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lation of b1-, but not b2-receptors
by adrenaline functionalised gold nanoparticles†

Annabelle Mattern,a Rebecca Claßen, *b Annemarie Wolf,c Ervice Pouokam, b

Klaus-Dieter Schlüter,c Mathias S. Wickleder a and Martin Diener b

In this study, we present a strategy for the synthesis of catecholamine functionalised gold nanoparticles and

investigated their multivalent interactions with adrenergic receptors in different biological systems. The

catecholamines adrenaline and noradrenaline represent key examples of adrenergic agonists. We used

gold nanoparticles as carriers and functionalised them on their surface with a variety of these

neurotransmitter molecules. For this purpose, we synthesised each ligand separately using

mercaptoundecanoic acid as a bifunctional linking unit and adrenaline (or noradrenaline) as a biogenic

amine. This ligand was then immobilised onto the surface of presynthesised spherical monodispersive

gold nanoparticles in a ligand exchange reaction. After detailed analytical characterisations, the

functionalised gold nanoparticles were investigated for their interactions with adrenergic receptors in

intestinal, cardiac and respiratory tissues. Whereas the contractility of respiratory smooth muscle cells

(regulated by b2-receptors) was not influenced, (nor)adrenaline functionalised nanoparticles administered

in nanomolar concentrations induced epithelial K+ secretion (mediated via different b-receptors) and

increased contractility of isolated rat cardiomyocytes (mediated by b1-receptors). The present results

suggest differences in the accessibility of adrenergic agonists bound to gold nanoparticles to the binding

pockets of different b-receptor subtypes.
Introduction

Nanoparticles (NPs) can have a large variety of possible appli-
cations reaching from dyes1 and catalysts in industry,2 over
packing applications3 or sensors in the food industry,4 to
tumour markers5 or targeted pharmacotherapy in medicine.6

Physicochemical properties of NPs differ from their bulk
material and thus they are of high interest due to their unique
magnetic,7 optical8 or mechanical properties.9

Gold nanoparticles (Au NPs) represent an exceptionally well-
known example. Due to their unique plasmon resonance, Au
NPs deviate signicantly in their wine-red colour from the
metallic shine of the bulk material. A variety of potential
applications exists for Au NPs. In 1989, Haruta et al.10 described
the oxidation of CO catalysed by Au NPs; thus these nano-
materials have been widely studied as catalysts.11–13 Further-
more, Au NPs have been frequently discussed in terms of their
ity of Cologne, Greinstrasse 6, 50939

emistry, Justus Liebig University Giessen,

rmany. E-mail: rebecca.classen@vetmed.

sity Giessen, Aulweg 129, 35392 Giessen,

SI) available: Synthetic procedures and
i.org/10.1039/d2na00171c

–3193
applications in nano electronic devices,14,15 or as switches16 and
sensors.17 With regard to the latter, even theoretical studies
were performed, supporting the experimental data18 and
revealing the use of functionalised Au NPs as colorimetric
probes.19,20 However, the by far most extensive usage of Au NPs
is in the biomedical research. Here, Au NPs have recently been
used as contrast agents for computer tomography (CT),21,22

carrier for drug delivery23,24 or photoacoustic imaging.25

Furthermore, they have been studied as agents for photody-
namic therapy (PDT)26,27 or even used in immunoassays, when
the Au NPs were functionalised with antibodies.28–31 The
synthesis of Au NPs is already well understood,32 and they allow
for an excellent size control. Moreover, their biocompatibility
and their stability against oxidation and degradation in vivo
represent additional advantages.33

NPs in general need to be sufficiently stabilised in order to
prevent them from agglomeration. This occurs electrostatically
with charged ligands or sterically with bulky ligands on the
surface. By choosing the suitable ligand, it is possible to attach
other desired compounds (such as bioactive molecules) onto
the surface. Due to their enormous surface-to-volume ratio the
NPs can be loaded with a large amount of these desired
compounds.34

Au NPs which are functionalised with a variety of different
biogenic substances as ligands show so-called multivalent
receptor activations in biological systems.35,36 In contrast to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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monovalent interactions, whereby only one receptor–ligand
complex is formed at a certain time, in multivalent systems
multiple molecular recognition events between biomolecules
and receptors operate simultaneously. This leads not only to
multiple and more intense interactions, even more inuenced
ligand–receptor recognition,37 but also to a signicant ampli-
cation of the effects at the receptor site.38

This key principle of multivalency was also investigated in
the present study. In this work, we have functionalised Au NPs
with the two catecholamines adrenaline and noradrenaline,
which are also closely linked in their biosynthesis and in their
chemical structure. Noradrenaline and adrenaline act as
endogenous transmitter in the sympathetic nervous system,39

yet while noradrenaline is a primary amine, adrenaline carries
an additional methyl group on the nitrogen and thus represents
a secondary amine. Both act as hormones with a catechol unit in
their structure and thus cause a stimulation of adrenergic
receptors.40

In our previously published work,35,36 we observed multiva-
lent effects in certain receptor activations caused by Au NPs
functionalised with different biogenic amines such as hista-
mine or carbachol. In case of carbachol functionalised Au NPs,
a potentiation of the effects to a factor of over 106-fold could be
determined. This observation was further supported by FRET
measurements showing the actual activation of the G-proteins
by carbachol functionalised Au NPs at picomolar
concentrations.34

As adrenergic receptors mediate physiological responses in
multiple organ systems such as e.g. epithelial secretion, smooth
muscle contractions or cardiac functions, in the present study
we tried to nd out, whether it is possible to synthesise gold
nanoparticles functionalised with adrenaline or noradrenaline
and whether these NPs are able to interact with adrenergic
receptors in different biological systems.
Results and discussion
Chemical syntheses

Catecholamines are different to the biogenic amines used in
our previous work, as they tend to undergo an oxidation when
being exposed to oxygen.41 When dissolved in an aqueous
medium oxidation occurs at the air–water-interface.42 For this
Fig. 1 Synthetic strategy during this work divided into the following
sections: separate ligand synthesis (blue), nanoparticle synthesis (pink)
and nanoparticle functionalisation (grey).

© 2022 The Author(s). Published by the Royal Society of Chemistry
reason the preparation of functionalised Au NPs was performed
via a different strategy during this work as pictured in Fig. 1.

First, the whole ligand was prepared separately using
a bifunctional thiol ligand as a linking unit and the biogenic
catecholamine. Aerwards the functionalisation on the pre-
synthesised Au NPs took place. All synthetic steps including the
catecholamines were performed under anaerobic conditions.

One part of this ligand represents a mercaptoacid, and this
bifunctional compound is acting as a linking unit. On one side,
an attachment onto the Au NP surface can be achieved via the
thiol group due to the strong Au–S bond formed (HSAB prin-
ciple). Furthermore, the acid function on the other end of the
linker can be coupled to the desired biogenic amine by the
formation of an amide bond. In this way, the biomolecules are
derivatised in such a manner that linkage to the NPs is enabled.
With the presence of a relatively strong amide bond formed, the
attached biomolecule of interest should remain bonded to the
NP until it reaches the point of action. Moreover, with the use of
a long chain linker such as mercaptoundecanoic acid a steric
stabilisation of the NPs is achieved.
Ligand syntheses

The syntheses were performed according to a modied version
reported by Abed et al.43 and are displayed in Scheme 1. Mer-
captoundecanoic acid (MUDA) was stirred with N-hydrox-
ylsuccinimide (NHS) and diisopropylcarbodiimide (DIC)
dissolved in absolute pyridine under argon atmosphere at room
temperature until the active ester with NHS was formed. The
reaction is a well-established amide coupling, the mechanism
of which has already been described frequently.44,45 Aer 4 h the
biogenic amine (either adrenaline (ADR) or noradrenaline (NA))
dissolved in pyridine was added. Mildly basic reaction condi-
tions were achieved by the simultaneous addition of K2CO3 in
degassed H2O. The active ester reacts in situ with the amine to
yield the amide.

