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Abstract

The immune system comprises many organs, organ systems, cell types and secretory
components that together form an intricate host defense network encompassing physical,
biological and chemical barriers. Secretory components of the immune system play an
important role in modulating the immune response. In this dissertation, | focus on
monoamine mediators, predominantly involved in the nervous and endocrine systems, as
modulators of the immune system. Immune cells do not function independently and
homogenously; their activity is modulated by their microenvironment which is controlled
by the composition of the inflammatory mediators. Therefore, immune cells tune their
activity according to their spatial condition. The complexity and flexibility of the immune
response compels researchers to investigate dynamics of exocytosis from immune cells
with novel detection systems. Conventional analytical tools often lack spatial resolution to
detect release events from cells simultaneously and identify localized regions where
exocytosis occurs. In this dissertation, a novel fluorescent nanosensor based on single-
walled carbon nanotubes (SWCNTS) is designed to detect release of monoamines from
neutrophils and platelets with high spatiotemporal resolution in the near infrared (980 nm)
region. This study provides new information regarding monoamine exocytosis from
immune cells. Initially, a near infrared SWCNT sensor was designed to detect exocytosis
of serotonin from human platelets. The selectivity, specificity and reversibility of the
sensor was demonstrated. The nanosensor had a Kg value of 301 nM + 138 nM. Then, a
paracrine immune modulation involving platelet-derived serotonin and dopamine
exocytosis from neutrophils was discovered. We observe that the entire dopaminergic
machinery (tyrosine hydroxylase, dopamine transporter, dopamine receptors, vesicular
monoamine transporter) is expressed and functionally active in neutrophils. Exocytosis
was investigated with fluorescent false neurotransmitters. Serotonin induced dopamine
exocytosis following Ca?* mobilization in neutrophils. Dopamine exocytosis was detected
with our nanosensors and we showed that upon neutrophil-platelet interaction, stimulated
platelets induced dopamine release from neutrophils. Finally, the immunomodulatory role
of dopamine was studied and we discovered dopamine suppressed NETosis, an important
host defense strategy of neutrophils, in a receptor-mediated and concentration dependent
manner. In summary, the development of novel fluorescent probes/sensors for
neurotransmitters enabled imaging with unprecedented spatiotemporal resolution and
identification of a new role of neurotransmitters in the immune system.
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Motivation and Outline

Complex biological functions such as the way cells propagate signal to each other and
communicate, are governed by multiple factors. Therefore, studying such communications
requires investigative methods that can record cellular behavior within a cell’s specific
spatial and temporal context. Monoamines mediate cellular communication in the nervous
system (known as neurotransmitters) and the endocrine system (known as hormones).
There is increasing evidence that monoamines also play an important role in cell-cell
communication in the immune system. Some immune cells have been known to create
“immune synapses”. In this dissertation, | aimed to apply a novel fluorescent nanosensor
to study monoamine exocytosis in human neutrophils and platelets. We also discovered a
new link that mediates platelet-neutrophil interaction. In the first part of the dissertation, a
fluorescent nanosensor with high spatio-temporal resolution is designed to visualized
exocytosis of serotonin from human platelets. We uncovered new information about
serotonin exocytosis from platelets due to sub-cellular spatial resolution of our novel
nanosensor (named NIRSer). In the second part of the thesis, | focus on the dopaminergic
signaling in human neutrophils. First, with conventional analytical tools, we establish that
human neutrophils are capable of synthesis, storage and release of dopamine. These data
confirmed and expanded previous studies. Then, for the first time, | report that serotonin is
a stimulator of dopamine exocytosis in neutrophils. This finding was confirmed by
investigating the molecular signaling pathway. We designed a nanosensor platform (named
NIRDA) based on near infrared single-walled carbon nanotubes to detect exocytosis with
a microscopic setup. Platelet-derived serotonin mediated dopamine release from
neutrophils which was visualized by our nanosensor platform providing the first
visualization of dopamine exocytosis in neutrophils upon interaction with platelets. Finally,
we report that dopamine acts as an autocrine/paracrine modulator of neutrophil behavior
by reducing the rate of neutrophil extracellular trap formation (NETosis). We believe this
nanosensor platform is a powerful tool in biological studies as it can be tailored to detect
different biogenic molecules in situ with high spatiotemporal resolution. The synthesis of
the nanosensors did not require complicated chemical reactions and a relatively simple

fluorescent microscopic setup was used for imaging of the nanosensors.



Chapter Summary

This dissertation covers the following main topics; a, High spatio-temporal detection of
monoamine exocytosis from neutrophils and platelets with a novel nanosensor. b, Studying
dopaminergic machinery in neutrophils and the immunomodulatory role of dopamine on
neutrophils. ¢, A new cell communication pathway between platelets and neutrophils in
which platelet-derived serotonin induces exocytosis of dopamine from neutrophils.

Chapter 1. Scientific Background

In the first chapter, | start with the scientific background on the function of immune cells

in the immune system.

Section 1.1 includes a general overview of the immune system. Sections 1.2 and 1.3, cover
the role of neutrophils and platelets in immunity. This dissertation investigates a new
platelet-neutrophil communication involving monoamine mediators. Subsequently,
Section 1.4, outlines the present knowledge on platelet-neutrophil interactions within an
immune response. Section 1.5, outlines the role of monoamine mediators (serotonin and
dopamine) in immune modulation. Monoamines are better known in the context of the
nervous and endocrine systems. But our knowledge on their role in the immune system is
increasing. | will cover the effect of serotonin and dopamine as immune mediators since
detection of these two molecules is the subject of this dissertation. In section 1.6, | outline
the importance of designing novel detection methods that allow for studying immune cell
exocytosis within their spatial context, as cellular behavior is tuned by the
microenvironment of the immune cells. In section 1.6.1, | include a mini-review (own
contribution) that covers novel sensors for detection of dynamic monoamine exocytosis

with a special focus on carbon-nanotube based nanosensor.
Chapter 2. Results

In chapter 2, | present the results of my dissertation. which includes one published

manuscript and one unpublished manuscript.



Section 2.1, Detection of Serotonin Exocytosis from Platelets:

Section 2.1., is a published research article (own contribution) on detection of serotonin
exocytosis from human platelets by fluorescent nanosensors based on single-walled carbon
nanotubes (SWCNT) functionalized with serotonin specific aptamers. We named the
nanosensor NIRSer. Section 2.1.1 includes the main manuscript and section 2.1.2, includes
the supplementary material (includes experimental methods and additional results). This
manuscript covers the design and synthesis of NIRSer. NIRSer characterization is carried
out to study the selectivity and sensitivity of the nanosensor for serotonin. We show that
NIRSer’s response to serotonin is reversible which makes it a suitable detector as opposed
to a serotonin label. The dose-response curve of NIRSer is plotted to measure the
dissociation constant of the sensor. Finally, we immobilize NIRSers on glass surfaces and
seed human platelets on top to record release events from platelets. Comparing the
fluorescent signal of serotonin-depleted platelets with control platelets indicated that

NIRSers could successfully record localized release of serotonin from platelets.
Section 2.2, Detection of Dopamine Exocytosis from Neutrophils:

Section 2.2, is an unpublished research article (own contribution) on discovering
dopaminergic machinery in human neutrophils induced by platelet-derived serotonin. In
section 2.2.1, | include the main manuscript and in section 2.2.2, | include the
supplementary material (experimental methods and additional results). We employed
SWCNTs functionalized with (GT)10 ssDNA molecules as nanosensors which had been
previously shown to detect dopamine. The nanosensor was named NIRDA. First, we
studied the dopaminergic system in neutrophils and confirmed the findings of previous
studies on this topic. However, exocytosis of dopamine from neutrophils hasn’t been
explored previously. Therefore, we studied the kinetics of exocytosis with fluorescent
dopamine analogs (FFNs). We discovered serotonin induced exocytosis of dopamine from
neutrophils. Then, we employed our nanosensors to visualize the release of dopamine. We
discovered Ca?* mobilization is an important step in dopamine exocytosis in neutrophils.
We were able to image intracellular Ca®" increase and dopamine exocytosis

simultaneously. Then we visualized dopamine exocytosis events with serotonin receptor



agonists and antagonists and discovered that exocytosis is receptor-mediated. We also
compared the fluorescent signal of NIRDA in response to neutrophils depleted from
dopamine and control groups and confirmed that the fluorescence response is indeed from
dopamine and not interfering molecules or mechanical forces applied to NIRDA surface.
Then, platelet-neutrophil interactions were studies by seeding both platelets and
neutrophils on NIRDA surfaces and stimulating platelets to release serotonin. We observed
the stimulation of platelets caused dopamine exocytosis by neutrophils which was recorded
by the NIRDA sensors. Finally, we studied the role of dopamine as an autocrine/paracrine
immunomodulator in neutrophils. we discovered that D2-like receptors were expressed in

neutrophils and dopamine reduced the rate of NETosis in neutrophils.
Chapter 3. Discussion

In chapter 3., I discuss the results of my PhD projects. Chapter 3 is divided in 3 sections.
In section 3.1, I discuss the design of the nanosensors. The advantage of designing SWCNT
based nanosensors for detecting cellular communication is discussed and compared to
conventional analytical methods. In section 3.2., | discuss the results of the first project
which was designing NIRSer nanosensors for detection of serotonin release from human
platelets. In section 3.3., | discuss the results of the second project which was exocytosis

of dopamine from neutrophils induced by serotonin.



1 Scientific Background

1 Scientific Background

1.1 The Immune System

The immune system in mammalians comprises a collective of cells, their secretory
components, organs and organ systems (lymphatic system, the spleen, the thymus, and the
bone marrow) that protect an organism against harm. All the immune cells originate from
the same progenitor stem cell that is hematopoietic stem cells in the fetal liver and adult
bone marrow.! In a simplistic model, when certain cell types (epithelial/endothelial cells,
mast cells, macrophages, neutrophils and platelets) encounter a harmful foreign (pathogen)
or endogenous (tissue injury) substance, they produce signals which activate, recruit and
program themselves and other cells of the immune system to the site of action. A second
level of protection is activated when antigen presenting cells (APCs) provide lymphocytes
with necessary information to attack specific targets.? This cooperation between immune
cells requires regulated flow of information in an intricate communication network by the
immune system. cells in this complex network constantly communicate and interact with
each other to recognize and produce a response against any threat to the body. Based on
the type of response, immunity is broadly classified to two groups of innate and acquired
(or adaptive) immune response. It is important to point out that the two immune responses
are not distinctively separated by the cells involved or by the chronology of the events,
rather elements of each group, regulate the action of the other and they cooperate to

effectuate an immune response.
1.1.1 The Adaptive Immune Response

As the name implies, the adaptive immune response is acquired over time and improves
through repeated exposure to the same entity. This line of defense includes the B cells and
T cells. These cells initiate a response by binding to antigens and proliferating to antigen
specific T cells or B cells.?

