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Polyoxazolines with Cholesterol Lipid Anchor for Fast
Intracellular Delivery

Laurianne Simon, Liên Sabrina Reichel, Belkacem Tarek Benkhaled,
Jean-Marie Devoisselle, Sylvain Catrouillet, Juliane Eberhardt, Stephanie Hoeppener,
Ulrich S. Schubert, Johannes Christopher Brendel, Marie Morille, Vincent Lapinte,*
and Anja Traeger*

Due to the increasing challenges posed by the growing immunity to
poly(ethylene glycol) (PEG), there is growing interest in innovative
polymer-based materials as viable alternatives. In this study, the advantages
of lipids and polymers are combined to allow efficient and rapid cytoplasmic
drug delivery. Specifically, poly(2-methyl-2-oxazoline) is modified with a
cholesteryl hemisuccinate group as a lipid anchor (CHEMSPOx). The
CHEMSPOx is additionally functionalized with a coumarin group
(CHEMSPOx-coumarin). Both polymers self-assembled in water into vesicles
of ≈100 nm and are successfully loaded with a hydrophobic model drug. The
loaded vesicles reveal high cellular internalization across variant cell lines
within 1 h at 37 °C as well as 4 °C, albeit to a lesser extent. A kinetic study
confirms the fast internalization within 5 min after the sample’s addition.
Therefore, different internalization pathways are involved, e.g., active uptake
but also nonenergy dependent mechanisms. CHEMSPOx and
CHEMSPOx-coumarin further demonstrate excellent cyto-, hemo-, and
membrane compatibility, as well as a membrane-protecting effect, which
underlines their good safety profile for potential biological intravenous
application. Overall, CHEMSPOx, as a lipopolyoxazoline, holds great potential
for versatile biological applications such as fast and direct intracellular
delivery or cellular lysis protection.
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1. Introduction

Polymeric particles have been extensively
used in nanomedicine for cellular deliv-
ery of active molecules e.g., for cancer
therapy.[1] They can be composed of am-
phiphilic polymers, which are able to self-
assemble in aqueous media and to create
nanosized objects with a hydrophobic core
and a hydrophilic shell. The amphiphilic
character of the polymeric nanocarriers en-
ables loading and protection of the active
molecules, especially hydrophobic drugs,
and leads to enhanced cellular uptake
and drug retention in tissues.[2] Among
synthetic amphiphilic polymers, diblock
copolymers (e.g., hydrophobic poly(styrene)
or poly(caprolactone)s associated with hy-
drophilic poly(ethylene glycol)s) and tri-
block (e.g., poloxamers) are often em-
ployed for such purposes.[2] A controlled
synthesis with a defined monomer com-
position, degree of polymerization, mo-
lar mass, structural configuration (e.g.,
diblock and triblock), and morphology
(e.g., linear, stellate, and dendritic), in

conjunction with the introduction of functional groups, enables
a nanocarrier design with specific properties such as surface
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charge, stability, and drug encapsulation capacity.[3] This careful
orchestration allows the properties of nanocarriers to be tailored
in a defined manner.

The most common hydrophilic polymer for micellar drug de-
livery is poly(ethylene glycol) (PEG). It is known to induce steric
stabilization and stealth behavior.[4] However, its systematic use
has led to an increased number of people worldwide with anti-
PEG antibodies.[4–7] This issue has been intensified with the use
of PEGylated mRNA vaccination.[8–10] In addition, PEGylation
can lead to reduced cellular internalization and endosomal es-
cape of polymeric micelles due to the steric hindrance of the
PEG corona, known as the PEG dilemma.[11] Thus, alternatives
to the use of PEG need to be found and poly(amino acid)s,
poly(acrylamide)s, or poly(oxazoline)s are among the potential
candidates.[4,12] The poly(oxazoline) family, also called POx, has
sparked great interest as a polymer alternative drug delivery
system, hydrogels, or biomaterials over the last few years.[13–16]

Indeed, POx gathers interesting biological properties, such as
cyto- and hemocompatibility, immunomodulation, and stealth
behavior.[16] The latter is due to tight associations of the hy-
drophilic polymer around nanoparticles with the hydrating layer.
In addition, cationic ring-opening polymerization provides con-
trol over the end groups, molar mass, and the distribution of
POx.[17] Furthermore, a wide range of variations in the monomer
side groups and polymer architectures enable access to respon-
sive or smart materials.[15,18,19]

Lipopoly(oxazoline)s, also called LipoPOx, is an amphiphilic
POx modification with 2-methyl-2-oxazoline-based polymers as a
hydrophilic element and a lipid chain as a hydrophobic moiety.[20]

Due to their amphiphilic nature, lipid polymers can also assem-
ble into polymeric vesicles or micelles.[21] Such LipoPOx, were
synthesized with various possible lipid anchors such as with
phospholipid anchors (distearoylphosphatidylethanolamine),[22]

or linear structures (saturated C16 and unsaturated C18:2)
or grafted ones (with C18(SC12)2 and C18(SC8)2).[23] LipoPOx
were also able to form stable drug delivery systems such as
liposomes.[23] Above all, the lipid anchor was shown to interact
and insert in the lipid membrane as confirmed for giant unil-
amellar vesicles (GUV), cell membranes, and skin.[24] The kinetic
of insertion was found to be different depending on the nature
of the lipid anchor. For example, in contrast to the linear unsat-
urated C18:2, the linear saturated C16 was able to be inserted in
GUV and cell membranes immediately after addition.[24]

Looking for other lipid anchors with rapid membrane inser-
tion ability, cholesterol, and phospholipids derivatives are often
used for this purpose. However, the net anionic charge on the
phosphate moiety of phospholipid-PEG derivatives was reported
to play a key role in complement activation.[25] Thus, cholesterol
anchors in regard to their low cost, stability, and ease of han-
dling emerged as the most suitable option compared to phos-
pholipids. Moreover, cholesterol is known to be an essential com-
ponent of the cellular membrane and plays a significant role in
modulating its structural (fluidity and permeability) and dynamic
properties.[26] Therefore, cholesterol has already been grafted to
polymers to benefit from these properties for enhanced cellular
internalization.[27,28] A majority of the studies used cholesteryl
anchors conjugated with the “gold standard” PEG[29] to be associ-
ated with liposomes or lipid nanoparticles for establishing stealth
behavior and improved drug delivery.[26] Poly(2-ethyl-2-oxazoline)

functionalized cholesterol has also been investigated to be in-
serted in liposomes.[30,31] However, to the best of our knowledge,
the application potential of the highly amphiphilic cholesterol-
poly(2-methyl-2-oxazoline) has not been studied in the form of a
polymeric micelle without further additional components.

To investigate the potential of this stealth lipid, a cholesteryl
hemisuccinate group (CHEMS) as lipid anchor was grafted
onto poly(2-methyl-2-oxazoline) using a cleavable linker (CHEM-
SPOx). In addition, CHEMSPOx was functionalized with a
coumarin group (CHEMSPOx-coumarin) using a coumarin-
functionalized initiator for the first time. Coumarin is known as
an active molecule and for the ability to dimerize under UV light
and fluorescent signal.[32,33] The obtained self-assembly struc-
tures of CHEMSPOx, CHEMSPOx-coumarin, and their loaded
version with the hydrophobic fluorescent neutral lipid orange dye
(NLO) were investigated in terms of size, structure, as well as
physicochemical and biological performance e.g., cellular inter-
action, membrane fusion, and membrane protective effect.