Aqueous work ups were performed aer thin layer chroma-
tography (TLC) monitoring showed the complete consumption
of the starting materials. Even aer purication via column
chromatography, traces of the side product N,N0-diisopropy-
lurea (DIU) remained next to the pure product and could not be
removed completely during various work up steps. Elemental
analysis proved an equivalent of DIU present in the sample.
Complete removal of DIU could only be achieved using
preparative HPLC. However, as this side product is not of
interest during the functionalisation step of the Au NPs, the
presence of DIU was taken into account in the reaction as free
Scheme 1 Ligand syntheses with the biogenic amines adrenaline
(ADR) and noradrenaline (NA).
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molecules and side products can be removed aerwards via
dialysis.

The desired biofunctional ligand possesses a thiol moiety
which is more favourable to be attached to the NPs during
a ligand exchange reaction than any DIU side product.

Both ligands, i.e. MUDA-ADR and MUDA-NA were further
analysed via NMR, IR and ESI-MS. Attempts of crystallisation
were also performed but without any success. 1H-NMR spectra
show all predicted proton resonances of the desired ligand. The
aromatic protons of the biogenic amines (ADR or NA) have
resonances between 6.76 ppm and 6.52 ppm. Furthermore, the
ligands show intense resonances in the range from 1.57 ppm to
1.17 ppm which can be assigned to the long alkyl chain of the
thiol linker (MUDA).

IR spectroscopy was performed to additionally verify the
existing binding types within the ligands. The IR spectra of
MUDA-ADR and MUDA-NA both show a strong nO–H band at ca.
3300 cm�1 indicating the presence of hydroxy groups. Carbonyl
bands of the amides are in the range between 1650 cm�1 and
1600 cm�1. These bands, together with dC–N vibrations around
1240 cm�1, conrm the formation of amide bonds. Further-
more, a small nN–H band can be observed for MUDA-NA around
3100 cm�1. This band does not exist in the MUDA-ADR spec-
trum, as MUDA-ADR lacks an NH-group due to its N-
methylation.

The molecular masses were conrmed using ESI MS. The
molecule ion [M � H]� of 380.20 was found for MUDA-ADR and
[M � H]� of 368.20 for MUDA-NA. Both match with the calcu-
lated ligand masses.
Gold nanoparticle syntheses

Since these NPs were prepared in order to use them for
biomedical applications, their homogeneity and comparability
amongst each other was a signicant point to be addressed.
Thus, to obtain monodispersive Au NPs during the synthesis
was a crucial step. In this work two different wet chemical
bottom up methods were used which provided very good results
in size control as well as easily applicable techniques. As
described in our previous publications, the Au NPs synthesis
using the citrate reduction method by Frens46 is readily repro-
ducible in aqueous media and yields Au NPs with an average
size of 14 nm.17 In accordance, we have reacted the gold
precursor with citrate only (operating as both a reducing agent
Scheme 2 Au NP synthesis via (A) the citrate reduction method
according to Mattern et al.17 yielding in 14 nm Au-citrate NPs and (B)
a modified version of Stucky et al.30 in order to obtain slightly smaller
Au-MUDA NPs between 8–10 nm.

3184 | Nanoscale Adv., 2022, 4, 3182–3193
and a stabilising agent simultaneously) and obtained Au NPs as
pictured in Scheme 2A. Since citrate only offers a weak reducing
character, the obtained NPs possess relatively large diameters
(>10 nm). Au-citrate NPs sized smaller than 10 nm synthesised
according to the Turkevich method are very rarely known in the
literature.47 Moreover, Au-citrate NPs allow only rather low
concentrations (around 10 nM), since citrate molecules offer
only a light stabilising character and thus agglomeration would
occur at higher concentrations. In order to obtain smaller Au
NPs with a higher concentration, we used a modied version of
Stucky and coworkers48 with tBu-amine borane complex as
a stronger reducing agent. A very narrow size distribution and
furthermore a very good size control could be achieved in the
synthesis using mercaptoundecanoic acid (MUDA) as the
capping agent in DMSO as a solvent (Scheme 2B).

The resulting Au NPs were more stable than those obtained
using the citrate reduction method, and thus they were puried
via centrifugation. Aer this step, the Au NPs were redispersed
in H2O and dialysed against H2O for further purication. With
changing the ratios of added starting materials, different core
sizes of the NPs could be obtained. A following tendency could
be observed with regard to the size control: the larger the
equivalent of reducing agent added, the smaller the sizes of the
formed Au NPs.

All of the obtained Au NP solutions were characterised with
different methods. Using transmission electron microscopy
(TEM) and ultraviolet-visible spectroscopy (UV-Vis) the metallic
nanoparticle core can be investigated. Dynamic light scattering
(DLS) gives information about the whole nanoparticle when
measuring the hydrodynamic diameter. With nuclear magnetic
resonance spectroscopy (NMR) and infrared spectroscopy (IR)
the structure of the organic framework can be analysed.

TEM images of the obtained NPs show predominantly
spherical NPs with a narrow size distribution and without
visible agglomeration. Au-citrate NPs (shown in Fig. 2A)
possessed an average diameter of dTEM ¼ 13.8 � 1.2 nm. In
contrast, the largest Au NPs prepared via the modied Stucky
method had an average diameter of dTEM ¼ 9.7 � 1.0 nm when
the ratio of PPh3AuCl : MUDA : tBu-amine borane was set to 1.0
eq. : 0.7 eq. : 0.7 eq. (Au-MUDA Ø 10 nm, Fig. 2B). Even smaller
NPs with a more narrow size distribution could be obtained
using the same method with a PPh3AuCl : MUDA : tBu-amine
borane ratio of 1.0 eq. : 4.6 eq. : 10 eq. with an average diameter
of dTEM ¼ 7.9 � 0.7 nm (Au-MUDA Ø 8 nm, Fig. 2C).
Fig. 2 TEM images of (A) Au-citrate d ¼ 13.8 � 1.2 nm, (B) Au-MUDA
d ¼ 9.7 � 0.9 nm and (C) Au-MUDA d ¼ 7.9 � 0.9 nm show mono-
dispersive Au NPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of the synthesised Au NPs including the ratios of starting materials used

Size 8 nm (Au-MUDA) 9 nm (Au-MUDA) 10 nm (Au-MUDA) 14 (Au–citrate)
Au precursor 1.0 eq. 1.0 eq. 1.0 eq. 1.0 eq.
Ligand 4.6 eq. 1.0 eq. 0.7 eq. 5.8 eq.
Reducing agent 10 eq. 10 eq. 0.7 eq.
TEM d ¼ 7.9 � 0.9 nm d ¼ 9.0 � 0.9 nm d ¼ 9.7 � 1.0 nm d ¼ 13.8 � 1.2 nm
DLS dhydr ¼ 12 � 3 nm dhydr ¼ 14 � 4 nm dhydr ¼ 12 � 3 nm dhydr ¼ 15 � 3 nm
UV/Vis lmax ¼ 528 nm lmax ¼ 526 nm lmax ¼ 525 nm lmax ¼ 521 nm
Concentration c 212 nM 143 nM 115 nM 7.8 nM
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Table 1 lists different characteristics of the synthesised Au
NPs. In addition to their diameter dTEM we also determined the
hydrodynamic diameter dhydr using DLS showing always slightly
larger dhydr than their corresponding dTEM sizes. This is due to
the fact that DLS considers the entire NP with ligand shell,
whereas in TEM only the gold core of the NP can be measured.

