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Introduction

Unveiling the power of liquid chromatography in
examining a library of degradable poly(2-
oxazoline)s in nanomedicine applicationsy

Ekaterina Tsarenko,?® Natalie E. Goppert,®° Philipp Dahlke, 2 ¢ Mira Behnke,?”
Gauri Gangapurwala,®® Baerbel Beringer-Siemers,?® Lisa Jaepel,?® Carolin Kellner,?®
David Pretzel,® Justyna A. Czaplewska,?® Antje Vollrath, (22° Paul M. Jordan, () °¢
Christine Weber, (22° Oliver Werz, (2 °¢ Ulrich S. Schubert (2 *2°9 gnd

Ivo Nischang () xabde

A library of degradable poly(2-alkyl-2-oxazoline) analogues (dPOx) with different length of the alkyl
substituents was characterized in detail by gradient elution liquid chromatography. The hydrophobicity
increased with increased side chain length as confirmed by a hydrophobicity row, established by reversed-
phase liquid chromatography. Those dPOx were cytocompatible and formed colloidally stable nanoparticle
(NP) formulations with positive zeta potential. Dynamic light scattering (DLS) revealed that dPOx with
increased hydrophobicity tended to form NPs with increased sizes. NPs created from the most hydrophobic
polymer, degradable poly(2-nonyl-2-oxazoline) (dPNonOx), showed tendency for aggregation at pH 5.0, and
in the presence of protease in solution, in particular for NPs formulated without surfactant. Liquid
chromatography revealed enzymatic degradation of dPNonOx NPs, clearly demonstrating the disappearance
of polymer signals and the appearance of hydrophilic degradation products eluting close to the
chromatographic void time. The degradation process was confirmed by *H NMR spectroscopy. dPNonOx
NPs containing the anti-inflammatory drug BRP-201 as payload reduced 5-lipoxygenase activity in human
neutrophils. Thereby, composition analysis of the resultant NPs, including drug quantification, was also
enabled by liquid chromatography. The results indicate the importance of a detailed analysis of the final
polymer-based NP formulations by a multimethod approach, including, next to standard applied techniques
such as DLS/ELS, the underexplored potential of liquid chromatography. The latter is demonstrated to
resolve a fine structure of solution composition, together with an assessment of possible degradation
pathways and is versatile in determining hydrophobicity/hydrophilicity of polymer materials. Our study
underscores the power of liquid chromatography for characterization of soft matter drug carriers.

applications have been thoroughly discussed.” The functional-
ities and modification of such polymers can be well-controlled

Poly(2-oxazoline)s (POx) are a class of biocompatible synthetic
polymers known since the late 1960s.™* Their biomedical
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during the cationic ring opening polymerization (CROP) of
substituted 2-oxazoline monomers resulting in a polymer of
tunable tailor-made properties such as molar mass and overall
hydrophilicity/lipophilicity of the material.*” Hydrophilic POXx,
i.e., poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline)
(PEtOx) are often compared with the most extensively used
polymer in the pharmaceutical industry - poly(ethylene glycol)
(PEG).® The so-called “stealth behavior” of those POx has been
reported being similar to PEG. This means poor recognition for
the PEGylated/POxylated nanoscale drug delivery systems (DDS)
by the immune system and prolongation of drug circulation with
delayed clearance from the bloodstream through metabolic
pathways.” ™ According to hydrodynamic and light scattering
studies in solution, the family of POx can be tailored to

This journal is © The Royal Society of Chemistry 2024
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properties that enable their utilization as a suitable replacement
for the widely applied PEG."? Such replacement appears desirable
due to the reported anti-PEG antibodies, hypersensitivity, and
allergic reaction to the treatment with PEG-containing
nanomedicines.” Such reactions have even been reported among
patients who have never been treated with PEG-containing ther-
apeutics before. This is not surprising since PEGs are ubiquitously
abundant in many cosmetics and dietary supplements.”***

Several studies reveal the application of amphiphilic POx in
DDS, e.g., in the form of micelles or nanoparticles (NPs), for the
targeted delivery of anti-inflammatory active pharmaceutical
ingredients (APIs).>'®'” However, one of the drawbacks of
POxylated systems, similar to PEGylated systems, is the lack
of biodegradability. Ultimately, this would be desirable, once
the nanomedicine reached the target in the body.” The hydro-
lysis of POx requires harsh acidic conditions and high tem-
peratures. Both are far from the optimum in living organisms.
Such hydrolysis results in linear poly(ethylene imine) (PEI)
chains and low molar mass saturated carboxylic acids as
degradation products.*®

One mean to overcome such drawback is to chemically
modify the main polymer chain, e.g., by incorporating amide
groups into an original PEI backbone. This could tailor an
increased biodegradability potential. To address this, Goppert
et al. established a series of degradable analogues of POx via a
sequence of postpolymerization reactions.'® Firstly, PEtOx was
hydrolyzed under acidic conditions to yield linear PEI. Subse-
quently, partial oxidation of the PEI chain led to statistically
distributed glycine moieties, resulting in poly(ethylene imine-
co-glycine), an oxidized form of the original PEI (further
referred to as oxPEI). In the last step, the oxPEI backbone was
functionalized with acyl chlorides to yield a library of poly(2-n-
alkyl-2-oxazoline-stat-glycine)s (further referred to as dPOx)
with a varying alkyl side chain length. In total, nine new dPOx

PEtOx PEI

oxPEI
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copolymers were created with the following alkyl side chains:
methyl (dPMeOx), ethyl (dPEtOXx), n-propyl (dPPropOx), n-butyl
(dPButOx), n-pentyl (dPPentOx), n-hexyl (dPHexOx), n-heptyl
(dPHeptOx), n-octyl (dPOctOx), and n-nonyl (dPNonOx). The
reaction scheme as well as the schematic representation of the
chemical structures of the final library is shown in Fig. 1.

