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ABSTRACT

Poly(ester amide)s (PEAs) consisting of 1-valine (Val), glycolic acid (G), and 1-isoleucine (Ile), i.e., PValG and
PlleG, and various poly(2-ethyl-2-oxazoline)-block-poly(ester amide) copolymers (PEtOx-b-PEA) were investi-
gated for their suitability as particle-based delivery systems for the anti-inflammatory drugs BRP-187 and BRP-
201. A small-scale, high-throughput formulation approach was utilized to evaluate the nanoparticle properties in
dependence of the composition of mixtures of PEA homo- and copolymers. Atomistic molecular dynamics sim-
ulations of PValG and PIleG with the active ingredients indicated thermodynamic compatibility of the PEAs with
the drugs. Drug encapsulation studies confirmed the formation of stable formulations, and the enzymatic
degradation of the nanoparticles was also demonstrated. The nanoparticles exhibited no cytotoxicity and were
able to efficiently deliver the active pharmaceutical ingredients, i.e., BRP-187 and BRP-201 into macrophages
and HEK293 cells. All nanoparticle systems displayed anti-inflammatory effectiveness as they were able to
suppress cellular 5-lipoxygenase activity. The most promising effects were obtained with the block copolymer-
based PEtOx-b-PEA nanoparticles, which revealed an enhanced performance compared to the control PLGA
nanoparticles.

1. Introduction

formulations of active pharmaceutical ingredients (APIs) [4]. These
polymers have a rather hydrophobic character and form the core of the

Polymer-based nanoparticles have emerged as a promising drug
delivery platform due to their versatility and ability to overcome the
limitations of free drugs, such as poor bioavailability, rapid clearance
from the body, and toxicity [1-3]. Poly(lactic acid) (PLA) and, in
particular, the copolymer poly(lactic-co-glycolic acid) (PLGA) are
typical polymers used for drug delivery applications and, thus, for the

formulated nanoparticle that embeds the API. PLGA is soluble in many
organic solvents, but also has a versatile use in applications demanding
high biocompatibility. Drawbacks of PLGA include the limited tuning
ability of the nanoparticles, e.g., regarding API encapsulation capacities
and the occurrence of free drug precipitates in addition to the nano-
particles, as shown in previous studies [5,6]. The latter may be due to
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the presence of only ester functionalities in PLGA, which might cause
unfavorable drug-polymer interactions.

Poly(ester amide)s (PEAs) represent a promising alternative class of
polymers compared to PLGA. They possess additional amide moieties,
which can promote hydrogen bonding, either between the polymer and
the API or polymer and polymer, thereby affecting encapsulation of APIs
and the biodegradability [7,8]. PEAs obtained from ring-opening poly-
merization of morpholine-2,5-diones are often referred to as poly-
depsipeptides. They feature a structure that is very similar to PLGA
(Fig. 1) [9,10]. PLGA consists of repeating units of glycolic and lactic
acid, whereas PEAs are based on repeating units of glycolic acid and an
amino acid. The two repeating units are arranged in an alternating
fashion in the PEA, whereas PLGA represents a statistical copolymer.

Such PEAs, incorporating the hydrophobic amino acid valine, have
been known since the pioneering works of Feijen and coworkers in the
early 1990’s [11]. Within the following decade, Feng et al. conducted
intensive research on PEA featuring valine and isoleucine repeating
units, also establishing synthetic routes toward block copolymers
comprising poly(ethylene glycol) (PEG) [12]. Although the versatility of
the incorporation of a-amino acid moieties within polyester materials
has been explored, e.g., for the attachment of targeting ligands, only a
few reports exist regarding the use of hydrophobic PEA homopolymers
for drug delivery purposes [9,13,14]. Instead, copolymers of lactide
and/or glycolide with morpholine-2,5-diones have been studied
[15-17]. To the best of our knowledge, only Lendlein and coworkers
performed a direct comparison between oligo[(3-(S)-sec-butyl)mor-
pholine-2,5-dione]diol and PLGA regarding dexamethasone encapsula-
tion, despite the striking structural similarity of PEA made from
morpholine-2,5-diones and PLGA [9].

In the present study, -valine (Val) and i-isoleucine (Ile) based PEAs,
as well as the respective block copolymers with a hydrophilic poly(2-
ethyl-2-oxazoline) (PEtOx) block, were investigated. To date, PEG is
the “gold standard” hydrophilic pharmapolymer [18]. PEG provides the
nanoparticles with a “stealth effect”, preventing their recognition by the
immune system and prolonging their circulation time in the body [19].
However, PEGylated drug carriers and formulations containing PEG
have been reviewed critically lately due to a recognized appearance of
antibodies in humans originating from their intense use in, e.g., salves,

Materials Today Chemistry 35 (2024) 101848

cremes, and as drug delivery components. This could limit their appli-
cability in the near future. In consequence, PEtOxylated PEAs are ex-
pected to represent promising alternatives to PEG-PLGA, since PEtOx
features a similar “stealth effect” as PEG [18,20].

In a previous study, Dirauf et al. synthesized various PEtOx-b-PEA
block copolymers based on Val and Ile. The hydrophilic PEtOx polymer
block was attached to various PValG and PIleG polymer blocks through
the use of PEtOx macroinitiators [21]. The latter feature a degree of
polymerization (DP) of 20 and, accordingly, a molar mass of 2000 g
mol !, which is a frequently used molar mass for PEGs in biomedical
applications [22].

The synthesized PValG and PIleG homopolymers and the PEtOx-b-
PEA block copolymers are herein investigated with respect to their
nanoparticle formation potential and stability. First, automated high-
throughput (HT) nanoprecipitation in a 96-well-plate format was uti-
lized for an initial screening based on small material quantities. In
addition to nanoprecipitation of individual polymers, varying amounts
of block copolymers were supplemented to the respective homopoly-
mers in order to stepwise increase the hydrophilic portion in the
formulation, enabling an investigation of the impact on the particle
formation in terms of size, size distribution, and zeta potential.

Selected PEAs were used to encapsulate different lipophilic anti-
inflammatory APIs, i.e. BRP-187 or BRP-201, in order to assess their
potential as drug carrier materials and to evaluate whether differences
between the two APIs can be identified due to their structural variations.
Both water-insoluble compounds are representatives of the novel drug
class of dual inhibitors that target the 5-lipoxygenase-activating protein
(FLAP, required for leukotriene formation) and the microsomal prosta-
glandin E; synthase-1 (mPGES-1, required for PGE; formation). They are
so-called lipid mediator class switch inducers (LMCSIs) and are of
particular interest for pharmaceutical applications as they possess a
superior pharmacological profile compared to established non-steroidal
anti-inflammatory drugs (NSAIDs). This is due to the fact that they
inhibit only the formation of pro-inflammatory PGE; and leukotrienes
without affecting beneficial metabolites within the arachidonic acid
cascade. In addition, they can accelerate the resolution of inflammatory
processes through promotion of pro-resolving lipid mediators. Due to
the strong plasma protein binding properties of BRP-187 and BRP-201,
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Fig. 1. Schematic representation of the used PEA homopolymers and PEtOx-b-PEA block copolymers in comparison to PLGA and the active pharmaceutical in-

gredients (APIs) used (LA = lactic acid, GA = glycolic acid).
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they rely on the use of, e.g., nanocarriers to achieve sufficiently high
bioavailability also in vivo [23-25].