2. Results and Discussion

2.1. Synthesis of CHEMSPOx

This study investigated the potential for intracellular delivery
of polyoxazolines with 2-methyl-2-oxazoline monomer-bearing
cholesteryl group called CHEMSPOx. CHEMSPOx was reported
for the first time utilizing 2-ethyl-2-oxazoline monomer as an
unfunctional initiator like MeOTs[30] but has never been syn-
thesized using coumarin-functionalized initiators. The terminal
functionalization of POx by coumarin derivatives has been pre-
viously described using an initiator bearing a C11 chain alkyl
spacer between the tosylate and coumarin functions.[34] In this
study, the same strategy was performed (Scheme 1) but us-
ing a C2 spacer to limit the impact of the coumarin addition
on CHEMSPOx behavior and to maintain the balance between
hydrophilicity and lipophilicity. The synthesis of both CHEM-
SPOx and CHEMSPOx-coumarin was conducted similarly us-
ing MeOTs or Coum-ethyl-OTs initiators respectively. In a second
step, the POx(-coumarin) was 𝜔-functionalized by a cholesteryl
group (CHEMS) using a hemisuccinate cleavable linker.

The cationic ring-opening polymerization and the chemical
post-modification were monitored by 1H NMR spectroscopy as
illustrated in Figure 1 where characteristic signals of coumarin
units were observed, such as aromatic protons in the region of
8–6 ppm as well as the methyl group at 2.4 ppm (H15). Some iso-
lated signals related to protons of cholesteryl unit were located at
5.3 ppm (H5) or methyl groups at 0.6 (H9) and 0.8 ppm (H6,7)
and allowed the calculation of a CHEMS functionalization of
≈90% (Table 1). For both initiators, the repetitive units per chain
(DPn) were close to 50 as shown in Table 1 (for CHEMSPOx:
DPn,exp = 52 vs DPn, th = 50 and CHEMSPOx-coumarin: DPn,exp
= 44 vs DPn, th = 50). In SEC chromatography, monomodal traces
were observed with a dispersity (Đ) of 1.23 for CHEMSPOx and
1.33 for CHEMSPOx-coumarin (Figure S11, Supporting Infor-
mation). This example of CHEMSPOx-coumarin highlights the
possibility of easily 𝜔-functionalize a POx tagged with a fluores-
cent coumarin moiety with any biologically active molecule func-
tionalized with a hemisccinate group.
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Scheme 1. Synthesis strategy of CHEMSPOx and CHEMSPOx-coumarin.

2.2. Characterization of CHEMSPOx Self-Assembly

Both polymers were dissolved in water at 2.5 g L−1 and incu-
bated for 24 h with continuous stirring to allow complete sol-
ubilization. Due to the amphiphilic character of the polymer,
nanosized vesicles can self-assemble as illustrated in Figure 2A
and shown as DLS correlogram in Figure S12 (Supporting Infor-
mation). A significant difference in the Z-average was observed
with CHEMSPOx forming nano-assemblies of 120 ± 1 nm while
CHEMSPOx-coumarin formed smaller assemblies at 98 ± 2 nm
(p < 0.001) as shown in Figure 2B. Both samples had polydisper-

sity indices (PDI) of 0.2 which indicates a homogeneous popu-
lation and is common for polymer-based nanoparticles.[35] The
CAC values were determined and revealed 190 ± 0.58 mg L−1 for
CHEMSPOx and 162 ± 46.26 mg L−1 for CHEMSPOx-coumarin
(Figure S13 and Table S3, Supporting Information). To further
investigate the morphology of the obtained assemblies, cryoTEM
imaging was performed (Figure 2C) and revealed the presence of
multilamellar and unilamellar vesicles for both polymers with a
large size distribution. A collection of cryoTEM images of CHEM-
SPOx vesicles is presented in Figure S14 (Supporting Informa-
tion). To confirm the statistical nature of the observed shapes, a

Figure 1. CHEMSPOx and CHEMSPOx-coumarin characterization with the 1H NMR spectrum of the resulting polymers in CDCl3.
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Figure 2. Characterization of CHEMSPOx (blue) and CHEMSPOx-coumarin (orange) self-assemblies with A) illustration of the obtained vesicles, B)
size with Z-average (column) and PDI (dots) measured by DLS (n = 3, ***p < 0.001) and C) CryoTEM images of the formed structures in PBS.

static laser light scattering (SLS) study was conducted in addi-
tion to the cryoTEM observation (Figure S15, Supporting Infor-
mation). The decrease of the intensity with q is due to the specific
shape of the objects. Therefore, a form factor of a bilayered vesi-
cle was used to fit the SLS data. An accurate fit was obtained with
values of the internal radius and the thickness of the bilayer that
matched the size observed in cryoTEM. The SLS data corroborate
the cryoTEM observation albeit the absence of small q-range data
does not fully validate these structures.

The obtained vesicles were stable upon dilution as illustrated
by the NTA results (Figure S16, Supporting Information) with a
dilution by a factor of 1000. A mean size of 107 nm with a calcu-
lated PDI of 0.11 for CHEMSPOx and 81 nm with a PDI of 0.15
for CHEMSPOx-coumarin was obtained, which underscores the
DLS results. The thermodynamic stability of the formed CHEM-
SPOx and CHEMSPOx-coumarin vesicles at 4 °C was character-
ized via DLS at different storage time points over 17 months.
The particle size of CHEMSPOx and CHEMSPOx-coumarin in-
creased. More importantly, the PDI remained for both formula-

Table 1. Summary of the CHEMSPOx and CHEMSPOx-coumarin charac-
teristics.

Polymer DPn
a) Mn NMR

[g mol−1]
FCHEMS

b)

[%]
Fcoumarin

c)

[%]

CHEMSPOx 52 4 900 87 /

CHEMSPOx-coumarin 44 4 450 91 100
a)

Value determined by 1H NMR spectroscopy in CDCl3
b)

F %CHEMS = Functional-
ization rate of CHEMS

c)
F %couamarin = Functionalization rate of coumarin.

tions below 0.3 over 17 months (Figure S17, Supporting Infor-
mation).

Alternative polyoxazolines bearing lipid anchors, such as,
C16POx, C18:2POx, or C18(SC12)2POx formed 10 nm micelles[23]

and those incorporating grafted POx within lipid chains (e.g.,
fatty ester and modified triglycerides) 10 to 20 nm micelles.[36]

However, the cholesteryl anchor led to larger vesicles of
120 ± 1 nm. This led to the assumption that the variation
in size and morphological structure is predominantly dictated
by the lipidic block’s rigidity. It is well known that amphiphilic
copolymers self-assemble in solvents that are selective for only
one of the building blocks and can thus generate different
types of supramolecular assemblies such as micelles, worms,
tubes, or vesicles depending on the composition, molecular
weight, and relative length of the hydrophilic and hydrophobic
moieties.[37] The CHEMSPOx with a small hydrophobic part
and a large POx moiety led to the formation of conical shapes,
a structure that is not supposed to spontaneously form vesicles,
but rather micelles. Nevertheless, cryoTEM imaging evidenced
a vesicular structure of CHEMSPOx self-assemblies. It should
be stressed that it is the balance between all the free energy
contributions to self-assembly and the kinetic factors that deter-
mine the morphology. The hydrophilic/hydrophobic ratio is an
important factor, but never the only determining parameter. Our
results confirm this tendency. Indeed, comparing with similar
materials combining a cholesteryl group with other polymers,
such as PEG, different sizes and shapes of self-assemblies were
described. As an example, protoporphyrin IX conjugated with
PEG2000 bearing two hydrophobic cholesteryl groups was dis-
persed in PBS and formed monodispersed micelles of 17 ± 3 nm

Macromol. Biosci. 2024, 24, 2400148 2400148 (4 of 13) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. PrestoBlue assay was performed over 24 h in L929 cells. Dots
represent values of single repetitions (n = 3), and lines represent the
Dose-Response fit function. Stars indicate 50% toxic polymer concentra-
tion (IC50).

