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ine nanoparticles activate vascular
smooth muscle alpha-1 adrenergic receptors†

Vinayaraj Ozhukil Kollath,‡a Vivek Krishna Pulakazhi Venu,‡b Mahmoud Saifeddine,b

Koichiro Mihara,b Simon A. Hirota,b Morley D. Hollenberg*bc and Kunal Karan *a

Biocompatible polymeric nanoparticles (NPs) as carriers for therapeutic agents with multifunctional

activities have received unprecedented attention for a variety of bio-pharmaceutical applications. We

describe the synthesis, the fluorescence properties, the bio-compatible nature and the alpha-1

adrenergic receptor bio-activity of engineered quantum dot-like polynorepinephrine (PNE) NPs. The

spherical PNE NPs, which are internalized in smooth muscle cells via a receptor-selective mechanism,

activate alpha-1-adrenoceptors in intact mouse aorta and aorta-derived cultured smooth muscle cells,

leading to the activation of calcium signaling/contraction and stimulation of mitogen-activated protein

kinase (MAPK), thereby displaying receptor-triggering biological activity, possibly acting both

extracellularly and intracellularly. Our data indicate that NPs generated by the polymerization of

pharmacologically active compounds like norepinephrine can retain receptor-selective biological activity

coupled to inherent fluorescence.
Introduction

Nanoparticles (NPs) possessing multifunctional properties such
as biocompatibility, uorescence, cell permeability without
triggering cytotoxicity, and bio-activity can be an invaluable
medical tool with their multi-modality for bio-imaging, diag-
nosis, and therapy; but such bioactive NPs are rare.1–4 This rarity
is not surprising because creating multifunctional nano-
particles is a complex process, requiring difficult synthesis
steps. For example, in addition to size-control, imparting multi-
functionality to nanoparticles oen requires tagging with a u-
orophore to yield uorescent properties,3 modifying their
surface chemistry to obtain a desirable zeta-potential for cell
internalization,5 and efficiently loading a therapeutic agent
(drug or gene) into the particles for drug delivery.6,7 Polymeri-
zation of catecholamine neurotransmitters, including recent
work by the authors,8–10 has opened the potential for realizing
multifunctional, bio-active nanoparticles.

Akin to dopamine,11,12 epinephrine8 and norepinephrine13–16

can also be polymerized under mild alkaline conditions to
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create nanoparticles. In a free form, epinephrine and norepi-
nephrine act on both the alpha and beta adrenergic receptors
and are used as agents for managing cardiac events and allergic
response.17–20 Norepinephrine (NE; also termed noradrenaline)
is known to cause vascular smooth muscle contraction and
other cell responses via interaction with both extracellular and
intracellular a-1 adrenergic receptors. Thus, poly-NE or PNE
nanoparticles lend themselves to potentially retaining bio-
functionality in the polymerized form as nanoparticles.

However, compared to polydopamine, there are only
a limited number of studies reporting PNE nanoparticles and
coatings. A recent review4 of polymerized norepinephrine (PNE)
studies has identied several knowledge gaps, including: (i)
a lack of understanding of the effect on biological systems
including living cells and tissues and (ii) a lack of studies on cell
toxicity. Pertinent to the current work, a specic unanswered
question is: whether or not polymerized NE (PNE) retains any
biological functionality via its interaction with adrenoceptors
either on the cell surface or inside the cells (or both), as
compared to its soluble molecular precursor form, NE. Thus,
one main focus of our work is to evaluate the biological activity
of the PNE nanoparticles in smooth muscle cell and intact
tissue assays. It was anticipated that PNE nanoparticles would
possess uorescence,8 which would enable the investigation of
their uptake mechanism without the need for external
uorophores.