The structure of the obtained statistical copolymers imposes
difficulties on the characterization of such materials. Analysis by
size exclusion chromatography (SEC) was hampered by poor
solubility of the homologous dPOx in a common solvent for all
the polymers, ie., dPOx, oxPEI, and PEL'® Characterization by
mass spectrometry (MS) techniques led to spectra of very high
complexity. This could originate from overlapping charge states (in
electrospray ionization, ESI-MS) or from unrepresentative mass
spectral patterns obtained by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS) for
copolymers of high dispersity.”>*" The well-known mass discrimi-
nation effects also occurred,** and several samples could simply
not be ionized.

Liquid chromatography that utilizes the specific interactions
of analytes with the chromatographic surface under retentive
conditions (as opposed to the hydrodynamic volume-based
separation principle of SEC) can be considered a standard
technique for quality control of novel small molar mass ther-
apeutics or therapeutic proteins and conjugates when establish-
ing manufacture procedures in the pharmaceutical industry.>*
Synthetic polymer chromatography, on the other hand, is by far
more challenging. The possibility for the polymer to interact in
various ways with the chromatographic column materials has
resulted in a range of model studies, but a characterization of
samples of “real” applicative interest is rarely performed.>>?°
Elution of synthetic macromolecules is influenced by several
factors and strongly dependent on their molar mass, composi-
tion, end-group functionalities, and polymer architecture.?”"*®

dPOx
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Fig. 1 Schematic representation of the synthesis route toward a degradable poly(2-n-alkyl-2-oxazoline-stat-glycine) (dPOx) library of polymers with
alkyl side chains of different length. Further details on the synthetic procedures are published elsewhere.*®

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. B, 2024, 12,11926-11938 | 11927


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01812e

Open Access Article. Published on 17 October 2024. Downloaded on 6/14/2026 10:12:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Furthermore, synthetic polymers are inherently disperse in
terms of their molar mass and potentially show an additional
variation in their composition. This complicates understanding
and optimizing chromatographic behavior significantly.*

In the present study, we demonstrate how liquid chromato-
graphy can play a significant role in the characterization of novel
materials, both copolymers and NPs, designed for biomedical
applications. Firstly, the library of dPOx was characterized by
gradient elution liquid chromatography to establish how the
side chain length influences the dPOx elution behavior and how
it is connected to polymer hydrophobicity. The separation of
polymers in gradient elution liquid chromatography is driven by
several factors such as partition, size exclusion, and adsorption/
desorption. Among others, it can be tuned by the mobile phase
composition, i.e., by gradual increase of mobile phase elution
strength.’® Gradient elution liquid chromatography has already
been used for characterization and separation of hydrophilic and
hydrophobic POx in solution.’’* The reversed-phase (RP)
monolithic silica column utilized here as stationary phase has
previously demonstrated appreciable performance in character-
ization of PEGs and POx tailored with different o- and w-end
groups.”>>>3® Also, the unique hierarchical porous silica rod
structure containing macro- and mesopores confined by the
chromatographic surface enabled the polymeric NP composition
analysis. This included isocratic determination of the drug
content with high efficiency and, simultaneously, gradient elu-
tion of polymer content within one chromatographic run.?”

In addition to establishing of chromatographic conditions suited
for the library of dPOx, the current study takes the next step, i.e., the
use of the materials for NP formulation and encapsulation of an
anti-inflammatory drug. Important aspects describing the NP prop-
erties, are accompanied by appropriate chromatographic character-
ization. In this study, the dPOx polymers were tested for their impact
on cell viability and a screening of NP formulation ability was
performed. Furthermore, the NPs based on the most hydrophobic
polymer, dPNonOx, were formulated to investigate the influence of
surfactant on NP stability. NP stability in different media was
investigated by dynamic light scattering (DLS). The enzymatic
degradation of dPNonOx NPs was also monitored by liquid chro-
matography and proton nuclear magnetic resonance ("H NMR)
spectroscopy. Here, liquid chromatography was utilized for monitor-
ing macromolecular integrity as well as for NP composition analysis
of drug-loaded dPNonOx NPs including the drug loading quantifica-
tion. For this, the anti-inflammatory small molecule BRP-201 was
encapsulated in dPNonOx NPs by nanoprecipitation. This API is
known to suppress the formation of pro-inflammatory lipid
mediators.>® To complete the study, the biological activity of BRP-
201-loaded dPNonOx NPs was evaluated in human neutrophils to
demonstrate the applicability of dPNonOx as carrier material.

Experimental section
Materials

The synthesis of the dPOx statistical copolymers is described
elsewhere.'® Standard characterization data of those materials

11928 | J Mater. Chem. B, 2024, 12, 11926-11938
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are provided in Table S1 (ESIt). BRP-201 was synthesized accord-
ing to an established procedure.* Fig. S1 (ESIt) shows a sche-
matic representation of the chemical structure of both the drug
BRP-201 and dPOx. Acetone (99+%, extra pure) was purchased
from Acros Organics (Geel, Belgium). Poly(vinyl alcohol)
(PVA, partially hydrolyzed poly(vinyl acetate): Mowiol 4-88, M,
31000 g mol ") and dimethylsulfoxide (DMSO, anhydrous
>99.9%), sodium acetate, acetic acid, and proteinase K from
Tritirachium album were obtained from Sigma-Aldrich (Darmstadt,
Germany). The acetate buffer was prepared using sodium acetate
(=99%, ACS reagent; Sigma-Aldrich) and glacial acetic acid (ACS,
Reag. Ph. Eur.; VWR). The buffer pH value was adjusted using 1 M
solutions of HCI (37%, analytical reagent grade; Fischer Scientific)
and NaOH (>99%; Roth). Purified water was received from a
Barnstead™ GenPure™ xCAD Water Purification System from
Thermo Scientific (Waltham, MA, USA) and was used in all stages
of NP preparation, purification, and characterization studies.
Deuterium oxide (D,O) was purchased from Eurisotop (Saint-
Aubin, France). LC-MS grade acetonitrile (CH;CN) and water
(H,0) as well as formic acid (FA, >99.9%) were purchased from
VWR (Darmstadt, Germany).

