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Nanoparticles (NPs) as drug delivery platforms encounter numerous obstacles on their journey from adminis-
tration to the target site. Often, diametrically opposing particle properties are desirable to overcome biological
and physical barriers. Therefore, stimuli-responsive NPs have been developed to allow for specific particle
adaptation. In this work, it was demonstrated that NPs can be rendered switchable with respect to their inter-
action with a receptor through an external chemical stimulus. A combination of the inverse electron-demand
Diels-Alder (iEDDA) reaction for subsequent NP functionalization and ectoenzyme-based ligand activation
allowed for specific particle tailoring. Building on this, a two-step process for target cell recognition was
developed. First, NPs were functionalized with Angiotensin-I (Ang-I) as inactive ligand using iEDDA chemistry.
At the target site, the ligand was enzymatically processed to Angiotensin-11 (Ang-II) by cellular ectoenzymes.
Ang-11 binds as active ligand to the angiotensin 1l type 1 (AT1) receptor on the target cell surface. This enzymatic
activation aims to minimize the biological effect of the ligand prior to particle binding, while the NP target cell
specificity is increased by a two-step recognition with enzymatic processing and receptor binding.

1. Introduction

NPs have gained considerable attention as drug delivery platforms
due to their advantageous properties, including enhanced stability and
solubility of encapsulated payloads, as well as reduced systemic toxicity
(Mitchell et al., 2021). As a result, research in the field of NP-based drug
delivery has seen a steady increase in recent years (Zhao et al., 2019).
Typically, NPs retain their size, shape, and surface properties during the
journey through the organism. However, this rigid design limits the
ability of NPs to adapt to the diverse physical and biological barriers (Li
et al., 2022). Following intravenous administration, NPs face several
challenges that can impede their delivery, such as blood flow dynamics
and clearance by the reticuloendothelial system (RES). Upon reaching

target tissues, extravasation and cellular internalization present further
barriers, and even after successful uptake, intracellular trafficking may
affect the final delivery of the payload (Blanco et al., 2015). Throughout
this journey from administration to the target site, NP properties like
size, shape, surface charge, and functionalization play pivotal roles
(Zhao et al., 2019). However, different stages of this journey often
require distinct and sometimes contradictory NP properties (Lu et al.,
2023). For instance, NPs require stealth surfaces to evade RES clearance.
Yet, these same stealth properties may hinder the effective internaliza-
tion of NPs once they reach their target cells (Jin et al., 2019).

To address this challenge and tailor NPs to specific situations,
stimuli-responsive NPs have been developed (Mura et al., 2013; Crucho,
2015). In cancer therapy, for instance, one can leverage the acidic and
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Fig. 1. Schematic representation of the concept to render NPs switchable in their avidity for the AT1 receptor through post-functionalization using the iEDDA

reaction and ectoenzyme-based ligand activation.

hypoxic environment of the tumor and design pH- or hypoxia-responsive
NPs (Su et al., 2023). Other endogenous triggers include high levels of
enzymes (Yao et al., 2018; He et al., 2021), reactive oxygen species
(ROS) (Cao et al., 2021; Wang et al., 2019), or adenosine triphosphate
(ATP) (Deng and Walther, 2020; Yu et al., 2022). Additionally, exoge-
nous triggers can be used to modify the particles. Essentially, photo-
(Tao et al., 2020), thermal- (Sponchioni et al, 2019), and
ultrasound-responsive (Tu et al., 2021) NPs are considered in this
context. These designs allow for the modification of key NP properties in
response to designated stimuli (Lu et al., 2023). Furthermore, cell
uptake-promoting ligands can be activated by a stimulus. Several ap-
proaches to achieve this controlled ligand activation have been dis-
cussed in the literature (Li et al., 2022). Commonly, NPs are fully
equipped with all functional components at the time of administration.
The ligand for active targeting is often concealed and revealed through
the cleavage of a component in response to a specific stimulus (Li et al.,
2015; Jin et al., 2013). However, such methods may lack temporal
precision, potentially exposing targeting ligands prematurely or before
the NP has reached its target site.

In contrast, the present study aims to lay the groundwork for an
approach where NPs can be modified in a controlled, constructive
manner near the target site. To achieve this, an in vivo-compatible bio-
orthogonal click reaction was assessed to functionalize the NPs. The
[4+2] cycloaddition of tetrazine (Tz) and trans-cyclooctene (TCO),
known as the inverse electron-demand Diels-Alder iEDDA) reaction, is
particularly suitable for this application due to the extremely fast re-
action even at low concentrations and its selectivity in the multitude of
functional groups of the organism (Oliveira et al., 2017). While the
iEDDA reaction has primarily been employed for in vivo particle func-
tionalization in the context of pre-targeted imaging, where radiotracers
for positron emission tomography (PET) are attached to NPs
post-accumulation in tumors (Idiago-Lopez et al., 2021), its potential for
use in stimuli-responsive drug delivery systems has yet to be fully
explored. In this study, we sought to demonstrate that the iEDDA re-
action can enable the switchable activation of NPs. The delayed addition
of a ligand - acting as a chemical stimulus - could serve as a novel
mechanism to initiate receptor-mediated target cell recognition. This
approach would offer unique control over the timing of ligand activation
rendering the NP delivery process in future applications more
controllable.