All listed concentrations were determined with the yielded
sizes as well as the quantity of gold precursors used. Important
to mention is that this consideration is based on the assump-
tion that the precursors are completely reduced to NPs.

Since Au NPs have a distinctive plasmon resonance, they can
be further characterised by UV/Vis spectroscopy. The measured
absorptions of all synthesised pink and clear Au NP samples are
displayed in Fig. 3. Au-citrate has its absorption maximum
(lmax) at 521 nm. Various ligands on the surface of a NP can
inuence the position of lmax. A bathochromic shi of lmax

towards larger wavelengths can be observed for Au NPs syn-
thesised and stabilised with the long chain ligand MUDA. For
Au-MUDA (Ø 10 nm) a lmax of 525 nmwasmeasured. The UV/Vis
spectrum of Au-MUDA (Ø 8 nm) shows an absorption maximum
lmax at 527 nm. These measurements show a trend in the
Fig. 3 UV/Vis spectra of Au-MUDAØ 8 nm,Ø 9 nm,Ø 10 nm and Au-
citrate Ø 14 nm with their measured absorption maxima.

Scheme 3 Nanoparticle functionalisation in a ligand exchange reac-
tion with the presynthesised catecholamine carrying ligands (MUDA-
ADR or MUDA-NA), shown here with MUDA-ADR as an example.

© 2022 The Author(s). Published by the Royal Society of Chemistry
position of the absorption maximum indicating a bath-
ochromic shi for smaller sized nanoparticles.
Nanoparticle functionalisation

In the nal step the functionalisation of the presynthesised Au
NPs took place using ligand exchange reactions with the syn-
thesised catecholamine carrying ligands (MUDA-ADR or MUDA-
NA), shown in Scheme 3.

The Au NP solution of the preferred size was degassed with
argon prior to the addition of the ligand. The ligand itself was
dissolved in DMSO and added dropwise under vigorous stirring
in order to obtain a rapid intermixing. Thereby it is benecial to
add the ligand dissolved in the respective solvent in order to
avoid agglomeration of the Au NPs upon the addition of bulk
material. The ligand was added in a large excess (up to 8 � 106-
fold) in order to induce a high ligand exchange.

To ensure a stable Au NP solution during the reaction, the
pH was adjusted to 8 by adding NEt3. The resulting pink clear
Fig. 4 (A) UV/Vis spectra of the functionalised Au NPs Au-MUDA-ADR
Ø 14 nm, Ø 10 nm, Ø 9 nm, Ø 8 nm and Au-MUDA-NA Ø 10 nm with
their measured absorption maxima, and (B) their corresponding TEM
images of (i) Au-MUDA-ADR d ¼ 8.1 � 0.6 nm, (ii) Au-MUDA-ADR d ¼
8.9 � 0.8 nm, (iii) Au-MUDA-ADR d ¼ 9.9 � 0.9 nm, (iv) Au-MUDA-NA
d ¼ 9.9 � 0.8 nm and (v) Au-MUDA-ADR d ¼ 13.9 � 1.2 nm.

Nanoscale Adv., 2022, 4, 3182–3193 | 3185
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Table 2 Properties of the synthesised functionalised Au NPs

Size 8 nm 9 nm 10 nm 14 nm 10 nm
Sample Au-MUDA-ADR Au-MUDA-NA
dTEM/nm 8.1 � 0.6 8.9 � 0.8 9.9 � 0.9 13.9 � 1.2 9.9 � 0.8
dhydr/nm 17 � 5 13 � 3 13 � 5 16 � 4 17 � 4
lmax/nm 526 525 523 525 528
Concentration c 157 nM 191 nM 101 nM 7.1 nM 35 nM

Fig. 5 (A, B) Au-MUDA-ADR NP (0.5–5 nmol l�1 at the serosal side
administered in a cumulative manner) induced a negative Isc in rat
colonic epithelium (A), which was suppressed by preincubation with
the nonselective b-blocker bupranolol (10 mmol l�1 at the serosal side
(B)). The control tissues (A) were treated with the same volume of the
solvent (ethanol) as used in B for the administration of bupranolol. At
the end of each experimental series, carbachol (CCh; 50 mmol l�1 at
the serosal side) was administered as viability control. (C, D) Tissue
conductance (Gt) was not altered by Au-MUDA-ADR. Data are means
(thick line) � SEM (dotted lines), n ¼ 7–8.
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and stable Au NPs solution was then directly puried via dial-
ysis. Dialysis was chosen as a gentle and biocompatible puri-
cation method. In this way, remaining free ligands which are
not coated on the NP and other side products could be removed
from the solution.

TEM images proved that no change in the morphology of the
NPs occurred during their functionalisations (Fig. 4B(i)–(v)).
Spherical Au NPs remain present in their desired diameters
with a remarkable small size distribution. Moreover, no
agglomeration of the functionalised Au NPs could be observed.
Next to the TEM investigations also DLS measurements were
performed (displayed in Table 2) showing that the determined
dhydr remain in the appropriate range and thus support the
conclusion that a stable NP solution is present.

All of the pink and clear Au NP samples were further char-
acterised via UV/Vis showing a slight bathochromic shi in the
measured absorptionmaxima (Fig. 4A). Yet, the existence of just
one plasmon resonance with lmax in the region around 520 nm
conrm the successful synthesis of spherical stable Au NP
solutions in these size regions.

The organic surface structures of the Au NPs were further
analysed using IR and NMR spectroscopy in order to conrm
that the ligand exchanges during each functionalisation reac-
tion have been successful.

IR spectra were recorded with dried samples of the Au NPs.
The measured spectra of functionalised Au NPs were compared
to spectra of the starting Au NP solutions (Au-citrate and Au-
MUDA) as well as the synthesised ligands (MUDA-ADR or
MUDA-NA). Even though the Au NP samples were dried, a broad
OH band around 3000 cm�1 can be observed in the spectra,
indicating that the Au NPs still possess residual H2O trapped.
However, more importantly, the bands assigned to the desired
ligand are also present in the spectra of functionalised Au NPs
(Au-MUDA-ADR and Au-MUDA-NA). A broad nO–H band at ca.
3300 cm�1 is assigned to the hydroxyl groups. Furthermore, the
desired amide bonds can be observed around 1600 cm�1 for
nC]O and dN–H as well as dC–N vibrations around 1250 cm�1.