(PDI of 0.13). However, no further investigation of their structure
was performed.[38] To the best of our knowledge, CHEMSPOx
is the first polymer 𝜔-functionalized with a cholesteryl group,
which can self-assemble into vesicles by simple dissolution in
water. The incorporation of the coumarin did not modify the
shape but decreased the size due to the addition of a hydrophobic
group. Indeed, coumarin is a well-known photo-reactive chro-
mophore with a fluorescence signal (𝜆Ex 315 nm, 𝜆Em380 nm)
as previously described.[34] Coumarin is able to dimerize into
cyclobutane under UV illumination followed by a [2+2] cycload-
dition as illustrated in Figure S18 (Supporting Information). The
photo-dimerization of coumarin grafted on CHEMSPOx can be
monitored by UV–vis spectroscopy. The UV absorption band de-
creased progressively until reaching a maximum of dimerization
after 60 min of UV irradiation (Figure S18, Supporting Infor-
mation). Furthermore, the fluorescence signal (𝜆Em 380 nm)
was maintained (Figure S19, Supporting Information) and was
proportional to the concentration of CHEMSPOx-coumarin in
PBS. In addition, the intrinsic UV properties of the coumarin
group in CHEMSPOx-coumarin were analyzed and remained
unchanged with grafting it onto the CHEMSPOx. These UV
properties open up different perspectives of applications, such
as the formulation of photo-active nanoparticles,[34] which can
be used, for example, for photodynamic therapy.[39]

2.3. Investigation of Cellular Interactions

2.3.1. Cytotoxicity Study in L929 Cells (PrestoBlue Assay)

One of the most important requirements of carriers for po-
tential pharmaceutical applications is high cytocompatibility. To
evaluate the cytocompatibility of CHEMSPOx and CHEMSPOx-
coumarin vesicles, their cytotoxicity was evaluated over a broad
range of polymer concentrations from 10 to 2500 μg mL−1

in PBS. Both polymers revealed a cytocompatibility with a
toxic concentration (IC50) of 800 to 1140 μg mL−1 for CHEM-
SPOx and CHEMSPOx-coumarin (Figure 3). This is in line
with the results of other structure-related lipopoly(oxazoline)s,
e.g., lipopoly(oxazoline)s evaluated on mouse fibroblasts (NIH
3T3) revealed a IC50 value of 450 μg mL−1 with linear satu-

rated POx (C16POx) and 20.24 mg mL−1 with linear unsaturated
(C18:2POx).[40] Below a polymer concentration of 100 μg mL−1

CHEMSPOx and CHEMSPOx-coumarin show similar high cy-
tocompatibility. Above this concentration, however, a significant
difference was found between the two polymers (p< 0.05) (Figure
S20, Supporting Information). This led to the assumption that
the significant difference in cytotoxicity is related to the additional
coumarin functionalization that altered the physiochemical prop-
erties (e.g., hydrophobicity) or due to the anticancer properties of
coumarin.[41]

2.3.2. Cellular Internalization of CHEMSPOx Vesicles

To assess the cellular internalization of the CHEMSPOx and
CHEMSPOx-coumarin vesicles, the hydrophobic neutral lipid or-
ange (NLO) was used as a model for hydrophobic drugs. NLO is
a solvatochromic dye, which increases its fluorescence signal in a
hydrophobic environment. Both polymers revealed efficient and
comparable encapsulation efficiencies for NLO, reaching nearly
100 % (Table S4, Supporting Information). Both formulations
revealed non-significant changes in size after NLO loading (Z-
average of 106 ± 3.4 nm without to 104 ± 0.2 nm with NLO for
CHEMSPOx and of 96 ± 1.2 nm without to 124 ± 2.2 nm with
NLO CHEMSPOx-coumarin) (Figure S21, Supporting Informa-
tion).

For the internalization study, cells were co-incubated with
500 μg mL−1 of NLO-loaded vesicles. Since 500 μg mL−1 of NLO-
loaded vesicles could have an impact on cell viability, an addi-
tional PrestoBlue experiment was conducted with different poly-
mer concentrations. The result reveals no impact on cell viabil-
ity after 1 h incubation (Figure S22, Supporting Information)
and underlines the time-dependency of cytotoxicity. The kinet-
ics of the cellular internalization was observed under confocal
laser scanning microscopy over 60 min at 37 °C (Figure 4A).
The staining with Hoechst (in blue) allowed cell localization as
well as assessment of cell viability during the experiment. The
cellular internalization of NLO-loaded vesicles results in an in-
crease in NLO-fluorescence signal (red) over time. Interestingly,
the uptake started within the first 5 min, as illustrated by the
videos of the kinetics study (Videos S1 and S2, Supporting In-
formation), where cells were imaged every 5 min. After 5 min,
the NLO signal was observed in the cytoplasm for both mate-
rials CHEMSPOx and CHEMSPOx-coumarin and gradually in-
creased over 1 h as reflected by the relative MFI (rMFI) to the max-
imum detected MFI (Figure 4B). The rMFI over time revealed a
fast-exponential internalization kinetic from 15 to 45 min then
reached a plateau with the saturation of the fluorescent probes.
Both NLO-loaded formulations revealed a similar kinetic despite
the additional coumarin group in CHEMSPOx-coumarin.

To gain a deeper insight into the internalization mechanism,
NLO-loaded vesicles of both polymers were applied to cells at
500 μg mL−1 for 1 h, followed by quantification via flow cytome-
try. Cells were incubated at 4 and 37 °C to discriminate between
energy-independent and energy-dependent uptake mechanisms
respectively.

After 1 h of incubation, both CHEMSPOx(NLO) and
CHEMSPOx-coumarin(NLO) showed a fast uptake with 100%
NLO-positive cells (Figure S23, Supporting Information)
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Figure 4. A) Cell internalization kinetics study of CHEMSPOx with laser scanning microscopy (LSM) using 40x magnification over 1 h. NLO-loaded
vesicles are illustrated in red and the nucleus, stained with Hoechst is illustrated in blue. B) The kinetics of the uptake study conducted with LSM
over 1 h is illustrated by the relative mean fluorescence intensity of NLO (rMFI) over 1 h (Equation 4). C) Mean fluorescence intensity (MFI) of viable
single cells of CHEMSPOx(NLO) and CHEMSPOx-coumarin(NLO) internalization assay in L929 cells over 1 h at 37 °C vs 4 °C. Statistical analysis was
performed using a two-sample t-test with equal variance between the 37 °C and 4 °C (n = 3). Statistical significance was notated as *p ≤ 0.05. Video of
the kinetic study can be found in Video S1 (Supporting Information). D) Cell internalization on L929 with and without inhibitors reflected by the relative
mean fluorescence intensity (rMFI) of CHEMSPOx(NLO) and E) CHEMSPOx-coumarin (NLO).

independent of the incubation temperature. The high percent-
age of NLO-positive cells at 4 °C suggested, that the uptake of
NLO-loaded vesicles is not only based on an active uptake mech-
anism but also on an energy-independent uptake mechanism,
e.g., direct membrane fusion.[42] The direct membrane fusion
could be triggered by the interaction of the cholesterol in the
polymer structure with the cholesterol on the cell membrane.[43]

Nevertheless, looking at the MFI value, a significantly lower
uptake was observed when cell metabolism was slowed down at
4 °C in comparison to the incubation at 37 °C (Figure 4C). In-
terestingly, similar uptake results were observed on the human
embryonic kidney cell line (HEK293T) (Figure S24, Supporting
Information) evidencing a cell type-independent fast uptake or
membrane fusion.
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To identify the internalization pathway of CHEMSPOx and
CHEMSPOx-coumarin vesicles an endocytosis inhibition study
was performed. L929 cells were pre-incubated with chemical
inhibitors of the endocytic route, such as chlorpromazine (in-
hibitors for clathrin), Filipin III (inhibiting the lipid raft and
caveolae pathway), Genistein (tyrosine kinase inhibitor), cytocha-
lasin D (actin inhibitor) and chloroquine (affecting the func-
tion of clathrin and inhibiting endosomal acidification) (Figure
S25, Supporting Information).[44,45] The results illustrated in
Figure 4D for CHEMSPOx(NLO) and Figure 4E for CHEMSPOx-
coumarin(NLO) showed a global but not significant decrease in
cell internalization compared to the control for all inhibitors.
These results suggest multiple endocytosis pathways for CHEM-
SPOx(NLO) and CHEMSPOx-coumarin(NLO). Moreover, it is
now well established that deciphering the endocytosis phe-
nomenon is particularly challenging, especially regarding recent
advances in the understanding of endocytosis mechanisms in eu-
caryotic cells.[44,46]