Presentation of endogenous antigens with major histocompatibility complex (MHC) class

I, by normal cells activates CD8" cytotoxic T cells.?
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Presentation of exogenous antigens by professional antigen presenting cells with MHC

class Il activates naive CD4* T helper cell (Th cell).*

B cells are antibody producing immune cells. B cells also present antigens to T cells. T
cells produce cytokines that in turn induce B cell maturation to antibody secreting B cells
and later development of memory B cells.> Antibodies enhance innate immunity by
opsonizing antigens and facilitating phagocytosis, attracting killer cells to produce

Antibody-dependent cellular cytotoxicity and activating the complement system.®

The nature of the interactions between immune cells which leads to differentiation to
antigen specific cells and subsequently an efficient immune response is highly complex
and influenced by the microenvironment and the specific balance between various

secretory components of the immune system.
1.1.2 The Innate Immune Response

The innate immune response is an evolutionary conserved host defense system which
shares elements with the simplest animals and even plants.” It encompasses physical and
physiological barriers. Here, we only cover cells and secretory components of the immune
system that produce a rapid response against pathogens. Innate immunity is typically
characterized by a lack of specificity and memory. However, it is critical to host defense
because of its broad and rapid response.® The cells involved in this type of immunity
include; phagocytic cells like macrophages, monocytes and neutrophils, secretory cells like
basophils, eosinophils and mast cells, and natural killer cells.® This grouping is not
mutually exclusive since the cells in each group are classified by their most distinctive
feature. For example, phagocytes also secrete cytokines.'® Eosinophils typically secrete
leukotrienes, prostaglandins and cytokines but they are also phagocytic.!* Basophils and
mast cells are mainly involved in allergic reactions.*2!3 Professional phagocytes recognize
non-host cells through surface receptors, internalize them and either directly kill them or

present antigens to T cells to cooperate with adaptive immunity.#

The secretory components play an important role in regulating the innate immune response
by mediating interaction between the immune cells. These molecules are called

inflammatory mediators and include complements (most complements are secreted from
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1 Scientific Background

hepatocytes), cytokines, acute phase proteins and eicosanoids.*™® Complements bind to
pathogens and aid phagocytosis. They can stimulate mast cells to release inflammatory
mediators like histamine and serotonin. And act as chemoattractant for neutrophils. Certain
complements independently kill organisms by binding to their surface and permeating their

membrane.’

The role of platelet and neutrophils in the immune system will be discussed further in the

next sections
1.2 Neutrophils

Neutrophils are the most abundant white blood cells (~70% of all leukocytes) and therefore,
the main driver of innate immunity. Approximately 1 to 2x10!* neutrophils are generated
daily.*® Neutrophils were originally perceived to be homogenous terminally differentiated
cell population®® which after extravasation to tissue are cleared by macrophages within a
few hours of generation (half-life of 18.5 hours?°).2! At first glance, it’s easy to dismiss
neutrophils as non-specific propagators of inflammation and tissue damage with basic
abilities such as crawling, phagocytosis, degranulation and production of oxygen reactive
species (ROS) or proteases. However, the behavior of neutrophils is more nuanced and
specific then originally perceived. Neutrophils can be primed to distinct subpopulations
with different surface markers and activities.?> The microenvironment of neutrophils

greatly influence generation of neutrophils with specific phenotypes.?®

Classical neutrophil behavior following an acute inflammatory response includes three
main activities; phagocytosis, degranulation, and formation of neutrophil extracellular
traps (NETs) which is termed NETosis (Figure 1).2*

After pathogen invasion, damaged host cells (e.g. endothelial cells) release signals to alert
innate immune cells. In addition, patrolling cells of the innate immunity have pattern
recognition receptors (PRR) which bind to pathogen-associate molecular patterns (PAMP)
or damaged-associated molecular patterns (DAMP). Tissue resident immune cells (mainly

macrophages) release inflammatory cytokines and chemoattractants that produce the first
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signs of inflammation? and trigger activation and recruitment of mast cells, macrophages,

platelets and neutrophils.

Initially, contraction of the smooth muscle and increased permeability of the vasculature
occurs. Adhesion molecules (E-selectin, P-selectin) on the endothelium are upregulated.
Binding of selectins to their ligands on neutrophils (PSGL-1) and neutrophil L-selectin to
its ligand on the endothelium induces rolling of neutrophils on the endothelium. In the next
step, B2-integrins are activated which promote firm adhesion, arrest of neutrophils and
extravasation. Neutrophils are then guided to the site of infection by chemokines where

they eliminate the source of infection by phagocytosis.?®

Beyond broad microbicidal effect, neutrophils are implicated in cancer and autoimmune
diseases.?” They also modulate the immune response of other immune cells. This is because
a single neutrophil produces less cytokine than a single macrophage or lymphocyte?2°, but
neutrophils are more abundant than all other immune cells. As a result, neutrophil cytokines
are important drivers of the immune response.>® For instance, chemoattractants secreted
from neutrophils recruit monocytes and DCs.3%* Neutrophil cytokines promote
macrophage reprogramming to pro- or anti- inflammatory state.3334 Secretory components
from neutrophils contribute to B cell proliferation, maturation and antibody production.®
Interferon-y from neutrophils contribute to T cell differentiation.®®” Through feedback
loops, neutrophils suppress their own aggregation and activation and even induce their own

cell death.®®
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Phagocytosis Degranulation NETosis

Figure 1. Main host defense mechanisms of neutrophils; Phagocytosis of mainly tertiary,
secondary and primary granules, in that order. Degranulation of mainly secretory vesicles, tertiary
and secondary granules, in that order. NET formation which is characterized by expulsion of
chromatin, histones and antibacterial peptides from neutrophils.

1.2.1 Neutrophil Degranulation

An important host defense strategy of neutrophils is degranulation which involves receptor-
mediated fusion of neutrophil granules with plasma membrane and releasing their content
in the extracellular space or phagosomes to neutralize and digest pathogens. Neutrophil
granules are a reservoir of antimicrobial proteins, proteases, components to produce
reactive oxygen species (ROS), extracellular matrix proteins, adhesion receptors and
cytokines. As the content of the granules are highly damaging to the host tissue, neutrophil

degranulation is tightly regulated.®

Neutrophils contain at least four distinct types of granules which are formed sequentially
during myeloid cell differentiation. Each granule type contains cell components produced
at that specific differentiation stage. Primary (also called azurophilic) granules store
elastase, myeloperoxidase (MPO), cathepsin and difensin. As MPO production stops at
early stages of differentiation, all other granules are MPO negative. Secondary (also called
specific) granules store lactoferrin and lower content of gelatinase. Tertiary granules store

high content of matrix metalloprotease 9 (gelatinase B). Secretory vesicles contain plasma
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proteins such as serum albumin, suggesting their origin as endocytosed vesicles from the

plasma membrane containing extracellular components.°

Degranulation can be divided to extracellular release and phagosomal release.*!
Extracellular release is favored by Secretory vesicles followed by tertiary granules,
secondary granules, and primary granules.*? Inflammatory mediators such as N-
Formylmethionyl-leucyl-phenylalanine (fMLP) result in secretory exocytosis, almost
exclusively;* however, powerful stimulators such as Phorbol myristate acetate (PMA) lead
to high level exocytosis of tertiary granules, moderate secondary, and low level of primary
granules.*** The signaling pathway that leads to specific granule exocytosis is not
completely understood. But we know that Ca?* mobilization plays an important role in all
types of granule trafficking and exocytosis.®® It is suggested that gradual increase in
intracellular Ca®" dictates hierarchical release of granules from secretory to primary
granules.*> G protein-coupled receptor (GPCR) ligation in neutrophils causes signal
propagation by phosphorylation of a range of proteins and ultimately Ca** mobilization.
Granules are guided toward the plasma membrane by microtubules after cytoskeleton
remodeling. Then, the granule/vesicle is tethered to the membrane leading to granule

fusion. Reversible pores are created enabling release of the granular content.*

Increase in intracellular Ca®* as a prominent signaling molecule, induces exocytosis of
many granules. Different signaling pathways might induce distinct granule exocytosis. For
instance, phospholipase D (PLD) signaling has been involved in degranulation of primary

and secondary granules.*®

B-arrestins are another class of proteins involved in exocytosis of primary and secondary
granules.*” GTPases are involved in granule exocytosis. A family of GTPases called Rho
GTPase is involved in remodeling of the actin cytoskeleton required for several neutrophil
functions such as cell motility (chemotaxis), phagocytosis, and exocytosis. Rac2 Rho

GTPase is selectively involved in primary granule release.*

Granule/vesicle fusion to plasma membrane is controlled by SNAP receptor (SNARE)
proteins, soluble N-ethylmaleimide sensitive factor (NSF) and the soluble NSF-attaching
proteins (SNAPs).*® The mechanisms of vesicle docking and fusion are extensively studied

in neurons. The components of the fusion complex include SNARES on vesicle membrane

10
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(v-SNARES) that engage with SNARES on target membrane (t-SNARES) facilitated by
NSF, SNAP, Ca?" and calcium-binding proteins. In exocytosis of neurotransmitters,
syntaxin 1 and SNAP-25 on cell membrane and synaptobrevin 1(also known as VAMP-1)
on vesicle membrane form the SNARE complex. Neutrophils express various SNARE
isoforms. For instance, syntaxins 1A, 3, 4, 5, 6, 7, 9, 11, and 16 have been observed in
human neutrophils.®® SNAP-23 and syntaxin 6 was associated with secondary granule
exocytosis.® VAMP-2 was associated with secretory vesicles, secondary and tertiary.>?
VAMP-7 was highly expressed in all types of neutrophil granules.>

In section 2.2, we investigate secretion of dopamine from neutrophils induced by serotonin

and the role of intracellular Ca®*.
1.2.2 Neutrophil Phagocytosis

Phagocytosis is a host defense mechanism in which neutrophils recognize particles through
a receptor-mediated process, engulf them by their plasma membrane and take them up into
early phagosomes. Then, granules fuse with phagosomes and release their content
including the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex
Nox2 which generates superoxide anions to neutralize and digest particle with the help of

other microbicide components of granules.>

Neutrophils can phagocyte both opsonized and non-opsonized particles. Neutrophils have
Fc receptors that bind to immunoglobulin and B2-integrins that bind to complement-coated
particles.>® The main Fc receptors in human neutrophils are Fcy receptors such as FcyRIIA
(CD32) and FcyRIIIb (CDI16) in resting, and FcyRI (CD64) in interferon primed

neutrophils.>®

After engagement of an Fcy receptor with its ligand, a phosphorylation cascade occurs
which activates phosphatidylinositol 3-kinase (PI3K), that converts phosphatidylinositol
4,5-bisphosphate (P14,5P2) to mainly phosphatidylinositol 3,4,5-trisphosphate (P13,4,5P3)
and also diacylglycerol (DAG) by phospholipase C (PLC).%" These downstream effector

proteins induce actin polymerization and membrane remodeling required for phagocytosis.

11
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Racl is required for actin assembly in immunoglobulin mediated phagocytosis while Rho
for complement mediated phagocytosis.®®>® PI3,4,5P3 also stimulates myosin X, Rho
GTPases are involved in delivery of endomembranes to the site of phagocytosis.®® As a
result, a phagosome cup is formed around the particle. In the next step, after the phagosome
is sealed, the phagosome undergoes maturation by acquiring microbicidal enzymes,

vacuolar (V) ATPases and the NADPH oxidase complex.

Phagocytosis trafficking in neutrophils is not similar to endocytosis where vesicles are
trafficked through early/late endosomes to end up in lysosomes. Instead of the traditional
lysosome, secretory vesicles and granules take part in phagocytosis. Localized fusion and
secretion of granules to phagosomes and generalized degranulation and secrete of
neutrophils follow the same pattern as discussed in neutrophil degranulation section. Ca?*
mobilization plays an important role in both granule fusion and extracellular secretion.
Another class of important molecules are PKC isoforms which translocate to the membrane
upon phagocytosis.®* Src-family kinases are also involved in degranulation to phagosomes.
For instance, Hck protein kinases seem to be localized to azurophilic granules.®?

Although Ca?* and protein kinases play critical role in both degranulation and
phagocytosis, their specific target are less known. As a result, it is less known how

neutrophils discriminate between different granule types during degranulation.

SNARE family proteins are involved in granule fusion with phagosome. Even less is
known about the specific SNAREs involved in phagocytosis compared to general
degranulation. Many isoforms of SNARE proteins have been identified in neutrophils;
however, whether these isoforms can afford specificity in the type of granule fusion is not
completely understood. A family of Rab GTPases are highly involved in membrane fusion
and phagosome maturation and directional movement of phagosomes along microtubules.
The activity of Rab GTPase mainly results in generation of phosphatidylinositol3-
phosphate (P13P).%®

1.2.3 NETosis

The third line of defense by neutrophils is formation of web-like structures composed of

decondensed chromatin, histones and numerous proteins. This process is called NETosis.