The present work explores and establishes new functional
properties of quantum-dot-like PNE NPs. We rst assessed the
material properties of the developed NPs and identied their
advantages over the soluble precursor, NE. Based on the known
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Nanoparticles of polymerised norepinephrine expand the application possibilities of smooth muscle cell based therapeutics.
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bio-functional properties of NE, the biological activities of PNE
were assessed in an intact mouse aorta bioassay and in a cell-
based assay using primary cultures of mouse aorta-derived
smooth muscle cells. The contractile activity of the PNE NPs
was evaluated in a vascular aorta ring wire myograph vasocon-
striction assay. The PNE NPs were also evaluated for cytotoxicity
using the cultured smooth muscle cells and for their ability to
stimulate elevation of intracellular calcium and to activate
mitogen-activated protein kinase (MAPKinase). The internali-
zation of the PNE-NPs into the cultured smooth muscle cells
was also studied to understand the cellular uptake mechanism
in comparison to NE. In comparison with soluble NE, poly-
merised NE nanoparticles with inherent uorescence will in
principle allow for the study of tissue-localized responses to
alpha-adrenergic receptor activation (Scheme 1).
Results & discussion
PNE-NPs display inherent uorescence, spherical shape and
tunable size

The self-oxidative polymerisation of NE, rst reported by Kang
et al.13 and recently by Hong et al.,14 follows a pathway similar to
that of dopamine polymerization.11,12 By controlling the nano/
microenvironment of such oxidative polymerisation, spherical
polydopamine and petal-shaped polyepinephrine nano- and
micron-sized particles have been successfully synthesized.8,21

Adapting procedures from our previous experiments, spherical
PNE NPs were synthesized. We are able to control the size of the
spherical PNE NPs by the optimization of the NE : NH4OH ratio
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the reaction mixture. The resulting NPs were analysed using
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images for size and morphological
information.

Fig. 1a shows the morphology of an ∼100 nm PNE NP
prepared at a high NH4OH concentration. We were able to vary
the size of the spherical PNE NPs controllably by the optimi-
zation of the NE : NH4OH ratio in the reaction mixture (Fig. S1a
and b†). A broad particle size distribution of 20 – 300 nm
(Fig. S1c†) was obtained at a lower NE : NH4OH (3.4 M) ratio
(3.3% v/v); but increasing the NE : NH4OH ratio to 16% v/v
yielded a narrow size range of 22–30 nm (Fig. S1d†). Although
signicant aggregation of the NPs upon solvent evaporation was
visible in the SEM analysis, the nanoparticles were well
dispersed in the aqueous medium and exhibited a zeta poten-
tial of about −14 mV.

In addition, Ultraviolet-Visible (UV-Vis) and uorescence
spectroscopies were used to characterize the photo-luminescent
properties of the PNE NPs. The absorption spectra in the
ultraviolet-to-visible wavelength range and the uorescence
response of PNE NPs dispersed in ethanol are shown in Fig. 1b.
The UV-Vis absorption peaks were observed at 288 and 324 nm.
When excited at 288 nm, two prominent uorescence emission
peaks at 570 and 622 nm were observed in the wavelength range
400–800 nm. The ∼570 nm peak is from the solvent back-
ground. The excitation prole for the emission peak 622 nmwas
further recorded in the range 450–600 nm, with an excitation
maximum at ∼560 nm. The full-width at half maximum
(FWHM) of the emission peak of ca. 72 nm is at the narrower
Nanoscale Adv., 2025, 7, 830–839 | 831
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Fig. 1 Morphology and fluorescence of PNE NPs. (a) TEM image of the PNE NP synthesized at high (16% v/v) NH4OH concentrations; fluo-
rescence characteristics of PNE NPs dispersed in ethanol, characterized by (b) UV-Vis absorption spectroscopy and (c-d) laser scanning confocal
microscopy.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
5/

20
25

 4
:2

9:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
end of the spectrum of earlier reported carbon quantum
dots.22–26 The inherent uorescence properties of PNE NPs were
further studied using a laser scanning confocal microscope
(LSCM), for the purpose of confocal imaging of the uorescent
NPs. As is evident from Fig. 1c, the NPs respond to excitation
wavelengths ranging from 520 to 610 nm with a red-shied
emission wavelength of 550 to 640 nm. This result agrees with
the photo-luminescence spectra obtained using the uores-
cence spectrometer, considering the laser source used in the
LSCM. Fig. 1d shows the confocal uorescence micrograph of
PNE NPs suspended in ethanol, captured immediately aer the
ethanol evaporation. The result illustrates both the uorescent
and the dispersive properties of the PNE-NPs.