Although no clear endocytosis mechanism was identified, it
is evident that CHEMSPOx and CHEMSPOx-coumarin vesi-
cles enable fast internalization in comparison to studied PE-
Gylated nanoparticles[47,48] and revealed a high cytocompati-
bility due to active multiple endocytosis pathways at 37 °C
and via membrane fusion at 4 °C. Interestingly, the fast
(within 5 min), energy-dependent cellular uptake was also
observed with a set of POx amphiphiles composed of 2-
butyl-2-oxazoline, 2-nonyl-2-oxazoline, 2-n-propyl-2-oxazoline, 2-
isopropyl-2-oxazoline (iPrOx) as the hydrophobic blocks.[49]

The results led to the assumption that the observed fast inter-
nalization is attributable to the cholesterol part of the polymer
structure. It is known that hydrophobicity in the carrier structure
enhances cellular internalization and can be used as penetrating
ligands.[50] Its integration into the polymer structure leads to
improved hydrophobicity and, consequently, improved internal-
ization due to its possible interaction with the cell membrane,
without destroying the membrane. The cholesterol anchor
may trigger the uptake via lipid raft-dependent endocytosis, as
well as it could interact with steroid receptors or cholesterol
on the cell membrane surface.[38,51,52] This inherent feature
of the cholesteryl anchor could be responsible for the high
cytocompatibility and the fast internalization of CHEMSPOx
and CHEMSPOx-coumarin vesicles and their cargo.

Overall, the CHEMSPOx and CHEMSPOx-coumarin vesicles
enable fast internalization in comparison to studied PEGylated
nanoparticles.[47,48] To further investigate the membrane interac-
tion, hemolysis and aggregation assay were conducted on human
erythrocytes.

2.3.3. Hemolysis and Aggregation Assay

An effective uptake often correlates with intense interaction
with the cell membrane. To evaluate the polymer-cell mem-
brane interaction in more detail, a hemolysis assay was per-
formed with the polymer at concentrations ranging from 100 to
2350 μg mL−1. Figure 5A demonstrated high membrane compati-
bility for CHEMSPOx and CHEMSPOx-coumarin up to the high-
est, tested polymer concentration, albeit CHEMSPOx was get-
ting slightly hemolytic at concentration >1000 μg mL−1 (hemol-

ysis relative to Triton < 5 %). Moreover, both polymer candi-
dates showed low aggregation rates (Figure 5C). The results
emphasized the safety profile of CHEMSPOx and CHEMSPOx-
coumarin for biological applications.

In addition, further characterization of membrane-polymer
interaction was conducted. The ability of the polymer to pro-
tect the cellular membrane was investigated by the addition of
the cationic hemolytic agent hexadecyltrimethylammonium bro-
mide (CTAB).[53] Figure 5B demonstrated a significant mem-
brane protection property of the polymers at a concentration of
500 μg mL−1 for CHEMSPOx and 100 μg mL−1 for CHEMSPOx-
coumarin. Additionally, the membrane-protecting property was
investigated in biological duplicate with the membrane-active
material Eudragit EPO (Figure S26, Supporting Information) and
demonstrated a similar effect. The outcome is considered to be
a result of a synergistic effect of poly(2-methyl-2-oxazoline) and
cholesterol. As cholesterol is crucial for the cellular membrane
structure and function, the cholesterol anchor in CHEMSPOx
and CHEMSPOx-coumarin might be incorporated and prevent
membrane disruption leading to protection against full mem-
brane destruction. This feature of CHEMSPOx and CHEMSPOx-
coumarin can be used for applications where biological mem-
branes should be protected or preserved. Moreover, the out-
come emphasized the ability of CHEMSPOx and CHEMSPOx-
coumarin to enable and trigger membrane fusion due to the in-
tegration in the cell membrane. This leads to accelerated particle
transport through the cell membrane, which happened also at
low cultivation temperatures (4 °C).

3. Conclusion

This work aimed at evaluating the potential of a
lipopoly(oxazoline) for efficient intracellular delivery. A
cholesteryl hemisuccinate group (CHEMS) as lipid anchor
was grafted on poly(2-methyl-2-oxazoline) by 𝜔-functionalization
(CHEMSPOx). For further investigation of the functionalization
potential of the polymer, a coumarin group was also added
successfully to the structure using a coumarin-functionalized
initiator (CHEMSPOx-coumarin) for the first time. Due to the
amphiphilic character of the polymers, they self-assembled into
multilamellar and unilamellar vesicles with a size of ≈100 nm
when simply dissolved in water. For biological investigation,
the high cytocompatibility of the assemblies was ensured via
PrestoBlue assay. A detailed characterization of the intracellular
delivery potential of the vesicles was performed using NLO as
a hydrophobic dye that accumulated in the hydrophobic core of
the vesicles. The NLO-loaded vesicles revealed fast intracellular
delivery independent from used cell lines (L929 and HEK293T).
Within 5 min after addition at 37 °C, NLO enrichment in the cell
could be detected via LSM and started to saturate after 40 min
and this efficient intracellular delivery was also demonstrated
at 4 °C for both formulations. Thus, a complex mixture of
different internalization pathways was involved in active uptake
such as endocytosis but also probably non-energy dependent
mechanisms such as membrane fusion (possible mechanism
illustrated in Figure 6). To elucidate the mechanism of the fast
and efficient internalization, an endocytosis inhibition assay
was conducted with chemical inhibitors. The outcome led
to the conclusion that multiple internalization pathways are
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Figure 5. A) A hemolysis assay was performed at pH 7.4 to investigate the polymer-cell membrane interaction. Hemolysis between 2% and 5% is
considered non-hemolytic and slightly hemolytic, respectively. B) Hemolyis-protection property of tested polymers with the addition of 30 μg mL−1

CTAB. The stronger the interaction, the higher the amount of released hemoglobin calculated relative to the positive control Triton X-100. Statistical
analysis was performed using a two-sample t-test with equal variance between the CTAB-treated samples and CHEMSPOx+CTAB and CHEMSPOx-
coumarin+CTAB treated. Statistical significance was notated as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. C) Aggregation assay. All values of hemolysis
and aggregation assays represent the mean ± SD (n ≤ 3) of different donors.

involved in the uptake process. Finally, the membrane interac-
tion and hemocompatibility were studied in detail. The high
membrane compatibility was underpinned by the results of the
hemolysis and aggregation assays. Moreover, CHEMSPOx and
CHEMSPOx-coumarin evidenced their membrane protective
effect in the presence of the membrane-disrupting agent CTAB.
These results, open further interesting application fields of
lipopoly(oxazoline), where biological membranes should be
protected or preserved, and an intravenous administration could

Figure 6. Proposed mechanism of membrane interactions based on a
cholesterol anchor supporting the uptake. Interaction with cholesterol on
the cell membrane surface leads to fast internalization.

be considered. This initial study has highlighted the substantial
potential of CHEMSPOx such as enabling fast intracellular drug
delivery or exhibiting protective effects on membranes. With
the capability for functionalization without compromising the
polymer’s biological properties, exemplified by the integration
of biologically active drugs like coumarin, CHEMSPOx provides
an ideal basis for such applications and beyond.