12
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Since NETosis results in cell death, it is not known whether NETosis is simply a
consequence of pathogen attack that leads to cell death like other cell death processes such
as apoptosis, necrosis, phagocytosis-induced cell death or an active host defense strategy
by neutrophils. NETs, “web structures”, predominantly capture pathogens and prevent
spreading of the infection.® They also contain microbicide proteins to neutralize
pathogens. NET is formed through distinct stages of chromatin decondensation, nuclear
swelling, nucleoplasm spreading into the cytoplasm, and finally membrane perforation.
NET-induced neutrophil suicide was first observed by PMA stimulation and was
considered to be NADPH oxidase—dependent. However, later studies showed that pathogen
induced NETosis in vivo does not necessarily lead to cell death and the term vital NETosis
was coined, further explaining that rather than suicidal cell death, NETosis might be an

active host defense strategy.®®

NETosis is highly regulated and dysregulation of NETosis has been implicated in several

autoimmune diseases and vasculitis.5®

In chapter 2.2, we investigate the role of dopamine in modulating NETosis in neutrophils.
1.3 Platelets

Platelets, also called thrombocytes, are anucleated fragments of megakaryocytes of the
bone marrow released in the circulation system. Platelets play an important role in
hemostasis, wound healing and thrombosis (pathological clotting).5” They are also part of
the innate immune response. The impact of platelets in immunity is sometimes understated.
There is an evolutionary link between hemostasis and immune response.®8% And platelets
sit at the interface of these two important phenomena.’®’* This is possibly because clot
formation (a result of hemostasis) is also an important host defense strategy by sequestering

the infectious agent and preventing it from spreading to other regions of the body.

In this section, the classical role of platelets in hemostasis is briefly discussed. Then, we
will focus on platelet’s role in immunity. As discussed earlier, similar to other leucocytes,

the specific response of platelet in different situations is dependent on the spatial context
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1 Scientific Background

of the cells. This includes the endothelium cells, other leukocytes at the site and the

secretory components (cytokines, chemokines and eicosanoids).

Resting platelet Activated platelet

Microtubules

Dense granule

Alpha granule

Figure 2. Platelet undergoes morphological changes upon activation. Microtubules dictate the
morphological change from discoid to star-shape upon platelet activation.

The classical role of platelets in hemostasis consists of a few distinct steps starting from
activation of circulating platelets through receptor-mediated signaling. Platelets have many
unique receptors and also receptors shared by other blood cells. The receptors include the

following:

Integrins, leucine-rich repeated receptors (glycoprotein GPIb/V/IX and Toll-like
receptors), G-protein coupled proteins (protease activates receptors (PAR-1, PAR-4
thrombin receptors), P2Y 1, P2Y 12 ADP receptors, TPa and TP thromboxane A receptors),
receptors for immunoglobulins (GPVI, FcyRIIA), C-type lectin receptors (P-selectin)
tyrosine kinase receptors ( thrombopoietin receptor, Gas-6, ephrins and Eph kinases) and
other receptors (CD63, CD36, P-selectin ligand 1, TNF receptor type).”

Platelets also contain glycogen granules, dense granules and a-granules.” a-granules
contain proteins important in hemostasis,’* such as; VWF, fibrinogen, P-selectin, PECAM-
1, CD40 ligand, platelet factor-4, p-thromboglobulin, thrombospondin, platelet-derived
growth factor, FV and ounPs. Dense granule store nucleotides (ADP, ATP),

proinflammatory mediators (serotonin, histamine), pyrophosphate and calcium.”
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Vascular damage triggers; a) platelet activation and adhesion on the surface of endothelium
b) activatory components secreted from the site of platelet arrest triggers further platelet
activation and recruitment to the damaged site c) a platelet aggregate is formed which aids
wound healing and prevents blood loss.™

Similar to neutrophil rolling on activated endothelium, platelets also engage with activated
endothelium via binding of GPIb-1X-V to VWF and P-selectin to PSGL-1. Next, integrins
such as avp3 mediate firm adhesion.”” As soon as a layer of activated platelets adhere on
the surface of damaged endothelium, degranulation occurs. Activated platelets release
many secreting molecules that have activatory effects on platelets, other blood cells and
the endothelium. They also modulate the function of blood components.

Resting platelets are discoid shaped in the circulating system. As soon as they are activated
through receptor-mediated signaling, (mainly activation of o,sf; integrin) the platelets
undergo significant morphological change and formation of pseudopodia (Figure 2).
Platelet agonists that are produced by platelets and other leukocytes contribute to release
of intracellular Ca?*, protein phosphorylation, degranulation, shape change and adhesion

of platelets.”

Beyond the classical role, platelets have immune receptors, allowing them to interact with
molecular components of the immune system as well as other immune cells. Platelets
recruit immune cells by secreting mediators of inflammation, and by acting as an adhesion
site for leucocytes. They can directly interact with other leucocytes by forming receptor
ligand bonds. Platelets have several Toll-like receptors. Through TLR 2/6 and 1/2
signaling, platelets become activated and increase expression of P-selectin, and induce
degranulation and aggregation. TLR4 signaling also induces platelet aggregation and
interaction with other leukocytes.®° Platelets also secrete antimicrobial peptides. As a
result, they play an important role in the innate immune response, especially through their

interaction with neutrophils.

In the next section, | will discuss the interactions between neutrophils and platelets and
their impact on immune response. In section 2.1, the release of serotonin from platelets is

investigated with NIRSer nanosensors.
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1.4 Platelet and Neutrophil Interaction

Platelets and neutrophils interact with each other through receptor-ligand engagement and
release of mediators (Figure 3). Activated platelets bind to neutrophils through P-selectin
(on platelets) and P-selectin glycoprotein ligand-1 (PSGL-1 on neutrophils).8! Platelets
release hundreds of secreting molecules when activated. Platelet-derived serotonin
promotes platelet dependent neutrophil recruitment.’® Platelets also promote extravasation
of neutrophils to tissue in response to infection.®? As discussed earlier, there is a link
between the innate immune response propagated by neutrophils and hemostatic activity of
platelets. This link is especially highlighted in sepsis induced coagulation. In this bi-
directional link, Platelets can directly stimulate NET formation by binding to neutrophils
and creating an anchor for neutrophil sequestration. Platelet agonists such as thrombin,
ADP, collagen and arachidonic acid all induce platelet dependent NETosis. NET formation
also activates platelets and induces coagulation and thrombosis.®® Platelet-dependent
NETosis isn’t always mediated through direct receptor-ligand signaling (mainly through
P-selectin and PSGL-1). It had been observed that thromboxane A2 (TXAZ2) released from
activated platelets also mediated NETosis. On the other hand, NET components such as
elastases and cathepsin G, activate platelets through PAR-1 and PAR-2 signaling. Histones
released during NETosis can also directly activate platelets. Platelets then, bind to NETs
and promote additional platelet aggregates on the NET scaffold.®* Histone H4 which is
released during NETosis is a thrombin activator by stimulating release of PolpyP from
platelets which in turn activates thrombin.®® NETs also promote formation of thrombin
dependent on engagement of TLR2 and TLR4 receptors. This vicious cycle induced by the
tight coordination of platelets and neutrophils originally evolved to fight infection by
mediating coagulation at the site of infection and preventing dissemination of infection.
However, it is responsible for sepsis induced disseminated vascular coagulation in extreme

pathological events.

In section 1.5, I will explain further the role of neurotransmitters in immune cell

communication and autocrine/paracrine modulation of activity.

In section 2.2, plateletOneutrophil interaction in the context of dopamine exocytosis is

explored.

16



1 Scientific Background

7 = o4 e N ®
Endothelium y %ﬁNeutrophil K Activated platelet
° o © y

Resting platelet

Platelets induce: = Neutrophils induce:

y‘ V ;i o T

\

Recruitment Activation

Degranulation ( Degranulation

NETosis in neutrophils — Aggregation in platelets

Figure 3. Neutrophil-platelet interaction. The link between neutrophils and platelets is
bidirectional as platelets activate and recruit neutrophils while, neutrophils also activate platelets.
These cell communication with each other by secreting inflammatory mediators and receptor-
ligand binding. Figure created with BioRender.com

1.5 Neurotransmitters in The Immune System

1.5.1 Autocrine/Paracrine Regulatory Role of Platelet Serotonin

Serotonin (5-hydroxytrytamine, 5-HT) is a messenger molecule that is mostly associated
with the nervous system as an important monoamine neurotransmitter that in the central
nervous system (CNS) is produced by the Raphe nucleus in the brainstem.% Serotonin
modulates various CNS functions such as; appetite, mood, anxiety and sleep.8” However,
other cell types also produce serotonin. Nearly 90% of all the serotonin in the body is
produced by the enterochromaffin cells (EC) in the gastrointestinal (GI) tract.3® Serotonin
released from ECs acts on the neurons of the enteric nervous system and affects motility
of the Gl tract by modulating constriction of the smooth muscle and secretion of secretory
glands. Afterwards serotonin is taken up by platelets. Since significant amount of serotonin
circulates the body through platelets, it stands to reason to assume serotonin plays an

important role in all platelet functions from its role in hemostasis to immune response.

5HT is synthesized from the essential amino acid, tryptophan, by the enzyme Tph1l in the
EC cells® and Tph2 in the CNS neurons.® Platelets uptake serotonin through serotonin
transporters (SERT). Inside the cytosol, 5HT is stored in specialized vesicles by the action
of vesicular monoamine transporters (VMAT-2 in neurons and platelets®* and VMAT-1 in

endocrines®). When 5HT is secreted, it binds to SHT receptor family which contains seven
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distinct subclasses (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HTs, 5-HTs, and 5-HT7). All these
receptors are GPCR receptors except for 5-HTs which is a ligand-gated ion channel.%® 5HT
receptors are expressed on immune cells®®, the vascular smooth muscle®® and
endothelium.®® This shows the broad effect of platelet-derived serotonin on hemostasis and
immunity. The first group of platelets upon activation, release serotonin from dense
granules. Serotonin activates other circulating platelets through 5-HT.a signaling.
Agonistic binding to this receptor leads to activation of phospholipase C (PLC), an
important signal transduction pathway. PLC cleaves phosphatidylinositol 4,5-bisphosphate
(PIP) in to diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). These important
secondary messengers induce increase of intracellular Ca®* which mediates a cascade of
cellular activities including motility, shape change, degranulation, adhesion and

aggregation of platelets.®’

Serotonin as a platelet activator, plays a central role in promoting hemostasis and
thrombosis. However, many cell types have receptors for serotonin which shows serotonin
plays other roles beyond hemostasis. Platelet-derived serotonin promotes cellular growth
and proliferation and have a role in cancer propagation®® which is outside the scope of this
study. They also promote growth in smooth muscles and endothelium.®® Serotonin is a
powerful vasoconstrictor.!® Serotonin under pathological conditions increase permeation
and leakiness of vasculature, promoting inflammation and vascular damage.®* In the same
vein, a link between fibrosis and serotonin has been observed.!% Platelet-derived serotonin
modulates the function of both innate and adaptive immune response (Figure 4). 5HT
mediates differentiation of DC cells. Activates naive T cells and promotes growth of T
cells and induces cytokine production in those cells. It also promotes growth and activation
in B cells and NK cells. 5HT promotes recruitment, migration and cytokine production in
immune cells. In previous sections, | discussed how platelets recruit neutrophils to the site
of inflammation, induce rolling, adhesion and extravasation of neutrophils. Among other
mediators, serotonin also plays a role by activating the surface of endothelium and bringing
P-selectins to the surface.®” To investigate whether non-neuronal serotonin (mainly
platelet-derived) directly promotes leukocyte adhesion and recruitment and neutrophil
extravasation, Tph-1 deficient mice were employed. In knockout mice, 50% less leukocyte

rolling was observed. Moreover, less selectin engagement was observed. As a result, there
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were less firm leukocyte adhesion events. Neutrophil extravasation in tissue was also

diminished.’®
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Figure 4. Serotonin modulates the function of various immune cells. Figure was created with
BioRender.com