Although PNE NPs dispersed in ethanol showed excellent
photoluminescent properties, ethanol is not a suitable solvent
for biological applications. Thus, ow cytometry was used to
analyse the PNE NP concentration and particle size in an
aqueous environment. We performed ow cytometric analysis
and found that the PNE NPs could be monitored using optical
832 | Nanoscale Adv., 2025, 7, 830–839
as well as uorescent detection channels owing to their physico-
chemical properties. The size distribution of the PNE NPs was
evaluated using different size standard beads (Fig. S2(a–d)†).
Using the standard NFPPS-52-4K (with bead sizes of 0.1–0.3 mm,
0.4–0.6 mm, 0.7–0.9 mm), 2.5 micron nile red beads and the 0.52
micron spheres, PNE-NPs were found to display a spherical
shape and a wide range of particle sizes, with a majority under
0.52 mm in diameter, in comparison with the standards used.
Also, the uorescence from the PNE NPs was detected in the
ow cytometry experiments using a BV605 channel, which
indicated that 27% of the NP population was uorescently
active. The size distribution analyses showed that about 33% of
the PNE-NPs in suspension are located in the 0.52 micron
sphere gate (Fig. S2a–d panels respectively†). Using medium
ow rate (30 ml min−1), the total concentration of particles in
suspension was determined to be 7.34 × 106 ml−1. This estimate
allowed us to understand the possible number of particles or
varied sizes present in the preparations used for the tissue and
cellular bioassays.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PNE-NPs are biocompatible and non-cytotoxic for cultured
smooth muscle cells

To assess the cytotoxicity of PNE-NPs, cell proliferation was
evaluated in several batches of primary cultures of smooth
muscle cells of colonic origin. These cells were chosen to eval-
uate the non-specic PNE-NP toxicity, because unlike primary
cultures of smooth muscle cells from mouse aorta (below), the
colonic-derived cells did not respond (calcium signaling) to
activation by either NE or the PNE-NPs (not shown). Thus, an
adrenoceptor-mediated response which might have interfered
with the cytotoxicity measurements was avoided. When incu-
bated with different concentrations of PNE-NPs, the colon-
derived smooth muscle cells continued to proliferate over 72
hours in all media containing PNE-NPs (Fig. 2a–c). Increasing
the concentration of PNE-NPs (decreasing dilutions from 1 in
1000 to 1 in 100) did not affect the cell viability (Fig. 2d).
Comparable data showing a lack of cytotoxicity for the nano-
particles were obtained for the primary smooth muscle cell
cultures which express functional a-1 adrenergic receptors.
These ndings affirmed the bio-compatibility and lack of cell
toxicity of the PNE-NPs.
Fig. 2 PNE NPs are non-cytotoxic for colon-derived smooth muscle cell
1 : 1000–1 : 100 dilutions from a stock solution of 7.34× 106 ml−1. Fluoresc
incorporation was unaffected, indicating that the PNE nanoparticles are
panels (c) and (d). (d) shows the quantitative measurement of cellular prol
result further confirmed that the cells were unaffected for up to 72 hou

© 2025 The Author(s). Published by the Royal Society of Chemistry
PNE-NPs activate a-1 adrenoreceptors on intact vascular
tissue and on aorta-derived primary cultures of smooth
muscle cells

Next, to identify the bio-functionality of the PNE-NPs, we used
wire-myography, as described in detail elsewhere27–29 and in more
detail in Methods, to assess the vasoconstrictor actions of the
PNE-NPs compared to NE itself in isolated mouse aorta rings. As
is already known, increasing concentrations of NE cause
a concentration-dependent constriction (open circles, Fig. 3a) that
was completely blocked by the receptor-selective a-1 adrenoceptor
antagonist, prazosin (open triangles, 1 mM). Further, at concen-
trations that were lower than those required to block contraction
completely, the cell-impermeant a-1 adrenoceptor antagonist,
CGP12177A (open squares, 300 mM) as well as the cell-permeant a-
1 adrenoceptor antagonist, BMY7378 (closed triangles 1–5 mM),
both shied the norepinephrine concentration–effect curve to the
right, as would be anticipated for these receptor-selective
competitive a-1 adrenoceptor antagonists (Fig. 3a).