To this end, it was previously demonstrated that acetalated dextrans
as well as PLGA, represent suitable carrier materials [6,26]. Neverthe-
less, the use of PLGA in drug formulation approaches may lead to the
occurrence of free drug precipitates, and, thereby, an undesired
increased interaction with plasma proteins [5]. Due to an expected
additional hydrogen bonding of API and polymer, PEAs seem to offer the
potential for improved, i.e., more efficient encapsulation of the API and,
thus, superior anti-inflammatory efficacy.

The possibility of hydrogen bonding between BRP-187 and BRP-201
with PValG and PlleG was investigated via atomistic molecular dy-
namics (MD) simulations. On this basis, the respective nanoparticles
were prepared in larger batch sizes. PEtOxylated PEAs were used in
addition to these two homopolymers to introduce a “stealth effect”
(Fig. 1). Within the subsequent drug encapsulation studies, the following
important nanoparticle properties were examined in respect to central
aspects of the envisaged drug delivery applications: i) Nanoparticle
formation and drug encapsulation, ii) stability and degradation of the
nanoparticles in cell culture medium as well as in the presence of the
enzyme proteinase K, iii) cellular uptake of the nanoparticles into
HEK293 cells and into human macrophages (M1), their cytotoxicity as
well as biocompatibility. Finally, the nanoparticles’ ability to deliver the
APIs BRP-187 and BRP-201 to inhibit FLAP-mediated leukotriene for-
mation was examined. The results for the PEA homo- and block copol-
ymer nanoparticles were compared with the PLGA nanoparticles
formulated under the same batch conditions.

2. Materials and methods
2.1. Materials

The synthesis of the PEA homopolymers and PEtOx-b-PEA block
copolymers is described elsewhere [21]. They were used without further
treatment and key characterization data are provided in Table SI.
BRP-187 and BRP-201 were synthesized based on established proced-
ures [27]. Acetone (99+%, extra pure) was purchased from Acros Or-
ganics and ethyl acetate (ROTISOLV® >99.9 %, GC Ultra Grade) was
received from Carl Roth GmbH. Resomer RG 502H (PLGA, M,, 7000 to
17,000 g mol’l), poly(vinyl alcohol) (PVA) (Mowiol 4-88, M,, 31,000 g
mol’l), dimethylsulfoxide (DMSO, anhydrous >99.9 %) and all other
materials were obtained from Sigma-Aldrich. Tetrahydrofuran (THF)
was dried in a solvent purification system (SPS, Pure solv EN, Innova-
tiveTechnology). Purified water from purification system (GenPure ul-
trapure water system, Thermo Scientific) was used in all stages of
nanoparticle preparation, purification, and characterization studies.
HPLC grade acetonitrile (CH3CN) and water as well as formic acid (FA,
>99.9 %) were purchased from VWR.

2.2. High-throughput formulation

For the high-throughput formulation (HT formulation), a liquid
handling robot (CyBio FeliX, Analytik Jena GmbH) equipped with a
choice head R 96/250 pL was utilized. The robot was programmed
utilizing the CyBio Composer software. All liquid transfers were per-
formed using disposable tips with a volume of 250 pL. At first, stock
solutions of all polymers were prepared in THF with a polymer con-
centration of 2.5 mg mL™!. Subsequently, with the assistance of a liquid
handling robot, defined mixtures of homo- to copolymer solutions were
prepared in a 96 well plate (Greiner Bio-One GmbH). The applied vol-
umes are listed in Table S2. To produce nanoparticles, 25 pL of the mixed
polymer solutions were injected into another 96 well plate that con-
tained 200 pL of purified water per well to result in a solvent/non-
solvent volume ratio during formulation of 0.125. The dispersions
were mixed after injection by aspiration and release with a pipette tip
five times. The plate was left on the bioshaker at 40 °C for 60 min to
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evaporate THF. The final amount of polymer per well was 0.0625 mg
and the final nanoparticle concentration was 0.312 mg mL~! in water.
All formulations were prepared and analyzed in triplicate to evaluate the
repeatability of the HT formulation procedure in general.

2.3. Automated high-throughput dynamic light scattering

For high-throughput dynamic light scattering (HT DLS) measure-
ments, a 96 well plate was used (Greiner 96, poly-propylene 392 pL per
well, flat bottom clear). For this purpose, 10 pL of the particle formu-
lation were added to a prefilled plate that contained 100 pL of purified
water with assistance of the robot. For the measurements, the plate was
closed with a sealing tape (Sigma Aldrich). After equilibration of the
dispersion, measurements on the HT DLS DynaPro Platereader III (Wyatt
Technology Europe GmbH) were performed. The size distribution was
calculated using the Software DYNAMICS® based on three acquisitions
with 3 s per measurement and the following additional settings: Tem-
perature 25 °C, dn/dc = 0.185 mL g’l, RI (at 830 nm) 1.584, auto-
attenuation on.

2.4. Nanoprecipitation in larger batches

For the preparation of the nanoparticles by nanoprecipitation in
larger batches, a syringe pump (Aladdin AL1000-220) operating at a
flow rate of 2 mL min~! was used. The polymers (including PLGA) were
first dissolved at a concentration of 5 mg mL~" in THF. To obtain drug-
containing nanoparticles, a 10 mg mL~! API (either BRP-187 or BRP-
201) stock solution in DMSO was added to the polymer solution to
reach a ratio of API to polymer of 3 % (w/w). PVA was added to the
aqueous phase at a concentration of 0.3 % (m/v), which was then used in
a volume ratio of 10:1 with respect to the THF solution. The organic
phase was injected into the aqueous phase at room temperature while
stirring at 800 rpm and allowed to stir under a fume hood overnight. The
next day, the nanoparticles were purified by centrifugation for 60 min at
20 °C at 11,000 rpm (5804 R centrifuge, Eppendorf). The supernatant
was then removed and the nanoparticles were resuspended in water to
achieve a theoretical concentration of 5 mg mL™'. To this end, the dis-
persions were first vortexed, then placed in an ultrasonic bath for 30
min, and stored overnight in a refrigerator to allow equilibration of the
particle dispersion. For further investigations, aliquots were freeze-dried
(Lyophilizer Christ Alpha 2-4 LD plus). The mass of the nanoparticles
was determined by using a MYA 11.4Y microbalance (Radwag Waagen)
and the final concentration was calculated by dividing the mass of the
lyophilizate by the volume used for lyophilization.

