophobic
model cargo: (i) NR molecularly dispersed in the hydrophobic
domains, (ii) NR dispersed in the surrounding hydrophilic
matrix, and (iii) aggregated NR.
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Overall, we observed a strong influence of the network
amphiphilicity and NR LC on the spectroscopically probed NR
microenvironment. In general, low NR LCs favor NR incorpor-
ation into the hydrophobic domains, while an increase in LC
leads to NR accumulation at the boundary to the hydrophilic
matrix until aggregation occurs. This effect is more pro-
nounced for more hydrophilic ANGs and suggests a weaker
interaction between the cargo and the respective domains for
these carriers. Furthermore, release studies showed that this
pathway is reversed when the concentration of NR in the ANGs
is decreasing upon its diffusional release.

The knowledge acquired in this study sheds more light on
how the chemical entities used in carrier design and loading
conditions influence the organization of the cargo within the
network. This information, together with comprehensive
understanding of cargo redistribution upon release from the
carrier, will allow us in the future to fine-tune the carrier struc-
ture and LCs to achieve specific drug release profiles and opti-
mize therapeutic activities. With this goal, also further studies
will be carried out to better understand the influence of each
specific hydrophobic domain on the release profile, ie. to
modulate the velocity of the initial burst-like release and
realize a more prolonged release.

Most importantly, we suggest that these results can be
helpful for the design of other amphiphilic polymer carrier
systems, e.g., block copolymer micelles, random copolymer
micelles etc. In such systems, the hydrophilic parts are often
not considered when discussing or programming specific
loading and release profiles. However, our findings suggest a
strong influence of these hydrophilic parts on cargo location.
Since the resulting microenvironment can have pronounced
impact on the loaded cargo’s properties and its release profile,
these effects need to be considered in future carrier design.
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