Liquid chromatography

The elution behavior as well as hydrophobicity/hydrophilicity
of polymers was studied by liquid chromatography using an
UltiMate™ 3000 Rapid Separation (RS) UHPLC chromatographic
system (Thermo Fisher Scientific, Waltham, MA, USA). For that, a
monolithic Chromolith® High Resolution RP-18 endcapped
(100 x 4.6 mm) column from Merck KGaA (Darmstadt, Germany)
was used as a stationary phase. The utilized flow rate was
1 mL min . The column oven temperature was set to 35 °C
and the autosampler temperature was set to 17 °C. Elution was
monitored by two detectors: a charged aerosol detector (Corona™
Veo™ RS, CAD) and a diode array detector (DAD). The CAD was
used as a universal detector. The data were collected at 5 Hz
acquisition frequency with the nebulizer tempered at 45 °C.
Simultaneously, the DAD was operated at 290 nm (polymer
absorbance maximum) and 312 nm (BRP-201 absorbance max-
imum). The mobile phase consisted of CH;CN and H,O and
linear gradient elution was applied. The starting conditions, ie.,
20/80 (%, v/v) CH3CN/H,0, were kept constant for 1 min, after-
ward the CH;CN content was linearly increased from 20% to
100% in 10 min, followed by a hold at 100% for 9 min. After that,
the CH;CN content was decreased back to 20% in 4 min and the
column was re-equilibrated to the initial conditions for 6 min
prior to the next injection. The total run time was 30 min.

The polymers were dissolved at a concentration of
1 mg mL ' in mixtures of CH;CN and 0.1% (v/v) aqueous
formic acid at the following ratios: PEtOx, PEI, oxPEI, dPMeOx,
dPEtOx, dPPropOx, dPButOx at 50/50 (%, v/v), dPPentOx and
dPHexOx at 75/25 (%, v/v), and dPHeptOx, dPOctOx and dPNo-
nOx at 100% CH3;CN.

For drug loading determination in dPNonOx NPs, the elu-
tion conditions were modified to allow for efficient separation
of BRP-201 and polymer according to a previously developed
protocol.’” The final method comprised an isocratic hold at

This journal is © The Royal Society of Chemistry 2024
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85/15 (%, v/v) CH3CN/H,O for 5 min to allow elution of the
drug, followed by a gradient toward 100% CH3;CN in 2 min to
elute the dPNonOx. The CH;CN content was held constant for
8 min and then decreased back to 85% in 0.5 min. The column
was equilibrated for 4.5 min before the next injection. The total
run time was 20 min, and the flow rate was set to 1.5 mL min ™.

The lyophilized NP samples were dissolved in 200 pL. DMSO
and sonicated for 1 min at room temperature. Afterward,
800 pL 85/15 (%, v/v) CH;CN/H,O was added to the solution
and the sonication was repeated. For calibration, BRP-201 was
dissolved in DMSO to obtain a stock solution of 1000 pg mL .
The BRP-201 stock solution was diluted to a series of concen-
trations: 60, 50, 20, 10, and 5 pg mL™". The final solvent
composition in the calibration standards was 200 pL DMSO
and 800 uL 85/15 (%, v/v) CH;CN/H,O.

In all the measurements, the injection volume was 10 pL.
Prior to the analyses, all samples were filtered through a
hydrophobic 0.45 um pore size polytetrafluoroethylene (PTFE)
filter (AppliChrom, Oranienburg, Germany). Chromatographic
data were processed using the Thermo Scientific™ Dionex™
Chromeleon™ 7.2 SR5 Chromatography Data System software.

Nanoparticle formulation

The screening of NP formation of all dPOx, the formulation of
dPNonOx NPs with and without surfactant PVA as well as
formulation of dPNonOx NPs containing the drug BRP-201 was
performed utilizing the batch nanoprecipitation method. The
detailed procedures are described in Section S2.1 of the ESIL.{

Dynamic light scattering (DLS) and electrophoretic light
scattering (ELS)

The NP size (hydrodynamic diameter d;,, Z-average), polydis-
persity index (PDI), and zeta potential ({) were determined by
DLS and ELS measurements using a Zetasizer Nano ZS and
Zetasizer Ultra (Malvern Panalytical Ltd., Malvern, UK). Prior to
the measurements, a volume of 10 or 100 pL of the NP disper-
sions were diluted 1:10 or 1:100 using purified water. DLS was
measured in polystyrene cuvettes (Brand GmbH + Co KG,
Wertheim, Germany) with the following settings, unless stated
otherwise: measurement temperature 25 °C, five runs of each
sample with 30 s of equilibration time and 30 s of acquisition
time. ELS measurements were performed in capillary cell cuv-
ettes DTS1070 (Malvern Panalytical Ltd, Malvern, UK).

In vitro evaluations of potential cytotoxic effects of dPOx
polymers in L929 fibroblasts

The potential cytotoxicity of the investigated polymers was
evaluated using the mouse fibroblast cell line L929 (CLS,
Eppelheim, Germany) and the commercial PrestoBlue™ Assay
(Thermo Fisher Scientific, Waltham, MA, USA), which measures
the metabolic activity of cells as an indirect marker of cell
viability. This assay works with a cell-permeable resazurin-
based solution that functions as a cell viability indicator by
using the reducing power of living cells to quantitatively
measure the proliferation of cells. For cell culture, the Dulbec-
co’s Modified Eagle Medium (DMEM) was supplemented with