In another study®®, the role of platelet serotonin on propagation of reperfusion damage and
prognosis of myocardial infarction (MI) was studied. Excessive recruitment of leucocytes
especially neutrophils to the site of myocardial damage is one of the harmful events during
reperfusion after myocardial infarction. As discussed earlier, platelet serotonin recruited
neutrophils to the site of inflammation. In this study, it was further observed that serotonin
also induced neutrophil degranulation, promoted increased surface expression of CD11b
which mediated neutrophil adhesion to platelets or endothelium and induced release of
MPO and oxygen reactive species, all exacerbating tissue damage. Long-term
administration of selective serotonin reuptake inhibitors, SSRIs, in animal models reduced
risk of myocardial ischemia/reperfusion injury (which is related to platelet depletion of
serotonin).1® Interestingly, previous clinical studies also supported this hypothesis. In one
study, it was observed that SSRI antidepressant use correlated with reduced MI and that
the protection against M1 was directly related to the affinity of the SSRI for serotonin

transporter.104

As discussed, platelet serotonin plays an important role in regulating the immune response
especially the function of neutrophils. In section 2.1, | will demonstrate my work on
designing a nanosensor based on fluorescent single-walled carbon nanotubes (SWCNTS)
to detect release of serotonin from platelets with high spatio-temporal resolution. With this
novel tool, we were able to highlight new information about the kinetics of release from

platelets, the hotspots of release as well as the intercellular variations for the first time.
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1.5.2 Autocrine/Paracrine Regulatory Role of Neutrophil Dopamine

Dopamine is mainly synthesized by dopaminergic neutrons. Resident or transmigrated
immune cells can “meet” dopamine in the CNS, lymphoid organs which are heavily
enervated, and in the circulation where low concentrations of dopamine exist.1% All
immune cells express various dopamine receptors (DR).1% DRs are G protein coupled
receptors. Five subtypes (D1, D2, D3, D4, and D5) of dopamine receptors have been
identified. These receptors are classified in two groups based on their signaling pathway.
D1 and D5 are called D1-like family and D2, D3 and D4 are called D-like receptors.!%’ As
immune cells are regularly exposed to dopamine and they express DRs, the effects of
dopamine on the function of immune cells have been investigated.!®12 The
immunoregulatory role of dopamine on immune cells is highly dynamic. The type of
response that dopamine exerts, is dependent on many factors such as the concentration of
dopamine, the type and pattern of DR expression, the type of immune cell, and the
activation state of the immune cell. Because the role of dopamine is context dependent,
studying its effects is challenging. Most studies to this date have investigate the
dopaminergic system in T cells. Stimulation of cytokine secretion, adhesion, migration
were observed in T cells as a result of dopamine receptor mediated interaction.'®
Dopamine stimulated naive T cells but suppressed activated T cells.!* Dopamine
suppressed proliferation and cytokine secretion in activated T cells.!>22 Dopamine
induced migration in naive CD8" cells via D3 receptors.'?® And activated resting Teff cell
via D2 and D3 and suppresses Tregs via D1.1%* In resting T cells, dopamine could
selectively induce secretion of TNFa via D3 or IL-10 via D2 or both via D1-like
receptors.’?® At low concentrations (0.1-5 pM), dopamine via D1-like receptors, reduced
intracellular ROS production and apoptosis in lymphocytes but at high concentrations
(100-500 uM) it had the reverse effect.'?®

There are less studies on the immunomodulatory role of dopamine in other immune cells.
For instance, dopamine suppressed secretion of INF-y, TNF-a and IL-1p in NK cells and
TNF-a in neutrophils and monocytes and increased secretion of IL-10 in neutrophils,
monocytes, B cells, macrophages (peritoneal M@s) and marrow-derived DCs. Dopamine
also increased secretion of CXCL1 in NK cells and peritoneal Mgs. The response to
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dopamine was observed to be dopamine receptor mediated by testing several dopamine
receptor agonists and antagonists. In addition to regulating cytokine production, dopamine

also affected (mainly inhibitory) adhesion and chemotaxis of immune cells.'?

In neutrophils, dopamine attenuated proinflammatory activation, adhesion on endothelium

and migration in response to chemoattractants.?’

Agonist binding to D1-like receptors activates adenylate cyclase enzyme to increase
intracellular levels of cAMP. cAMP (a secondary messenger) mediates a broad range of
cellular functions, mainly but not exclusively, by activating protein kinase A (PKA). One
of the many downstream proteins affected in this signaling pathway is NFkB protein
complex. NFkB is a rapid-acting transcription factor that regulates important cellular
responses related to a broad range of (mainly extracellular) stimuli. This cellular response
includes cytokine production, transcription and cell survival. In B cells, activation of PKA
through cAMP, suppressed NF«xB activation.'?® Therefore we can assume that dopamine
through activation of D1-like receptors increases the intracellular cCAMP and activates PKA
leading to inaction of NFxB. This could explain the attenuating effect of dopamine on
secretion of proinflammatory cytokines.*?® In the immune cells, in addition to DRs, many
receptors signal to NF«kB activity; such as T-cell receptors (TCRs), B-cell receptors
(BCRs), TNFR, CD40, BAFFR, LTBR, and the Toll/IL-1R family.**

Immune cells in addition to expressing DRs, are capable of endogenous catecholamine
synthesis. 1221241317136 Ag gych, these cells, upon activation, release dopamine which then
as an autocrine/paracrine modulator, can regulate the function of immune cells.**” Again,
most studies to this date, focus on the autocrine/paracrine role of the dopaminergic system
in lymphocytes, mainly T cells. for instance, a subset of follicular helper T cells (Trn cell)
synthesized significant amounts of dopamine and stored them in dense-core granules
containing chromogranin B. when Trn cells interacted with their cognate B cells, dopamine
was released and caused upregulation and rapid translocation of ICOSL to the surface of
B cells. The increased ICOSL in turn increased surface presentation of CD40l on T cells,
improving T cell B cell interaction. Mathematical models showed that dopamine-mediated

rapid translocation of ICOSL, increased B cell output from germinal centers.'%
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Human DC cells stored dopamine in their secretory vesicles. Antigen specific interaction
with naive CD4+ T cells stimulated dopamine release from DC cells. In turn, dopamine
induced T-cell differentiation to Th2 subtype. inhibition of dopamine release shifted T-cell
differentiation to Th1 subtype **°

Neutrophil

VMAT vesicle

Figure 5. The dopaminergic system in neutrophils; an autocrine/paracrine

immunomodulator.

There is limited information about dopaminergic machinery in neutrophils (Figure 5). In
one of the first studies on this subject Cosentino et al.}4?, detected catecholamines
(norepinephrine (NE), epinephrine (E), dopamine (DA)) and their metabolites in
neutrophils by HPLC with an electrochemical detector. Alpha-methyl-p-tyrosine (a TH
inhibitor) reduced DA and NE, pargyline (MAO inhibitor) reduced DA metabolites,
reserpine (VMAT inhibitor) reduced DA and NE and desipramine (NE reuptake inhibitor)
reduced NE contend. These observations showed that neutrophils expressed the enzymes
to produce, store and metabolize these molecules. More recently, studies have emerged
that further prove the existence and functional role of dopaminergic machinery in
neutrophils and its implication for the immune response. When phagocytes (neutrophils
and macrophages) were exposed to lipopolysaccharides (LPS), they released
catecholamines (E and NE). It was also observed that LPS stimulation increased the
expression of enzymes involved in catecholamine biosynthesis (TH and dopamine -

hydroxylase). The implications of catecholamine release from phagocytes in acute lung
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injury in animal models was studied. An inhibition of catecholamine production in
phagocytes reduced inflammation. This effect is contradictory to other studies that claimed
dopamine attenuated proinflammatory response in neutrophils.!*t However, their study
was limited to investigating the effect of phagocyte derived catecholamines on
inflammation in general and they did not study the specific effect of catecholamines as
modulatory molecules on the phagocytes function or other immune cells. In another study,
the effect of phagocyte-derived catecholamines on macrophages were investigated.'*? To
distinguish between phagocyte-derived catecholamines and catecholamines released from
the adrenal glands they tested adrenalectomized animal models. And reported a link
between enhanced inflammation in acute lung injury and the level of catecholamines
released from phagocytes. Interestingly, they observed a compensatory increase in
expression of TH and DBH in adrenalectomized rats. In this study, catecholamines (E and
NE) activated NFxB action in macrophages. This protein complex regulates important
cellular responses related to stimuli. They reported an increase in proinflammatory
cytokines as result of NFxB activation. Note that this conclusion is in contradiction with
other studies that claimed dopamine at least through D1 receptors predominantly
inactivates NF«kB action and thus suppresses proinflammatory response.'?° This shows that
the effect of dopamine in immune cells is highly dynamic and non-monolithic. The net
result of activation of several dopamine receptors types and the spatial context of the cells
highly influence how the cells response to dopamine.

1.6 Detection of Monoamine Mediated Immune Cell Communication

As discussed in previous sections, the immune response is mediated by very specific and
intricate interactions between various immune cell types and the chemical balance between
their secretory components in the immediate microenvironment of the cells. The cells don’t
function in isolation and the type of response is controlled by the spatial context of the
cells. Therefore, it is important to study cellular behavior of the immune cells with high
spatio-temporal resolution. So far, most studies about monoamines can be classified in two
general groups. First, the effect of monoamines on the function of immune cells. In these
types of studies, normally a monoamine is added to a specific cell type in vitro and its

effect on cytokine production, chemotaxis or other cellular functions is studied. In these
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types of studies, the limitation is that the spatial context of the monoamine is eliminated.
A purified cell suspension is exposed to a static concentration of a monoamine which does
not mimic a physiological situation. Normally these monoamines, as | discussed earlier are
transiently released upon receptor-mediated signaling events in small localized regions at
the site of interaction between cells (immune synapse). Second type of studies involve
studying the monoamine machinery by the expression level of proteins and enzymes
involved in receptor signaling, storage, uptake, metabolism and release of monoamines.

these types of studies often focus less on the functionality of the proteins.

A detection method should be sensitive, not only to temporal changes but also to spatial
changes at a subcellular level. In this chapter, a mini-review article is included that will
first discuss our current understanding of monoamine detection, the conventional methods
of detection and current research highlights in the field. Note that most of the methods
discussed are extensively employed in neuroscience rather than immunology since
monoamines are an important class of neurotransmitters with huge implication for the
function of the nervous system. Then, the limitations of the conventional methods and the
advantages of using single-walled carbon nanotubes (SWCNTSs) as nanosensors for live
detection of monoamines in discuss. Currently there is a huge interest in designing sensors
with the ability to study these intricate cellular communications in situ. SWCNTSs have
interesting and unique properties that can be manipulated to design such sensors. I will

focus on SWCNTSs as an interesting sensor strategy in the next session.