4. Experimental Section
Material: The following materials were received from Sigma

Aldrich (Germany) for synthesis purposes: Methyl p-toluenesulfonate
(MeOTs), 2-methyl-2-oxazoline, cholesteryl hemisuccinate, N,N′-
dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP),
4-methylumbelliferone, potassium carbonate (K2CO3), 2-bromo-ethanol,
p-toluenesulfonyl chloride (TsCl), triethylamine, anhydrous magnesium
sulfate, methanolic potassium hydroxide solution (KOH/MeOH),
dry acetonitrile, diethyl ether, anhydrous dichloromethane, N,N-
dimethylformamide, ethanol, chloroform. Spectra/Por 6 dialysis mem-
branes pre-wetted RC tubing with 500 Da MWCO were brought from
Spectrum Labs (USA).

For biological investigations all the following materials were ordered
from the suppliers stated in brackets: TC-treated cell culture flasks and
96-U-bottom well plate (Greiner Bio-One International GmbH and Labso-
lute, Th. Geyer GmbH & Co. KG), TC-treated multi-well cell culture plates
(VWR International GmbH), μ-Plate 24-well Black (ibidi GmbH, Germany)

Macromol. Biosci. 2024, 24, 2400148 2400148 (8 of 13) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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or μ-Slide 8-well high glass bottom (ibidi GmbH, Germany), L929 cells
(CLS Cell Lines Service GmbH, Eppelheim, Germany) HEK293T (DSMZ,
Braunschweig, Germany), Dulbecco’s modified eagle medium (DMEM),
phosphate-buffered saline pH 7.4 (PBS), fetal bovine serum (FBS),
Trypsin-EDTA and Penicillin-Streptomycin were purchased from Capricorn
Scientific GmbH, Germany. Opti-MEM™ reduced serum medium and
PrestoBlue cell viability reagent, Hoechst, Transferrin from Human Serum,
Alexa Fluor 633 Conjugate and BODIPY FL C5-Lactosylceramid (Thermo
Fisher Scientific), linear poly(ethylene imine) (LPEI, 25 kDa, Polysciences),
brached poly(ethylene imine) (BPEI, Mw = 10 kg mol-1, Polysciences, Ger-
many). Human blood was obtained from the Department of Transfusion
Medicine of the University Hospital, Jena. Hanks’ Balanced Salt Solution
without calcium and magnesium (HBSS), dimethylsulfoxid (DMSO), Tri-
ton X-100, hexadecyltrimethylammonium bromide (CTAB), chloroquine
diphosphate, Filipin III, cytochalasin D, genistein and chlorpromazine-
hydrochloride (Sigma–Aldrich, USA), neutral lipid orange (NLO) (Dy-
omics GmbH, Jena, Germany), inhibitors, sodium acetate, sodium chlo-
ride (Grüssing GmbH, Germany), Immersol V 2010 (Immersion Oil) (Carl
Zeiss GmbH, Germany), Rotilabo-syringe filters, cellulose mixed esters fil-
ters sterile (Carl Roth GmbH).

Synthesis of POx-OH by Cationic Ring-Opening Polymerization: Cationic
ring-opening polymerization was carried out under a dry nitrogen atmo-
sphere. Methyl p-toluene sulfonate (0.186 g, 1 mmol) and 2-methyl-2-
oxazoline (MOx) (4.25 g, 50 mmol) were dissolved in dry acetonitrile
(30 mL). The solution was vigorously stirred at 80 °C for 24 h. Then,
the polymerization was quenched at 40 °C by the addition of an ade-
quate amount of methanolic potassium hydroxide solution (15 mL at
2 mol L−1). The flask was maintained at 40 °C overnight. After cool-
ing, the reaction mixture was concentrated and then the poly(2-methyl-
2-oxazoline) (POx-OH) was obtained after two successive precipitations
in cold diethyl ether. Finally, the polymer was dissolved in water (10 mL)
and freeze-drying led to the obtaining of the POx-OH as a fully dry white
powder (yield: 84%). The NMR spectrum in D2O of this molecule was
added in Figure S1 (Supporting Information): 1H NMR (400 MHz, D2O,
𝛿): 3.44–3.62 (4H, Hb), 3.10 (3H, Ha), 2.18–2.09 (3H, Hc). The DPn, exp
value was also calculated from the terminal CH3 (Ha on Figure S1, Sup-
porting Information) at 3 ppm versus the CH2 of POx repetitive unit at
3.5 ppm.

Esterification with Cholesteryl Hemisuccinate (CHEMS): An anhydrous
dicloromethane solution (35 mL) of cholesteryl hemisuccinate (CHEMS)
(1.2 eq, 2.3 mmol) was added to another anhydrous dichloromethane so-
lution (50 mL) containing POx-OH (1 eq, 1.92 mmol), DCC (1 eq, 1.92
mmol) and DMAP (0.25 eq, 0.48 mmol) under ice bath. The mixture was
stirred for 24 h at room temperature. Then the solvent was removed by vac-
uum and the crude product was dialyzed for three days through a 500 Da
take-off membrane. Finally, the polymer dissolved in water was freeze-
dryed and led to the final CHEMSPOx as a fully dry white powder (yield:
65%). The NMR spectrum in CDCl3 of this molecule was added in Figure
S2 (Supporting Information): 1H NMR (400 MHz, CDCl3, 𝛿): 5.35 (1H,
H5), 4.51 (1H, H3), 3.44–3.62 (4H, Hb), 3.10 (3H, Ha), 2.61-2.55 (4H, H1
and H2), 2.33 (2H, H4), 2.18–2.09 (3H, Hc), 1.96-1.01 (18H, HCHEMS),
0.95 (3H, H10), 0.89 (3H, H8), 0.82 (6H, H6 and H7), 0.66 (3H, H9). The
efficiency of functionalization F% was calculated based on Figure S2 (Sup-
porting Information) by comparing the pic (a) related to -CH3 of the initia-
tor that integrates for ∫int a = 1, and the pic 9 of a -CH3 of the cholesterol
that integrates for ∫int 9 = 0.85, given a functionalization efficiency of F%
= 87%.

Synthesis of Poly(Oxazoline)s with Coumarin Grafting CHEMSPOx-
Coumarin—Synthesis of Coum-Ethyl-OH: 4-Methylumbelliferone (1 eq,
34 mmol), K2CO3 (0.7 eq, 23.8 mmol), and 2-bromo-ethanol (1.5 eq,
51.1 mmol) were dissolved in DMF (0.25 M). The mixture was heated at
85 °C for 20 h before being cooled and precipitated in diethyl ether. The
crude product was filtered, dried under a vacuum, and recrystallized from
ethanol. After filtration and drying under vacuum, a white powder was ob-
tained in a 75% yield. The NMR spectrum in CDCl3 of this molecule was
added in Figure S3 (, Supporting Information): 1H NMR (400 MHz, CDCl3,
𝛿): 7.54 (d, 1H, H3), 6.88 (d, 1H, H4), 6.85 (s, 1H, H7), 6.17 (s, 1H, H6),
4.15 (d, 2H, H1),4.02 (d, 2H, H2), 2.41 (s, 3H, H5).

Synthesis of Poly(Oxazoline)s with Coumarin Grafting CHEMSPOx-
Coumarin—Tosylation of Coum-Ethyl-OH to Obtain the Initiator Coum-
Ethyl-OTs: An anhydrous dichloromethane solution (1 M) of TsCl (1.1 eq,
12.4 mmol) was added dropwise at 0 °C to a chloroform solution (1 M) of
Coum-ethyl-OH (1 eq, 11.35 mmol) and triethylamine (2.2 eq, 24.9 mmol).
The resulting solution was stirred at room temperature for 24 h, filtered,
and washed with brine (3×). The organic phase was dried over anhydrous
MgSO4 and concentrated under reduced pressure. Recrystallization from
diethyl ether gave a white powder with a 60% yield. The NMR spectrum in
CDCl3 of this molecule was added in Figure S4 (Supporting Information):
1H NMR (400 MHz, CDCl3, 𝛿): 7.82 (d, 2H, H3 and H5), 7.46 (d, 1H, H9),
7.36 (d, 2H, H2 and H4), 6.89 (d, 1H, H8), 6.63 (s, 1H, H12), 6.12 (s, 1H,
H11), 4.40 (t, 2H, H6), 4.15 (d, 2H, H7), 2.47 (s, 3H, H10), 2.39 (s, 3H,
H1).