The feasibility of this approach was investigated in vitro using
angiotensin as an exemplary ligand targeting the angiotensin II type 1
receptor (AT1R) on mesangial cells (Hennig et al., 2015). Angiotensin-I
(Ang-I), modified with TCO for the iEDDA reaction, was designed to
react with Tz-functionalized NPs. Once bound to the NP surface, Ang-I
required further activation by the membrane-bound ectoenzyme
angiotensin-converting enzyme (ACE) to convert into the active form,
Angiotensin-II (Ang-II) (Maslanka Figueroa et al., 2019). This additional
activation step was included to minimize the biological activity of the
ligand prior to processing. Moreover, the dual requirement of ACE and
the AT1 receptor on target cells may further increase the specificity of
NP targeting. The combination of the iEDDA reaction and
ectoenzyme-mediated ligand activation provided a new strategy for
creating NPs with switchable targeting properties (see Fig. 1). This
stimuli-responsive design holds promise for future in vivo applications,
where non-functionalized NPs could initially exploit their stealth prop-
erties to evade immune recognition, followed by temporally controlled
ligand activation to promote specific cellular uptake. The presented
concept, utilizing a two-step activation process, could potentially open
new avenues for enhancing target specificity and thus therapeutic effi-
cacy in NP-based drug delivery.

2. Materials and methods
2.1. Materials

PEG derivatives (COOH-PEG2k-OH, mPEG2k-OH, COOH-PEG5k-OH
and tBoc-NH-PEG5k-OH) were obtained from JenKem Technology USA
Inc (Allen, TX, USA). Lysine N-modified Ang-I and Ang-II (Lys-Ang-I
Sequence KDRVYIHPFHL and Lys-Ang-II Sequence KDRVYIHPF) were
synthesized according to order from Genscript (Piscataway, NJ, USA).
The nitrile 3-(4-cyanophenyl)-propionic acid as starting compound for
the synthesis of tetrazine was purchased from abcr GmbH (Karlsruhe,
Germany). TCO-PEG4-NHS ester (axial isomer) was obtained from
Lumiprobe (Hannover, Germany). The cellulose dialysis membranes,
which were used to purify the polymers after ligand coupling, were
purchased from Spectrum Laboratories Inc (Rancho Dominguez, CA,
USA). NP solutions were concentrated with centrifugal devices (30 or
100 kDa molecular weight cutoff) which were purchased from Pall Life
Sciences (Portsmouth, UK). QuantiProTM BCA assay kit for angiotensin
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quantification, angiotensin-converting enzyme from rabbit lung (>2.0
units/mg protein (modified Warburg-Christian)) for enzymatic activa-
tion and RPMI-1640 medium and hydrocortisone for cell culture were
obtained from Sigma Aldrich (Taufkirchen, Germany). Fetal bovine
serum (FBS, South America origin, 0.2 um sterile filtered, Lot No.:
P201004) was sourced from PAN Biotech GmbH (Aidenbach, Germany)
and insulin-transferrin-selenium was purchased from Life Technologies
Corporation (Grand Island, NY, USA). Fura-2 AM as ratiometric Ca®t
indicator was ordered from Thermo Fisher Scientific (Waltham, MA,
USA). All other materials were reagent grade and obtained from Merck
KGaA (Darmstadt, Germany). Millipore water was generated using a
Milli-Q water purification system (Millipore, Schwalbach, Germany).

2.2. Polymer synthesis and ligand coupling

The PLA-PEG block copolymers with diverse functional groups were
synthesized using the respective carboxylic acid-, amine-, or methoxy-
terminated PEG derivatives as macroinitiators, as previously reported
by our group (Abstiens et al., 2019). The ring-opening polymerization of
cyclic lactide, using 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as a
catalyst, yielded copolymers with approximately 10 kDa PLA and 2 kDa
or 5 kDa PEG chains with the corresponding functional group on the PEG
depending on the chosen starting material. More detailed information
regarding the synthesis of the copolymers and 'H NMR spectra for char-
acterization can be found in the SI section I. The ligand coupling was
performed using peptide chemistry with either hexafluorophosphate
benzotriazole tetramethyl uronium (HBTU) or 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC)/ N-hydroxysuccinimide (NHS) as
coupling reagents and N,N-diisopropylethylamine (DIPEA) as base in
dimethylformamide (DMF). Tetrazine with carboxy functionality was
coupled to the PLA10k-PEG5k-NH; block copolymer using HBTU. For the
coupling of the Angiotensin ligands Ang-I and Ang-II, PLA10k-PEG5k--
COOH was activated with EDC/NHS, excess EDC was quenched with
2-mercapthoethanol, and the Angiotensin ligands were subsequently
added. Reaction times were sufficiently long to allow for complete
coupling. The reaction mixtures were then precipitated in a 10-fold vol-
ume of ice-cold diethyl ether and centrifuged at 4 °C. The supernatant was
discarded, and the pellet was dried before being dissolved in acetonitrile.
This precipitation-centrifugation-dissolution cycle was repeated once
more. The pellets were dissolved in MeCN, the polymer solutions were
dropwise added into vigorously stirring Millipore water, and the polymer
micelles were stirred for approximately 2 hours. Further purification was
achieved through dialysis (RC, 6-8 kDa MWCO) against 4 L Millipore
water. Finally, the ligand-functionalized block copolymers were lyophi-
lized for 3 days. For product characterization, a 'H NMR in CDCl; or
DMSO-d6 was recorded on a Bruker Avance III HD 400 (Bruker BioSpin
GmbH, Rheinstetten, Germany). Details regarding ligand coupling, 'H
NMR for characterization, and determination of coupling efficiency can
be found in the SI Section III.