SWCNTSs can be pictured as single layers of rolled up graphene sheets.}*® As shown in
Figure 1A., the perimeter of the tube and the angle of rolling creates distinct lattice
structures that are characterized by chiral indices. Each SWCNT chiral species exhibits
unique optical properties and have unique fluorescence emission peaks. All
semiconducting SWCNTSs fluoresce in the near infrared (nIR) region (>850 nm) which is
beneficial for biomedical imaging as this range fall within the biological transparency
window (Figure 6C). As organic fluorophores, SWCNTSs are superior to most fluorophores
because of minimal photobleaching or blinking.}** Furthermore, SWCNTSs can be easily
functionalized with biological macromolecules such as oligonucleotides to manipulate

their fluorescence properties (Figure 6B).
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In the following manuscript (section 1.6.1) the properties of SWCNTSs as nanosensors for

monoamines detection is discussed extensively.
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Figure 6. The structure of single-walled carbon nanotubes. A. The lattice structure a of
SWCNT, the chirality of the SWCNT is determined by the perimeter of the tube and the angle of
rolling. B. A SWCNT functionalized with a ssSDNA strand. C. The biological transparency window,
the maximum absorbance of (6,5) SWCNTSs at ~ 950-1000 nm falls in the biological transparency
window which is characterized by low absorbance of water and tissue. (C) was Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Nanotechnology (Bioimaging: second window for in vivo imaging, Andrew M. Smith et. al)!,
COPYRIGHT (1996)
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Cells use biomolecules to convey information. For instance,
neurons communicate by releasing chemicals called neuro-
transmitters, including several monoamines. The information
transmitted by neurons is, in part, coded in the type and
amount of neurotransmitter released, the spatial distribution of
release sites, the frequency of release events, and the diffusion
range of the neurotransmitter. Therefore, quantitative informa-
tion about neurotransmitters at the (sub)cellular level with high
spatiotemporal resolution is needed to understand how com-
plex cellular networks function. So far, various analytical
methods have been developed and used to detect neuro-

1. Biological background and motivation

Intercellular communication is a vital mechanism by which
biological signals are transmitted between cells of a multi-
cellular organism. The nervous system in particular is an
example of complex intercellular communication and uses
specialized structures to receive, process and send signals
throughout an organism. Signals are propagated both within
the nervous system, between specialized cells called neurons,
and from the nervous system to cells in peripheral tissues such
as skeletal muscle. The transmission of signals from a neuron to
another cell is referred to as neurotransmission. Neurotransmis-
sion generally involves the secretion of a specific biomolecule, a
‘neurotransmitter’, from a stimulated neuron into the extrac-
ellular space (Figure 1a). The neurotransmitter then diffuses and
activates postsynaptic receptors, communicating a chemical
message from one neuron to its target cell. Classically, neuro-
transmission occurs at specialized structures called synapses,
comprising a presynaptic bouton from which the neurotrans-
mitter is released and a postsynaptic structure on the target
neuron at which receptor proteins are concentrated (Figure 1a).

Within a neuronal presynaptic structure, neurotransmitters
are stored in tens to thousands of highly concentrated small
vesicles (in the 0.1 mol/L range) from which they are released
through exocytosis milliseconds after stimulation of the
neuron.™? Neurons can form up to 350,000 individual synapses
with other cells,*" constructing complex neuronal circuits that
give rise to the central nervous system and are capable of
transmitting and computing huge volumes of information.
These highly dynamic networks facilitate the function of the
nervous system as the master controller and computer of the
organism.

[a]l M. Dinarvand, Dr. S. Kruss
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Gdttingen University
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transmitter secretion from cells. However, each method has
limitations with respect to chemical, temporal and spatial
resolution. In this review, we focus on emerging methods for
optical detection of neurotransmitter release and discuss
fluorescent sensors/probes for monoamine neurotransmitters
such as dopamine and serotonin. We focus on the latest
advances in near infrared fluorescent carbon nanotube-based
sensors and engineered fluorescent proteins for monoamine
imaging, which provide high spatial and temporal resolution
suitable for examining the release of monoamines from cells in
cellular networks.

There are hundreds of identified chemical transmitters in
the central nervous system. Glutamate and GABA are the
predominant fast-acting neurotransmitters, rapidly activating or
inhibiting target neurons respectively. The majority of other
neurotransmitters are modulatory, acting to modify neuronal
activity on a slower timescale and exerting either excitatory or
inhibitory effects on neurons in a context-dependent manner.
One notable family of modulatory neurotransmitters is the
monoamines, which includes dopamine, serotonin, norepi-
nephrine, epinephrine and histamine. Monoamines also play an
important role as hormones. For instance, epinephrine is
secreted from adrenal medulla in response to sympathetic
innervation and mediates a wide range of physiological
response, broadly called fight or flight response.”’ Serotonin is
secreted by enterochromaffin cells in the gastrointestinal tract
and regulates intestinal motility and digestion.” Researchers
have also reported the production and release of these
molecules from cells even without neuronal innervation (Fig-
ure 1a). For instance, some immune cells are capable of
production and release of neurotransmitters such as dopamine,
to self-regulate or possibly communicate with other immune
cells through autocrine and paracrine signalling to modulate
immune responses.”®

The mechanisms that control release and diffusion of
neurotransmitters in the extracellular space are critical in
intercellular communication. Thus, understanding the dynamics
of neurotransmitter release has been an intense area of
research over the last several decades. There are various factors
regarding monoamine exocytosis that complicate studying the
dynamics of release compared to other signalling chemicals. In
the following section we will discuss some of those challenges
and why they necessitate unique detection systems to observe
release events with high spatial and temporal resolution.

Monoaminergic neurotransmission it thought to occur
largely via volume transmission, meaning that following
monoamine release from a presynaptic bouton, the monoamine
diffuses in a relatively large distance and is able to act on
receptors, and thus regulate the target cells over an area of up
to several micrometers from the release site. diffusing mono-
amines can also be degraded by specialized enzymes or taken
up into neighboring cells which limits the area that is affected
by the monoamine.” For example, the half-life of dopamine in
the striatum is ~30 ms, meaning that dopamine can potentially
diffuse ~7 um from a release site before degradation or

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Monoamine detection by fluorescent sensors: a, Release of monoamines such as dopamine, epinephrine, norepinephrine or serotonin can occur at
synaptic structures (synaptic transmission) of neurons or other release sites of monoaminergic cells. b, Optical methods to detect monoamines. Individual
nanosensors are capable of reporting the local monoamine concentration through a transient change in their fluorescence. If there are many nanosensors
(‘array’) in close proximity to the cell, they provide a very high spatial resolution (top panel). Genetically encoded sensors are fluorescent proteins that are
expressed by cells on their surface and change their fluorescence in response to the analyte, providing information from the cell surface (middle panel). Cell-
based sensors are engineered cells that undergo a fluorescence change on the level of the whole cell in response to the analyte. Due to the large size of these
cells, this method provides lower spatial resolution (bottom panel). As indicated by schematic traces on the right of the panels, spatial and temporal
resolution depends on the size, distribution and density of the sensor/probes and decreases from the top approaches to the bottom.
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uptake."” Monoamine release sites are also highly
heterogeneous.""'” A research investigating neurons that
secrete dopamine has shown that presynaptic boutons are
formed at various distances from target neurons, meaning that
dopamine must diffuse away from the release site to bind to
receptors on target neurons,”>" In addition, dopamine can be
released not only from boutons but also from the cell body of
neurons, which in the brain are located distant from boutons
(Figure 1b)."¥ The heterogeneity of release sites is unique to
modulatory neurotransmitters and suggests that these neurons
use distinct mechanisms for intercellular communication that
are not yet understood.

These processes alter the local extracellular concentration of
the neurotransmitter, and thus influence signal transmission
and integration by other cells. This mode of action is
substantially different from fast-acting transmitters such as
glutamate and GABA, which are secreted within a nanometer-
range from their target receptors in synaptic structures and
have a very limited half-life in the extracellular space, limiting
their diffusion.”"*'®

The study of monoamine release requires sensors that
detect monoamines. Given the diversity of the structures that
release monoamines, as well as the dynamics of monoamine
release and diffusion in time and space, an ideal detection
method would need both high temporal and spatial
resolution.”” To achieve high temporal and spatial resolution,
optical monoamine detection methods are an elegant solution
(Figure 1b). Figure 1 illustrates detection and imaging of mono-
amines that the three major classes of existing fluorescent
sensors/probes can perform. Following a release event, the
concentration of the neurotransmitter rapidly changes adjacent
to the release site. The spatiotemporal detection limits for the
secreted neurotransmitter are thereby determined by the
distance between the sensor-probes as well as their kinetics
and sensitivity (see section 3.1). Consequently, the spatiotempo-
ral resolution of neurotransmitter detection can be improved by
increasing the number of probes in close proximity to the cell,
as well as the dynamic range of the probe and optimal kinetics.

This minireview provides a short overview of the classical
analytical methods of monoamine neurotransmitter detection
(Section 2), with a focus on dopamine and serotonin. We then
review advances in fluorescent optical monoamine sensors: a)
fluorescent nanosensors that are positioned outside cells, b)
engineered fluorescent proteins expressed on the surface of
cells, and c) whole cells as fluorescent monoamine sensors. We
also provide a short summary of fluorescent probes and label-
free methods, although the focus are the mentioned direct
methods with high spatial and temporal resolution.

2. Classical methods of monoamine detection

The most extensively used analytical methods to detect
monoamine secretion are microdialysis and electrochemistry.™®
Microdialysis is a procedure in which a sampling probe of
approximately 0.15-0.3 mm is surgically implanted in the brain
or tissue area of interest, such as the striatum of anesthesized
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rodents."? Extra-cellular fluid is then sampled by diffusion
through a semi-permeable membrane at the tip of the probe
with a constant flow rate of typically 0.5-5 puL/min. This
procedure is combined with analytical tools such as liquid
chromatography and mass spectrometry to determine the
concentration of monoamines in the extracellular fluid. While
enabling the investigation of deep areas of the brain with high
chemical specificity in vivo, the relatively long sampling proce-
dure (in order of minutes) and size of the probe does not allow
monitoring of millisecond fluctuations in monoamine concen-
trations. The method is also relatively invasive and damages
brain tissue due to the insertion of the sampling probe. Such a
damage can induce an inflammatory response and thus
introduce artefacts to the experimental system.?”

The temporal and spatial resolution of monoamine detec-
tion was greatly improved by the development of the electro-
chemical methods such as amperometry and fast-scan cyclic
voltammetry.”"2" In amperometry, a carbon fiber microelec-
trode held at constant electrical potential is placed either
adjacent to cells or in a brain area of interest. Monoamines
oxidize at the electrode surface and yield faradaic current as the
quantitative indicator of concentration.”” Damage to brain
tissue is reduced compared to microdialysis due to the relatively
small probe radius (3.5 um or much smaller).”®’ One limitation
of amperometry is the lower chemical resolution/selectivity as
amperometry cannot distinguish between monoamines of
similar redox potential (dopamine, epinephrine, and norepi-
nephrine) and other molecules (e.g. ascorbate). Therefore, it is
often used in cultured cells or brain slices in which contam-
ination of the signal from other chemicals can be excluded.
Nevertheless, due to the excellent temporal resolution on a
submillisecond scale and the high sensitivity, amperometry has
become the gold standard of monoamine detection and has
been used to record single release events in cultured cells.”->
A subsequent methodological breakthrough was the adaptation
of carbon fiber electrochemistry to vyield voltammetry-based
methods. Fast-scan cyclic voltammetry (FSCV) is widely used for
the detection of monoamines in vivo, and works by cycling the
potential of the electrode between a positive and negative
voltage at high rates to rapidly reduce and oxidize the analytes.
This results in cyclic voltammograms with characteristic shapes
for individual compounds, resulting in greater discrimination of
analytes but greatly reduced temporal resolution compared to
amperometry.*

While electrochemical methods can provide exquisite tem-
poral resolution, they provide very limited (parallel) spatial
resolution. Differentiating sub-cellular release structures or even
release from single cells using brain slices or dissociated neuron
cultures has proven to be extremely challenging due to the
high density of release sites and relatively large size of the
carbon electrode.”’ One strategy to overcome these limitations
is using multi-electrode arrays containing 64 microelectrodes
with electrode diameters of 3 um to 12 um, however this
method is limited to use in cell culture.*”
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3. Fluorescent sensors based on nanomaterials

In general, a fluorescent nanosensor is composed of a nano-
scale fluorescent material and equipped with recognition
chemistry to bind an analyte, Structures on the ‘nanoscale’ (in
the range of 1-100 nm in at least one dimension®") often
acquire novel size and shape dependent optical properties that
are not present in the bulk material.*? An important property is
emission in the near infrared (nIR) tissue transparency window
(>800 nm) that only few fluorophores such as carbon nano-
tubes, certain silicate nanosheets or quantum dots provide.** %
These size-dependent properties, coupled with tailored surface
chemistry make fluorescent nanomaterials sensitive and versa-
tile sensors for biological applications down to the single-
molecule level.***” Furthermore, fluorescent sensors can be
detected by non-invasive imaging techniques, which provide
high parallel spatial resolution (increased spatial resolution
without reducing the field of view). Many nanoscale structures
have been studied as detection tools for neurotransmitters,
including fluorescent complexes, metallic, polymeric and car-
bon-based materials. These tailored materials report the
presence of the analyte in a biological sample and include
quantum dots,”*® graphene,*” and polymeric nanoparticles.*”
However, they do not all provide spatiotemporal information
such as dynamic information of individual release events from
cells. In this review, we will focus only on (fluorescent) nano-
sensors that have successfully visualized release dynamics in a
biological system with appropriate temporal and spatial reso-
lution in addition to chemical resolution. In Section 3.1, we will
shed light on the kinetic requirements for monoamine imaging.
Then, SWCNT-based fluorescent sensors for dopamine and
serotonin are discussed (Section 3.2). Finally, polymer nano-
particle approaches will be addressed (Section 3.3).