2.5. Dynamic and electrophoretic light scattering

Dynamic light scattering (DLS) and electrophoretic light scattering
(ELS) were applied to determine the size and zeta potentials (¢) of the
nanoparticles, respectively. For that purpose, a Zetasizer Nano ZS or
Zetasizer Ultra (Malvern Panalytical GmbH) was utilized. The Zetasizers
operate with a laser wavelength of 633 nm. DLS was measured in
polystyrene microcuvettes (Brand GmbH + Co KG) at 25 °C and a back-
scattering angle of 174.7°. The intensity-weighed hydrodynamic diam-
eter (dy) and corresponding polydispersity index (PDI) of the nano-
particles are reported. Furthermore, DTS1070 capillary cuvettes
(Malvern Panalytical GmbH) were used for ELS investigations. The
selected samples of the HT-formulations (200 pL) were further diluted
with 800 pL of pure water and measured in a DTS1070 capillary cuvette
three times for 10 s at 25 °C for size analysis via DLS as well as in
automatic mode for the determination of the zeta potential by ELS. For
the batch formulations, 10 pL of the particle suspension was diluted with
1 mL of deionized water and measured five times (15 runs each with a
run time of 1.68 s) for DLS and three times in ELS.
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2.6. Stability investigation via DLS

The stability of the unloaded nanoparticles formulated via batch
nanoprecipitation (PValG, PIleG, PEtOx-b-PValGgs, PEtOx-b-PlleGgs
and PLGA) was monitored by DLS. For this purpose, the nanoparticles
were diluted with cell culture medium (D10, low glucose Dulbecco’s
modified eagle’s medium (DMEM)) at a volume ratio of 1:1 and incu-
bated at 20 °C as well as at 37 °C. The nanoparticles’ size and size dis-
tribution were measured up to 120 h with a fixed attenuator of 7. In
order to also provide long-term data on the stability of the nanoparticles
at body temperature, the particle suspensions were stored in an incu-
bator at 37 °C in between measuring intervals.

2.7. Degradation studies with proteinase K

The degradation behavior of the four PEA nanoparticles obtained
from batch nanoprecipitation and the PLGA control sample was inves-
tigated by DLS measurements. For this purpose, the nanoparticles in
suspension (initial concentration 2 mg mL 1) were incubated with a
proteinase K solution (in water) at 37 °C in mass ratios from 1:3 to 1:238
(particle:proteinase K). The mean count rate was used as a readout (at a
fixed attenuator of 7) and the initially measured count rate was set equal
to 100 %; the count rate development over time is represented in
percentages.

2.8. Scanning electron microscopy (SEM)

A Sigma VP field emission scanning electron microscope (Carl-Zeiss
AG, Germany) was used to image the nanoparticles. Micrographs were
acquired with the InLens detector at an acceleration voltage of 3 kV and
6 kV, respectively. Nanoparticle formulations were initially diluted with
water in a 1:5 ratio. 10 pL was pipetted onto mica substrates and air
dried. Prior to the measurements, the samples were coated with a thin
layer of platinum (4 nm) using sputter coating (CCU-010 HV,
Safematic).

2.9. Hemolysis assay and erythrocyte aggregation

The assays were performed according to a previously published
protocol [28]. All animal husbandry is performed in compliance with
the relevant European and German laws, institutional guidelines and to
state including the institutional animal committee. The sheep blood was
taken from general veterinary management of the animal health (Insti-
tut fiir Versuchstierkunde und Tierschutz/Laboratory of Animal Science
and Animal Welfare, Friedrich Schiller University Jena). To assess the
hemolytic activity of the nanoparticle suspensions, blood from sheep
was collected in heparinized-tubes, centrifuged at 4500 x g for 5 min, and
the pellet was washed three times with cold phosphate buffered saline
(PBS, pH 7.4; biowest). Afterward the pellet was resuspended in PBS pH
7.4 in a ratio of 1:10 (v/v). The erythrocyte suspension was mixed with
the nanoparticle suspension in a ratio of 1:1 (v/v) and incubated at 37 °C
and 5 % CO;, for 1 h. Samples were tested at three different concentra-
tions: 10, 50 and 100 pg mL ™. After centrifugation at 2400xg for 5 min
the hemoglobin release into the supernatant was determined spectro-
photometrically using a microplate reader (TECAN Infinite M200 PRO)
at A = 544 nm with a reference wavelength at A = 630 nm. Complete
hemolysis (100 %) was achieved using 1 % Triton X-100 (Sigma-Al-
drich) serving as positive control. PBS served as negative control. A
value of less than 2 % hemolysis rate was taken as nonhemolytic.

For the examination of the erythrocyte aggregation, erythrocytes
were isolated and mixed with the nanoparticle suspensions as described
above. Incubation was done in a clear flat bottomed 96-well plate at
37 °C for 2 h. The absorbance was measured at A = 645 nm in a
microplate reader (TECAN Infinite M200 Pro). 10 kDa branched poly
(ethylene imine) (PEI) at a concentration of 50 pg mLL ! (Polyscience)
was used as positive control while PBS treated cells served as the

Materials Today Chemistry 35 (2024) 101848

negative control. Absorbance values of the test solutions lower than the
negative control were regarded as aggregation.

Hemolysis assay and erythrocyte aggregation assay were performed
with blood from three different donors and were run in triplicates.

2.10. UV-Vis spectroscopy

The loading capacity (LC) of the nanoparticles with BRP-187 and
BRP-201 was determined using a UV-Vis plate reader (Infinite M200 Pro
plate reader, Tecan Group Ltd.) according to a protocol published pre-
viously [5]. For this, the freeze-dried samples were dissolved in the same
volume of UV-grade DMSO that was previously freeze-dried as an
aliquot (see 2.4). The UV absorbance of 100 pL of the dissolved nano-
particles was measured undiluted and diluted (1:2, 1:4, and up to 1:8
(v/v), if necessary) at A = 316 nm with 3 x 3 multiple reads per well and
a 2000 pm wide well margin using a Quartz 96-well plate (Hellma). The
concentration of BRP-187 and BRP-201 in the nanoparticles was deter-
mined from a calibration curve of APIs. For this purpose, a new cali-
bration curve was determined for each replicate in the concentration
range of 1.95-250 pg mL~! in DMSO. The LC values were calculated
using the following formula:

mass of drug recovered

C= 100
mass of particle recovered *

The residual amount of PVA (%, w/w) in the freeze-dried nano-
particles was also quantified by UV-Vis spectroscopy enabled by for-
mation of a PVA-iodine complex according to a previously published
protocol [29]. The fluorescence measurements of the nanoparticles (c =
1 to 3 mg mL™!) containing the fluorescently labeled BRP-187
(fluo-BRP-187) for cellular uptake experiments were measured at Aex
= 510 nm and Aep, = 650 nm with a gain of 100-150 using a Quartz
96-well plate (Hellma).