Synthesis of Poly(Oxazoline)s with Coumarin Grafting CHEMSPOx-
Coumarin—Synthesis of Coum-POx-OH: Polymerizations were carried
out under a dry nitrogen atmosphere. The initiator Coum-ethyl-OTs (1 eq,
3.2 mmol) and MOx (50 eq, 80.2 mmol), were dissolved in dry acetonitrile
(4 M). The solution was vigorously stirred at 80 °C for 24 h. The prod-
uct was quenched by the addition of an adequate amount of methanolic
potassium hydroxide (5 eq, 5 M). The flask was maintained at 40 °C for
12 h. After cooling, the polymer was isolated by slow precipitation from
cold diethyl ether (with a yield of 82%). The NMR spectrum in CDCl3 of
this molecule was added in Figure S5 (Supporting Information): 1H NMR
(400 MHz, CDCl3), 𝛿): 7.41 (1H, H4), 6.81 (1H, H3), 6.75 (1H, H7), 6.24
(1H, H6), 4.15 (2H, H1), 3.70 (2H, H2), 3.20–3.70 (4H, Ha), 2.33 (3H, H5),
2.12–1.85 (3H, Hb). The experimental degree of polymerization (DPn, exp)
was calculated by 1H NMR spectroscopy using the integration of H6 (as-
signment on Figure S5, Supporting Information) of the terminal coumarin
unit related to the CH2 of POx repetitive unit at 3.5 ppm.

Synthesis of Poly(Oxazoline)s with Coumarin Grafting CHEMSPOx-
Coumarin—Esterification with cholesteryl hemisuccinate (CHEMS): An an-
hydrous dichloromethane solution (20 mL) of cholesteryl hemisucci-
nate (CHEMS) (1.2 eq, 1.67 mmol) was added to another anhydrous
dichloromethane solution (35 mL) containing Coum-POx-OH (1 eq, 1.3
mmol), DCC (1 eq, 1.3 mmol) and DMAP (0.25 eq, 0.34 mmol) under ice
bath. The mixture was stirred for 24 h at room temperature. Then the sol-
vent was removed by vacuum and the crude product was dialyzed for three
days through a 500 Da take-off membrane. Finally, the polymer was freeze-
drying leading to the obtaining of the Coum-POx-CHEMS as a fully dry
white powder (yield: 56 %). The NMR spectrum in CDCl3 of this molecule
was added in Figure S6 (Supporting Information): 1H NMR (400 MHz,
CDCl3), 𝛿): 7.51 (1H, H3), 6.81 (2H, H4 and H5), 6.14 (1H, H1), 5.35 (1H,
H12), 4.50 (1H, H10), 4.16 (2H, H7), 3.75 (2H, H6), 3.62-3.33 (4H, Ha),
3.10-2.20 (6H, H8, H9 and H11), 2.35 (3H, H2), 2.22-1.95 (3H, Hb), 1.90-
0.90 (24H, H15, H17 and d rest of HCHEMS), 0.81 (6H, H13 and H14), 0.64
(3H, H16).

The efficiency of functionalization F% was calculated based on Figure
S6 (Supporting Information) by comparing the pic (3) or (1) related to -
CH3 of the Coumarin that integrates for ∫int a = 1, and the pic 12 of a -CH3
of the cholesterol that integrates for ∫int 9 = 0.9, given a functionalization
efficiency of F% = 90%.

1H NMR Spectroscopy: 1H NMR was recorded using a Bruker Advance
DRX 400 (400 MHz) using CDCl3 as a deuterated solvent. Chemical shifts
were given in parts per million (ppm) for 1 H NMR the reference peak
relative to the residual proton signal of the nondeuterated solvent CHCl3
and D20 was at 7.26 and 4.79 ppm respectively.

Size Exclusion Chromatography (SEC): Molar masses and dispersity of
polymers were determined by size exclusion chromatography (SEC) using
a PL-GPC50 Plus equipped with an RI refractive index detector. Polar Gel
M column was used at 50 °C with a dimethylacetamide (DMAc) (+ 0.1 %
LiCl weight) flow rate of 0.8 mL min−1, calibrated with PMMA standards.

Determination of Critical Aggregation Concentration: Critical aggrega-
tion concentrations (CAC) were determined by fluorescence measure-
ments at 25 °C with a Tecan Infinite M200 PRO microplate reader, using
Nile Red. The polymers were dissolved in PBS at a concentration ranging
from 0.004 to 1 mg mL−1. Six microliters Nile Red (0.1 mg mL−1 in THF)
was added to 0.5 mL of each formulation and incubated for 6 h at room
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temperature to evaporate residual THF. For the measurement, 200 μL of
each sample was transferred to a 96 well-plate. The fluorescence was mea-
sured from 550 to 724 nm in 2 nm steps (𝜆Ex = 535 nm). For CAC determi-
nation, the intensity at 640 nm of each fluorescence emission spectra was
plotted versus the micelle concentration for each sample. The experiment
was performed in technical triplicates. The CAC was determined as the in-
tersection point in the plot of the maximum fluorescence emission versus
the polymer concentration. The plotting and calculation were performed
with OriginPro2022b.

Polymer Vesicles Preparation: After investigation of different formula-
tion methods, the direct dissolution in water was selected as the most suit-
able process without the organic solvent requirement (Figure S7, Support-
ing Information). The solution of CHEMSPOx and CHEMSPOx-coumarin
were prepared at 2.5 g L−1 by direct solubilization in water. After 24 h
of magnetic stirring the solution was filtered through 0.22 μm (cellulose
mixed esters filter). The scattered intensity of the polymer solution before
and after filtration was checked to ensure that most of the original solution
remained.

Dynamic Light Scattering, Static Light Scattering, and Nanoparticle Track-
ing Analysis: Z-average and polydispersity index (PDI) were measured us-
ing a Zetasizer NanoZS apparatus (Malvern Instruments, UK) equipped
with a He-Ne laser (wavelength: 632.8 nm) at a temperature of 25 °C and a
scattering angle of 173° for detection. Size measurements were performed
in water. All the results are the average of three independent measure-
ments (with three different stock solutions prepared).

Static Light Scattering (SLS) analyses were performed using a compact
ALV-CGS3 goniometer with an ALV/LSE-5004 light scattering electronics
and an ALV-7004 multi-tau digital correlator with pseudo-cross correlation
detection (ALV-Laser Vertriebsgesellschaft mbH, Langen, Germany). The
light source was a 22 mW He-Ne laser operating at 𝜆 = 632.8 nm. The
analysis was carried out at 25 °C with angles ranging from 25° to 150° by
step of 5°. SLS data were treated using the open-access software SASfit.
They were analyzed using the form factor of bilayered vesicles. The bilayer
thickness was measured on the CryoTEM images (n = 10) and used as a
constant. The internal radius and a multiplicative correction factor were
used as fitting parameters.