2.3. NP preparation and characterization

A 10 mg/mL solution with a PEG-PLA block copolymer to particle-
core-forming poly(lactic-co-glycolic acid) (PLGA) mass ratio of 70:30
in acetonitrile was prepared. The copolymer fraction was adjusted to
ensure that 20 % of the PEG-PLA copolymers carried the ligand
(PLA10k-PEG5k-Tz, -Ang-I, or -Ang-II), with PLA10k-PEG2k-COOH
serving as the filler polymer. NPs were prepared via bulk nano-
precipitation, wherein the polymer solution in acetonitrile (10 mg/mL)
was added dropwise to vigorously stirred (800 rpm) Millipore water
(Abstiens and Goepferich, 2019). The NPs were left stirring for 3 h until
the organic solvent (MeCN) was completely evaporated. The resulting 1
mg/mL NP solution was concentrated through centrifugation using a
100-kDa molecular weight cutoff Microsep advance centrifugal device
(Pall Life Sciences) for 30 minutes at 3000 g. Subsequently, NP size and
concentration were determined in Millipore water using nanoparticle
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tracking analysis (NTA) on a NanoSight NS300 (Malvern Panalytical
GmbH, Kassel, Germany) (Filipe et al., 2010). The dilution was adjusted
so that between 10 and 50 particles per frame could be measured and the
detection threshold in the evaluation was set to 3. Unless otherwise
stated, the mode value given by NanoSight NS300 is reported as the
hydrodynamic diameter of the particles. The polydispersity index (PDI)
was calculated from the NTA data according to Clayton et al. (2016)
using the following formula (Eq. (1)).
o\ 2

PDI = (H) )

The PDI results from the standard deviation ¢ of the particle diameter
distribution divided by the mean particle diameter d. The molar NP
concentration was determined based on the particle concentration
(particles/mL) output by the instrument using Avogadro’s number. The
zeta potential of 1 nM NPs was measured in 10 % PBS at 25 °C on a
Malvern ZetaSizer Nano ZS (Malvern Instruments GmbH, Kassel,
Germany).

2.4. Quantification of ligands per NP

For the quantification of tetrazine ligands per NP, 50 uL of the
concentrated NP sample was dispensed into a transparent 384-well plate
(Corning, Corning, NY, USA) and diluted with 50 pL dimethyl sulfoxide
(DMSO) to initiate NP dissolution. For the calibration curve, 50 L of
free tetrazine diluted to different concentrations in DMSO was added to
50 uL of Millipore water (tetrazine total concentration in the well
100-500 pM). The absorbance at the absorption maximum of tetrazine
at A 532 nm was measured on a FLUOstar Omega microplate reader
(BMG Labtech, Ortenberg, Germany). The tetrazine concentration in the
NP sample, determined using the calibration curve, was referenced to
the NP concentration determined through nanoparticle tracking anal-
ysis, thus quantifying the number of tetrazine ligands per particle.

Ang-I or -II ligands per NP were quantified using a BCA assay
following the manufacturer’s protocol for the QuantiPro™ BCA Assay
Kit. For calibration, free Lys-Ang-I or -II was diluted from a 10 mM so-
lution in DMSO to suitable concentrations in Millipore water (15-75 pM
Angiotensin). 40 uL of the calibration solution or the sample with a 10
nM NP solution was dispensed into a transparent 384-well plate. Sub-
sequently, 40 pL of QuantiPro working reagent per well were added, and
the solution was mixed by pipetting up and down. The plate was sealed
with a plate sealer and incubated at 60 °C for 1 h. The absorption at A
562 nm was immediately determined using a FLUOstar Omega micro-
plate reader. Similar to the tetrazine ligands, the angiotensin concen-
tration calculated via the calibration curve was referenced to the NP
concentration.

In both cases, the surface area of the particles was additionally
calculated from the hydrodynamic diameter of the NPs, assuming a
spherical shape. This, along with the number of ligands per NP, was used
to determine the ligand density.