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry B

10% fetal calf serum, 100 U mL ™" penicillin, and 100 mg mL ™"
streptomycin (Biochrom, Berlin, Germany) and used as culture
media. Cells were routinely kept at 37 °C in a humidified atmo-
sphere containing 5% CO,. Cells were plated at a density of 10
cells per well in 96-well plates and grown for 24 h. After 24 h,
culture media was replaced by fresh media containing the dissolved
polymers (hydrophobic polymers which were not directly soluble in
cell culture media, i.e., dPPropOx, dPButOx, dPPentOx, dPHexOx,
dPHeptOx, dPOctOx, dPNonOx, were prepared as a DMSO stock
solution which was then further diluted in cell culture media in
a ratio of at least 1:10) with varying concentrations from 0.1 to
100 pg mL~". Control cells were incubated with fresh culture
medium or culture media containing the respective DMSO amount
in case of the hydrophobic polymers. After additional 24 h of
incubation, the media were removed and cells were incubated for
45 min at 37 °C with fresh media containing 10% PrestoBlue™
reagent. The resulting fluorescence intensity of the conditioned
media was measured at Agx = 560 nm/Ag, = 590 nm. Samples
displaying a cell viability value higher than 70% of that of non-
treated cells on the same plate were considered as non-cytotoxic
according to ISO 10993-5. Data are expressed as mean + standard
deviation (SD) of the measurements performed in six technical
replicates with at least three independent determinations.

NP stability in different storage media

The stability of dPNonOx NPs formulated with and without
surfactant PVA was investigated by DLS in different storage
media: in 50 mM acetate buffer (pH 5.0) and in presence of
proteinase K. For that, the NP suspension (initial concentration
of 1 mg mL™") was incubated at 37 °C with 50 mM acetate
buffer (pH 5.0) or with a proteinase K solution (2 mg mL ™" in
water) in 1:2 mass ratio (particle: proteinase K). The mean
count rate (in kilocounts per seconds (keps)) as well as NP size
were monitored at a fixed attenuator setting of 6. The mean
count rate of each sample at the beginning of the measure-
ments was kept around 500 kcps. For data interpretation, the
initial count rate was set to 100% and the count rate values
collected over time are represented in percentage.

In vitro degradation of dPNonOx NPs

The degradation behavior of dPNonOx NPs over longer period
of time was investigated by proton nuclear magnetic resonance
(*H NMR) spectroscopy and liquid chromatography. For that,
the NP batch dPNonOx (without PVA) at an initial concen-
tration of 2 mg mL™" was incubated with a proteinase K
solution in water at 37 °C in mass ratios of 1:2 and 1:4
(particle : proteinase K) for over 68 days.

After 0, 10, 20, 30, and 68 days after the experiment start,
aliquots of 5 mL were taken and lyophilized. "H NMR spectra
were measured on a Bruker AC 300 MHz spectrometer at room
temperature using D,O as a solvent. Chemical shifts ()
are given in parts per million (ppm) using the residual non-
deuterated solvent resonance signal for referencing the
chemical shift.

After the NMR measurements, the samples were lyophilized
once more. For the liquid chromatography measurements, the
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lyophilized aliquots were dissolved in 50/50 (%, v/v) CH3;CN/
H,0 and sonicated for 3 min. Prior to the analysis, the samples
were filtered through a 0.45 pm pore size PTFE filter (Appli-
Chrom GmbH, Germany).

Cell isolation and cell culture of human neutrophils

The peripheral venous blood of healthy human adult donors
(females and males between the ages of 18 and 65) that received
no anti-inflammatory treatment for the past ten days was used
to prepare leukocyte concentrates. The ethical committee of the
University Hospital Jena approved the protocol. All procedures
were conducted in accordance with the applicable guidelines
and regulations, as described in a previous standard protocol.*’
To isolate neutrophils, the leukocyte concentrates were mixed with
dextran from Leuconostoc spp. After sedimentation of erythro-
cytes, the supernatant was centrifuged on a lymphocyte separation
medium (Histopaque®-1077, Sigma Aldrich, Darmstadt, Ger-
many). Hypotonic lysis using water removed contaminating ery-
throcytes from the neutrophils. The pelleted neutrophils fraction
was washed twice in ice-cold phosphate-buffered saline pH 7.4
(PBS) and finally resuspended in PBS.

Determination of 5-lipoxygenase (5-LOX) activity in neutrophils

The effects on 5-LOX activity in human neutrophils were
evaluated by pre-incubating cells (5 x 10° in 1 mL) for
15 min at 37 °C in PBS containing 0.1% glucose and 1 mM
CacCl, with vehicle (PBS), NPs (empty or containing 0.01, 0.03 or
0.1 uM of BRP-201) or free 0.3 uM BRP-201.*" Cells were then
stimulated with 2.5 uM Ca*"-ionophore A23187 (Cayman, Ann
Arbor, USA) for 10 min, and the incubation was stopped with
1 mL ice-cold methanol containing 200 ng mL ™" prostaglandin
B,. Solid phase extraction was used to isolate the formed 5-LOX
products (LTB,, trans-LTB,, epi-trans-LTB,, and 5-HETE),
which were separated and analyzed by reversed-phase liquid
chromatography as described previously.*?

In vitro evaluations of potential influence on cellular
membrane integrity of dPOx NPs in human neutrophils

A CytoTox 96® non-radioactive cytotoxicity assay kit was used to
assess the release of lactate dehydrogenase (LDH) for cell
integrity analysis. The supernatants after incubation of the cells
(1 x 10° neutrophils) were centrifuged at 400 x g for 5 min at
4 °C and diluted to appropriate LDH concentrations. A NOVOstar
microplate reader (BMG LABTECH GmbH, Offenburg, Germany)
was used to measure the absorbance at 490 nm. The cell integrity
was determined according to the manufacturer’s guidelines.