The stability upon dilution of the CHEMSPOx and CHEMSPOx-
coumarin vesicles was analyzed using a NanoSight NS300 (Malvern In-
struments, UK) as a complementary method to dynamic light scattering.
The solutions were diluted by 1000 with water to obtain a particle con-
centration in the 1 × 108 particles mL−1. Measurements were performed
with a 405 nm laser. Samples were analyzed using the NanoSight NTA 3.2
software following a tailored script: the temperature was set at 25 °C, the
syringe pump at 40 AU, and three videos of 60 s were recorded. Videos
were recorded with a camera level set to 14 and analyzed with a detection
threshold set to 5. In order to ease comparison with DLS results, the dis-
persity of the samples was expressed using the polydispersity index (PDI)
calculated with the following Equation (1):

PDI =
(

Std Dev
Mean Size

)2

(1)

Characterization of Coumarin Group Properties: Fluorescence Signal and
UV Dimerization: The fluorescence signal of the coumarin grafted onto
the CHEMSPOx was quantified with a Spectro fluorophotometer (Shi-
madzu, RF-6000) and a high-precision cell (light path 3 × 3 cm, center
15). The parameters were set up as Bandwidth EX 5 nm and EM 10 nm,
scan speed 600 nm min−1 and 𝜆Ex/𝜆Em on 315/380 nm). To compare the
fluorescence intensity and polarity reactivity of the solution at 200 mg L−1

were prepared in DPBS. The emission spectrum was obtained from 200 to
600 nm. CHEMSPOx-coumarin solution at 2.5 g L−1 was irradiated under
UV light with a cylindrical photochemical reactor “Rayonnet” composed of
16 symmetrically placed lamps with emission maxima set at 300 nm (UV-
B). The samples were irradiated in quartz cuvettes (1 cm × 1 cm × 4.5 cm)
placed on a circular rotating holder. Different irradiation times of the
CHEMSPOx-coumarin solution were tested: 30, 60, and 100 min. To follow
the dimerization of the coumarin the absorbance signal was followed with

a Perkin Elmer-lambda 35 UV/Vis spectrometer equipped with PTP-1+1
Peltier System.

CryoTEM Observations: CryoTEM measurements were performed on
an FEI Tecnai G2 20 equipped with a LaB6 filament with an acceleration
voltage of 200 kV. Samples were prepared on Quantifoil grids (R2/2) which
were treated with N2 plasma prior to use for hydrophilization and cleaning.
The solution (8.5 μL) was vitrified on Quantifoil grids using a Vitrobot Mark
IV system. Liquid ethane was used as a cryogen. Samples were transferred
to a Gatan 626 cryo holder and were maintained at a temperature of <
175 °C during the entire process. All images were acquired with a Mega
View (OSIS, Olympus Soft Imaging Systems) or an Eagle 4k CCD camera,
respectively.

Vesicles Formulation with NLO Loading and Quantification: The so-
lution of CHEMSPOx and CHEMSPOx-coumarin were prepared at
5 mg mL−1 in PBS (pH 7.4). The solution was maintained under agitation
overnight using the multi-rotator (Multi-Rotator PTR-35 Grant-bio Fluid-
lab R-300, Anvajo) to obtain polymer self-assembly. The obtained suspen-
sion was then filtered through 0.22 μm (cellulose mixed esters filter). To
allow NLO loading, 2 μL NLO solution (1 mg mL−1 in DMSO) was added
to 1 mL formulation and incubated another 24 h before centrifugation
at 10,000 rpm for 10 min (Eppendorf Centrifuge 5804R) to induce sedi-
mentation of non-associated NLO aggregates. The supernatant, contain-
ing NLO-loaded particles was used for further experiments. To determine
the encapsulation efficiency of NLO, 1 mL of the formulation was frozen
at −80 °C and freeze-dried (Alpha 2–4 LD plus) at -75 °C and 0.08 mbar
for 24 h. The freeze-dried samples were redissolved in 100 μL milli-Q wa-
ter, followed by 300 μL DMSO. Since NLO is a solvatochromic dye, which
increases its fluorescence signal in a hydrophobic environment, the so-
lution was further diluted 1:4 (v/v) with DMSO. Afterward, the dilutions
were transferred in triplicate into a 96-well plate to measure the fluores-
cence intensity with the multi-plate reader (Tecan infinite M200Pro) at 𝜆Ex
= 488/ 𝜆Em = 590 nm. NLO in PBS was used as 100 % control.

The encapsulation efficiency was calculated as in Equation (2):

Encapsulation efficiency∕% =
FISample

FIfree NLO
⋅ 100 (2)

where FISample, FIfree NLO represent the fluorescence intensity of a given
sample and the NLO in PBS control (100%), respectively.

Cell Culture: For cultivation of the mouse fibroblast cell line L929 and
human embryonic kidney cell line HEK293T cell line Dulbecco’s modified
Eagle’s medium (DMEM, 1 g L−1 glucose) supplemented with 10% (v/v)
fetal bovine serum (FBS), 100 U mL−1 penicillin, and 100 μg mL−1 strep-
tomycin (D10) was used. Cells were cultivated at 37 °C in a humidified
5% (v/v) CO2 atmosphere. One day before the PrestoBlue assay, the L929
cell line was seeded in a 96-well plate at a cell concentration of 0.1 × 106

cells mL−1 in a total volume of 100 μL per well. For particle uptake stud-
ies, 24 h before the experiment L929 was seeded in a 24-well plate at a
cell concentration of 0.2 × 106 cells mL−1 in 500 μL D10. Before cells were
treated, a visual cell density of ≈70% was necessary. To study the uptake
kinetic with laser scanning microscopy (LSM), L929 cells were seeded in a
μ-slide 8-well high glass bottom (ibidi GmbH, Germany) at a cell concen-
tration of 0.2 × 106 cells mL−1 in 250 μL D10. On the glass bottom and
for microscopic investigation, a cell density of ≈50% was aimed. For cell
counting Fluidlab R-300 anvajo was used.

Determination of Metabolic Activity in L929 Cells (PrestoBlue Assay): For
the determination of cytotoxicity of the CHEMSPOx and CHEMSPOx-
coumarin PrestoBlue assay was applied. Therefore, the unloaded poly-
mer vesicles were used. The assay is a calorimetric-based method, which
assesses the metabolic activity of viable mouse fibroblast cell line L929
and was performed following ISO10993-5. One hour before treatment
the medium was changed to 50 μL fresh Dulbecco’s modified Eagle’s
medium (DMEM, 1 g L−1 glucose) supplemented with 20% (v/v) fetal
bovine serum (FBS), 100 U mL−1 penicillin, and 100 μg mL−1 strepto-
mycin (D20). Cells were treated with 50 μL CHEMSPOx and CHEMSPOx-
coumarin diluted in PBS buffer. The tested concentration ranges from 10
to 2500 μg mL−1. LPEI was used as a positive control at a concentration
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of 10 to 100 μg mL−1. After 24 h of incubation, the medium was replaced
by a 10% (v/v) PrestoBlue solution in a fresh D10, prepared according to
the manufacturer’s instructions. Furthermore, 1 h incubation was inves-
tigated to assess the time-dependent cellular viability. Cells were further
incubated at 37 °C for 45 min and the fluorescence was measured with
the multi-plate reader (Tecan Infinite M200Pro, Germany) at 𝜆Ex = 570 /
𝜆Em = 610 nm. With PBS treated control cells on the same plate were de-
fined to 100% viability. The relative number of viable cells was calculated
as in Equation 3:

Rel.viability∕% =
MFISample − MFI0

MFICtl − FI0
⋅ 100 (3)

where FISample, FI0, and FICtrl represent the fluorescence intensity of
a given sample, medium without cells (the blank), and PBS buffer-
treated control (100% viability), respectively. The toxic concentration
(IC50) was calculated with OriginPro 2022b software using a non-linear
dose-response function. More details can be found in Equation S1, Figure
S8, and Table S1 (Supporting Information). The assay was performed in
three biological replicates.