2.5. Investigation of iEDDA reaction kinetics

TCO-PEG4-COOH was diluted from a stock solution in DMSO into the
wells of a 96-well quartz plate (Hellma GmbH, Miillheim, Germany)
with water, resulting in 2, 4, 8, 16, and 32-fold excess relative to tet-
razine. The DMSO content in all wells was adjusted to 4 % (v/v). Tet-
razine (either free in solution, on polymer micelles, or on NPs) was
added via the plate reader’s pump system to achieve a final tetrazine
concentration of 10 uM per well. The micelles, like the NPs, were
functionalized with 20 % tetrazine but did not contain core-forming
PLGA. Immediately after automated addition, the decrease in tetrazine
absorbance at A 276 nm was monitored (0.3 s kinetic interval time; 25
°C). Data were fitted with an exponential decay, yielding pseudo-first-
order rate constants (kps). The kops values were plotted against the
TCO concentration, and a linear fit was performed. The slope of the line
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yields the second-order rate constant.
2.6. Cell culture

Rat mesangial cells (rMCs) were generously provided by Professor
Dr. Armin Kurtz (Institute of Physiology at the University of Regensburg,
Regensburg, Germany). The cell line was selected as the target cells due
to their stable AT1R expression, as previously demonstrated in studies
conducted by our research group (Hennig et al., 2015; Maslanka Fig-
ueroa et al.,, 2019; Zimmer and Goepferich, 2023). The cells were
cultured in RPMI 1640 medium supplemented with 10 % fetal bovine
serum, insulin-transferrin-selenium, and 100 nM hydrocortisone and in
T-75 cell culture flasks (Corning, Corning, NY, USA) at 37 °C witha 5 %
CO4 atmosphere.

2.7. Fura-2 AM-based Ca®>" mobilization assay

To investigate the affinity of the ligands, both in their free form and
NP-bound, towards the AT1R, a ratiometric Fura-2 AM Ca®" assay as
previously reported by our group was used (Zimmer and Goepferich,
2023). 50 pg of Fura-2 AM were dissolved in 50 uL of DMSO. From this
stock solution, the Fura-2 AM loading medium was prepared by
combining the 50 pL stock solution with 20 uL of a 20 % Pluronic F127
solution and diluting it to a final volume of 6 mL in Leibovitz’s medium
containing 2.5 mM Probenecid. The rMCs at passages 78 or 79 were
allowed to grow in a T75 cell culture flask at 37 °C in the CO; incubator
until they reached at least 90 % confluence. On the day of the experi-
ment, the cells were washed with 10 mL of DPBS and harvested by in-
cubation with 0.25 % trypsin. Subsequently, 9 mL of serum-containing
medium was added, and the cells were centrifuged at 200 rcf for 5 mi-
nutes using a 5702 R centrifuge (Eppendorf, Germany). The supernatant
was discarded, and the cell pellet was gently resuspended in the Fura-2
AM loading medium. The rMCs were incubated for 1 h at room tem-
perature on a laboratory shaker at 50 rpm, protected from light. The
Fura-2 AM-loaded cells were centrifuged using the settings mentioned
earlier, and the loading medium was removed. The cells were carefully
(so as not to expose the cells to shear stress) resuspended in a mea-
surement buffer based on Leibovitz’s medium containing 2.5 mM OAT
inhibitor Probenecid. The cell number was determined using a
Neubauer-improved counting chamber (Marienfeld, Germany) and
adjusted to 1 million rMCs per mL.

In the direct procedure to determine ECs values, the cell suspension
was immediately used for measurements on the FLUOstar Omega plate
reader. 90 uL of Fura-2 AM-loaded cells were added to 10 uL of the
sample (in 10 % PBS) via the plate reader’s pump system with a low
pump speed of 100 pL/s to minimize mechanical impact/shearing. In the
approach described in this paper as the inverse procedure, the ligand for
the AT1 receptor was first incubated with the Fura-2 AM-loaded cells.
After a specified time interval, free Lys-Ang-II was added through the
plate reader’s pump system to stimulate the cells. In this case, the focus
is not on examining the calcium influx caused by the binding of the
ligand to the AT1R but, conversely, assessing the extent to which the
Lys-Ang-II signal could be reduced. This serves as a measure of AT1IR
binding by the previously added ligand. In the inverse procedure applied
to determine ICs( values, 90 pL of the cell suspension were incubated for
1 h with 10 pL of the ligands in 10 % PBS, either in their free or NP-
bound form. Cell stimulation was then carried out using 100 uL of a
300 nM Lys-Ang-II solution in 10 % PBS. The inverse procedure was also
used to examine the kinetics of the enzymatic processing and subsequent
ATIR interaction of the angiotensin ligands on the rMCs. For this pur-
pose, 90 pL of Fura-2-loaded rMCs in suspension were incubated with 50
uL of the free ligand TCO-PEG4-Ang-I (10 uM total concentration of free
ligand) or 60 uL of the respective NPs in 10 % PBS (2 nM total con-
centration of NPs) for varying durations at 37 °C under gentle agitation.
For measurements, cells were stimulated in this case with 50 pL of the
free agonist Lys-Ang-II (1 pM solution in 10 % PBS). A compilation
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illustrating the experimental procedure for the direct and inverse
approach can be found in SI Table 1.

Both in the direct and in the inverse procedure the fluorescence in-
tensity was measured for 30 seconds whereby the sample was alter-
nately excited at A 340 and A 380 nm, and emission at A 510 nm was
detected. The highest measured ratio R between the resulting fluores-
cence under excitation at A 340 and A 380 nm was utilized to calculate
the intracellular calcium concentration [Ca®*] applying the Grynkie-
wicz equation (Eq. (2)) (Grynkiewicz et al., 1985).