Moreover, 1H-NMR spectra of all functionalised samples
were recorded. The Au NP solution was dried in vacuo and
subsequently dissolved in D2O in order to prepare the samples.
To ensure stable solutions during the measurements, a base
(NEt3 or NaOH) in D2O was added. The measured NMR spectra
were then compared to the spectra of the initial Au NP solutions
as well as the synthesised ligands.

Although the quality of a measured Au NP 1H-NMR spectrum
is affected by the extremely small sample quantity as well as the
appearance of line broadening and shiing due to the inherent
physical nature of the NPs,49 it was possible to assign the proton
3186 | Nanoscale Adv., 2022, 4, 3182–3193
signals of the synthesised ligands (MUDA-ADR or MUDA-NA) on
the Au NP surface. In sum, these data unambiguously prove the
successful functionalisation of Au NPs with the catecholamines
adrenaline and noradrenaline.
Biological actions of nanoparticles functionalised with
adrenaline

In a rst attempt to study the biological activity of Au NPs
functionalised with adrenaline, the effect of Au-MUDA-ADR (Ø 9
nm) on ion transport across rat distal colonic epithelium was
studied. In this tissue, native adrenaline (ADR) evokes a K+

secretion leading to a negative short-circuit current (Isc) via
stimulation of both b1- and b2-receptors.50,51 Indeed, Au-MUDA-
ADR (5 nmol l�1 at the serosal side) induced a current of �0.26
� 0.06 mEq h�1 cm�2 (p < 0.05 versus baseline just prior
administration of Au-MUDA-ADR, n ¼ 7; Fig. 5A), which was
completely prevented, when the tissue was pretreated with the
nonselective b-receptor blocker bupranolol (10 mmol l�1 at the
serosal side; n ¼ 8; Fig. 5B). At the end of the experiment, the
cholinergic agonist carbachol (50 mmol l�1 at the serosal side)
was administered as viability control. The cholinergic agonist
evokes a strong Cl� secretion, thereby leading to an increase in
Isc. This increase in Isc amounted to 10.76 � 1.94 mEq h�1 cm�2
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Properties (size, conjugated adrenergic agonist) of the
functionalised nanoparticles tested for their ability to relax segments
from rat upper respiratory tract precontracted by carbachol (0.5 mmol
l�1) under isometric conditions

Nanoparticle conjugated
with Size

Effect at smooth muscle
from the respiratory tract

Adrenaline 8 nm None
Adrenaline 9 nm None
Adrenaline 10 nm None
Adrenaline 14 nm None
Noradrenaline 10 nm None
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(n ¼ 7) in the control series (Fig. 5A) and to 9.12 � 1.30 mEq h�1

cm�2 (n ¼ 8) aer pretreatment with bupranolol (Fig. 5B) thus
excluding that the inhibition of the Au-MUDA-ADR NP response
by bupranolol might be caused by a nonspecic inhibition of
epithelial transport processes. Also tissue conductance,
a measure for the ionic permeability of the epithelium and
a sensitive indicator for epithelial damage was unaltered by Au-
MUDA-ADR (Fig. 5C and D), whereas carbachol induced
a prompt increase in Gt due to opening of Cl� channels in the
apical membrane of the epithelial cells.

An interesting medical issue for application of NPs func-
tionalised with adrenaline (ADR) might be the respiratory tract,
where stimulation of b2-receptors on smooth muscle cells is one
of the main drug targets used in the therapy of asthma, as
stimulation of these receptors induces a bronchodilation.52

Therefore, contractility of the upper respiratory tract was
measured under isometric conditions aer precontraction
induced by the cholinergic agonist carbachol (0.5 mmol l�1).
Native adrenaline (10–1000 mmol l�1) induced a prompt,
concentration-dependent relaxation (Fig. 6A; n ¼ 8). This
relaxation was inhibited, when adrenaline was administered in
the presence of the b2-receptor blocker ICI-118551 (10 mmol l�1;
Fig. 6B; n¼ 5). At the lowest concentration tested, the relaxation
induced by the adrenergic agonist was even reverted into
a contraction suggesting a stimulation of a-receptors53 under
these conditions. In contrast, Au-MUDA-ADR in a concentration
of up to 10 nmol l�1 (i.e. 2� the concentration effective in the
Ussing chamber experiments; Fig. 5A) induced – aer a tran-
sient contractile response – a slow fall in muscle tone (Fig. 6C; n
¼ 5), which was not altered aer preincubation with ICI-118551
(10 mmol 1�1; Fig. 6D; n ¼ 5). At the end of each experimental
series, a viability control (not shown) was performed with KCl
(30 mmol l�1), which caused an increase in muscle force by 0.33
� 0.08 g (n ¼ 5) in the series of experiments without ICI-118551
Fig. 6 Concentration-dependent relaxation of segments from rat
upper respiratory tract by adrenaline; (10–1000 mmol l�1; arrows)
under control conditions (A) and after pretreatment (B) with the b2-
blocker ICI-118551 (10 mmol l�1; black bar). Missing effect of Au-
MUDA-ADR (10 nmol l�1; arrows) under control conditions (C) or after
pretreatment (D) with ICI-118551 (10 mmol l�1; black bar). All segments
were precontracted with the cholinergic agonist carbachol (0.5 mmol
l�1; white bar). Data are means (thick line) � SEM (dotted lines), n ¼ 5–
8.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and 0.34 � 0.04 g (n ¼ 5) in the series with ICI-118551
demonstrating the viability of the preparations.

In order to nd out, whether the missing effect on b2-
receptors of adrenaline functionalised Au NPs might be caused
by unfavourable spatial conditions, different sizes of the gold
core ranging from 8 to 14 nm were tested (Table 3). However,
none of the tested nanoparticles induced a signicant relaxa-
tion at the isolated rings from the respiratory tract. This was
also the case with noradrenaline functionalised Au NP (Au-
MUDA-NA (Ø 10 nm)).

The missing effect of Au-MUDA-ADR at smooth muscle from
the respiratory tract suggests that the induction of K+ secretion
by the functionalised nanoparticles might be caused by a stim-
ulation of b1-receptors. In order to test this hypothesis,
contractility studies were performed at isolated rat car-
diomyocytes, where b1-receptors exert a positive inotropic effect
and thereby increase cellular contraction during electrical
stimulation. Isoprenaline (10 nmol l�1), a nonselective b-
agonist, caused a strong increase in cellular shortening (dL/L)
by 43.1 � 1.8% (n ¼ 216), a response which was suppressed by
prior incubation of the cardiomyocytes with the b1-receptor
blocker atenolol (10 mmol l�1). Atenolol alone did not change
contractility (Fig. 7B). Au-MUDA-ADR (Ø 9 nm) indeed increased
Fig. 7 (A) Concentration-dependent increase in contractility of iso-
lated rat cardiomyocytes (measured as cell shortening) by Au-MUDA-
ADR (red symbols; n ¼ 53–81), but not by Au-MUDA without adren-
aline (black symbols; n ¼ 27–36). (B) Effects of different adrenergic
agonists and antagonists on contractility. Concentrations used were:
atenolol (10 mmol l�1), isoprenaline (10 nmol l�1), Au-MUDA-ADR (30
nmol l�1), and adrenaline (5 mmol l�1). In each cell culture dish, only
one drug or drug combination was tested. All data are expressed as
relative changes in cell length evoked by electrical stimulation under
control conditions, where electrical stimulation evoked a reduction in
cell length by 9.16 � 0.17% (n ¼ 216), which was set as reference value
(100%) for all data. Data are means (symbols or bars, respectively) �
SEM (lines). Letters (a–d) indicate statistically homogenous groups.
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cellular shortening in a concentration-dependent manner, i.e.
exerted a positive inotropic action, which was not observed for
Au-MUDA not functionalised with the catecholamine (Fig. 7A).
The increase in contractility induced by the highest concen-
tration used of Au-MUDA-ADR (30 nmol l�1) reached about 2/3
of the increase in contractility induced by native adrenaline (5
mmol l�1). The stimulatory effect of Au-MUDA-ADR was signi-
cantly inhibited by pretreatment with atenolol. Inhibition was
less in comparison to the inhibition of the isoprenaline
response induced by atenolol, which might be explained by the
assumed higher affinity of multivalently administered adrena-
line present in high local density on the gold cores of the NPs. It
must be noted that in the combined presence of atenolol and
Au-MUDA-ADR, in several culture dishes electrically evoked
contractions ceased in the prolonged presence of both drugs
which might indicate a reduced cell viability under these
conditions of prolonged b-receptor stimulation.