2.11. High performance liquid chromatography (HPLC)

The fluo-BRP-187 content in the formulations was determined by
HPLC. For that purpose, an UltiMate 3000 Dionex UHPLC chromato-
graphic system from Thermo Fisher Scientific equipped with a binary
pump and a diode array detector (DAD) was used. Elutions were
monitored at 290 nm, being the absorbance maximum of the drug. The
autosampler temperature was set to 20 °C and the column oven tem-
perature was set to 40 °C. The injection volume was 10 pL and a flow
rate of 1.5 mL min~! was utilized. For addressing drug analysis, a
Chromolith® High Resolution RP-18 endcapped monolithic column
(100 x 4.6 mm) from Merck KGaA was used as the stationary phase
[30]. The mobile phase consisted of CH3CN and 0.1 % FA in water (v/v).
The starting elution conditions were kept constant at 5/95 CH3CN/a-
queous FA (%, v/v) for 1.5 min. After that a linear mobile phase gradient
was programmed to 100 % CH3CN within 8.5 min, followed by a 3-min
isocratic hold. Afterward, the initial elution conditions, i.e., 5 % CH3CN
were re-established within 1 min and the column was equilibrated for
2.5 min before the next injection. Further details on sample preparation
procedures and calibration for drug quantification can be found in
Section 12 of the SI. For data evaluation, the Thermo Scientific™ Dio-
nex™ Chromeleon™ 7 Chromatography Data System was used.

2.12. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed to analyze
the miscibility between PEA polymers and drugs analogous to a previ-
ously published study [7]. According to the Flory-Huggins miscibility
theory, the change of Gibbs free energy of mixing is defined as [31,32].

P X,
AGpix =RT <i¢p + =+ xpxd;(> (€]
rp rq
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where R is the gas constant, T is the temperature, x;, r;, and ¢; are the
mole fraction, degree of polymerization, and volume fraction, respec-
tively, of a polymer (i = p) and a drug molecule (i = d, rqg = 1). y is the
Flory-Huggins (FH) interaction parameter. The FH parameter can be
calculated using two methods, denoted here as methods I and II [33,34].
Method I is the simplest one and expresses the FH parameter in terms of
Hildebrand solubility parameters §; of pure components

Vi
" RT

2= (6~ 8)° @
where V,, is the molar volume of one lattice segment. §; is defined as the
square root of the cohesive energy density (CED), which can be obtained
from MD simulations of pure compounds. The more accurate method II
employs atomistic MD simulations of actual binary mixtures with yy
defined as

Vm
=17 (#,CEDy + ¢, CEDy — CEDy ) 3

where ¢, and ¢, are the volume fractions of a polymer and a drug,
respectively. CED, and CEDy are the corresponding cohesive energy
densities of a polymer and a drug, respectively, and CED,_4 is the
cohesive energy density of a polymer-drug mixture (SI Section 9).

2.13. Uptake studies of nanoparticles by live-cell confocal imaging

The uptake of PEA nanoparticles by HEK293 (WT) cells was studied
for a timescale of 5 h via live-cell confocal imaging, as it provides the
capability of optical sectioning. HEK293 (WT) cells were cultured at
37 °C and 8.5 % CO». Experiments were performed in glass-bottomed 35
mm culture dishes (IBIDI) using DMEM (high-glucose) supplemented
with 10 % fetal bovine serum (FBS), 1 % Penicillin/Streptomycin and 2
mM r-Glutamine. For live cell imaging, DMEM was exchanged for
phenol red free Leibovitz 15 (L-15). An approximate number of 2 x 10°
cells per dish was allowed to grow and attach to the surface for 24 h until
a confluence of around 60 % was reached. For particle incubation, the
DMEM medium was replaced by 0.5 mL of L-15 and brought to the
microscope incubator (37 °C, 5 % CO3) where 0.5 mL of the nano-
particles diluted in L-15 was added to the dish. The final concentration
of the fluo-BRP-187 was 3 pM. Immediately after adding the nano-
particles, cells were imaged using an inverted confocal microscope
(Zeiss CLSM 980) with a 20x air objective NA 0.80. Samples were
excited using a 488 nm laser (1 % intensity) and the emission was
collected by a GaAsP-Photomultiplier-Tube (PMT) in the spectral in-
terval of 501 to 696 nm. The transmitted intensity was recorded in an
extra channel using a Multialkali T-PMT. For each sample, an area
containing a sufficient number of cells was selected, and a region of
interest (ROI) of approximately 400 x 400 um was imaged every 3 min
at a pixel size of 149 nm. To correct for focus drifting in the axial di-
rection, the DefiniteFocus3 module was used to keep a constant distance
between the microscope objective and the samples’ glass bottom.

For the phagocytic uptake studies into M1 macrophages, cells were
seeded on a multi-well glass-bottom slide (IBIDI) coated with poly-L-
lysine to promote cell adhesion. The nanoparticles were incubated with
the cells at a concentration of 0.2 mg mL™'. Immediately after particle
application, a 16-particle area of approximately 750 x 750 pm was
selected and imaged (CLSM 980 Zeiss). Images were acquired every 43
min over a period of 14 h with a pixel size of 99 nm. The sample drift was
corrected via the DefiniteFocus3 module. Fluorescence was excited
using a 488 nm laser (0.2 % intensity) and collected in the spectral in-
terval of 554 nm to 696 nm in a GaAsP-PMT using a 40 x NA 1.2 water
objective. The transmitted light intensity was collected in an extra
channel by a Multialkali-PMT.
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2.14. Cytotoxicity assays in human neutrophils

Cytotoxicity was studied by analysis of lactate dehydrogenase (LDH)
release (cell integrity) in human neutrophils according to a previously
published protocol [35]. The release of LDH from the cells was analyzed
using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega
GmbH). In brief, 10° neutrophils per vial were suspended in PBS con-
taining 0.1 % glucose plus 1 mM CaCls. Neutrophils were incubated with
differential nanoparticles and lysis control with 0.2 % Triton X for 1 h at
37 °C. Supernatant was transferred to Eppendorf tubes and centrifuged
(400xg, 4 min, RT). 50 pL of supernatant from each cup was transferred
in a 96-well plate. Afterward, 50 pL of substrate mixture was added and
incubated for 30 min at RT in the dark. 50 pL of stop solution (1 M acetic
acid) was added. The photometric measurement was performed at 490
nm using a Multiskan Spectrum plate reader (Thermo Fisher Scientific).

2.15. Analysis of FLAP-dependent 5-LOX product formation in human
neutrophils

For isolation of neutrophils, leukocyte concentrates were prepared
from peripheral blood obtained from healthy adult male and female
donors that received no anti-inflammatory treatment for the last 10 days
(Institute of Transfusion Medicine, Jena University Hospital) according
to a previously published protocol [6]. The approval for the protocol was
given by the ethical committee of the Jena University Hospital and all
methods were performed in accordance with the relevant guidelines and
regulations. The leukocyte concentrates were mixed with dextran (from
leuconostoc spp. MW ~40,000, Sigma Aldrich) for sedimentation of
erythrocytes and the supernatant was centrifuged on lymphocyte sepa-
ration medium (Histopaque®-1077, Sigma Aldrich). Contaminating
erythrocytes in the pelleted neutrophils were removed by hypotonic
lysis (using water). Neutrophils were subsequently washed twice in
ice-cold phosphate-buffered saline (PBS) pH 7.4 and finally resuspended
in PBS pH 7.4. For evaluation of the effects of the API on 5-LOX product
formation in neutrophils, cells (5 x 10% mL~ 1) were pre-incubated with
free API and API encapsulated into nanoparticles for 1 h at 37 °C. The
cells were then stimulated with 2.5 pM Ca?*-ionophore A23187
(Cayman) for 10 min, and the incubation was stopped with 1 mL ice-cold
methanol containing 200 ng mL ™! prostaglandin B1 (PGB;) as internal
standard. Samples were subjected to solid phase extraction and formed
5-LOX products (LTBy, trans-isomers of LTB4, 5-hydroperoxyeicosate-
traenoic acid (5-HETE)) were separated and analyzed by RP-HPLC as
described previously [36].