3.1 Kinetic requirements for fast imaging of neurotransmitter
release

In standard analytical techniques, detection of an analyte occurs
under equilibrium conditions in which the concentration of the
analyte is constant. In this scenario, the binding affinity/limit of
detection of the detection system is the most important
parameter. In contrast, many biological processes such as
neurotransmitter release are characterized by fast concentration
changes (ms time scale) and complex spatiotemporal patterns.
These patterns are governed by release events, diffusion and
uptake. For example, studies have shown that most dopamine
receptors (D1 and D2) in the striatum are extra-synaptic.*" This
means that dopamine spills over from the release site to reach
its many target receptors. At short distances from the release
site (1-2 pm), only diffusion governs the extent to which the
DA signal spread through the extracellular space. However, in
the range of 5 to 20 um from the release site, uptake of
dopamine limits dopamine concentration."® For example, a
study has shown that if each vesicle contains 3000 molecules,
dopamine would diffuse and bind to dopamine receptors in an
area of 12 um however, when dopamine transporters (DAT),
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responsible for dopamine uptake from the extracellular space,
are missing such as in Parkinson'’s disease, the diffusion distance
of the dopamine precursor L-DOPA may be as high as 32 pm."*”
These considerations show that secreted monoamine concen-
tration is a complex function of location (x,y,z) and time.

When imaging such highly complex processes with fluores-
cent sensors, the kinetics of these sensors determine the
resolution that can be achieved. To study the relation between
kinetics and resolution Meyer et al., developed a theoretical
framework to simulate the image of many single fluorescent
sensors when exposed to concentration changes of analytes
(e.g. neurotransmitters) released from cells.*” It is not only valid
for nanomaterial-based sensors but for every immobilized/
bound fluorescent sensor/probe on or around a cell.

For this purpose, a stochastic kinetic Monte Carlo simulation
was implemented and sensors/probes with a certain number of
binding sites and rates of binding and unbinding were
modelled. As a typical biological scenario, a cell releasing
molecules via exocytosis and diffusion through space was used
and simulated (Figure 2a). The approach also considered the
resolution limit of light microscopy as well as technical aspects
such as the imaging speed. This simulation was then used to
calculate if a given sensor (array) with certain forward (k,,) and
backward rate constants (k) can e.g. distinguish two release
events in time or distinguish multiple release sites. Figure 2b
shows the concentration profile of a typical single exocytosis
event and images of different sensor arrays at different time
points. The results show that certain sensors cannot detect the
release event while others oversaturate. By simulating many
different rate constant combinations it was possible to explore
this rate constant design space. Interestingly, sensors with rate
constants of k,,=10°M's " and k,,=10°s ' provide the best
spatiotemporal resolution for many scenarios. This means that
nanosensors with relatively low binding affinity (K,=k#k.,,=
100 uM) exhibit the best response profile. At slower binding
rates (k,,= 10° M~'s"') release events cannot be detected and at
faster binding rates (k,,= 10" M~'s™") and slow unbinding (k,s=
157') the response quickly saturates (Figure 2b). These insights
are important for the design of moenoamine sensors but provide
also the tools to analyze data acquired with such sensors and
address the inverse problem, i.e. translate an image into a
concentration profile.

3.2 Carbon nanotube-based nanosensors

3.2.1 Concept and design of SWCNT-based niR fluorescent
sensors

Carbon based nanomaterials hold a unique position in life
science research due to their physicochemical properties (i.e.,
optical properties, electrical conductivity, mechanical strength,
thermal properties).”” Nano structures based on carbon have
been studied extensively as sensors. Among them, the most
promising structures are carbon dots, graphene, and carbon
nanotubes, %!

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

31



1 Scientific Background

50pm

L T Y
L1
:u:l‘,:: release . )

50pm

D Concentration Profile Sensor Array

Time-dependent
diffusion simulation of
analyte concentration
c(x,y.t)

Specification of properties
and arrangement of sensor
and geometry)

Stochastic simulation

343 Gillespie based Monte-

Carlo  simulation of =

Untndey o binding and unbinding
.‘-"O" events at each sensor
ririei s 442 binding site.

Intensity Image
Time-resolved relative
intensity change Al(x,y,t)
across the whole sensor
array.

t=10 ms t=100 ms t=400 ms

Dopamine

Cell :)

WAx)Iw WAx)w (W) ('A'x)2

WA

WAx)hv
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top releases a molecule of interest exposing the array to a certain concentration profile c(x,y,t). Bottom: Flow diagram of the simulation: (1) Simulation of
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2017 American Chemical Society.

Single walled carbon nanotubes (SWCNTs) can be imagined
as rolled up sheets of graphene® Because of their small
diameter (e.g. 0.7 nm) and high length, they can be conceived
of as one-dimensional materials. The angle and the direction in
which the graphene sheet is ‘rolled up’ determines distinct
lattice structures called chirality and is described by the chiral
index (n,m). The special lattice structure causes very unique
optical, mechanical and electrical properties. For instance,
semiconducting SWCNTs are fluorescent in the near infrared
(nIR) region (>850 nm).*¥ Their electronic band gap structure
and nIR emission wavelength depends on the chirality of
carbon nanotubes.®® For example, (6,5)-SWCNTs emit at around
980 nm while (7,6)-SWCNTs emit at around 1130 nm.
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Intrinsic fluorescence in the near infrared region and the
ability to manipulate the fluorescence emission patterns, is the
basis of optical sensing with SWCNTs.**** SWCNTs, unlike most
organic fluorophores, do not photobleach or blink. Further-
more, SWCNT-based sensors can be designed specifically to
resist biofouling which is one limitation of microelectrode-
based sensors.””” Fluorescent SWCNTs are especially advanta-
geous for biomedical imaging because of the nIR fluorescence
in the tissue transparency window, which could potentially
facilitate through-cranium imaging.”® In the nIR, there is little
light absorption by tissue, relatively low light scattering and
minimal autofluorescence.”” Therefore, this spectral range is
desirable for biomedical imaging. The fluorescence of SWCNTs
is highly sensitive to its environment, meaning small changes in

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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the SWCNT's microenvironment can affect their fluorescence
emission pattern. However, SWCNTs are extremely hydrophobic
and therefore not stable in aqueous solutions, In order to use
SWCNTs in biological applications, they must be functionalized
to facilitate colloidal stability. Additionally, surface modification
can be used to purify chirality enriched SWCNTs” Non-
covalent surface modification with DNA, peptides, proteins and
other polymers have been extensively used to tailor the surface
chemistry on SWCNTs, 5=

SWCNTs have been used as building blocks for sensors and
labels for larger biomolecules such as RNA, DNA and
proteins.”**** For smaller analytes, it is typically difficult to
find good recognition units and therefore designing sensors is
more challenging. One approach is indirect sensing of the
analyte by detecting the product of the analyte’s chemical
reaction. An example is SWCNT H,0, sensors equipped with
hemin that catalyzes the reaction of H,0, to hydroxyl radicals,
which directly guench fluorescence and this indicates the
presence of the signalling molecule H,0,.“” This concept is only
feasible for a few reactive/quenching compounds. Interestingly,
certain biopolymer wrapped SWCNTs can detect small mole-
cules such as dopamine with high sensitivity and selectivity,
even without a known recognition unit (Figure 3a)."***¥ This
phenomenon was termed corona phase molecular
recognition.®”’ Similar to antibody-antigen recognition, the
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molecular recognition relies on the spatial arrangement of the
polymer on the SWCNT with a specific 3D structure that binds
dopamine. One important class of macromolecules for SWCNT
modification is single stranded DNA (Figure 3b). As shown in
Figure 3, the baseline fluorescence of certain DNA wrapped
SWCNTs increase dramatically when they are exposed to
dopamine either in dispersion (Figure 3b) or immobilized on a
surface (Figure 3c). Furthermore, the fluorescence increase is
concentration dependent (Figure 3d).

Whether a DNA functionalized SWCNT responds to dop-
amine depends on the DNA sequence." The first identified and
studied sequence was (GT),; ssDNA on HiPCo SWCNTs. The
fluorescence of (GT),s-SWCNTs increased by 80% in solution
and up to 400% on the single SWCNT level after addition of
dopamine (100 uM). The dynamic range of detection was 10 nM
- 10 uM and the limit of detection was 11 nM.*" To improve
sensitivity and selectivity, the DNA sequence was further
explored. Consequently, a study with (6,5) chirality enriched
SWCNTs with 10 ssDNA sequences was performed to identify
which DNA sequence imparted highest sensitivity and selectiv-
ity to dopamine compared to other catecholamines (epinephr-
ine and norepinephrine)® All sequences responded to the
catecholamines with an increase in fluorescence signal. How-
ever, there was a marked difference in analyte selectivity
between different ssDNA sequences (Figure 4). For example,
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Figure 3. Carbon nanotube-based near infrared fluorescent sensors for dopamine. a, Schematic of a functionalized single-walled carbon nanotube (SWCNT)
sensor. In presence of the analyte, the niR fluorescence changes. b, Fluorescence emission spectra of (GT); DNA functicnalized (6,5) single chirality SWCNTs
before (black) and after (blue) addition of dopamine show an increase in fluorescence intensity. ¢, niR fluorescence intensity of a single SWCNT sensor
immaobilized on a surface. A sharp increase in fluorescence is observed after addition of dopamine. d, Calibration curve of a SWCNT-based dopamine sensor
shows nM sensitivity. (a) and (b) adapted from references [61] and [64] with permission. Copyright 2014 and 2019, respectively, American Chemical Society. (c)
adapted from reference [65] with permission. Copyright 2017 United States National Academy of Sciences, (d) adapted from reference [62] with permission.

Copyright 2017 MDPI.
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Figure 4. Tuning of SWCNT-based dopamine sensors by exploring the DNA sequence space. Fluorescence intensity changes of various DNA functionalized
SWCNTs at a, low (100 nM) and b, high (1 uM) catecholamine concentrations. These results indicate e.g. that (GT),;-SWCNTSs can discriminate to a certain
extent different catecholamines. Reproduced from reference [62] with permission. Copyright 2017 MDPI.

(GT),o-SWCNTs showed the highest selectivity and sensitivity for
dopamine (table 1). K; values of (GT);; and (GT),,-SWCNT
sensors ranged between 395.2 and 9.2 nM respectively. In light
of the relevance of kinetics and off-rates for imaging (see
previous section) it is crucial that kinetics of a sensor and the
required resolution for a specific biological question match.
Therefore, a sensor with the highest sensitivity is not necessarily
the best fit for a biological experiment. Most dopamine sensors
were so far created by using non-purified SWCNTs. Multiplexing
approaches have a huge potential and therefore chirality-pure
sensors are desired. A recent study used corona phase
exchange purification (CPEP) to isolate chirality pure (6,5)-
SWCNTs to coat them with e.g. (GT)sDNA.”" The results show
that dopamine sensing can be as well performed with purified
SWCNTs and well-defined emission features can be obtained
(see also figure 3b).

In summary, functionalization of SWCNTs with specific DNA
sequences leads to highly sensitive dopamine sensors. The
enormous potential sequence space promises many additional
discoveries and improvements for the future. One might even
speculate that folding of biopolymers such as DNA on a SWCNT
could be a generic approach to create recognition motifs.®

3.2.2 Mechanism of fluorescence modulation

The mechanism of SWCNT-based fluorescent sensors is an
active area of research and might vary between different

surface chemistry approaches and analytes. However, for DNA-
SWCNT-based dopamine sensors there have been insights that
are of general importance for the field.