Conclusions

In conclusion, the present experiments demonstrate that it is
possible to immobilise different adrenergic agonists onto gold
nanoparticle surfaces viamercaptoundecanoic acid as a linking
unit. These nanoparticles show biological activity in the nano-
molar range in various biological systems, where b1-adrenergic
receptors are involved in the control of physiological processes
such as intestinal secretion or cardiac contractility. They are
ineffective at b2-adrenergic receptors involved in the control of
smooth muscle contractility suggesting that the Au-MUDA
moiety might spherically impair the activation of these types
of receptors by the adrenergic agonists present on the surface of
the nanoparticles. b1-and b2-adrenergic receptors use the same
binding pocket for catecholamines. However, there are differ-
ences in the form and electrostatic properties of the extracel-
lular vestibule of these two receptors which limit the access to
the binding pocket.54 These spherical differences might be
responsible for the present observations that adrenaline bound
on the surface of gold nanoparticles might reach the binding
pocket of b1-, but not of b2-adrenergic receptors. Agonists of G-
protein coupled receptors bound on nanoparticles show
a strong increase in affinity compared to single molecule
agonists, a phenomenon, which is due to multivalent interac-
tion with receptors. Therefore, it will be important in the future
to study changes in binding behaviour such as determinations
of on constants (kon) and off constants (koff) e.g. in ligand
binding assays using radiolabelled functionalised nano-
particles55 or isothermal titration calorimetry to get deeper
insights in the mechanisms of action of multivalency.

Experimental

All chemicals were purchased from Acros Organics, Alfa Aesar,
Carl Roth, Fluka, Santa Cruz Biotechnology, Sigma Aldrich or
TCI and used without further purication. Adrenaline was
purchased as (�)-epinephrine (+)-bitartrate (98+%) from Acros
Organics and noradrenaline as (�)-norephinephrine (+)-bitar-
tate from Sigma Aldrich. Organic solvents were distilled before
3188 | Nanoscale Adv., 2022, 4, 3182–3193
use or purchased in an anhydrous state and stored over
molecular sieves. Chromatographic purications were per-
formed using Merck silica gel 60 (0.040–0.063 mm). Thin layer
chromatography (TLC) was performed on Merck aluminium-
backed plates with silica gel and uorescent indicator (254
nm). For indicating, UV light (l ¼ 254 nm/365 nm) was used.
Reactions were performed under inert conditions (argon
atmosphere 99.9999%, Air Products) using standard Schlenk
line techniques with oven dried glassware, unless stated
differently.

All water-based (nanoparticle) syntheses were performed in
demineralised water. All glass vessels were washed with aqua
regia and demineralised water prior to use. For dialysis of the
NP solutions, membranes of regenerated cellulose “ZelluTrans”
with different pore sizes (MWCO 12 000) by Carl Roth GmbH
were used. The dialysis membrane was immersed in the dial-
ysing solvent for 30 min prior to use. All dialyses were per-
formed at room temperature (in air).

1H NMR and 13C NMR spectra were recorded on Bruker
Avance 400 MHz (AV 400) und Bruker Avance II+ 600 MHz (AV II
600) spectrometers at the NMR platform of the chemistry
department of the University of Cologne. All measurements
were performed at room temperature. Chemical shis are given
in ppm relative to respective solvent peaks. 1H NMR data are
reported as follows: chemical shis (multiplicity [ppm], classi-
cation). Multiplicity is recorded as s¼ singlet, d¼ doublet, t¼
triplet, q ¼ quartet, m ¼ multiplet. IR measurements were
performed on a PerkinElmer FTIR-ATR (UATR TWO) in the ATR
mode. TEM images were taken on a Zeiss LEO 912 (300 kV,
LaB6-cathode) equipped with a GATAN digital camera. For
sample preparation, a 10 ml NP solution was placed on a carbon-
coated copper grid. Determination of the average particle size
and standard deviation was achieved by measuring 100 indi-
vidual particles. Dynamic light scattering (DLS) measurements
were performed on a NanoZS fromMalvern. UV/Vis spectra were
recorded with an UV-1600PC spectrophotometer from VWR.
Chemical syntheses

Synthesis of MUDA-ADR. Ligands were synthesised accord-
ing to a modied version by Abed et al.43 Mercaptoundecanoic
acid (MUDA) (131 mg, 0.6 mmol, 1.0 eq.) and N-hydrox-
ylsuccinimide (NHS) (55 mg, 0.48 mmol, 0.8 eq.) were dissolved
in anhydrous pyridine (4 ml). The coupling reagent N,N0-diiso-
propylcarbodiimide (DIC) (112 ml, 0.72 mmol, 1.2 eq.) was
added quickly and the solution was stirred at room temperature
for 4 h under argon atmosphere. Potassium carbonate (K2CO3)
(91 mg, 0.66 mmol, 1.1 eq.) in degassed water (H2O) (0.5 ml) was
added to a solution of epinephrine (+)-bitartrate (200 mg,
0.6 mmol, 1.0 eq.) in anhydrous pyridine (0.5 ml) which was
then quickly added to the reaction solution and stirred at room
temperature for 16 h under argon atmosphere. During the work
up the reaction mixture was ltered, demineralised H2O (5 ml,
pH ¼ 5 [with NaHSO4]) was added and the solution was
extracted with EtOAc (3 � 10 ml). The combined organic layers
were washed with demineralised H2O (15 ml), dried over
Na2SO4 and ltered. The solvent was evaporated and the residue
© 2022 The Author(s). Published by the Royal Society of Chemistry
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was puried via column chromatography (EtOAc/CHCl3 4 : 1).
The product could be obtained as a colourless solid in
a moderate yield (175 mg, 76%) and stored at 4 �C in the dark.