2.16. Analysis of leukotriene and prostaglandin formation in human
blood

The analysis of leukotriene and prostaglandin formation in human
blood was performed analogously to a previously published protocol
[6]. Freshly withdrawn whole blood in Li-heparin Monovettes (Sarstedt)
from healthy adult donors that had not received any anti-inflammatory
treatment the last 10 days was provided by the Institute of Transfusion
Medicine, Jena University Hospital. The blood was pre-incubated with
free API and API encapsulated into nanoparticles for 5 h and subse-
quently stimulated with 3 % S. aureus-conditioned medium for 90 min.
The reaction was stopped with ice-cold methanol containing the
deuterium-labeled internal standards d8-5 S-HETE, d4-LTB4, d5-LXA4,
d5-RvD2, and d4-PGE; (500 pg, each). Samples were kept at —20 °C for
one day to allow protein precipitation. After centrifugation (2000xg,
4°C, 10 min) 8 mL acidified water (PBS-HCl) was added (final pH = 3.5)
and samples were subjected to solid phase extraction using RP-18 col-
umns. The lipid mediators LTB; and PGE; were analyzed by
ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC-MS-MS) using an Acquity UPLC system (Waters) and a QTrap
5500 Mass Spectrometer (Sciex) equipped with an electrospray ioniza-
tion source as reported before [37].
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3. Results and discussion

In the previous study from Dirauf et al., initial formulation of the PEA
homopolymers and PEtOx-b-PEA block copolymers indicated their po-
tential for the creation of nanosized nanoparticles or vesicles [21]. The
latter were observed in particular for block copolymers containing a low
fraction of PEA. In order to form nanoparticles, a sufficient hydropho-
bicity of the polymers achieved by the polymer composition is required.

More detailed formulation studies including the use of block co-
polymers in coformulations with homopolymers, in order to increase the
hydrophobicity of the nanoparticles, are presented here. The overall
stability as well as the suitability of PEAs as drug carrier materials are
described in the following.

3.1. Automated high-throughput (HT) co-formulations of PEA polymers

Aiming at an initial assessment of the particle formulations con-
taining PValG, PlleG and their respective block copolymers PEtOx-b-
PValGy and PEtOx-b-PlleG; (Fig. 1 and Table S1), automated nano-
particle formulation in a 96-well-plate format was performed via HT
nanoprecipitation by utilization of a liquid handling robot (Table S2)
[38]. Besides the individual polymers, also mixtures of homo- and block
copolymers were formulated to gain deeper insights into the particle
formation, which is often influenced by the ratio of hydrophobic and
hydrophilic segments within the carrier material [39,40]. Since the size
of the nanoparticles is also known to affect their accumulation in specific
body compartments, the impact of the starting material on the particle
size also needed to be investigated. In addition to the automated
formulation approach, the nanoparticles were studied using a HT DLS to
determine the particle size and the PDI for each formulation. The mean
z-average values (herein referred to as mean hydrodynamic diameter
(dp)), and the respective mean PDI values are presented in Fig. 2 and
Tables S3 and S4.

Mean hydrodynamic diameters of dy = 175 nm (PDI = 0.18) and dy
of 162 nm (PDI = 0.16) were obtained for the PValG nanoparticles as
well as for the PIleG nanoparticles, respectively. With the stepwise
addition of the respective copolymers PEtOx-b-PValG, and PEtOx-b-
PlIleG;, the mean sizes decreased for most of the formulations (Fig. 2,
Tables S3 and S4). The smallest particle sizes, in the range of 100 nm,
were obtained for the copolymers with the shortest hydrophobic PEA
block, i.e., PEtOx-b-PValGs; and PEtOx-b-PIleGys. With the exception
of the formulations containing 90 % and 100 % PEtOx-b-PValGs; or
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PEtOx-b-PlleG;s, all PDI values were rather low (0.13 < PDI <0.22,
Fig. 2, Table S3 and Table S4), which indicates that almost all individual
polymers and also the polymeric mixtures formed nanoparticles in the
size range of 96-191 nm. In addition, the variations of the nanoparticle
sizes were calculated according to Gaussian statistics and are presented
in Figs. S3 and S4 [41].

Since the surface charge of the nanoparticles represents another
important property that influences the interaction of the nanoparticles
with the cells, ELS measurements were performed [42]. The zeta po-
tential values from all formulations of the PValG and PIleG polymers
with the PEtOxylated block copolymers are presented in Table S5 in
dependence of the mass ratio (in wt%) used for the formulation. All
nanoparticle formulations revealed a negative zeta potential, which is
decreasing with increasing content of the PEtOx block copolymers
(Fig. S5).

Overall, the experiments clearly indicated that the PEA homo- and
block copolymers can be formulated into nanoparticles under the
selected conditions and that specific co-formulations can be used to
selectively influence certain particle properties, such as size, hydrophi-
licity, and surface charge. The experiments demonstrated furthermore
that the PEA particle formulation can easily be performed in a 96-well
plate format for a quick and straightforward structure-property
screening. The low standard deviation (SD) values of the mean sizes
for the three individually prepared formulations demonstrates the
repeatability and reliability of the HT formulation, utilizing only small
amounts of the respective polymers (Fig. 2).

3.2. Transfer to larger batch size

In order to enable further investigations of the PEA nanoparticles,
larger quantities of the dispersions were required. Hence, the formula-
tion procedure was transferred to larger batch format and performed
with an increased initial polymer concentration of 5 mg mL ™! as well as
with the surfactant poly(vinyl alcohol) (PVA), which is required as
stabilizer for the following drug encapsulation experiments. Since BRP-
187 and BRP-201 are rather hydrophobic APIs, the homopolymers
PValG and PIleG as well as the two block copolymers PEtOx-b-PValGgs
and PEtOx-b-PlleGgs were selected for additional studies. These four
systems feature the highest hydrophobic character, which is expected to
be beneficial for the encapsulation of the lipophilic APIs. Additionally,
PLGA was used for nanoparticle formulation under the same conditions
for comparison. Initially, unloaded nanoparticles were prepared in
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Fig. 2. Z-average hydrodynamic size values (dy) obtained by dynamic light scattering from the co-formulation of (A) PValG and (B) PIleG homopolymers with the
PEtOxylated block copolymers PEtOx-b-PValG, (v = 85, 57, 31) and PEtOx-b-PlleG; (i = 83, 38, 15) in dependence of the mass ratio (in wt%) used for the
formulation. The respective mass ratio (in wt%) of the homopolymer in the co-formulation is calculated as PValG = 100 wt% - PEtOx-b-PValG, wt% and PlleG =
100 wt% - PEtOx-b-PIleG; wt%. The nanoparticles were formulated via HT-nanoprecipitation in a 96 well plate format using polymer solution concentrations of 2.5
mg mL ! in THF. Results are means of n = 3 individual formulations and the SD refers to the deviations for all formulations. All PDI values ranged from 0.13 to 0.22,
with the exception of the formulations containing 90 % and 100 % PEtOx-b-PValGs; (PDI = 0.28 each) and PEtOx-b-PIleG;s (PDI = 0.31 and 0.44).
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larger batches via nanoprecipitation. Nanoparticles with mean sizes
similar to that of the HT-formulations were obtained, demonstrating the
feasibility of the HT approach for initial screenings at low scale
(Table S6). However, zeta potential measurements revealed decreased
surface charges for the larger batches, which might be due to the pres-
ence of the surfactant PVA in the dispersions [43] (Fig. 3).