Microscopic Investigation of the Vesicle Uptake Kinetic: To investigate
the vesicle uptake kinetic, mouse fibroblast cells L929 were seeded in a μ-
slide 8-well high glass bottom (ibidi GmbH, Germany) and preincubated
for 24 h for attachment. Before treating, cells were stained with Hoechst
(1:1000 (v/v)) for 10 min and washed with 250 μL warm PBS. 225 μL D10
followed by 25 μL of the NLO encapsulated formulation was added to each
well. Cells were imaged immediately using LSM 800, Elyra PS.1 system
(ZEISS, Germany). NLO was excited at 561 nm using emission filters for
585 to 733 nm. For magnification, C-Apochromat 40×/1.2 W Korr FCS M27
objective was used. Images were acquired using the ZEN software, ver-
sion 2.3 SP3 (Zeiss, Jena, Germany), and were processed using the ZEN
software (Version 3.4) (Equation S2, Supporting Information). The MFI is
detected from LSM and is an output parameter calculated from ZEN soft-
ware, version 2.3 SP3. The relative mean fluorescence intensity (rMFI) is
calculated for plotting as follows:

rMFI = MFI
MFI max

⋅ 100 (4)

where MFI and MFI max are the MFI of the sample at a specific time point
and the maximum MFI after 1 h of incubation detected, respectively.

Vesicle Uptake Study in L929 Cells: Mouse fibroblast cell line L929 was
treated with 500 μg mL−1 of the NLO-loaded particles for 1 h at 37 °C.
In parallel, cells and nanoparticles are incubated at 4 °C to inhibit endo-
cytosis processes and identify the proportion of cellular internalization at-
tributable to this entry mechanism. The assay was performed in D10. After
the incubation, cells were treated with 150 μL Trypsin-EDTA for 5 min be-
fore the trypsinization was stopped with 350 μL serum-containing media
(D10). The cell suspension was then transferred to a 96 U-bottom well
plate and centrifuged for 5 min at 1000 g and 4 °C with Eppendorf Cen-
trifuge 5804R. After this step, all steps were carried out at 4 °C. The plate
was gently swiveled upside down to remove the supernatant and cell pel-
lets were washed thrice with 200 μL PBS. For analysis, cell pellets were
resuspended in 200 μL PBS w/o calcium and measured via flow cytome-
try (Beckmann Coulter, Brea, CA, U.S.) at 𝜆Ex = 488 nm combined with a
585/42 nm bandpass filter. Viable single cells were gated according to the
FSC/SSC pattern of the control treated with only PBS buffer. NLO-positive
cells were gated to the PBS + NLO control to exclude the enrichment of
the solvatochromic NLO dye in hydrophobic cell compartments. The gat-
ing strategy can be found in Figure S9 (Supporting Information).

Endocytosis Inhibition Assay: Mouse fibroblast cells L929 were incu-
bated with 500 μL inhibition solutions prepared in Opti-MEM reduced
serum medium for 2 h at 37 °C and 5% (v/v) CO2 atmosphere. The com-
position and concentration of the inhibitor dilutions can be found in Table
S2 (Supporting Information). For each inhibitor, the concentration was
chosen regarding the cytocompatibility determined via PrestoBlue assay
as described in the method section 2.2.13 and the inhibition effect (with
Alexa Fluor 633 conjugated transferrin from human serum, and BODIPY™

FL C5-Lactosylceramid as positive controls) as published.[54–56] The re-
sults of cytocompatibility are shown in Figure S10 (Supporting Informa-
tion). Afterward, cells were treated with a fresh media containing inhibitors
supplemented with 500 μg mL−1 of the NLO-loaded particles and incu-
bated for 30 min at 37 °C and 5% (v/v) CO2 atmosphere. After incubation,
cells were harvested using Trypsin-EDTA and transferred to a 96-well plate.
Three washing steps using HBSS and centrifugation at 1000 rpm, 4 °C, for
5 min were performed before flow cytometry analysis (Beckmann Coulter,
Brea, CA, U.S.) at 𝜆Ex = 488 nm combined with a 585/42 nm bandpass
filter. Viable single cells were gated according to the FSC/SSC pattern of
the control treated with only PBS buffer. Values of cell internalization were
obtained as follows:

rMFI =
MFISample+inhibitor

MFISample
100 (5)

where MFISample+inhibitor and MFISample are the cell fluorescence intensity
of cells treated with CHEMSPOx(NLO) and CHEMSPOx-coumarin(NLO)
with inhibitors addition and without inhibitors, respectively.

Hemolysis and Aggregation Assay: The erythrocyte aggregation
and hemolysis were performed according to a previously published
protocol.[57] The release of hemoglobin from erythrocytes was examined
to investigate the interaction of polymers with cellular membranes. There-
fore, human blood was collected in tubes with EDTA additive and was
obtained from the Department of Transfusion Medicine of the University
Hospital, Jena. The experiments were run in technical triplicates with
blood from three blood donors. To remove the serum, the blood was
centrifuged at 4500 × g for 5 min. After discarding the supernatant, the
pellet of erythrocytes was washed three times with cold PBS (pH 7.4).
The resulting suspension of erythrocytes was diluted 10-fold with PBS
(pH 7.4). To aim for the polymer concentration of 10–150 μg mL−1,
the polymers were diluted with PBS (pH 7.4). Subsequently, 350 μL
aliquots of erythrocyte suspension were added at the volume ratio of
1:1 to the polymer solutions. The erythrocyte-polymer suspensions were
incubated at 37 °C and 5% (v/v) CO2 atmosphere for 60 min. Afterward,
the suspensions were centrifugated at 2400 × g for 5 min before the
supernatant was transferred in triplicate to a transparent flat-bottomed
96-Fwell plate (VWR, Germany). The hemoglobin release was determined
as the hemoglobin absorption at 𝜆 = 544 nm. Absorption at 𝜆 = 630 nm
was used as a reference. Hundred percent hemolysis was achieved
using 1% Triton X-100 as the positive control. Pure PBS was used as a
negative control (0% hemolysis). The hemolytic activity of the polymer
was calculated as follows:

Hemolysis∕% =
(ASample − ANegative control)(

APositive control − ANegative control

) ⋅ 100 (6)

where ASample, ANegative control, and APositive control are the absorption val-
ues of a given sample, the PBS treatment, and the Triton X-100 treatment,
respectively. A value less than 2% hemolysis rate was classified as non-
hemolytic, 2 to 5% as slightly hemolytic, and values > 5% as hemolytic.

To determine the erythrocyte aggregation, a polymer solution was
added as described above. Hundred microliters of the erythrocyte-polymer
suspension was transferred to a transparent flat-bottomed 96-well plate
(VWR, Germany) in triplicate. The cells were incubated at 37 °C, 5% (v/v)
CO2 atmosphere for 2 h, and the absorbance was measured at 𝜆= 645 nm.
Cells treated with PBS were the negative control, and cells treated with
50 μg mL−1 of 25 kDa LPEI were the positive control. The aggregation po-
tential of the polymers was calculated as follows:

Aggregation =
ANegative control

ASample
(7)

where ASample and ANegative control are the absorption values of a given sam-
ple and the PBS treatment, respectively.
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To determine the membrane-protecting effect of the polymers, addi-
tional investigation with hexadecyltrimethylammonium bromide (CTAB)
was performed. Therefore, 350 μL isolated erythrocytes were incubated
with 350 μL polymer dilutions for 10 min before 30 μg mL−1 of CTAB
was added. The erythrocyte-polymer-CTAB suspensions were incubated at
37 °C and 5% (v/v) CO2 atmosphere for 60 min before further centrifuga-
tion steps were performed. The hemoglobin release was measured, and
the hemolytic activity was quantified. The study and experimental proto-
cols used therein were approved by the ethics committee of the Jena Uni-
versity Hospital (2021-2058-Material).

Statistical Analysis: The statistical analyses were performed with Ori-
gin 8.2 Pro or OriginPro2022b software (Origin Lab, USA). A two-sample
t-test with equal variance was applied to determine the statistical signifi-
cance. All statistical significance was notated as *p ≤ 0.05, **p ≤ 0.01, and
***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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