1H-NMR (499 MHz, DMSO-d6): d/ppm ¼ 8.83–8.78 (m, 1H,
OH), 8.77–8.67 (m, 1H, OH), 6.76–6.72 (m, 1H, CH), 6.69–6.64
(m, 1H, CH), 6.59–6.52 (m, 1H, CH), 5.34–5.11 (m, 1H, OH),
4.58–4.51 (m, 1H, CH), 3.24–3.16 (m, 1H, SH), 2.88–2.78 (m, 3H,
CH3), 2.48–2.42 (m, 2H, CH2), 2.23–2.16 (m, 2H, CH2), 1.57–1.44
(m, 4H, CH2), 1.36–1.29 (m, 2H, CH2), 1.28–1.19 (m, 12H, CH2);
13C{1H} NMR (100 MHz, CDCl3): d/ppm ¼ 172.6, 146.1, 145.3,
135.2, 119.1, 115.4, 71.3, 47.2, 43.6, 36.5, 34.5, 32.9, 32.2, 30.7,
30.5, 29.3, 28.5, 25.2, 24.9; IR (ATR): n/cm�1 ¼ 3333 (nO–H), 2921
(nC–H), 2846, 1735 (nC]O), 1608 (dN–H), 1526 (nC–H + dC–N–H), 1451
(nC]C), 1393 (dC–H), 1368 (dO–H), 1278 (dC–N), 1195 (nC–O), 1105,
1008, 872, 820, 752 (dC–H), 625 (nC–S); ESI-MS (m/z): [M � H]� ¼
382.13 (calcd: [M � H]� ¼ 382.21); elemental analysis: anal.
calcd for (C20H33NO4S)1(C7H16N2O)1.5: C, 61.07; H, 9.58; N, 9.34;
S, 5.34. Found: C, 60.31; H, 9.91; N, 10.27; S, 5.53.

Synthesis of MUDA-NA. MUDA (52 mg, 0.24 mmol, 1.0 eq.)
and NHS (22 mg, 0.19 mmol, 0.8 eq.) were dissolved in anhy-
drous pyridine (4 ml). The coupling reagent DIC (43 ml,
0.28 mmol, 1.2 eq.) was added quickly and the solution was
stirred at room temperature for 4 h under argon atmosphere.
K2CO3 (35 mg, 0.26 mmol, 1.1 eq.) in degassed H2O (0.5 ml) was
added to a solution of (�)-norephinephrine (+)-bitartate (75 mg,
0.24 mmol, 1.0 eq.) in anhydrous pyridine (0.5 ml) which was
then quickly added to the reaction solution and stirred at room
temperature for 16 h under argon atmosphere. During the work
up the reaction mixture was ltered, demineralised H2O (5 ml,
pH ¼ 5 [with NaHSO4]) was added and the solution was
extracted with EtOAc (3 � 10 ml). The combined organic layers
were washed with demineralised H2O (15 ml), dried over
Na2SO4 and ltered. The solvent was evaporated and the residue
was puried via column chromatography (EtOAc/CHCl3 4 : 1).
The product could be obtained as a colourless solid in
a moderate yield (57 mg, 67%) and stored at 4 �C in the dark.

1H NMR (499 MHz, DMSO-d6): d/ppm ¼ 8.88–8.61 (m, 2H,
OH), 7.73 (t, 1H, NH, 3JH–H ¼ 6.3 Hz), 6.72 (s, 1H, CH), 6.65 (d,
1H, CH, 3JH–H¼ 8.2 Hz), 6.54 (d, 1H, CH, 3JH–H¼ 8.2 Hz), 5.20 (s,
1H, OH), 4.41–4.36 (m, 1H, CH), 3.23–3.16 (m, 1H, SH), 2.48–
2.43 (m, 2H, CH2), 2.04 (t, 2H, CH2, JH–H ¼ 7.4 Hz), 1.56–1.49 (m,
2H, CH2), 1.48–1.41 (m, 2H, CH2), 1.36–1.29 (m, 2H, CH2), 1.28–
1.17 (m, 12H, CH2); 13C{1H} NMR (100 MHz, CDCl3): d/ppm ¼
173.0, 145.3, 144.6, 135.2, 115.5, 113.8, 71.6, 47.4, 36.3, 34.1,
29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 28.9, 25.7, 24.2; IR (ATR): n/
cm�1 ¼ 3341 (nO–H), 3116 (nN–H), 2965, 2919 (nC–H), 2846, 1705
(nC]O), 1615 (dN–H), 1555 (nC–H + dC–N–H), 1465 (nC]C), 1382 (dC–
H), 1360 (dO–H), 1240 (dC–N), 1165 (nC–O), 872, 805 (dC–H), 625 (nC–
S); ESI-MS (m/z): [M � H]� ¼ 368.20 (calcd: [M � H]� ¼ 368.19);
elemental analysis: anal. calcd for (C19H31NO4S)1(C7H16N2O)1.5:
C, 60.48; H, 9.46; N, 9.56; S, 5.47. Found: C, 59.63; H, 10.20; N,
10.85; S, 5.07.

Synthesis of citrate coordinated Au NPs (Au-citrate Ø 14 nm).
Au-citrate NPs were synthesised according to the Turkevich
method modied and previously published by Mattern et al.35

Tetrachloroauric acid trihydrate (HAuCl4$3H2O) (50 mg, 0.13
mmol) was dissolved in demineralised H2O (198 ml) and heated
© 2022 The Author(s). Published by the Royal Society of Chemistry
to reux for 20 min. A solution of trisodium citrate dihydrate
(224 mg, 0.76 mmol) in demineralised H2O (2 ml) was added
quickly under vigorous stirring. The solution was heated to
80 �C for 2 h before cooling in an ice bath and ltrated using
syringe ltration on a cellulose membrane with 0.2 mm pore
size. A dark red, clear NP solution with a particle concentration
of 7.8 nM was obtained and stored at 4 �C in the dark.

1H-NMR (600 MHz, D2O): d/ppm ¼ 2.71–2.69 (m, 2H, CH2),
2.61–2.58 (m, 2H, CH2); IR (ATR): n/cm�1 ¼ 3425 (nO–H), 1595
(nC]O), 1249, 620; TEM: d ¼ 13.8 � 1.2 nm; UV/Vis: lmax ¼
521 nm; DLS: dhydr ¼ 15 � 3 nm (PDI ¼ 0.04).
General synthetic procedure for mercaptoundecanoic acid
coordinated gold nanoparticles (Au-MUDA)

Au-MUDA NPs were obtained in a direct synthesis according to
modied version of the Stucky method.48 Chloro(-
triphenylphosphine)gold(I) (PPh3AuCl) was dissolved in
dimethyl sulfoxide (DMSO) (3 ml) and a solution of the mer-
captoundecanoic acid (MUDA) dissolved in DMSO (1 ml) was
added. The mixture was heated to 65 �C and a solution of tBu-
amine borane complex in DMSO (1ml) was added quickly under
vigorous stirring. The dark red solution was stirred at 65 �C for
3.5 h in the dark before cooled in an ice bath. Subsequently, the
particles were precipitated with ethanol (EtOH) (10–14 ml) and
centrifuged (45 min, 7000 rpm). The supernatant was dis-
carded, the dark residue was redispersed three times and
washed again with EtOH. The obtained dark solid was dried in
air and redispersed in water (10 ml). Diluted NaOH (0.1–0.2 ml)
was added to obtain a stable nanoparticle solution. Then, the
solution was further puried via dialysis against H2O.

Synthesis of Au-MUDA (Ø 8 nm) in H2O. PPh3AuCl (16mg, 31
mmol, 1.0 eq.) in DMSO (3 ml), MUDA (30 mg, 138 mmol, 4.6 eq.)
in DMSO (1 ml), tBu-amine borane (27 mg, 300 mmol, 10 eq.) in
DMSO (1 ml).