The time-frame of response upon adding the PNE-NPs to the
tissue bath was comparable to that of adding soluble NE (Fig. 3c
and d) The three antagonists similarly blocked the contractile
s. Human colon-derived smooth muscle cells were treated with NPs of
ent micrographs of (a) untreated and (b) 1 : 1000 dilution show the EdU
non-cytotoxic as shown by the increase in cell proliferation shown in
iferation measured using the WST-1 assay for a period of 72 hours. This
rs. Data shown represent the mean ± SD for n = 10.

Nanoscale Adv., 2025, 7, 830–839 | 833
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Fig. 3 PNE nanoparticles mediate aortic tissue contraction ex-vivo through both internal and external a-1 adrenergic receptors. (a and b) Mouse
aortic rings upon treatment with increasing concentrations of either NE or one of the PNE nanoparticle preparations showed an increase in
vasoconstriction, shown as open circles. Addition of the a-1 antagonist Prazosin (1 mM, open triangles) or CGP12177A (300 mM, open squares) or
BMY7378(1–5 mM, closed triangles) inhibited the NE and PNE-NP responses in a pseudocompetitive manner, shifting the concentration–
response curves to the right. (c and d) Representative tracings for contractile responses (g tension) caused by the cumulative addition of
increasing concentrations of NE (nM) and a second PNE-NP preparation (ml added per 5 ml bath volume). The concentration of PNE-NPs in the
suspension added to the organ bath, obtained from flow cytometry, was approximately 7.34× 106 ml−1. *P < 0.05 for differences between control
contractions vs. tissues treated with Prazosin or other adrenoceptor antagonists. Contractile values are shown as mean ± SD, for n = 10.
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View Article Online
actions of the PNE-NPs (Fig. 3b: shi to the right for CGP12177A
and BMY7378; complete blockade for prazosin at 1 mM). Thus,
unambiguously the PNE-NPs caused constriction by mimicking
the action of NE on the vascular tissue a-1 adrenoceptor. The
pharmacologically receptor-selective inhibitors of a-1 adren-
ergic signaling were all able to inhibit the contractions elicited
by the PNE-NPs. Importantly, although 5 to 20 ml of intact PNE-
NP suspensions caused a strong contraction, volumes up to 100
ml of nanoparticle-free supernatant from 4 independent PNE-NP
preparations did not cause a contractile response in the aorta
tissue.
PNE-NPs elicit a calcium response in cultured vascular
smooth muscle cells through an a-1 adrenergic receptor-
mediated pathway

Aer the evaluation of the action of the PNE-NPs on intact aorta
vessels and on cultured intestinal smooth muscle cells which
834 | Nanoscale Adv., 2025, 7, 830–839
are devoid of a-1 adrenergic receptors, their action was assessed
using primary cultures of mouse aorta-derived smooth muscle
cells, prepared as outlined in Methods. The PNE-NPs triggered
an elevation of intracellular calcium in the cultured vascular
smooth muscle cells (Fig. 5f, i and S3†); and as for the signal
caused by NE, the PNE-NP-triggered increase in intracellular
calcium was also blocked by the a-1-adrenoceptor-selective
antagonists, CGP12177A and BMY7378 (Fig. 5d, e, g–i). Prazo-
sin also blocked the PNE-NP-stimulated calcium signal, in
keeping with its inhibition of PNE-NP-stimulated contraction,
shown in Fig. 3b.

There is now unequivocal evidence that a variety of G-protein
receptor-coupled agents, including muscarinic,30,31 angiotensin
II,32 endothelin33 and adrenergic34,35 receptor agonists can act by
stimulating intracellularly localized receptors.36–38 Since work
with the dopamine-derived nanoparticles demonstrated their
cellular internalization,10 we attempted to ascertain if NE-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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derived NPs were internalized and might act intracellularly in
the primary cultures of aorta-derived smooth muscle cells.