2 R — Ruin (Sp2
[Ca®] = K4 (7Rm 7R> ( sz) 2

To determine the maximum ratio Ryq, 90 pL of Fura-2 AM-loaded
cells introduced via the pump system were lysed with 10 pL of 1 % Triton
X-100 in PBS. The minimum ratio R,;; was determined using 10 uL of 1
% Triton X-100 in PBS supplemented with 45 mM EGTA in 0.5 M NaOH
to chelate the total Ca®" with EGTA as the chelating agent. Sg, represents
the maximum emission of free Fura-2 AM (determined after cell lysis
and Ca®" chelation with EGTA) and Spo stands for the maximum emis-
sion of Fura-2 AM with bound Ca®>" (determined after cell lysis, but
without chelation of Ca2+), in each case at an exication wavelength of A
380 nm. The value for 10 % PBS as blank was subtracted from all
intracellular calcium concentrations calculated via the Grynkiewicz
equation (Eq. (2)) and the values were normalized against the highest
concentration. Experimental data were fitted using a four-parameter
nonlinear regression model (Eq. (3)) to obtain binding curves and
ECs¢ or ICso values. For the fit of binding curves where the corre-
sponding plateau could not be reached, the bottom asymptote A1 was set
to 0 (Fig. 6 A curve for NP-Ang-I and NP-Tz-TCO-Ang-I) or the top
asymptote A2 to 100 (Fig. 4 C curve for NP-Tz-TCO-Ang-I and NP-Tz-
TCO-Ang-I + ACE). Further, x0 stands for the ECsq or ICsg value and p
represents the hill slope describing the steepness of the curves.

A2 - Al

1+ 10(LOGx0—x) p (3)

y=A1 +

In the kinetics experiments, the extent to which the Lys-Ang-II signal
could be reduced provides insights into the degree of AT1R saturation by
the free ligand or NPs, thus allowing assessments of ligand/NP-cell in-
teractions. The kinetics of AT1R saturation were fitted with Eq. 4 for an
exponential plateau, where yq stands for the initial value and yS for the
saturation value and k is a rate constant.

y=ys— (s —YO)'97M 4

2.8. Post-Functionalization, enzymatic activation and NP avidity for the
ATIR

To functionalize NP-Tz with Ang-l trough iEDDA reaction, a 20 nM
NP-Tz solution was incubated with 400 uM TCO-PEG4-Ang-I for 1 h at 37
°C, followed by the removal of free TCO-modified Ang-I through size-
exclusion chromatography (SEC). The SEC was carried out with 4 %
Agarose Beads (Agarose Beads Technologies, Madrid, Spain) using a
gravity protocol. NP fraction was detected on the Zetasizer (Malvern
Panalytical GmbH, Kassel, Germany) and collected accordingly. The NPs
were concentrated using a 30-kDa molecular weight cutoff Microsep
advance centrifugal device for 30 minutes at 3000 g. To assess the extent
of Ang-I removal, a control experiment was conducted using 20 nM NP-
COOH incubated with 400 uM TCO-PEG4-Ang-I, where the absence of
tetrazine on the NP prevents covalent binding. Free TCO-modified Ang-I
was similarly separated via SEC, and the NPs were concentrated by
centrifugation. The concentrated NPs were measured on the Nanosight
NS300 in both cases to determine size and NP concentration. The BCA
assay for quantifying the Ang-I ligands on the NP was performed as
described above, using free Lys-Ang-I as a standard for calibration. The
value for the non-functionalized NPs was subtracted from the func-
tionalized NPs as a blank value.
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The particles functionalized via iEDDA reaction with Ang-I were
tested either directly in a Fura-2 AM Ca" assay or additionally activated
with soluble ACE. A 1 nM NP solution was incubated for 4 hours at 37 °C
in DPBS (pH 7.4) with 100 nM soluble ACE. The NPs were concentrated
by centrifugation using a 30-kDa molecular weight cutoff centrifugal
filter. Subsequently, NP size and concentration were determined using
NTA. For the Fura-2 AM Ca®" mobilization assay, the concentrated NP
sample was diluted 1:3 and 1:10. These two solutions were further
diluted 1:10 and the corresponding dilution series were prepared. 10 pL
of the sample were added in triplicate to a white 96-well plate, and the
Fura-2 AM Ca®" assay was performed according to the direct procedure
as previously described.

To investigate the NP avidity for the AT1R after enzymatic activation
not by soluble ACE but by cell membrane-bound enzyme, the Fura-2 AM
Ca?*" assay was conducted using the inverse procedure. Dilution series
were prepared again from the tetrazine-functionalized NPs, the post-
functionalized NPs, as well as from directly Ang-I and Ang-II function-
alized NPs for comparison. 10 pL of the sample was added in triplicate to
a white 96-well plate. The NP solutions were incubated with 90 pL of cell
suspension for 1 h at 37 °C, followed by the addition of 100 pL of 300 nM
Ang-II solution for stimulation, as described in Section 2.7.

2.9. Data analysis

Fit of experimental data and statistical analysis was performed using
Origin software (Version 2020, OriginLab Corporation, Northampton,
MA, USA). One-way ANOVA with a Tukey’s multiple comparison test
was used for statistical evaluation of significance. The number of
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performed experiments is stated in the figure caption and levels of sta-
tistical significance are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001 in the respective figures.