The dark solid was redispersed in H2O (10 ml). Diluted NaOH
(2 drops) were added to obtain a stable NP solution which was
further puried via dialysis against demineralised H2O (in
MWCO 12 000, 24 h). The violet, clear NP solution with a particle
concentration of 212 nM, was stored at 4 �C in the dark.

1H-NMR (600 MHz, D2O): d/ppm ¼ 2.93–2.86 (m, 2H, CH2),
2.17 (t, J ¼ 6.6 Hz, 2H, CH2), 1.75–1.68 (m, 2H, CH2), 1.58–1.50
(m, 2H, CH2), 1.45–1.36 (m, 2H, CH2), 1.36–1.24 (m, 10H, CH2);
IR (ATR): n/cm�1¼ ca. 3300 (nO–H, H2O), 2921 (nC–H), 2846 (nC–H),
1675, 1555 (nC]O), 1533, 1443, 1406 (dC–H), 1293 (nC–O), 955, 723
(dC–H); TEM: d¼ 7.9� 0.9 nm; UV/Vis: lmax¼ 527 nm; DLS: dhydr
¼ 12 � 3 nm (PDI ¼ 0.06).

Synthesis of Au-MUDA (Ø 9 nm) in H2O. PPh3AuCl (16mg, 31
mmol, 1.0 eq.) in DMSO (3 ml), MUDA (7 mg, 30 mmol, 1.0 eq.) in
DMSO (1 ml), tBu-amine borane (27 mg, 300 mmol, 10 eq.) in
DMSO (1 ml).

The dark solid was redispersed in H2O (10 ml). Diluted
NaOH (3 drops) were added to obtain a stable NP solution which
was further puried via dialysis against demineralised H2O (in
MWCO 12 000, 24 h). The violet, clear NP solution with
a particle concentration of 143 nM, was stored at 4 �C in the
dark.
Nanoscale Adv., 2022, 4, 3182–3193 | 3189
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TEM: d ¼ 9.0 � 0.9 nm; UV/Vis: lmax ¼ 526 nm; DLS: dhydr ¼
14 � 4 nm (PDI ¼ 0.08).

Synthesis of Au-MUDA (Ø 10 nm) in H2O. PPh3AuCl (16 mg,
31 mmol, 1.0 eq.) in DMSO (3 ml), MUDA (5 mg, 20 mmol, 0.7 eq.)
in DMSO (1 ml), tBu-amine borane (2 mg, 20 mmol, 0.7 eq.) in
DMSO (1 ml).

The dark solid was redispersed in H2O (10 ml). Diluted NaOH
(3 drops) were added to obtain a stable NP solution which was
further puried via dialysis against demineralised H2O (in
MWCO 12 000, 24 h). The violet, clear NP solution with a particle
concentration of 115 nM, was stored at 4 �C in the dark.

TEM: d ¼ 9.7 � 0.9 nm; UV/Vis: lmax ¼ 525 nm; DLS: dhydr ¼
12 � 3 nm (PDI ¼ 0.06).
General synthetic procedure of a ligand exchange reaction

The Au NP solution was ltrated using syringe ltration on
a cellulose membrane with 0.2 mm pore size. Then, the NP
solution was degassed with argon for 45–90 min. The ligand (as
a solid or dissolved) was added dropwise. The pH value of the
NP solution was adjusted by the addition of base to achieve
a stable clear solution which was stirred at room temperature
for a certain time under argon before purication via dialysis
took place.

Synthesis of Au-MUDA-ADR (Ø 10 nm) in H2O. Au-MUDA
NPs with Ø 10 nm (5 ml) diluted in demineralised H2O (5 ml),
MUDA-ADR (30 mg, 78 mmol) in DMSO (0.5 ml), NEt3 (3 drops).

The nanoparticle solution was stirred at room temperature
for 16 h and directly puried via dialysis against demineralised
H2O (in MWCO 12 000, 15 � 2 h). A violet, clear NP solution
with a concentration of 101 nM was obtained and stored at 4 �C
in the dark.

1H-NMR (600 MHz, D2O): d/ppm ¼ 6.81 (s, 1H, CH), 6.77–
6.69 (m, 1H, CH), 6.58–6.51 (m, 1H, CH), 4.72–4.66 (m, 1H, CH),
2.92–2.82 (m, 3H, CH3), 2.70–2.63 (m, 2H, CH2), 2.26–2.10 (m,
2H, CH2), 1.58–1.46 (m, 4H, CH2), 1.42–1.35 (m, 2H, CH2), 1.34–
1.20 (m, 12H, CH2); IR (ATR): n/cm�1 ¼ 3334 (nN–H, nO–H), 2921
(nC–H), 2839, 1691 (nC]O), 1615 (dN–H), 1540 (nC–H + dC–N–H), 1457
(nC]C), 1406 (dC–H), 1368 (dO–H), 1255 (dC–N), 1203 (nC–O), 1128,
1008, 990, 827, 715 (dC–H), 648 (nC–S); TEM: d¼ 9.9� 0.9 nm; UV/
Vis: lmax ¼ 523 nm; DLS: dhydr ¼ 13 � 5 nm (PDI ¼ 0.15).

Synthesis of Au-MUDA-ADR (Ø 9 nm) in H2O. Au-MUDA NPs
with Ø 9 nm (7 ml) diluted in demineralised H20 (3 ml), MUDA-
ADR (15 mg + 10 mg, 65 mmol), triethyl amine (NEt3) (2 drops).

Aer degassing of the nanoparticle solution, MUDA-ADR
(15 mg in 0.2 ml DMSO) was slowly added and the reaction
mixture was stirred at room temperature for 16 h. Further
MUDA-ADR (10 mg in 0.2 ml DMSO) was added dropwise and
stirred at room temperature for 5 h. Then nanoparticle solution
was puried via dialysis against demineralised H2O (in MWCO
12 000, 47 h). A pink, clear NP solution with a concentration of
191 nM was obtained and stored at 4 �C in the dark.

TEM: d ¼ 8.9 � 0.8 nm; UV/Vis: lmax ¼ 525 nm; DLS: dhydr ¼
13 � 3 nm (PDI ¼ 0.05).

Synthesis of Au-MUDA-ADR (Ø 8 nm) in H2O. Au-MUDA NPs
with Ø 8 nm (5 ml) diluted in demineralised H2O (5 ml), MUDA-
ADR (25 mg, 65 mmol) in DMSO (0.5 ml), NEt3 (3 drops).
3190 | Nanoscale Adv., 2022, 4, 3182–3193
The nanoparticle solution was stirred at room temperature
for 16 h and directly puried via dialysis against demineralised
H2O (in MWCO 12 000, 6 � 2 h). A violet, clear NP solution with
a concentration of 157 nM was obtained and stored at 4 �C in
the dark.

TEM: d ¼ 8.1 � 0.6 nm; UV/Vis: lmax ¼ 526 nm; DLS: dhydr ¼
17 � 5 nm (PDI ¼ 0.09).

Synthesis of Au-MUDA-ADR (Ø 14 nm) in H2O. Au-citrate NPs
with Ø 14 nm (10 ml), MUDA-ADR (20 mg, 52 mmol) in DMSO
(0.5 ml), NEt3 (2 drops).