We used confocal uorescence imaging to study the inter-
nalization of the PNE-NPs. The intrinsic uorescence of PNE
NPs enabled tracking of the uptake of NPs by the vascular
smoothmuscle cells, consistent with the previous data obtained
for the dopamine NPs.10 When added to the cultured aorta-
derived smooth muscle cultures, apparently internalized uo-
rescent NPs could be visualized (green uorescence, Fig. 4,
panels c and d). However, upon pre-treatment of the cells with
CGP12177A (an extracellular a-1 adrenoceptor inhibitor) for 15
Fig. 4 PNE NPs are internalized by smooth muscle cells. Confocal fluore
left panels; and 5 mm, right panels) show the absence of any background
(PNE) in NP-treated cells (c, d), and the minimal uptake of PNE-NPs in c
CGP1217A (1 mM), prior to the addition of PNE-NPs (e and f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
minutes followed by exposure of the cells to the PNE-NPs, the
PNE-NPs could not be visualized intracellularly (Fig. 4 panels e
and f). This result indicated that the uptake of the NPs was
mediated via the a-1 adrenoceptor.

To determine the ability of the PNE-NPs to signal from the
intracellular compartment, we adopted a strategy using the cell-
impermeant a-1 adrenoceptor antagonist, CGP12177A, as well
as the cell-permeant a-1 adrenoceptor antagonist, BMY7378. In
principle, CGP12177A should block only the extracellular actions
of the PNE-NPs and norepinephrine itself; and BMY7378 should
block the intracellular signals. Alternatively, prazosin, which acts
scence micrographs at two imaging magnifications (white bars: 20 mm,
signal in vascular smooth muscle cells (a and b), the uptake of PNE-NPs
ells pre-treated with the extracellular alpha-adrenoceptor antagonist,

Nanoscale Adv., 2025, 7, 830–839 | 835
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Fig. 5 Intracellular calcium signaling caused by norepinephrine (NE) and PNE-NPs (PNE) is blocked by adrenoceptor antagonists that block
either the plasma membrane (CGP12177A) or intracellular (BMY7378) receptors. (a) Mouse aorta-derived cultured smooth muscle cells treated
with BMY7378 (intracellular antagonist: a, d) or CGP12177A (extracellular antagonist: b, e) prior to the addition of either PNE-NPs (d, e) or NE (a, b)
display a reduced intracellular calcium-induced fluorescence signal, compared to the addition of either PNE-NPs or NE alone (c, f). Repre-
sentative tracings show the reduction in calcium responses at lower concentrations of antagonists (g–l). The PNE NP concentration of the stock
suspension used for the additions shown (125 to 250 ml: d, e; g–i) was 7.34× 106 ml−1. Th E530 calcium signals for panels g and h are shown at the
same amplification as for the control signal shown in panel i; and the E530 calcium signals for panels j and k are shown at the same amplification as
for the control signal shown in panel l. The reduced responses in panels g and h are thus directly comparable to the increased signals in panel i;
and the reduced responses in panels j and k are also directly comparable to the increased signal in panel l.
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both extracellularly and intracellularly, should block all actions of
both norepinephrine and the PNE-NPs. As shown in Fig. 5, we
found that high concentrations of either CGP12177A (1 mM) or
BMY 7378 (10 mM) inhibited the cultured vascular smoothmuscle
cell calcium response to both NE (Fig. 5a and b) and PNE (Fig. 5d
and e), compared with the calcium signals observed in control
antagonist-untreated cells (Fig. 5c and f). Further, titrating down,
lower concentrations of BMY7378 (1 mM) and CGP12177A (300
mM) were also able to inhibit PNE-NP- (Fig. 5g and h) and NE-
(Fig. 5j and k) mediated calcium release selectively, compared to
their respective controls (Fig. 5i and l). The imaging experiments,
as discussed above, showed that the extracellularly acting antag-
onist, CGP12177A (Fig. 4) blocked the internalization of the PNE
nanoparticles. In sum, the PNE-NPs were able to mimic the
actions of NE even aer polymerisation. These data further
reinforced the point, both pharmacologically and through
imaging, that the PNE-NPs can stimulate cell signaling and can
be internalized in a receptor dependent manner. As a further test
to see if the PNE-NPs would reliably mimic the actions of NE, we
evaluated the ability of the PNE-NPs to activate the MAPKinase
signaling pathway in the smooth muscle cell cultures.