The first insights into the recognition and sensing mecha-
nism were gained by coating SWCNTs with a fluorophore
tagged (GT);s DNA. Initially, adsorption of tagged DNA on
SWCNT surface quenched the fluorophore’s visible fluorescence.
When dopamine was added, this fluorescence increased
again.®" The best explanation is that the fluorophore moved
away from the SWCNT, which recovered its fluorescence that
had been quenched by the proximity of the SWCNT. This
finding suggests that a conformational change might be
responsible for the change of nIR fluorescence.

However, dopamine and other catecholamines are redox-
active compounds. Therefore, one could also hypothesize that
increase in fluorescence is linked to this property, especially as
certain reducing compounds are known to increase nIR
fluorescence.”’ However, the extent of fluorescence change
depends on the nature of the polymer wrapping as shown in
Figure 5a.® Therefore, the redox potential of the analyte alone
cannot be the only reason responsible for the fluorescence
response to dopamine. This is further supported by the fact
that several compounds of the same redox potential as
dopamine do not show this characteristic fluorescence increase.
Another possible explanation is electron transfer from dop-
amine to the DNA phase. Again, a mechanism based solely on
electron transfer is unlikely because the dopamine response is
reversible. As discussed earlier, selectivity and sensitivity of

reference [62] with permission from MDPI.

Table 1. Dissociation constants (Ky) and limits of detection (LOD) values of various DNA functionalized SWCNTSs for catecholamines. Reproduced from

NT [GT]IE [Gﬂzu [GTJIO ASU CJU T?!U [GA]IE [GC]WS [CJ|5 [ATIIS
Kg (nmol/L) D 3952 423 9.2 28.4 4992 237.2 627.8" 0.7° 25.8 9438

E 159.1 112.6 178.2 171.9 177.2 51.1 2343 49.3 471 2415

N 703 58 719 25 193.1 33.6° 214 23 5238 A
LOD"! (nmol/L) D 6.4" 06 0.1 36 2.7 1.2% 507.2 28,51 4.4 3776.6

E 14 2.2 0.7 3.2 14 1.0 18 0.5 0.8" 23.7

N 3.2 24 7.7 1.6 4.8 333 38 0.5 3.9 m

Norepinephrine.

[a] No clear (sigmoidal) fit possible. [b] LOD: Limit of detection definition used = 3x standard error at [c] =0 nM. D: Dopamine. E: Epinephrine. N:
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Figure 5. Mechanism of DNA-SWCNT based dopamine sensors. a, Fluorescence changes of SWCNT wrapped with various polymers when exposed to redox
active molecules show a broad distribution, which cannot be explained by redox potential. b,c Fluorescence response of (GT),;-SWCNTs to dopamine (a) and
tyramine (b) before (black) and after (red) addition. The results show that small differences in the analyte structure completely change the response. d,e,
Dopamine and adsorbed DNA on the SWCNT most likely interact via the phosphate backbone and hydroxy groups. f, MD simulations of DNA adsorbed on
SWCNTs show that the DNA molecules do not form perfect helixes around SWCNTSs (top) and stack on each other when experimental numbers of surface
coverage are used. In contrast, without any constraints in the simulation helical structures are formed (bottom). (a) reproduced from reference [63] with
permission. Copyright 2016 American Chemical Society, (b-e) reproduced from reference [65] with permission. Copyright 2017 United States National
Academy of Sciences, (f) reproduced from reference [64] with permission. Copyright 2019 American Chemical Society.

sensors depend on the sequence of DNA strands absorbed on
the surface. This shows that the interaction between the DNA
and SWCNT plays an important role in the molecular recog-
nition and formation of the fluorescence response. The surface
area of the SWCNT that is covered by DNA molecules and the
colloidal stability of the corona are parameters that likely define
how the sensors detect dopamine. Therefore, the number of
adsorbed ssDNA molecules was determined using an absorp-
tion spectroscopy based approach.®” When H,0, and riboflavin
were used as analytes, the fluorescence response was directly
proportional to the number of absorbed ssDNA molecules.
However, no simple correlation was discovered between the
fluorescence response for dopamine sensors, indicating that
conformational changes of the DNA play a key role."*”

Molecular dynamics (MD) simulations can provide insights into
interactions between the analyte, the SWCNT and the organic
phase. For (GT),5-SWCNT, interactions between the hydroxy groups
of dopamine and the phosphate groups of the DNA appear to play
an important role (Figures 5d, ).’ Due to these interactions, the
phosphate groups move closer to the surface of the SWCNT and
change the potential landscape through which the exciton diffuses.
It is also possible that these conformational changes are associated
with changes in ion distribution that are known to affect SWCNT
fluorescence.”” Experimentally, this interaction is validated because
only dopamine homologues with two hydroxy groups show similar
responses.”! In contrast, tyramine (one hydroxy group) does not
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induce any fluorescence change (Figures 5b, c). One should also
consider that the structure of DNA on SWCNTs is likely more
complex with stacked nucleotides, as recently shown using
experimental surface coverage parameters for MD simulations
(Figure 5f).°%

All mechanistic insights suggest that DNA acts as a flexible
quantum yield switch on SWCNTs. For certain DNA sequences,
the interaction with an analyte such as dopamine changes the
conformation of the DNA, which in turn changes the quantum
yield by affecting the exciton fate. Nevertheless, conformational
changes due to unspecific changes in microenvironment would
cause background signals and decrease selectivity. Therefore,
more rigid xeno nucleic acids can be used to stabilize the
fluorescence signal in media of different ionic strengths.®

3.2.3 Imaging dopamine release

A nanomaterial that changes its fluorescence in the presence of
an analyte such as dopamine is a powerful tool for direct
chemical imaging. Even though a single nanosensor responds
to dopamine (Figure 3c), imaging many of them at the same
time substantially increases the parallel (spatial) resolution.®!
For in vitro cell studies such sensors can be immobilized on a
surface (sensor array) and cells cultivated on top (Figure 6a).
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Copyright 2017 United States National Academy of Sciences.

Above a certain sensor density the resolution limit of light
microscopy becomes relevant and therefore the camera does
not detect individual sensors anymore but the overlay of many
of them. The above mentioned (GT),;-SWCNT sensors and
modified versions of it were used in this way to study dynamics
of dopamine release from PC12 cells (a model cell line for
modulatory neurotransmitter studies) (Figures 6a, b). Figure 6¢
shows the fluorescence trace of different regions under a cell
(figure 6b) during stimulation with potassium, which triggers
exocytosis through depolarisation of the cell membrane. The
traces show peaks, which indicate increases of the dopamine
concentration. The shapes and magnitudes of these traces vary
across different regions, which highlights the high spatial
resolution of the method (Figure 6¢). The heterogenous dis-
tribution of maximum responses along the cell membrane is
indicative of hotspots of dopamine release. These sensor arrays
provide a great deal of temporal and spatial information from
single cells, which is a key advantage of this method of
dopamine detection. For example, when images are divided to
units of 4x4 pixels, a round cell contains approximately 1700
reporter pixels (d =40 um) and more than 180 reporter pixels in
a 2 pum zone around the cell border. These numbers highlight
the gain in spatial resolution compared to electrode-based
methods, which generally employ only a single sensor and at
most have been able to employ 64 sensors in an electrode
array.®” In Figure 6, the nanosensors were imaged at 100 ms
per frame, which is a lower temporal resolution than amperom-
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etry but comparable to FSCV. However, the time resolution was
mainly limited by the imaging setup and could be further
improved by 1-2 orders of magnitude.

SWCNTs are also useful for biomedical research in tissue
samples. For example, single polyethylenglycole functionalized
SWCNTs can be tracked in brain tissue to map the extracellular
space.”” Along the same lines, a variant of the above
mentioned SWCNT-based dopamine sensor has been used to
investigate dopamine release in brain slices of mice dorsal
striatum,”” which contains abundant sites of dopamine release,
as it receives extensive axonal projections from dopaminergic
neurons residing in the ventral midbrain.

To date, SWCNT-based dopamine nanosensors were either
immobilized in arrays under cells or bound/diffused non-
specifically in tissue samples. To target SWCNTs directly to
specific locations such as a presynaptic structure, tailored
sensors with recognition motifs are necessary. One approach is
to additionally conjugate nanobodies to the DNA around the
SWCNTSs.®® This approach did not affect dopamine sensing and
opens up many opportunities to target such sensors specifically
to the most relevant biological locations. Another approach to
target dopamine nanosensors to specific locations was to make
use of cells to transport them. Recently, it was shown that
immune cells can be programmed to take up SWCNT-based
dopamine sensors and transport them to desired locations
where they are released.”” After release, they are still functional

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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and detect dopamine, which promises interesting in vivo
applications.

The sensors discussed in this section were identified de
novo in a screening approach but in general it is faster to
synthesize new sensors by relying on known recognition motifs
such as antibodies, nanobodies or aptamers. In the next section,
a sensor for the neurotransmitter serotonin will be discussed
that is based on a DNA aptamer specific for serotonin.””

3.2.4 Imaging of serotonin release

Like dopamine, the local changes of serotonin concentration
around neurons are responsible for signal transmission in neural
circuits. Therefore, to better understand intracellular signalling
by serotonin in the brain and other organs, chemical sensors
with high spatial and temporal resolution are required. Again,
there are very few (optical) methods that could provide high
spatiotemporal resolution and visualize release events in situ
with minimal invasiveness.

One approach to detect serotonin is the use of organic dyes
that change their fluorescence when they react with serotonin,
such as coumarin-3-aldehyde. This serotonin binding turn-on
fluorophore can be used as a labelling agent to visualize
serotonin rich vesicles inside cells and further image the
dynamics of vesicular transport of serotonin upon cell
secretion.” Even though this dye is relatively selective for

serotonin, the dissociation constant is quite high (K,= 2400 uM).
Therefore, this molecule is more suitable for detecting and
imaging the presence of serotonin rather than studying
dynamic changes in serotonin levels.

The first nIR fluorescent sensor for serotonin is based on
SWCNTs (NIRSer).” It consists of (6,5)-SWCNTs that were non-
covalently coated with a serotonin-specific DNA aptamer
(Figures 7a). In the presence of serotonin, the nIR fluorescence
increases (Figure 7b). Consequently, it can be used to image
serotonin release from cells. Most of the serotonin in a human
body is stored in blood platelets. Therefore, NIRSers were used
to image secretion of serotonin from platelets with high spatial
and temporal resolution (Figure 7c). By coating surfaces with
NIRSers, and seeding adherent platelets on top of the sensors,
the release hotspots (localized regions where exocytosis and
serotonin release occurs) on the cell membrane were identified
(Figures 7d, e, f). NIRSer has a dissociation constant (K;) of
301 nM and is selective for serotonin compared to potentially
interfering substances such as tryptophan. Again, the major
advantage is the high spatial resolution. Using this approach,
single cells can be studied in detail as well as cell populations.™
In this context, the heterogeneity of serotonin release patterns,
including onset and magnitude of serotonin release, was
described for the first time in human platelets.
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Figure 7. Near infrared fluorescent nanosensors for serotonin (NIRSer). a, Binding of serotonin to a serotonin- aptamer functionalized SWCNT leads to a
change in aptamer conformation and, consequently, to an increase in the fluorescence of the SWCNT. b, Fluorescence spectrum of the nanosensor before and
after addition of 1 uM serotonin showing 80% increase in fluorescence intensity. ¢, Schematic of how nanosensors and platelets were interfaced. Following
platelet activation, serotonin is released and detected by the sensors. d, Bright field image of a single platelet adhered to a nanosensor coated surface. e,
Color-coded nIR fluorescence images of the platelet in (e) before, during and after serotonin release, f, Fluorescence response from a ROl on the cell
membrane showing a hotspot of serotonin release on the cell membrane, (green circle in image e). The scale bars are 5 um. Adapted from reference [72] with

permission. Copyright 2019 American Chemical Society.
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3.3 Polymer-based nanosensors

Polymer based fluorescent sensors have an intrinsically versatile
structure. Most polymers used as sensors in biomedical
applications are biocompatible and biodegradable. Further-
more, various recognition units can be covalently or non-
covalently attached to the polymer backbone to amplify the
fluorescent signal or enable multiplexing.” For instance,
several recognition units can be introduced in one nanosensor
to increase the signal and sensitivity. One example, is a
polymeric nanoparticle that was designed with fluorescent
copolymers of fluorene and benzothiadiazole conjugated to
phenylboronic acid units as dopamine recognition units. The
advantage of this system is that each nanoparticle can have
multiple dopamine binding sites. The sensing mechanism is
most likely due to dopamine-induced fluorescence quenching.
These fluorescent nanoparticles are biocompatible, selective for
dopamine and have been successfully used in zebrafish
embryos or larvae.” The nanoparticles were taken up by cells,
making the system suitable for directly labelling cells that
contain dopamine. However, they cannot be applied as an
efficient sensor to image dopamine release dynamics at high
spatial resolution and to monitor signal transmission through
dopamine secretion.”!