Results and discussion
Liquid chromatography of dPOx library

In a previous study, nine new dPOx copolymers were synthesized:
dPMeOx, dPEtOx, dPPropOx, dPButOx, dPPentOx, dPHexOx,
dPHeptOx, dPOctOx, and dPNonOx."® Rationally, one may antici-
pate that the polymers differ in material hydrophobicity depen-
dent on alkyl side chain length (Fig. 1). To demonstrate this, the
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elution behavior of the homologous series of dPOx was investi-
gated by gradient elution liquid chromatography. A linear gradi-
ent from lower (20%, v/v) to higher (100%, v/v) CH;CN content in
the mobile phase was utilized. As the utilized stationary phase was
silica modified with octadecyl (C,g) alkyl chains, separation is
expected to follow reversed-phase chromatographic mode, where
the retention time can be related to sample polarity.

The elution behavior of dPOx was monitored via universal
CAD (Fig. 2A) and DAD at 290 nm (Fig. 2B). The elution traces in
CAD revealed numerous signals, which indicates the high dispersity
of the copolymer samples. When comparing the polymer elution
trace with a solvent blank (Fig. S2, ESIt), for each dPOx the signal
intensity of the elution trace increased compared to the solvent
blank injection. Most likely, the elution pattern of dPOx represents a
widely distributed peak with more narrow resolved peaks on top,
referring to polymer species of either a certain repeating unit
composition or chain length. For each dPOx, the most prominent
peak group in the elugram shifted toward longer retention with the
increase of alkyl side chain length from dPMeOx to dPNonOx,
according to an expected hydrophobicity increase (Fig. 2A). The
elution trace recorded via DAD (Fig. 2B) showed mostly one
prominent peak for each elugram, however the trend of increased
retention time with the longer alkyl side chain is still evident.

Based on these findings, a hydrophobicity row of the dPOx
library was established. For that, the dPOx elution traces
monitored via CAD and DAD were overlaid (Fig. 2C and
Fig. S3, ESIt). The retention times of the most intense three
matched peaks from DAD and CAD were plotted as a function
of side chain length (Fig. 2D). The expected decrease of the
materials’ hydrophilicity is seen in a direct increase in retention
time as all the dPOx materials feature the same degree of
polymerization (DP). Similar observations were made with
non-degradable POx recently.**

Overall, the dPMeOx and dPEtOx demonstrated hydrophilic
properties as they eluted with the dead volume (~1.5 mL). At
the same time, they produced a second broad low-intensity
peak around 5 min (whose retention time was used in the
established hydrophobicity row in Fig. 2D). dPNonOx was the
copolymer with the longest retention time (> 14 min), therefore
representing the most hydrophobic polymer in the series.

In vitro cytotoxicity of dPOx

The potential cytotoxicity of the dPOx library was tested via a
PrestoBlue™ assay using L929 cell line (Fig. S4 and S5, ESIT).
Water-soluble dPMeOx and dPEtOx remained non-toxic up to
concentrations of 6 mg mL™' and 3 mg mL ™", respectively
(Fig. S4B and S4C, ESIt). Although their compatibility toward the
cell line is not as high as that of the non-degradable PEtOx featuring
the same DP value (Fig. S4A, ESIt),"" such concentrations exceed the
range typically used in pharmaceutical applications.** The dimin-
ished cytocompatibility might be due to the presence of non-acylated
ethylene imine units within the polymer backbone due an incom-
plete re-acylation in the last synthesis step (compare Fig. 1).

The more hydrophobic dPOx, featuring very limited or no
water solubility, were tested up to polymer concentrations of
100 pg mL~* by dilution of a polymer solution in DMSO in the

This journal is © The Royal Society of Chemistry 2024
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(ESIT). (D) Hydrophobicity row for the dPOx library presented as retention time of peaks from CAD and DAD traces (peaks 1, 2, 3) as a function of side
chain length (expressed in number of carbon atoms). The non-characteristic peak indicated in (A) with a “*” was observed in all runs irrespective of which

sample was analyzed and was not used for further characterization and data

cell culture media (Fig. S5, ESIf). At 100 pug mL ™', the safest
cytotoxicity profile was found for dPPropOx and dPNonOx (Fig.
S5H, ESIT). At lower concentrations, all dPOx remained non-cytotoxic.
Formulation ability of dPOx

Envisaging the encapsulation of a hydrophobic API, we selected
the non-water soluble dPOx, i.e., dPPropOx to dPNonOx, for

This journal is © The Royal Society of Chemistry 2024

interpretation.

further investigations regarding their ability to form NPs in
aqueous media via nanoprecipitation. In nanoprecipitation,
a polymer is dissolved in a water-miscible solvent. Then, the
polymer is precipitated into an aqueous phase under defined
conditions. After the precipitation, the organic solvent is
usually evaporated, leaving the NP suspension in water under
constant stirring. Based on the subsequent application, several
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parameters including the initial polymer concentration in for-
mulation and the presence of a surfactant, e.g., PVA, can be
varied to influence the final particle size and colloidal stability.**

For screening the ability of dPOx to form NPs in water, the
nanoprecipitation was implemented without surfactants to
explore the influence of the alkyl chain length on the NP
properties. For that, all dPOx were dissolved in acetone at
varying concentrations from 1 to 20 mg mL~ " and were injected
into water. The NP characteristics such as hydrodynamic dia-
meter (dy, Z-average), PDI, and zeta potential were obtained by
DLS/ELS (Table S2 and Fig. S6, S7, ESI¥). All dPOx formed NPs
with sizes below 200 nm, even at the highest initial polymer
concentration of 20 mg mL™". The PDI values stayed below 0.15
in all cases, except for NPs prepared from acetone solutions of
1 mg mL ", indicating narrow size distributions which is
beneficial for consistent behavior of NPs.*®

By comparison of the final NP size (dy,, Z-average) in depen-
dence of the side chain length, several trends can be discerned.
Firstly, the initial polymer concentration influenced the hydro-
dynamic diameter of the obtained NPs, ie., a higher concen-
tration resulted in larger NPs. This finding has been reported
before with different polymer-based carrier materials.***”
Secondly, increase in the side chain length from dPPropOx to
dPNonOx resulted in a larger hydrodynamic diameter of the
obtained NPs, except for an initial polymer concentration of
1 mg mL™'. For such low concentrations, NP formation
appeared less controlled as indicated by the systematically
increased PDI values and apparently lower zeta potential values
for all NPs. Higher zeta potential values are usually preferred as
they evidence the electrostatic repulsion between the NPs
leading to slower aggregation of NP in suspension.*®