The nanoparticle solution was stirred at room temperature
for 16 h and directly puried via dialysis against demineralised
H2O (in MWCO 12 000, 6 � 2 h). A pink, clear NP solution with
a concentration of 7.1 nMwas obtained and stored at 4 �C in the
dark.

TEM: d¼ 13.9� 1.2 nm; UV/Vis: lmax¼ 525 nm; DLS: dhydr ¼
16 � 5 nm (PDI ¼ 0.10).

Synthesis of Au-MUDA-NA (Ø 10 nm) in H2O. Au-MUDA NPs
with Ø 10 nm (2 ml) were diluted in H2O (7 ml) and purged with
argon for 45 min. MUDA-NA (25 mg, 70 mmol) in DMSO (0.3 ml)
was slowly added. Furthermore, NEt3 (0.1 ml) was added to
ensure a stable NP solution which was stirred for 16 h at rt.
Then, nanoparticle solution was puried via dialysis stepwise
against H2O (in MWCO 12 000, 28 h). A pink, clear NP solution
with a concentration of 35 nM was obtained and stored at 4 �C
in the dark.

1H NMR (400MHz, D2O): d/ppm¼ 6.77 (s, 1H, CH), 6.72–6.65
(m, 1H, CH), 6.58–6.48 (m, 1H, CH), 4.60–4.51 (m, 1H, CH),
2.58–2.46 (m, 2H, CH2), 2.24–2.07 (m, 2H, CH2), 1.74–1.65 (m,
2H, CH2), 1.58–1.48 (m, 4H, CH2), 1.38–1.16 (m, 12H, CH2); IR
(ATR): n/cm�1 ¼ 3333 (nO–H), 2972, 2913 (nC–H), 2846, 1697 (nC]
O), 1615 (dN–H), 1571 (nC–H + dC–N–H), 1457 (nC]C), 1376 (dC–H),
1360 (dO–H), 1248 (dC–N), 1165 (nC–O), 963, 790 (dC–H), 625 (nC–S);
TEM: d ¼ 9.9 � 0.8 nm; UV/Vis: lmax ¼ 528 nm; DLS: dhydr ¼ 17
� 4 nm (PDI ¼ 0.06).

Animals

Female and male Wistar rats with a body mass of 200–250 g
were used for the experiments with colonic mucosa and respi-
ratory smoothmuscle. The animals were bred and housed at the
Institute for Veterinary Physiology and Biochemistry of the
Justus Liebig University Giessen at an ambient temperature of
22.5 �C and air humidity of 50–55% on a 12 h: 12 h light–dark
cycle with free access to water and food until the time of the
experiment. For the experiments with cardiomyocytes, male rats
(175–225 g from Janvier Labs (Le Genest Saint Isles, France))
were housed under similar conditions in the Institute for
Physiology. Experiments were approved by the named animal
welfare officer of the Justus Liebig University (administrative
numbers 561_M and 577_M) performed according to the
German and European animal welfare law.

Solutions

The standard solution for the Ussing chamber and the experi-
ments with smooth muscle was a buffer solution containing
(mmol l�1): NaCl 107, KCl 4.5, NaHCO3 25, Na2HPO4 1.8,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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NaH2PO4 0.2, CaCl2 1.25, MgSO4 1 and glucose 12. The solution
was gassed with carbogen (5% CO2 in 95% O2, v/v); pH was 7.4.
The experiments with isolated cardiomyocytes were performed
in medium 199 with Earle's salts, creatine 5 mmol l�1, L-carni-
tine 2 mmol l�1, taurine 5 mmol l�1, penicillin 100 U ml�1, and
streptomycin 100 mg ml�1.

Tissue preparation

Animal were killed in CO2 or isourane (5% (vol/vol)) narcosis
by exsanguination and cervical dislocation. For Ussing chamber
experiments, the serosa and tunica muscularis were stripped
away by hand to obtain a mucosa-submucosa preparation of the
distal colon as described previously.50 From the trachea, a tube
(size 3–4 cartilages) was prepared. In some experiments, a tube
from the le primary bronchus (size 6–7 cartilages) was used.
Ventricular cardiomyocytes were prepared by collagenase
treatment of isolated hearts in a Langendorff perfusion system
as previously described.56

Short-circuit current measurements

The mucosa-submucosa preparation was xed in a modied
Ussing chamber bathed with a volume of 3.5 ml on each side of
the mucosa. The tissue was incubated at 37 �C and short-
circuited by a computer-controlled voltage-clamp device
(Ingenieur Büro für Mess-und Datentechnik Mussler, Aachen,
Germany) with correction for solution resistance. Short-circuit
current (Isc) was continuously recorded on a chart-recorder. Isc
is expressed as mEq h�1 cm�2, i.e. the ux of a monovalent ion
per time and area, with 1 mEq h�1 cm�2 ¼ 26.9 mA cm�2. Tissue
conductance (Gt; in mS cm�2) was measured every minute by
the voltage deviation induced by a current pulse (�50 mA,
duration 200 ms) under open-circuit conditions.

Isometric force measurements at smooth muscle from the
upper respiratory tract

Force generated by the isolated rings prepared from the upper
respiratory tract was measured in an organ bath under
isometric conditions. The pretension was set at 2 g. Aer an
equilibrium period of at least 15 min, the tension was lowered
to 1 g. As viability control, 30 mmol l�1 KCl was administered at
the end of each experiment. Isometric force was measured via
a BioAmp-04/8 amplier system and sampled via an A/D-
converter with a sampling rate of 1 Hz (Föhr Medical Instru-
ments, Seeheim, Germany).

Contractility studies at isolated cardiomyocytes

Cells were stimulated at room temperature via two AgCl elec-
trodes with biphasic electrical stimuli (amplitude 50 V, duration
5 ms). Cells were stimulated at a frequency of 2 Hz. Every 15 s
contractions were recorded. The mean of these four measure-
ments was used to dene the cell shortening of a given cell. Cell
lengths were measured via a line camera (data recording at 500
Hz). Data are expressed as cell shortening normalized to dia-
stolic cell length (dL/L (%)). In each experimental series,
randomly selected culture dishes were used to measure dL/L
© 2022 The Author(s). Published by the Royal Society of Chemistry
either under control conditions, or in the presence of isopren-
aline as positive control, or in the presence of the drugs to be
tested.
Drugs

Atenolol, Au-MUDA-ADR, carbachol, ICI-118551 (Tocris, Bristol,
UK) and isoprenaline were dissolved in aqueous stock solu-
tions. Bupranolol was dissolved in ethanol (nal concentration
0.1% (v/v)). If not indicated otherwise, drugs were from Sigma
(Steinheim, Germany).
Statistics

Results are given as mean � standard error of the mean (SEM)
with the number (n) of investigated tissues. For the comparison
of two groups either Student's t-test or Mann–Whitney U test
was applied. An F-test decided which test method had to be
used. Both paired and unpaired two-tailed Student's t-tests were
applied as appropriate. When more than two groups had to be
compared, an analysis of variances (ANOVA) was performed. If
a F-test indicated that variances between the groups were
signicantly larger than within the groups, a Fishers Least
Signicant Difference (LSD) post hoc test was performed. P <
0.05 was considered to be statistically signicant.
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