3. Results and discussion
3.1. Preparation and characterization of PEG-PLA copolymer NPs

Tetrazine-functionalized NPs were synthesized, capable of under-
going an iEDDA reaction with TCO-modified Ang-I. Additionally, blank
NP-COOH and directly Ang-I as well as Ang-II functionalized NPs were
prepared for comparison. PEG-PLA copolymer particles, well established
in our research group, with a PLGA-stabilized core served as excellent
model for this study. Pre-functionalization of the polymer with the
desired ligand prior to NP formation allows tailoring of NP properties
such as size, zeta potential, and particularly ligand density per NP
(Maslanka Figueroa et al., 2020). Functionalization was consistently
chosen so that 20 % of the PEG-PLA copolymers carry the ligand (tet-
razine, Ang-I, or Ang-II). To enhance flexibility and accessibility of the
ligands, they were attached to longer PEG5k chains, whereas the spacer
chains were designed with PEG2k polymer (see Fig. 2 A). The use of
COOH-terminated spacer chains resulted in a negative zeta potential due
to the deprotonation of the acid in aqueous solution. The carboxy blank
particles exhibited a strongly negative zeta potential of -28 + 3 mV,
whereas tetrazine-functionalized NPs showed a less negative zeta po-
tential of -14.5 + 0.4 mV due to tetrazine’s neutral charge contribution
(see Fig. 2 B and SI Figure 7 A). Particles prepared by nanoprecipitation
showed a size in the range of about 60 to 80 nm (see Fig. 2 C, for the size
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distribution of the NPs see also SI Figure 7 B). The NPs functionalized
with Angiotensin were slightly larger than the tetrazine-functionalized
or the carboxy blank particles. The PDI was between 0.1 and 0.2 for
all NP types, indicating a narrow size distribution. Both the
tetrazine-functionalized and angiotensin-functionalized NPs showed
around 4000 ligands per particle, corresponding to a ligand density of
approximately 0.2 ligands per nm? (see Fig. 2 D and SI Figure 8 for
details on the quantification of ligands per NP). Since the PEG density on
the NP is very high and the PEG conformation can be assigned to the
“dense brush” regime, a backfolding of the long ligand-bearing PEG5k
chains towards the particle core is rather unlikely. There should be no
room for a loop of the PEG chains, so that ligands could hide in the PEG
brush of the particle. Thus, virtually all ligands should be available for
interaction with the target cell (see SI Figure 9 for calculations to esti-
mate the PEG conformation on the particle). In addition, thinking to-
wards the in vivo application envisaged in the future, the PEG
conformation, being distinctly in the dense brush regime, should be
ideally suited to avoid uptake by immune cells and prevent clearance of
the NPs (Yang et al., 2014). To summarize, it can be stated that similar
zeta potentials, sizes, and ligand densities of the NPs allowed for good
comparability among the particles and enabled the observation of ef-
fects induced solely by the different ligands.

3.2. iEDDA reaction kinetics on the NP

While numerous studies in the literature confirm the fast kinetics for
iEDDA reaction in solution (Darko et al., 2014), this study investigated
whether the reaction also proceeds robustly on the copolymer NPs (see
Fig. 3 A). To follow the reaction kinetics, the decrease in tetrazine
absorbance in the UV range was examined (considerations regarding
this can be found in SI Figure 10). The change in absorbance with
increasing reaction time was fitted with an exponential decay, obtaining
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pseudo first-order rate constants kqps. These kops values were plotted
against the TCO concentration, with the second-order rate constant
derived from the slope of the linear fit. After initially investigating the
reaction between free tetrazine in solution and different TCO excesses,
micelles and NPs were prepared with 20 % tetrazine functionalization.
The micelles did not contain core-forming PLGA and were approxi-
mately half the size of the NP-Tz (see Fig. 3 B). The iEDDA reaction was
also followed with different TCO excesses. Interestingly, the iEDDA re-
action proceeded at an accelerated rate on the NP compared to the re-
action in solution although anchoring the tetrazine on the NP or micelle
might typically suggest a reduced collision density between tetrazine
and TCO (see Fig. 3 C). A possible explanation for the faster reaction on
the NP could lie in the hydrophobic nature of the TCO. It is well known
that under aqueous conditions, iEDDA reactions are significantly
accelerated due to the hydrophobic effect (Darko et al., 2014). On the
NP, this effect could be amplified, as the hydrophobic TCO may pref-
erentially accumulate within the PEG brush of the NP to avoid interac-
tion with water. This would result in a locally higher concentration,
which could have contributed to the observed faster reaction on the NP.
In solution, a second-order rate constant of 492 + 31 M'! s™! at 25 °C was
determined. This value aligns well with rate constants reported in the
literature for comparable TCO/tetrazine pairs (Karver et al., 2011). For
example, Karver et al. found a second-order rate constant of 820 + 70
M s for the reaction of a methyl-substituted tetrazine, which should
be comparable to the one used in this study, with TCO at 37 °C. Given
the fact that reaction rates can be assumed to double every 10 °C
(Leenson, 1999), this would result in a constant of approximately 400
M7 s at 25 °C. A second order rate constant of 550 + 83 M s! was
found for the tetrazine on the polymer micelles. This in turn also
matches well with the rate constant ky of around 600 M s! reported by
Kramer et al. for endgroup tetrazine-functionalized polymer micelles at
25 °C (Kramer et al., 2019). On the NP surface, a second-order rate
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constant of 726 + 85 M'! s'! was determined (see Fig. 3 D). For instance,
for 10 uM tetrazine coupled to the NP surface (corresponding to a NP
concentration of approximately 2.5 nM) and an 8-fold TCO excess, the
reaction was almost completed in less than 30 s. In summary, although
the trade-off between reactivity and stability for the methyl-substituted
tetrazine used in this study was more on the side of stability, the iEDDA
reaction on the NP surface still proceeded rapidly.