PNE-NPs mediate MAPK signaling through the external a-1
adrenergic receptor mediated pathway in vascular smooth
muscle cells

In addition to elevating intracellular calcium via activation of
Gq, the stimulation of the a-1 adrenoceptor can also cause the
836 | Nanoscale Adv., 2025, 7, 830–839
activation of MAPKinase. In principle, activation of this signal
pathway could be caused either via the stimulation of a cell
surface receptor or possibly via an intracellular endosomal
signaling process. To evaluate the action of the PNE-NPs in
this regard, cells were treated with increasing volumes of PNE-
NPs (7.34 × 109 ml−1) and the resulting activation of MAP-
Kinase was assessed as shown by the western blot analysis of
phospho-MAPKinase shown in Fig. 6. We observed an
increase in MAPKinase activation/phosphorylation upon the
addition of 25–50 ml of PNE-NPs that maximally was equiva-
lent to or slightly greater than the addition of 10 mM norepi-
nephrine (histograms, Fig. 6c). These data allowed us to
conrm the functional activity of the PNE-NPs to mimic the
action of NE in cultured vascular smooth muscle cells in
terms of both the calcium and MAPKinase signaling
pathways.

We then asked: do PNE NPs function through an intracel-
lular or extracellular interaction with the a-1 adrenergic
receptor, or possibly in conjunction with receptors localized in
both the cellular compartments? To answer this question, we
pretreated vascular smooth muscle cells with either CGP12177A
(1 mM) that primarily targets the extracellular adrenoceptor or
BMY7378 (10 mM) that targets the intracellular receptors, fol-
lowed by the treatment with either PNE-NPs (125 ml ml−1;
concentration = 7.34 × 109 ml−1) or NE itself. We used rela-
tively high concentrations of the inhibitors to see if the MAP-
Kinase signal could be completely abrogated. The inhibitors
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Activation of MAPKinase in primary cultures of murine aorta-derived smooth muscle cells by PNEs and NE: block by an extracellular alpha
adrenoceptor antagonist, CGP12177A, but not by an intracellular receptor antagonist, BMY7378. Cultured aorta-derived vascular smooth cells
treated with increasing concentrations of PNE NPs (10 to 50 ml of a stock solution of 7.34× 106 NPs per ml added to the 1 ml cell medium) display
an increased abundance of activated phospho-MAPK (panel a), normalized to the total abundance of MAPKinase in the cell blots (panel B).
Representative blots are shown for the phosphorylation of MAPK (a) and total MAPK (b). The densitometry data from blot imaging, normalized to
the total abundance of MAPK in each of three independent blots, are shown by the histograms in panel c. The involvement of internal and
external adrenergic receptors was evaluated by pre-treating with CGP12177A (extracellular antagonist: 300 mM) or BMY7378 (intracellular
antagonist: 1 mM) for 10 minutes, followed by addition of PNE-NPs or NE for 5 minutes is shown by the representative phospho-MAPK blots
(panel d), normalized to the beta-actin signal (panel e). The averaged densitometry data, normalized to the total abundance of beta-actin in each
western blot lane (mean± SD, from n= 3–4 independent experiments), are shown by the histograms in panel f. The PNENP concentration of the
stock solution used for adding the PNE NP nanoparticles (10 to 125 ml added to each 1 ml culture well) was 7.34× 106 ml−1. Data are shown for the
histograms represent the mean ± SD, n = 3–4 independent experiments.
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were used at concentrations that reduced the calcium signal by
about 80% (Fig. 5 g, h; j and k). We found that treatment with
the extracellular antagonist, CGP12177A, reduced the MAPKi-
nase activation signal by more than 50% for stimulation by
either the PNE-NPs or by NE itself, whereas the antagonist
believed to act mainly intracellularly (BMY7378) did not cause
a statistically signicant reduction in MAPK phosphorylation
compared to the controls for either PNE-NPs or NE (Fig. 6d–f).
In contrast, similar levels of reduction in calcium signaling were
caused by the two antagonists used at the same concentrations
for cell activation by either the PNE-NPs or by NE (Fig. 5 g, h; j
and k). These data not only indicated that PNE-NPs mimic the
action of NE in terms of MAPKinase activation, but also sug-
gested that for both the PNE-NPs and NE, a large portion of the
MAPKinase signaling is through cell surface a-1 adrenergic
receptors.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, the cross-correlated dataset of the present study
has established that the polymerized PNE-NPs, which could be
visualized by their uorescent properties when internalized in
cells, mimic the ability of free norepinephrine molecules to
activate the cell-localized surface a-1 adrenergic receptor. The
data support the conclusion that the PNE-NPs can act on
responsive cells in a highly localized manner. Thus, in prin-
ciple, the NPs would be able to identify NE-responsive cells in
a complex tissue and to activate a-1 adrenergic receptor-
expressing cells selectively upon local administration in vivo.
It is notable that the PNE-NPs exhibit actions consistent with
the observations by Venter and colleagues who demonstrated
the ability of glass bead-bound isoproterenol to cause adren-
ergic responses in chicken and dog heart tissues (Venter et al.,
Nanoscale Adv., 2025, 7, 830–839 | 837
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1972). Furthermore, the size-controlled, intrinsically uores-
cent, PNE-NPs that can be synthesized by a facile, one-pot
method may prove of value in tissue settings to activate and,
via internalization, identify discrete NE-responsive cells that
possess a-1 adrenergic receptors.
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9 R. Mrówczyński, Polydopamine-based multifunctional
(nano) materials for cancer therapy, ACS Appl. Mater.
Interfaces, 2017, 10(9), 7541–7561.