Zeta potentials for all formulated dPOx NPs displayed positive
values in a range from 15 to 45 mV, depending on the utilized
initial copolymer concentration. Most likely, either the glycine
moieties or residual non-functionalized ethylene imine units
present in dPOx cause the positive surface charge. Similar find-
ings have been reported recently for NPs formulated from amphi-
philic block copolymers comprising hydrophilic dPOx blocks.**

Stability and in vitro degradation of dPNonOx NPs

Apparently, all hydrophobic dPOx seemed to be suitable for NP
formation. As dPNonOx tended to feature the best cytocompat-
ibility, this material was selected for further studies. It has
previously been found that the addition of surfactants is favor-
able for the formation of API-loaded NPs even if the blank NPs
can be formulated well without the use of such.*® To investigate
the influence of a surfactant on the NP properties, unloaded NP
were prepared with and without applying PVA in the aqueous
phase used during nanoprecipitation. PVA is partially hydrolyzed
poly(vinyl acetate), that possesses both hydrophobic acetate as
well as hydrophilic hydroxyl groups and, thus, can reduce the
surface tension of hydrophobic NP materials dispersed in aqu-
eous media.’®>" This leads to effective prevention of aggregation
and increase in colloidal stability.

The presence of the surfactant did not influence the main
NP properties, as dPNonOx NPs formulated with and without

1932 | J Mater. Chem. B, 2024, 12, 11926-11938
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PVA centered about the same size and zeta potential values
(Table S3 and Fig. S8, ESIT).

The stability of dPNonOx NPs formulated with and without
PVA was investigated in acetate buffer (50 mM, pH 5.0) and
under proteinase K action at a mass ratio of 1:2 (particle:
proteinase K) by DLS (Fig. 3). After 14 days of incubation at
37 °C both dPNonOx NPs were stable in aqueous suspension
(Fig. 3A). Acidic conditions influenced the stability of the
dPNonOx NPs: a decrease of the mean count rate and increase
of the apparent NP size pointed toward NP aggregation (Fig. 3B).
The aggregation was delayed when PVA was present as a surfac-
tant and set in after three days. In contrast, NPs without
surfactant revealed an immediate decrease of the count rate.

Proteinase K belongs to the class of proteases, is capable of
degrading peptide bonds, and has previously been reported to
boost the biodegradation of polyesters and polyesteramides.>*
Incubated with proteinase K, dPNonOx NPs with PVA were stable
for the first three days (Fig. 3C). On the fourth day of incubation
at 37 °C, the count rate suddenly decreased. Although occurring
likewise for NPs without PVA, the observation was delayed for
one day. However, the decrease in count rate was again accom-
panied by an increase in overall apparent particle size.

Although DLS is a relatively fast and straightforward method
for NP size determination, it often results in over-estimated sizes
due to domination of the scattering behavior by larger particles
or aggregates.”® Therefore, DLS cannot distinguish between
aggregation effects and degradation of the NPs. Hydrodynamic
techniques such as analytical ultracentrifugation (AUC) and
field-flow fractionation (FFF) are known for more precise size
determination of colloidal systems.’> They, however, cannot
reveal the chemical changes in the materials.

To obtain information regarding the products of the enzy-
matic degradation, techniques such as liquid chromatography
or NMR spectroscopy are required. For such investigations, the
dPNonOx NPs without PVA were incubated with proteinase K at
37 °C for 68 days. Then, lyophilized samples were investigated
using the gradient elution liquid chromatography method
described above (Fig. 4). The elution of dPNonOx NPs stored
with the enzyme was monitored by CAD (Fig. 4A). Taking into
consideration that dPNonOx is a highly disperse copolymer
obtained through a multi-step synthesis procedure, a multi-
plicity of signals was observed in the elugram of the dissolved
NPs, similarly to the polymer elution traces (Fig. 2A).

To illustrate the degradation process, the change of signal
intensity of the characteristic peaks was closely monitored. Peak
heights were used to indicate the progression of the hydrolysis
(Fig. 4B and C). The intensity of the very first peak having a
particular fine structure (~1.5 min, Peak 1 in Fig. 4A) increased
over time. Preliminary experiments also showed non-retained beha-
vior of proteinase K on the column and under present chromato-
graphic conditions (Fig. S9, ESIT). The increased abundance of the
signal close to the void time (Fig. 4B) demonstrates an increase of
hydrophilic products present in the NP suspension, originating
from enzymatic degradation of dPNonOx. Indeed, the expected
degradation products of dPNonOx include hydrophilic low molar
mass amines, decanoic acid, and glycine (Fig. S10, ESIt).>®

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Stability of dPNonOx NPs formulated with and without the surfactant PVA. The NPs were kept at 37 °C (A) in water as a control as well as (B) were
incubated in the 50 mM acetate buffer (pH 5.0) or (C) mixed with the enzyme proteinase K in a mass ratio 1: 2 (particle : proteinase K). NP size and count
rate were monitored by DLS. The size value indicated with a “*" exceeds the size axis range.

The elugrams demonstrate the decrease of the dPNonOx
signal intensity in the range between 10 and 20 min of elution
time with increase of incubation time, which correlates to a
lower amount of dPNonOx present in the suspension. The
height of the dPNonOx characteristic peak (~16.5 min, Peak
2 in Fig. 4A, that was used for the dPOx hydrophobicity row in
Fig. 2D) constantly decreased upon prolonged proteinase K
treatment (Fig. 4C), clearly demonstrating the degradation of
dPNonOx.

Twice the amount of proteinase K led to a faster degradation
of the material. That was evidenced by the faster drop of signal
intensity between 10 and 20 min already after 10 days
(Fig. S11A, ESIt) as well as by the faster decreasing height of
Peak 2 and faster increasing height of Peak 1 (Fig. 4B and C).