3.3. Affinity of free angiotensin ligands for the ATIR

After confirming a rapid iEDDA reaction for subsequent NP func-
tionalization, the interaction of free TCO-PEG4-Ang-I ligand with the
target cell was investigated. TCO-PEG4-Ang-I was incubated with rMC
cell suspension for varying durations, leading to enzymatic processing of
Ang-I to Ang-II by cell membrane-bound ACE. The extent of binding to
the AT1 receptor following enzymatic activation was determined using
an inverse Fura-2 AM Ca?t mobilization assay (Maslanka Figueroa et al.,
2020). Cells were stimulated with additional free Ang-II, and the degree
to which calcium influx could be suppressed by receptor saturation was
measured (for further explanation see SI Figure 11). Initially, as ex-
pected, no AT1R binding was observed. However, over time, enzymatic
processing gradually led to receptor saturation, with a plateau reached
after approximately 90 minutes (see Fig. 4 A). In contrast, the iEDDA
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reaction of an equivalent amount of TCO with tetrazine-functionalized
NPs was completed within approximately 5 minutes. Consequently, it
was conceivable that the ligand undergoes the iEDDA reaction with
tetrazine on the NP prior to experiencing enzymatic activation of Ang-I
to Ang-II and subsequent interaction with the AT1R. The rapid kinetics
of the iEDDA reaction, in conjunction with the slower enzymatic pro-
cessing, could facilitate initial particle functionalization in vitro.
Furthermore, the affinity of free angiotensin ligands for the AT1 receptor
was examined. Various dilutions of ligands were incubated with Fura-2
AM loaded cell suspension for 1 h. With Lys-Ang-II, the expected binding
curve was observed, yielding an ICsg value of 3.5 + 0.3 nM, consistent
with the value reported by Maslanka Figueroa et al. (2020). The binding
curves of Lys-Ang-I and TCO-PEG4-Ang-1 were nearly identical (see
Fig. 4 B). ICs0 values of 0.33 + 0.06 uM for Lys-Ang-I and 0.22 + 0.06
uM for TCO-PEG4-Ang-I were determined. The affinity for the AT1R was
lower than that for Lys-Ang-II (compare Fig. 4 C), as the ligands first had
to be activated by cell membrane-bound ACE (see Fig. 4 D). Comparable
ICsp values for Lys-Ang-I and TCO-PEG4-Ang-I suggested that modifi-
cation of Lys-Ang-I with TCO as a partner of the iEDDA reaction did not
interfere with enzymatic processing or receptor binding. SI Figure 12
additionally provides a comparison with N-terminal acetylated angio-
tensin. In summary, due to the rapid iEDDA reaction and slower enzy-
matic processing, it is probable that in vitro NP functionalization occurs
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initially before free ligand activation. Further, it was demonstrated that
TCO modification does not adversely affect affinity, with similar affin-
ities found for Lys-Ang-I and TCO-PEG4-Ang-I for AT1R.

3.4. Post-functionalization of NP-Tz with Angiotensin-I via iEDDA
reaction and avidity for the ATIR after Enzymatic activation

To render the NPs switchable concerning their interaction with the
ATIR, two fundamental steps had to be implemented. First, the particle
had to undergo post-functionalization through the iEDDA reaction.
Subsequently, the Ang-I-functionalized NPs had to be enzymatically
processed to Ang-II by ACE. The NPs functionalized only with tetrazine
were incubated with TCO-PEG4-Ang-I for 1 h to allow sufficient time for
the iEDDA reaction on the particle. Excess TCO-PEG4-Ang-I was sepa-
rated by SEC, and the Ang-I was then quantified using a BCA assay.
Based on the NP concentration, the number of Ang-I ligands per NP was
determined (see Fig. 5 A). With 3442 + 303 Ang-I ligands per NP,
slightly fewer than tetrazine ligands before functionalization were pre-
sent, indicating efficient iEDDA reaction on the NP (approx. 86 %).
Functionalization with Ang-I resulted in minimal size increase of the NPs
from 60 + 4 nm for NP-Tz to 67 + 4 nm for NP-Tz-TCO-Ang-I.
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Subsequently, the post-functionalized NPs were incubated with soluble
ACE for 4 hours at 37 °C. The particles were then expected to be fully
activated to Ang-II (Maslanka Figueroa et al., 2019). Incubation with
soluble ACE resulted in further size increase to 84 4+ 6 nm, with the size
distribution also becoming significantly broader (compare Fig. 5 B). The
NPs were examined for their avidity to the AT1R using a Fura-2 AM Ca®*
mobilization assay. The NPs only functionalized with tetrazine showed
no Ca®* influx, thus indicating no interaction with the AT1R. In contrast,
the post-functionalized and subsequently enzymatically activated par-
ticles interact with the receptor (see Fig. 5 C). An ECsq value of 2.0 + 0.5
nM was determined, illustrating sufficient avidity of the NPs (see Fig. 5
D). Surprisingly, the post-functionalized NPs without enzymatic acti-
vation showed Ca®" influx at the highest concentrations. This indicates
that Ang-I may be converted to Ang-II by membrane-bound ACE within
the short measurement period, suggesting that ACE on the cell mem-
brane alone might be sufficient to activate the particles.