10 X. Zhang, S. Wang, L. Xu, L. Feng, Y. Ji, L. Tao, S. Li and
Y. Wei, Biocompatible polydopamine uorescent organic
nanoparticles: facile preparation and cell imaging,
Nanoscale, 2012, 4(18), 5581–5584.

11 D. R. Dreyer, D. J. Miller, B. D. Freeman, D. R. Paul and
C. W. Bielawski, Elucidating the structure of poly
(dopamine), Langmuir, 2012, 28(15), 6428–6435.

12 H. Lee, S. M. Dellatore, W. M. Miller and P. B. Messersmith,
Mussel-inspired surface chemistry for multifunctional
coatings, science, 2007, 318(5849), 426–430.

13 S. M. Kang, J. Rho, I. S. Choi, P. B. Messersmith and H. Lee,
Norepinephrine: material-independent, multifunctional
surface modication reagent, J. Am. Chem. Soc., 2009,
131(37), 13224–13225.

14 S. Hong, J. Kim, Y. S. Na, J. Park, S. Kim, K. Singha, G. I. Im,
D. K. Han, W. J. Kim and H. Lee, Poly (norepinephrine):
ultrasmooth material-independent surface chemistry and
nanodepot for nitric oxide, Angew. Chem., 2013, 125(35),
9187–9194.

15 S. Khetani, V. O. Kollath, E. Eastick, C. Debert, A. Sen,
K. Karan and A. Sanati-Nezhad, Single-step
© 2025 The Author(s). Published by the Royal Society of Chemistry

mailto:kkaran@ucalgary.ca
mailto:mhollenb@ucalgary.ca
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00481g


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
5/

20
25

 4
:2

9:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
functionalization of poly-catecholamine nanolms for ultra-
sensitive immunosensing of ubiquitin carboxyl terminal
hydrolase-L1 (UCHL-1) in spinal cord injury, Biosens.
Bioelectron., 2019, 145, 111715.

16 S. Khetani, K. W. Yong, V. Ozhukil Kollath, E. Eastick,
M. Azarmanesh, K. Karan, A. Sen and A. Sanati-Nezhad,
Engineering shelf-stable coating for microuidic organ-on-
a-chip using bioinspired catecholamine polymers, ACS
Appl. Mater. Interfaces, 2020, 12(6), 6910–6923.

17 M. Oualha, J. M. Tréluyer, F. Lesage, L. de Saint Blanquat,
L. Dupic, P. Hubert, O. Spreux-Varoquaux and S. Urien,
Population pharmacokinetics and haemodynamic effects
of norepinephrine in hypotensive critically ill children, Br.
J. Clin. Pharmacol., 2014, 78(4), 886–897.

18 S. Tariq and W. S. Aronow, Use of inotropic agents in
treatment of systolic heart failure, Int. J. Mol. Sci., 2015,
16(12), 29060–29068.

19 J. C. Venter, J. E. Dixon, P. R. Maroko and N. O. Kaplan,
Biologically active catecholamines covalently bound to
glass beads, Proc. Natl. Acad. Sci. U. S. A., 1972, 69(5),
1141–1145.