The enzymatic degradation of dPNonOx NPs formulated
without PVA was proven by 'H NMR spectroscopy as well
(Fig. 4D and Fig. S11B, ESIf). The singlet appearing at 3.7
ppm can be assigned to the methylene protons of the glycine
that is formed during the dPNonOx backbone hydrolysis
(Fig. S10, ESIt). However, a clear assignment of further degra-
dation products in the spectra was hampered due to various
signals arising from the proteinase K.

This journal is © The Royal Society of Chemistry 2024

All in all, the results highlight the degradation of dPNonOx
NPs not only through NP aggregation in suspension, but also
through hydrolysis of the polymer backbone leading to the
formation of hydrophilic degradation products.

BRP-201-loaded dPNonOx NPs

NPs formed from dPNonOx demonstrated promising properties
to be used as DDS, as they showed low cytotoxicity and
degraded under proteinase K action with potential for sus-
tained drug release. To investigate dPNonOx NPs as a carrier
material, the anti-inflammatory drug BRP-201 was chosen as it
inhibits 5-lipoxygenase (5-LOX)-activating protein (FLAP) in the
5-LOX pathway of arachidonic acid metabolism leading to
reduced formation of pro-inflammatory leukotrienes.*®**
water solubility of BRP-201 and strong non-specific protein
binding, leading to fast elimination from the organism, evi-
dence the necessity of a carrier material to improve its bioavail-
ability and pharmacokinetics.®”

Hence, dPNonOx NPs were loaded with BRP-201 by co-
nanoprecipitation. For formulation, the drug dissolved in
DMSO was mixed with polymer dissolved in acetone and the
solution was added to the aqueous phase containing PVA to

Low
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Fig. 4 Enzymatic degradation of dPNonOx NPs under proteinase K action in a mass ratio 1:2 (particle : proteinase K). (A) Elugrams of dPNonOx NP
suspension stored with proteinase K over 68 days and recorded by CAD. The non-characteristic peak indicated with a “*" was observed in all runs
irrespective of which sample was analyzed and was not used for further characterization and data interpretation. Degradation of dPNonOx NPs is
illustrated via pseudo-kinetic degradation plots established via (B) Peak 1 height and (C) Peak 2 height as a function of time in days. The error bars were
calculated from three repetitive injections of each sample. (D) Overlay of *H NMR spectra (300 MHz, D,0) of the lyophilized dPNonOx NP suspension
stored with proteinase K in a mass ratio 1:2 (particle : proteinase K). The individual normalized spectra are stacked for clarity. The dashed black box

indicates the glycine singlet at 3.7 ppm.

obtain drug-loaded NPs in water. As the initial screening had
shown that dPNonOx can be formulated from acetone at polymer
concentrations of 5 and 20 mg mL ", we kept those high con-
centrations, because the drug loading often increases along with
the polymer concentration.>® After evaporation of the solvent and
purification of the particles via ultrafiltration, the loading capacity
(LC, %) values were determined by liquid chromatography.

1934 | U Mater. Chem. B, 2024, 12, 11926-11938

For the composition analysis, the elution of re-dissolved
lyophilized aliquots of empty dPNonOx NPs as well as dPNonOx
NPs loaded with BRP-201 was monitored using CAD and DAD
(Fig. 5). The measurement conditions comprised an isocratic
hold at 85/15 (%, v/v) CH3CN/H,O to allow the elution of the
small drug molecule with high efficiency, followed by increase
of CH;CN content to ensure complete elution of the polymer.

This journal is © The Royal Society of Chemistry 2024
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The universal detection via CAD resulted in an elution pattern
with many resolved species, which is consistent with observa-
tions made during the dPOx library characterization (Fig. 5A).

Monitoring the elution of dPNonOx NPs by DAD at the
polymer absorbance maximum, i.e., 290 nm, revealed a differ-
ence in polymer elution patterns for dPNonOx used in NP
formulation and untreated dPNonOx (further referred to as
standard) (Fig. 5C). The signal intensity of the two main peaks
in the elugram indicated as Peak 1 and Peak 2 in Fig. 5C were
reversed (Table S4 and Fig. S12, ESIt). The same signal ratios
for empty and drug-loaded dPNonOx NPs demonstrate that the
encapsulation of the drug in dPNonOx NPs did not affect
the polymer elution pattern. It hence appears likely that the
change in elution pattern resulted from the formulation pro-
cess, which involved solvents, sample centrifugation, lyophili-
zation, and sonication procedures. Further optimization of the
formulation process and screening of the resultant NPs by
liquid chromatography may, in the future, resolve the issue
and allow the quantification of the polymer content in the final
formulations.
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At the same time, the BRP-201 component was monitored by
DAD at 312 nm (Fig. 5B). Its content was determined using a
calibration curve that was linear from 5 to 60 ug mL " (Fig. $13,
ESIt). The elution patterns of three aliquots of dPNonOx NPs
containing BRP-201 were repeatable (Fig. S14, ESIt) and the
average amount of BRP-201 determined within one formulation
batch revealed a coefficient of variation below 3% (Table S5, ESIf).