3.2.1. Biocompatibility, stability, and biodegradability

In addition to the general physicochemical properties of the nano-
particles such as size, PDI, and zeta potential, the biocompatibility,
stability, and biodegradability of the PEA nanoparticles were investi-
gated to prove their suitability for in vitro and in vivo applications. On the
one hand, the nanoparticles must be biocompatible and harmless as well
as able to sufficiently protect the API when used as a drug delivery
vehicle. On the other hand, the carrier must be able to release the API
and be degradable to enable its elimination from the body. The
biocompatibility of the nanoparticles was tested via a red blood cell
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aggregation test and a hemolysis assay at particle concentrations of 10,
50, and 100 pg mL~’. None of the particle systems revealed hemolytic
effects or caused red blood cell aggregation (Fig. S7A and B). Cytotox-
icity was tested via LDH-assay in neutrophils, revealing no cytotoxic
effect (Fig. S7C).

To investigate their stability, the nanoparticles were incubated up to
120 h at a temperature of 20 °C and 37 °C in culture medium and the size
as well as PDI were monitored by DLS [26]. No change of particle size
and size distribution was observed, indicating the presence of stable
particle dispersions without any degradation or undesirable aggrega-
tion. Similar to the PLGA control, all PEA nanoparticles revealed
appreciable stability in culture medium at both temperatures within the
measured timeframe (Fig. S8).

Subsequently, the biodegradability of the PEA-based nanoparticles
was investigated in order to gain information on the release behavior of
the water-insoluble APIs. The degradation of the particles depends on
the particle properties, for instance with regard to their size and the
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Fig. 3. Particle degradation at 37 °C over time. Nanoparticles were resuspended in water and enzyme proteinase K with the mass ratio of nanoparticle to enzyme
being 1:23 (PValG, tso = 0.87-0.90 h), 1:238 (PIleG, tso = 2.52-2.58 h), 1:3 (PEtOx-b-PValGgs, tso = 0.47-0.49 h), 1:23.5 (PEtOx-b-PIleGgg, tso = 1.99-2.03 h),
and 1:20 (PLGA, tso = 0.89-0.90 h). Scanning electron microscopy images of a sample residual 24 h after addition of the proteinase K solution.
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associated differences in the ratio of volume to surface area, but also
essentially on the properties of the polymers as starting material. The
degradation of these polymers can occur, for instance, through enzy-
matic degradation via proteases or esterases, such as lipases [44,45].
Proteinase K solution was used herein due to its broad specificity [46]. In
preliminary studies (data not shown) various ratios of nanoparticles to
proteinase K were tested to estimate the amount that would lead to
almost complete degradation of the nanoparticles in a reasonable time
frame. The tsq value refers to the point in time at which half of the initial
count rate in DLS recordings is reached (Fig. 3).

The resulting mass ratios of nanoparticles to enzyme solution ranged
from 1:3 to 1:238 (Fig. 3). PLGA and PValG nanoparticles revealed a
similar continuous degradation profile at similar polymer to enzyme
ratios, showing that the exchange of the lactic acid repeating unit by
valine (Fig. 1) does not affect the degradation behavior in a significant
manner. The PIleG nanoparticles degraded considerably slower, even at
markedly higher proteinase K amounts. The decelerated degradation
may be due to the increased hydrophobicity of the isoleucine unit
induced by the sec-butyl substituent, which also increases the sterical
demand, thereby hindering the accessibility for the enzyme. Bulk PValG
is an amorphous polymer featuring a T, value of 71 °C. PlleG is semi-
crystalline (T, = 95 °C, degree of crystallinity 35 %) [21]. An increased
stability or accessibility of crystalline domains might also contribute to
the slower degradation kinetics of the PIleG nanoparticles, although the
degree of crystallinity in nanoparticles formed from PIleG might differ
from that of the bulk material.

An accelerated degradation for the PEtOx-block copolymers was
observed even at low enzyme concentrations, irrespective of the type of

Table 1
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PEA. This might be due to the smaller size of the nanoparticles since a
smaller particle size increases the contact surface per volume particle
available for the enzyme. In addition, the degree of polymerization of
the block copolymer segments suggests the presence of PEtOx segments
in the particle core. This would increase its hydrophilicity, while
decreasing its density, which would make the particle more susceptible
to degradation. Furthermore, the PEtOx-b-PlleGgz nanoparticles
apparently degraded in a different manner compared to all other
nanoparticles (Fig. 3). Aggregates were formed at some point during the
degradation, as indicated by the increase of the mean size at overall
decreasing count rates. However, these aggregates seem to degrade
subsequently as they decreased in size, and the count rate decreased
over time.

Overall, all nanoparticles were biodegradable, as also demonstrated
by SEM measurements. Whereas the SEM measurements revealed the
presence of uniform, spherical nanoparticles prior to degradation, only a
few residuals of nanoparticles with significantly altered morphology
could be found after incubation with proteinase K (Fig. 3).

3.3. Drug-loaded PEA nanoparticles

The unloaded PEA nanoparticles based on PValG, PlleG, PEtOx-b-
PValGgs and PEtOx-b-PlleGgs prepared by batch nanoprecipitation
fulfilled all main prerequisites as carriers for drug delivery applications,
i.e., safety, stability, and biodegradability. Hence, these polymers were
used for the encapsulation of the hydrophobic and anti-inflammatory
APIs BRP-187 and BRP-201 (Fig. 1) [24,25].

Flory-Huggins (FH) parameters y; and y;; calculated with the method I and II, respectively, the corresponding free energy of mixing (J/mol) and solubility limits (wt%)

for the simulated mixtures of PValG and PIleG with BRP-187 and BRP-201.

Polymer API API weight ratio [wt%] X X AGmix () [J mol 1] Solubility limit (y;) [wt%] AGmix () [J mol 1] Solubility limit (yy) [wt%]
PValG BRP-187 1 0.73 2.63 -39.1 5.0 —26.7 1.5
PValG BRP-201 1.1 0.13 3.85 —49.6 20.2 -16.1 1.5
PlleG BRP-187 1 1.31 2.68 -39.1 3.5 —26.7 1.4
PlleG BRP-201 1 0.39 3.23 —47.3 8.7 -21.8 1.6

A

Fig. 4. Ball-and-stick representation of polymer segment — API interactions. (A) PValG with BRP-187, (B) PIleG with BRP-187, (C) PValG with BRP-201, and

(D) PlleG with BRP-201.
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3.3.1. Polymer-API interactions

An efficient encapsulation requires a favorable interaction of the API
with the carrier material. The Gibbs molar energy of mixing is a
parameter that can provide information about API-carrier material
interaction [7]. It was therefore calculated for the mixtures of PValG
and PIleG with BRP-187 and BRP-201 using the FH theory. The method
was previously validated by comparison with experimentally deter-
mined thermodynamic parameters [7].