20 J. C. Venter, Jr J. Ross, J. E. Dixon, S. E. Mayer and
N. O. Kaplan, Immobilized catecholamine and cocaine
effects on contractility of cardiac muscle, Proc. Natl. Acad.
Sci. U. S. A., 1973, 70(4), 1214–1217.

21 K. Ai, Y. Liu, C. Ruan, L. Lu and G. M. Lu, Sp2 C-dominant N-
doped carbon sub-micrometer spheres with a tunable size:
a versatile platform for highly efficient oxygen-reduction
catalysts, Adv. Mater., 2012, 25(7), 998–1003.

22 Y. Dong, C. Chen, X. Zheng, L. Gao, Z. Cui, H. Yang, C. Guo,
Y. Chi and C. M. Li, One-step and high yield simultaneous
preparation of single-and multi-layer graphene quantum
dots from CX-72 carbon black, J. Mater. Chem., 2012,
22(18), 8764–8766.

23 S. Li, Y. Li, J. Cao, J. Zhu, L. Fan and X. Li, Sulfur-doped
graphene quantum dots as a novel uorescent probe for
highly selective and sensitive detection of Fe3+, Anal.
Chem., 2014, 86(20), 10201–10207.

24 L. Lin and S. Zhang, Creating high yield water soluble
luminescent graphene quantum dots via exfoliating and
disintegrating carbon nanotubes and graphite akes,
Chem. Commun., 2012, 48(82), 10177–10179.

25 D. Pan, J. Zhang, Z. Li, C. Wu, X. Yan and M. Wu,
Observation of pH-, solvent-, spin-, and excitation-
dependent blue photoluminescence from carbon
nanoparticles, Chem. Commun., 2010, 46(21), 3681–3683.

26 D. Pan, J. Zhang, Z. Li and M. Wu, Hydrothermal route for
cutting graphene sheets into blue-luminescent graphene
quantum dots, Adv. Mater., 2010, 22(6), 734–738.

27 M. El-Daly, V. K. Venu, M. Saifeddine, K. Mihara, S. Kang,
P. W. Fedak, L. A. Alston, S. A. Hirota, H. Ding,
C. R. Triggle and M. D. Hollenberg, Hyperglycaemic
impairment of PAR2-mediated vasodilation: prevention by
inhibition of aortic endothelial sodium-glucose-co-
© 2025 The Author(s). Published by the Royal Society of Chemistry
Transporter-2 and minimizing oxidative stress, Vasc.
Pharmacol., 2018, 109, 56–71.

28 V. K. Pulakazhi Venu, M. Saifeddine, K. Mihara, M. El-Daly,
D. Belke, J. L. Dean, E. R. O'Brien, S. A. Hirota and
M. D. Hollenberg, Heat shock protein-27 and sex-selective
regulation of muscarinic and proteinase-activated receptor
2-mediated vasodilatation: differential sensitivity to
endothelial NOS inhibition, Br. J. Pharmacol., 2018,
175(11), 2063–2076.

29 V. K. Venu, M. Saifeddine, K. Mihara, Y. C. Tsai, K. Nieves,
L. Alston, S. Mani, K. D. McCoy, M. D. Hollenberg and
S. A. Hirota, The pregnane X receptor and its microbiota-
derived ligand indole 3-propionic acid regulate
endothelium-dependent vasodilation, Am. J. Physiol.:
Endocrinol. Metab., 2019, 29, E350–E361.

30 S. Morishima, A. S. Anisuzzaman, J. Uwada, H. Yoshiki and
I. Muramatsu, Comparison of subcellular distribution and
functions between exogenous and endogenous M1
muscarinic acetylcholine receptors, Life Sci., 2013, 93(1),
17–23.

31 J. Uwada, A. S. Anisuzzaman, A. Nishimune, H. Yoshiki and
I. Muramatsu, Intracellular distribution of functional
M1-muscarinic acetylcholine receptors in N1E-115
neuroblastoma cells, J. Neurochem., 2011, 118(6), 958–967.

32 A. Tadevosyan, G. Vaniotis, B. G. Allen, T. E. Hébert and
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