When three independent formulations were prepared, LC
values of 1.5 + 0.2% (for 5 mg mL ™" initial polymer concen-
tration) and 1.8 + 0.1% (for 20 mg mL " initial polymer
concentration) were determined via the developed liquid chro-
matography protocol (Table S6 and Fig. S15C, ESIt). The LC
values are similar to the values previously reported for other
nanocarriers.””*>® Varying the initial polymer concentration
during formulation resulted in NPs with hydrodynamic dia-
meters of 170 £+ 30 nm for 5 mg mL ™' and 220 & 60 nm for
20 mg mL ', respectively (Fig. S15A, ESIT). Encapsulation of the
cargo did not affect the particle size at a significant level for
both concentrations, as seen in the overlapping size distribu-
tions of loaded and empty NPs (Fig. S16, ESIt). However, it
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Fig. 5 Composition analysis of an exemplified batch of drug-loaded dPNonOx NPs formulated with an initial polymer concentration of 20 mg mL™%.
Overlaid elution traces of solvent as well as empty and BRP-201-containing dPNonOx NPs recorded by (A) CAD and (B) DAD at 312 nm. Peak at 1.8 min
refers to BRP-201. (C) Overlaid elugrams of empty and BRP-201-containing dPNonOx NPs as well as dPNonOx standards (0.5 and 3.0 mg mL™)
recorded by DAD at 290 nm. Solvent composition in all the samples: 200 L DMSO and 800 plL 85/15 (%, v/v) CHzCN/H,0O. Measurement conditions:
flow rate 1.5 mL min~?, isocratic hold for 5 min at 85% (v/v) of CHzCN in the mobile phase followed by a linear gradient of CHzCN (from 85% (v/v) to 100%)
in 2 min.
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resulted in a decrease of the NP zeta potential, particularly in
case of an initial polymer concentration of 20 mg mL'
(Fig. S15B, ESIt). This might be due to the migration of glycine
or residual ethylene imine moieties from the particle surface to
form hydrogen bonds with drug molecules. Such hydrogen
bonds are believed to contribute to successful encapsulation
of BRP-201 into dPNonOx NPs.

Inhibition of 5-LOX activity and toxicity of BRP-201-loaded
dPNonOx NPs

Neutrophils, as a primary source of pro-inflammatory leuko-
trienes, strongly express 5-LOX and its helper protein FLAP. In
this aspect, neutrophils were chosen to test the capability of the
encapsulated FLAP inhibitor BRP-201 to inhibit the 5-LOX pro-
duct formation.® BRP-201-containing dPNonOx NPs were pre-
incubated with neutrophils for 15 min and then stimulated by
calcium ionophore A23187 (2.5 uM) for 10 min to investigate the
FLAP-dependent formation of pro-inflammatory 5-LOX products.

In accordance with recently published data, free BRP-201, at
a concentration of 0.3 puM, significantly inhibited 5-LOX pro-
duct formation.®” At the same drug concentration, loaded NPs
performed in a similar fashion. BRP-201-loaded NPs were also
effective at a concentration of 0.03 uM, but showed only a
minor effect at 0.01 pM (Fig. 6). Inhibition of cellular 5-LOX
product formation is another evidence for the assumption that
the drug is successfully released from the NPs.

The unloaded NPs inhibited 5-LOX product formation as
well, at least at a concentration of 9.3 mg L', which corre-
sponds to the NP concentration of drug-loaded dPNonOx NPs
containing 0.3 pM of BRP-201 (Fig. S17, ESIf). However,
membrane integrity in human neutrophils remained intact
after 3 h of incubation with unloaded NPs as well as untreated
dPNonOx, displaying no cytotoxic effect (Fig. S18, ESIT).

Conclusions

Degradable analogues of POx (dPOx) containing glycine units in the
polymer backbone were characterized by gradient elution liquid
chromatography. The findings reveal the shift of elution time with
elongation of polymer side chain length in dPOx. Those dPOx were
cytocompatible and formed colloidally stable nanoparticle (NP)
formulations with positive zeta potentials. More hydrophobic dPOx
tended to form larger NPs. NPs formulated with and without
surfactant PVA from the most hydrophobic polymer in the library,
dPNonOx, were stable in water at 37 °C over 14 days of incubation
time. However, the presence of surfactant increased NP lifetime in
acidic media (pH 5.0, 50 mM acetate buffer). At the same time, NPs
formulated without PVA appeared to be more stable under enzy-
matic degradation with proteinase K. The degradation of NPs
under the action of proteinase K was monitored over 68 days by
liquid chromatography and *H NMR spectroscopy and revealed the
formation of glycine and low molar mass degradation products
over time, proving the polymer decomposition.

The small molecule BRP-201 was successfully encapsulated
in the dPNonOx NPs and NP composition analysis, including
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Fig. 6 Inhibition of 5-LOX product formation by encapsulated BRP-201 in

dPNonOx NPs in neutrophils. Human primary neutrophils were preincu-
bated for 15 min at 37 °C with PBS (vehicle, veh.), free 0.3 uM BRP-201 or
BRP-201-loaded dPNonOx NPs containing 0.01, 0.03 or 0.3 uM BRP-201,
respectively, and then stimulated with 2.5 uM A23187. After 10 min, the
reaction was stopped, and 5-LOX products were extracted via solid phase
extraction (SPE) and analyzed by reversed phase liquid chromatography.
Values are given as 5-LOX products (LTBg4, trans-LTB,, epi-trans-LTB,4, and
5-HETE) in percentage of control. For statistical analysis matched one-way
ANOVA with Tukey’s multiple comparisons test was used; *p < 0.05.

drug loading, was performed by liquid chromatography. Even
though the quantification of the polymer content in the formu-
lation was not possible, the findings highlight liquid chromato-
graphy being a powerful tool for screening of the final
formulations for quality control purposes. Chromatography is
highly sensitive to compositional and structural changes of the
utilized materials, which is reflected in a sensitive and quanti-
tative change of the elution fingerprint of these disperse systems.
Drug-loaded dPNonOx NPs demonstrated no cytotoxic effect and
encapsulated BRP-201 led to the inhibition of 5-LOX product
formation in neutrophils, thereby confirming the drug release
from degradable NPs. The dPNonOx itself revealed a pharmaco-
logical effect that is of interest for further investigations.

At the same time, the study highlights once again liquid
chromatography being a universal technique to detect the
chemical structural changes at all stages of material develop-
ment. That is of great importance for formulation strategies
and translation of results to the pharmaceutical industry where
not only the quantity of the drug, but also a compositional
study of intact formulations is essential for future quality
control requirements.
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