3.5. Activation of NPs by cell membrane-bound ACE and kinetics of
particle-ATIR interaction

Next, it was investigated whether the particles post-functionalized
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with Ang-I via iEDDA reaction can be activated, as required for later
application, by membrane-bound ACE. The rMCs used as a model cell
line exhibit a high ACE activity of approx. 0.35 pmol of hydrolyzed
substrate per minute and per pg of protein (Maslanka Figueroa et al.,
2019). The NPs were initially incubated with the cell suspension for 1 h,
and subsequently the extent to which the influx of Ca®" triggered by the
addition of free Ang-II could be reduced was measured (for further
explanation see SI Figure 11). While the NPs functionalized only with
tetrazine did not bind to the ATl receptor, the particles
post-functionalized with Ang-I showed interaction at higher concen-
trations (see Fig. 6 A). Here, a sufficient number of Ang-I ligands
appeared to have been processed to Ang-II by ACE on the cell membrane
during incubation. The directly Ang-I functionalized NPs behaved
similarly and also saturated the receptor at higher concentrations.
NP-Ang-II, tested for comparison, where all ligands were directly
available for receptor binding, showed an ICsp value in the picomolar
range (see SI Figure 13 for a comparison with NP-Ang-II with acetyla-
tion at the N-terminus of angiotensin). In contrast, the ICsq value for
Ang-1 functionalized NPs was in the nanomolar range. Comparable
values of 2.9 + 0.5 nM for NPs directly Ang-I functionalized and 1.5 +
0.2 nM for NPs post-functionalized via iEDDA reaction were found. It
could be concluded that the attachment of the Ang-I ligand through the
iEDDA reaction did not hinder enzymatic activation and binding to the
ATI1R.

A
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Intracellular calcium measurements were conducted over a 3-h
period to explore the interactions between NPs and cells. The degree
to which different NPs could reduce calcium signaling triggered by the
addition of free agonist Ang-II served as an indicator of the extent to
which these NPs had bound to the AT1 receptors. This approach allowed
to observe the kinetics of these interactions. NPs lacking ligands for the
ATI1R, such as NP-Tz, exhibited minimal receptor binding. Conversely,
particles functionalized with Ang-I through the iEDDA reaction exhibi-
ted a slow binding to the AT1 receptor. This could be attributed to the
requirement for enzymatic processing of Ang-I to Ang-II on the particle
before the successful interaction between NPs and the AT1 receptors on
the target cell surface (Maslanka Figueroa et al., 2020). After approxi-
mately 1 h, saturation was achieved with slightly over 60 % ATI1R in-
hibition (see Fig. 6 B). The NP-Tz incubated with cells and exposed to
TCO-PEG4-Ang-I displayed a trend similar to the particles functionalized
with Ang-I via the iEDDA reaction prior to the experiment, albeit with
slightly lower AT1R inhibition. In summary, it could be concluded that
pre-functionalized NPs, such as NP-Tz-TCO-Ang-I, were activated to
Ang-II through cell membrane-bound ACE and subsequently interact
with AT1 receptors (see Fig. 6 D). This likely holds true for particles that
were functionalized in vitro as well. Since NP-Tz did not interact with the
ATI1R, NPs could be activated by the addition of TCO-PEG4-Ang-I and
subsequent enzymatic processing, allowing them to bind to the AT1
receptor, potentially leading to internalization. The fundamental
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requirement for a switchable particle was established.
4. Conclusion

We demonstrated that NPs can be rendered switchable with respect
to their interaction with a receptor through an external chemical stim-
ulus. The combination of iEDDA reaction for subsequent NP function-
alization and ectoenzyme-based ligand activation allows for specific
particle tailoring. Scenarios wherein the stealth effect of non-
functionalized NPs is initially leveraged for prolonged circulation, fol-
lowed by temporally controlled identification of target cells, are
conceivable. This approach may potentially reduce off-target accumu-
lations and enhance the efficacy of NPs for drug delivery. The iEDDA
reaction, as a rapid and robust bioorthogonal reaction, proved to be
well-suited for ligand conjugation, facilitating the creation of ligand-
switchable particles. The additional processing of ligands by an
ectoenzyme offers the advantage of minimizing biological effects prior
to activation. Furthermore, two-step recognition involving ectoenzyme
and the receptor to which subsequent binding is desired enhances
specificity for the target cell. In general, this proof-of-concept study can
be regarded as an initial step in exploring the potential of the iEDDA
reaction for the switchable design of NPs.
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