Table 1 shows the calculated Gibbs free energy of mixing (AGmix). It
is negative for the four simulated mixtures incorporating roughly 1 wt%
of API, using both, the simpler method I based on Hildebrand solubility
parameters (y; values) and the more accurate method II based on CED
(v values). Thus, the polymers are considered to be miscible with the
API at a mass fraction that is commonly applied for the formulation of
API into nanoparticles. However, the values of the FH parameters (y)
above 0.5 indicate that the range of miscibility between the drug and the
polymers is generally limited. Using equation (1), we estimated the
miscibility limit of PEA polymers with BRP-187 and BRP-201. As shown
in Table 1, the less accurate method I predicts the miscibility limit to be
between 3.5 and 20.2 wt%. However, the more accurate calculations
using method II consistently predict a miscibility limit of about 1.5 wt%.

The interaction between API and polymer is shown for each system
in Fig. 4, Figs. S9a and b. Indeed, hydrogen bonding contributes to the
miscibility. As both API feature hydrogen bond donors (the carboxylic
acid functionality in BRP-187 and one nitrogen atom in the oxadiazole-
based heterocycle in BRP-201), interactions with ester and amide oxy-
gen atoms of the PEA were seen. In addition, the amide moieties of the
PEA act as hydrogen bond donors as they are in close proximity to
various hydrogen bond acceptors of the API (e.g., the isoxazole ring and
chlorine atom of BRP-187, or the imidazole ring of BRP-201).

Based on the in-silico studies, both homopolymers are theoretically
suitable for the encapsulation of the two APIs. As the hydrophilic PEtOx
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blocks will tend to arrange themselves preferably towards the particle
surface, it can be assumed that the PEA blocks mainly form the hydro-
phobic core of the nanoparticles where the active ingredient molecules
are incorporated. However, the presence of a few PEtOx segments within
the particle core is likely due to the degrees of polymerization of the
individual blocks in the PEtOx block copolymers. As this might influence
the interaction with the API, the in-silico data are hence to be treated
with prudence in respect to encapsulation of API into block copolymers.

3.3.2. Encapsulation of BRP-187 and BRP-201

To evaluate the encapsulation ability of the polymer systems with
API, the homopolymers PValG and PlleG as well as the block co-
polymers PEtOx-b-PValGgs and PEtOx-b-PIleGgs were formulated via
nanoprecipitation with BRP-187 and BRP-201, respectively. A drug feed
of 3 wt% with respect to the polymer was applied in the preparations.
The purified formulations were characterized with respect to their size,
size distribution, zeta potential, and their loading capacity (LC) for the
drug (Fig. 5 and Fig. 6, Tables S10a and S10c).

All LC values ranged from 0.5 wt% to 1.5 wt% referred to total
particle mass, as determined by absorbance measurements. The encap-
sulated amounts of API within the nanoparticles are in accordance with
the MD simulations, which suggested miscibility of the API and polymer
for 1.5 wt% drug. Upon the introduction of an API, the particle sizes
increased, in particular, when BRP-201 was used. BRP-201 was also
encapsulated to a greater extent than BRP-187, with the exception of the
nanoparticles prepared from PEtOx-b-PValGgs. According to the DLS
data, the valine-based polymers produced smaller nanoparticles than
polymers comprising isoleucine, which is only significant for the BRP-
201 loaded nanoparticles. The introduction of the PEtOx blocks
decreased the size of all API-loaded nanoparticles significantly
(Table S6b, Tables S10b and S10d). All PDI values were below 0.1,
which represents a monomodal size distribution (Fig. 5, Tables S10a and
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Fig. 5. Particle characteristics: (A) Z-average (dy) values of the purified, lyophilized, and resuspended nanoparticles obtained by DLS measurements with the
corresponding PDI values (B). (C) Zeta potential values of the nanoparticles measured by ELS. (D) Drug loading of the nanoparticles determined by UV-Vis mea-
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BRP-201

Fig. 6. Images of the purified BRP-187 and BRP-201 loaded nanoparticles obtained via Scanning electron microscopy analysis.

S10c) [47]. Similar to the unloaded nanoparticles prepared with sur-
factant, the zeta potential did not follow a clear trend regarding the
presence of the PEtOx block.

SEM measurements, which were used as quality control to exclude
the formation of API precipitates, confirmed the formation of uniform,
spherical nanoparticles (Fig. 6). Non-encapsulated drug would form free
drug precipitates visible in SEM as oblong, non-spherical sub-structures
[5,6]. Such structures were absent in most of the formulations, con-
firming that both APIs were encapsulated into the nanoparticles. Free
drug precipitates were only found in the SEM images of PEtOx-b-P-
ValGgs revealing the lower encapsulation potential of the polymer for
BRP-201 (Fig. S10). An additional purification step by filtration to
remove the drug precipitates explains the decreased LC value of those
nanoparticles (Fig. 5). In summary, all investigated nanoparticle systems
were capable to encapsulate both APIs without revealing substantial
differences regarding their properties compared to the blank
nanoparticles.

10

3.3.3. Uptake studies

The investigated PEAs were, thus, principally capable of forming
biocompatible nanoparticles that are stable, yet biodegradable. Addi-
tionally, those could also be loaded with different APIs. Their uptake
into cells is furthermore crucial for their application. The particle uptake
in HEK293 (WT) cells and human monocyte-derived macrophages was
investigated by live cell confocal imaging. In order to enable the
monitoring of the nanoparticles, the API BRP-187 was labeled with the
fluorescent dye DY481XL-NHp (Scheme S11, Fig. S11). The dye-labeled
BRP-187 (fluo-BRP-187) was subsequently encapsulated in all four
systems, whereby the success of the encapsulation was proven by fluo-
rescence measurements (Table S12, Figs. S12a and S12b). According to
the DLS data, the nanoparticles featured sizes in the same range as the
unlabeled nanoparticles (Table S12). During incubation of the various
nanoparticles with HEK293 (WT) cells, live cell confocal imaging
revealed an increasing fluorescent signal within the cells revealing an
accumulated uptake of all particle systems within 5 h (Fig. S13a).
Additionally, the uptake of valine-based nanoparticles PValG and
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PEtOx-b-PValGgs loaded with fluo-BRP-187 was studied in M1 macro-
phages over a period of 14 h using the same live cell confocal imaging
procedure, but with a larger field of view (Fig. S13b). For both particle
systems, a continuous uptake was observed while the cells proliferated
and migrated over the whole observation period. Overall, no clear dif-
ference for the PEtOxylated nanoparticles was observed compared to the
nanoparticles prepared from the homopolymers. However, the uptake
studies demonstrated the internalization of all nanoparticles in general
without producing obvious sings of cytotoxicity, such as cell detach-
ment, reduced proliferation, cell death or cell lysis. This is also in
agreement with literature where a fast uptake is described for polymeric
nanoparticles with a negative zeta potential [48].

3.3.4. Cell-based bioactivity studies

BRP-187 and BRP-201 are potent agents for the reduction of pro-
inflammatory 5-LOX-mediated leukotrienes by FLAP inhibition. Here,
we evaluated the ability of the API-loaded nanoparticles to inhibit 5-
LOX product formation in human neutrophils due to their high expres-
sion of the 5-LOX helper protein FLAP [49]. Furthermore, the
API-loaded nanoparticles were tested in human whole blood due to its
high abundance of neutrophils. All nanoparticles (BRP-187 and BRP-201
loaded) suppressed the FLAP-dependent formation of pro-inflammatory
5-LOX products in neutrophils as compared to the blank nanoparticles
(Fig. 7 and Fig. S14).

The BRP-201-loaded nanoparticles prepared from the homopoly-
mers, in particular those from PValG, performed similarly as the PLGA
nanoparticles, which is in accordance with their alike degradation
behavior (Fig. 3). The PEtOx-b-PValGgs and PEtOx-b-PlleGgs nano-
particles loaded with BRP-201 revealed the highest efficacy, even sur-
passing the loaded PLGA nanoparticles (Fig. 7). Since the same
concentration of API was initially applied for all particle systems, the
differences of the inhibition are explained by an altered interaction of
the API with the carrier material. In order to inhibit FLAP, the
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nanoparticles must have released the API by the time the stimulus Ca2*-
ionophore A23187 is added so that the API is effectively available for
FLAP inhibition in the first place. A closer look at the degradation
studies and the tso values demonstrated rapid particle degradation for
the PEtOx-b-PValGgs, PEtOx-b-PlleGgs, and PValG nanoparticles,
which consequently led to a fast and efficient API release. In contrast,
the PIleG nanoparticles required significantly longer and more enzyme
to be degraded and, thus, obviously could not deliver the API as effi-
ciently. Parallel investigations of the toxicity of the nanoparticles
showed that the viability of the neutrophils remained unaffected by
using both the unloaded and loaded nanoparticles (Fig. 7B and Fig. S7C).
Thus, an undesired influence on the inhibition of FLAP due to cytotox-
icity was excluded. Similar trends in the 5-LO product suppression were
also observed for the BRP-187 loaded nanoparticles, but to a lower
extent (Fig. S14).

Further bioactivity studies were performed with valine-based sam-
ples with BRP-187 and all four polymers with BRP-201 in human whole
blood (Fig. 7 and Fig. S14). Many FLAP inhibitors fail to suppress 5-LOX
product formation due to their strong plasma protein binding tendency.
None of the investigated particle systems, neither PEA- nor PLGA-based,
led to a significant reduction in LTB4 or even PGE; production in whole
blood stimulated with S. aureus-conditioned medium for 90 min.
Nevertheless, a tendency in LTB4 suppression was observed for PEtOx-b-
PValGgs and PEtOx-b-PIleGgs (Fig. 7C). Inefficient inhibition of LTB4
formation in whole blood was also observed for PLGA in previous studies
[6]. This might be partly due to an undesired rapid degradation of the
nanoparticles in vitro. Release of the API may lead to strong plasma
protein binding before its cellular uptake and the API being unable to
unfold its full effectiveness. Therefore, further optimization of the par-
ticle systems is required in the future. To further improve efficiency in
human blood, both PEtOx block length and density (via co-formulations)
can be varied to achieve modified stability and degradation profiles.

125 -
= 100
- B
2% 75
-‘%u
S8 50
®

25

0

PGE, N PvalG

NN PlleG
A PEtOx-b-PValGy
N\ PEtOx-b-PlleGy,
N PLGA
I veh.

Fig. 7. Inhibition of pro-inflammatory lipid mediators by encapsulated BRP-201 in nanoparticles formed with different polymers. (A) Neutrophils were preincubated
with nanoparticles (encapsulated with BRP-201 at 0.1 uM or without) for 1 h at 37 °C and then stimulated with 2.5 pM A23187. After 10 min, the reaction was
stopped, and 5-LOX products were extracted via solid phase extraction (SPE) and analyzed with HPLC. Values are given as 5-LOX products (LTBy, trans-LTB,, epi-
trans-LTB,4 and 5-HETE) in percentage (%) of control. Results are means +standard error of mean, n = 3; Data were log-transformed for statistical analysis; *p < 0.05,
multiple paired t-test. (B) For determination of cytotoxicity, LDH release were monitored after 60 min, results are shown as means +standard error of mean in bar
charts, n = 3. (C) Freshly withdrawn whole blood from human donors was preincubated with vehicle (veh., 0.1 % PBS), nanoparticles (loaded with BRP-201 at 10
pM) for 5 h at 37 °C and then stimulated with 3 % S. aureus-conditioned medium for 90 min. The reaction was stopped, and LTB, and PGE, were extracted via SPE
and analyzed with UPLC-MS-MS. Values are given as pg/mL whole blood. Results are means + standard error of mean n = 3.
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4. Conclusions

Initial high-throughput formulations demonstrated the suitability of
valine- and isoleucine-based PEAs to form nanoparticles. Systematic
testing of co-formulations of the homopolymers with the different PEtOx
block copolymers in defined ratios was performed. This unveiled the
potential of particle size adjustments through the material selection it-
self, at otherwise similar conditions. Based on the lipophilic character of
the selected APIs (BRP-187 and BRP-201), the PValG and PIleG ho-
mopolymers as well as the most hydrophobic copolymers PEtOx-b-
PValGgs and PEtOx-b-PIleGgs were selected for further encapsulation
studies. The calculations performed via atomistic molecular dynamics
simulations suggested the miscibility of the investigated polymers and
APIs, which was verified experimentally. Both drugs could be encap-
sulated in all four polymer nanoparticles by nanoprecipitation. Neither
empty nor loaded nanoparticles revealed toxicity, their stability was
confirmed and they did not tend to aggregate. The nanoparticles were
biodegradable by proteinase K, whereby kinetic differences were
evident between the four systems, which allows even better tunability of
the carrier properties. It was verified that nanoparticles are taken up by
HEK293 (WT) cells as well as macrophages and that the loaded nano-
particles were able to reduce the FLAP-dependent 5-LOX product for-
mation as desired for an anti-inflammatory drug carrier system. The
strongest effects were observed for the BRP-201-loaded nanoparticles. In
particular, the two PEtOx-b-PValGgs and PEtOx-b-PlleGgs formula-
tions were even more effective than the PLGA control sample in their
inhibitory activity. Overall, it was shown that PEAs are promising
alternative polymers to the conventionally used PLGA, in particular in
combination with the PEtOx block attached as an alternative to the
frequently used PEG. Future investigations will focus on optimizing the
PEtOx-PEA carriers to ensure that their performance improves in whole
blood and they can ultimately be applied in vivo, thus enabling their
transfer into therapy-relevant applications.
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