Polymers and polymer-coatings are widely studied in order
to increase biocompatibility of nanoparticles or improve
systemic circulation of the particles while avoiding detection by
the immune system. For example, spherical nanoparticles with
lipophilic core polymers and a biocompatible hydrophilic coat-
ing detected histamine invivo."® In this sensor, an amine
binding ionophore binds histamine molecules to the core
polymer, which changes the local pH and decreases the
fluorescence of a pH sensitive fluorophore (Ky=1.9 mM). This
nanosensor enabled in vivo detection of histamine injections.
While the plasma concentration of histamine is around 8 pM,
mast cells contain compartments with 100 to 500 mM hista-
mine, leading to high localized histamine concentrations during
inflammatory processes. Therefore, such sensors would be
useful to detect and image inflammatory processes in tissue.

4. Genetically encoded sensors

An alternative to external sensors is genetically encoded
sensors, which are introduced into cells as genetic material. The
introduced genetic material causes cells to produce proteins
that facilitate a measurable response to dopamine, such as an
increase in protein fluorescence. Such sensors are highly
suitable for in vivo investigations, since the gene encoding a
given sensor can be incorporated into the host genome. Sensor
expression is therefore non-invasive, and genetic techniques
allow for targeted expression in subpopulations of cells, such as
neurons, Such approaches can take two forms: cell-based
sensor systems and protein-based sensor systems,

A cell-based fluorescent sensor was designed by Muller
etal,”” named cell-based neurotransmitter fluorescent engi-
neered reporters (CNiFERs). For this purpose, HEK293 Cell lines
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were genetically engineered to express D2 dopaminergic
receptors coupled to G, proteins to trigger an intracellular
calcium increase upon binding to dopamine. A FRET-based
calcium indicator was also genetically encoded in the cells.
Thus, when dopamine binds to the D2 receptor, a change in
the FRET fluorescence signal indicates the presence of dop-
amine. These sensor cells (CNiFERs) were implanted in mice
frontal cortex and dopamine release during behavioral con-
ditioning was imaged.

One major advantage of this system is incorporating an
endogenous sensor of dopamine (the D2 receptor) as the
recognition unit. This means that the kinetics of the sensor,
including sensitivity, binding affinity and detection range
should be similar to that of endogenous dopamine receptors.
The CNiFERs were sensitive and specific with EC5,=2.5+
0.1nM, and a 30 times higher sensitivity for dopamine
compared to norepinephrine. However, the temporal resolution
of the sensor was on the scale of seconds and the spatial
resolution was less than 100 um due to the size of the
implanted HEK cells. Therefore, the spatiotemporal resolution of
the sensor was not suitable for resolving release events at a
sub-cellular level. Furthermore, the dynamic range was between
1 to 10 nM and the sensor saturated at concentrations close to
100 nM. At individual cells (single sensors), the response to
dopamine was detected with 2.9+0.2 s delay after dopamine
pulse. The reversibility of the sensor was not instantaneous as
the FRET signal would return to baseline in 20s after a 2.5
dopamine pulse, which makes detection of fast repetitive or
changing dopamine signals more difficult.””!

The second approach employs engineered fluorescent
proteins that bind to dopamine, which causes a direct increase
in protein fluorescence. Thus, the protein is the sensor, rather
than the whole cell in the case of CNiFERs. Genetically encoded
proteins are much smaller than whole cells and therefore ideally
suited to detect analytes on the surface or inside of cells.
Therefore, there had been a lot of interest in developing a
genetically encoded dopamine sensor. The sensor named
dLight1 was designed and successfully used to image dop-
amine dynamics in deep regions of mice brain during
behavioural studies (Figure 8).”% It consists of a genetically
modified dopamine receptor that includes a circular permuted
GFP module from the genetically encoded calcium indicator
GCaMP6 (see structure in Figure 8a). Upon binding of dopamine
to its receptor, conformational changes of the receptor are
translated to a change in fluorescence intensity of the GFP
(Figure 8b). Two variants of the sensor have optimal dissocia-
tion constants of Ky=330=+30 nM for dLight1.1 and K;=770+
10 nM for dLight1.2 (Figure 8c). The sensors are around 70 and
40 times more sensitivity to dopamine than norepinephrine and
epinephrine. The maximum concentrations that were detected
in vivo ranged from 10 uM to 30 pM, indicating proximity to the
site of release.” This sensor is therefore a useful tool especially
for invivo applications. dLight has comparable temporal
resolution to cyclic voltammetry. Given the kinetics required for
fast detection of dopamine (see Section 3.1) it remains to be
seen if this sensor and related ones can detect fast and complex
release patterns.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Another group also developed a genetically-encoded fluorescent
sensor based on the same premise, called GRABDA (G protein-
coupled receptor [GPCR]-activation based DA).” Two types of
sensors were designed, one with a moderate apparent affinity to
dopamine (DA1m, EC,,=130nM) and another with a higher
apparent affinity (DA1 h, ECs; =10 nM). The ECs, of the sensors to
norepinephrine was 1.7 uM and 97 nM respectively. The release of
dopamine during conditioning behavioural tasks was monitored in
mice. A temporal resolution of 100 ms and sub cellular spatial
resolution was reported, which is comparable to cyclic voltamme-
try. When dopamine was applied to cultured cells, the on-rate of
the sensor (fluorescence increase) for both DA1 m and DA1 h was
fast (60+10 ms for DA1 m and 140420 ms for DA1 h). However,
the off-rate (fluorescence decrease) was slower (25+0.3s for
DA1 h and 0.7 40.06 s for DAT m). In mouse brain slices expressing
GRABDA sensors, electrical stimulation of cells produced a
fluorescence increase with a rising time constants of 0.1 s for both
sensors and decaying time constants of 17 s and 3 s for DA1 h and
DA1 m respectively. Although the on-rate of the sensor was very
fast, it seems that the slow decaying time of the sensor would
preclude detection of fast, individual secretory events.

Genetically encoded sensors require introduction of foreign
genetic material encoding the sensor into the host cells (e.g.
neurons), usually using viral transduction. Although these
genetically encoded sensors offer robust methods with high
spatiotemporal resolution for laboratory studies of neural
circuits, applying these methods in humans for diagnostic
purposes might therefore face challenges because of safety
concerns.

5. Fluorescent small molecules

Synthesis of fluorescence false neurotransmitters (FFNs) led to
breakthroughs in understanding the kinetics of neurotransmit-
ter uptake, storage and release in monoaminergic cells and
neurons. These probes consist of fluorophores with chemical
structures similar to neurotransmitters. Gubernator et al.® first
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designed fluorescent molecules that are substrates of VMAT-2
(vesicular monoamine transporter) and mimic the structure of
catecholamines. Therefore, they are differentially uptaken by
VMAT-2 from the cytoplasm into vesicles and released through
exocytosis when the cells are stimulated. Compared to the
classical electrochemical-based methods, these molecular
probes can visualise clusters of synaptic vesicles present in
dopaminergic axons. FFNs also allowed detection of synaptic
vesicle fusion with the plasma membrane upon stimulation of
the cells, which is the mechanism by which dopamine is
secreted. FFN511 was one of the first of such molecules
designed. This molecule binds to VMAT2 in synaptic vesicles
with an 1C50 of 1 uM.®@ However, FFNs are an indirect method
because they mimic neurotransmitters rather than directly
detecting endogenous monoamines.

6. Direct imaging of monoamines

Monoamines are weakly fluorescent when directly excited in
the UV range, which can be used for direct catecholamine
imaging. Using this approach in living organisms is challenging
because of the phototoxicity of strong UV light. With this
approach, living cells could be imaged with 305 nm laser
excitation leading to emission at 350 nm and high spatial
resolution (0.22 pm) as well as temporal resolution (50 ms).
However, the autofluorescence of the cells at this emission
range would confound selective and sensitive monoamine
detection.” One way to mitigate the UV induced damage to
the living cells is to use multi-photon excitation. With two-
photon microscopy the UV excitation wavelength is red shifted
to longer wavelengths and three-photon microscopy can
achieve excitation in the infrared range.®™ Three-photon
excitation (3PE) was employed to excite intrinsic UV
fluorescence of dopamine, serotonin and tryptophan in the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

39



1 Scientific Background

Table 2. Advantages and limitations of various monoamine sensors.
Monoamine Advantages Limitations Application References
Sensors
Fluorescent Excellent spatial and parallel resolution, minimal bleaching ~ Sensors need to be placed in the In vitro, Primary Kruss
SWCNTs and blinking, Near Infrared fluorescence in the tissue biological sample. cells (platelets), et al.'®"
transparency window brain slices Dinarvand
et aIlLTZJ
Beyenne
et a7
Fluorescent poly-  Multivalent binding that increases selectivity. Limited spatial and temporal reso-  In vitro, cell culture,  Cash
mer-based par- lution. In vivo et al™
ticles
Fluorescent small High resolution at subcellular levels. Indirect imaging, rapid bleaching.  Cell culture, Tissue Gubernator
molecules sections et al™
Genetically en- Suitable temporal resolution, employment of biological Less spatial resolution than SWCNT  In vivo, Live and Patriarchi
coded fluorescent  monoamines receptors in the detection process. sensors, the need for genetic ma-  freely moving ani- etal,”
receptors nipulation. mal models Sun et al.”™
UV imaging Label free Phototoxicity In vitro, Cell culture  Tan et al.*”
PET and SPECT Clinical application Low spatial resolution, Clinical diagnosis Beliveau
Expensive (needs a cyclotron on-  and patient care etal®
site)

infrared range. Monoamines (serotonin and dopamine) were
visualized at granular level (concentrations above 50 mM) the
theoretical spatial resolution was <200nm in the radial
directions and ~500nm in the axial direction at 700 nm
excitation wavelength.®¥ Overall, while UV imaging of mono-
amines does not require exogenous sensors it will be difficult to
translate it to in vivo or in vitro studies in cells because of the
extensive photo-damage by UV light, the weak fluorescence of
monoamines and autofluorescence of cellular components in
the same emission range.

7. Other non-fluorescent molecular imaging
techniques

Radiotracers for PET (positron emission tomography) and SPECT
(single photon emission computed tomography) can be used
for catecholamine imaging.® PET and SPECT are established
in vivo imaging methods of monoaminergic pathways to under-
stand the pathophysiology of many neurological and psychi-
atric disorders with broad clinical application, they are non-
invasive and highly sensitive. In the case of PET and SPECT a
radioactive tracer is injected and gamma rays are detected with
2D cross-sectional scans. A 3D image is then constructed from
the 2D scans. However, PET and SPECT have extremely limited
spatial resolution.™ For instance, a high resolution PET imaging
system was investigated for constructing a human serotonin
brain atlas, which increased the resolution of conventional PET
scans from 4.4 mm to an approximate in-plane resolution of
2 mm.*?

ChemPlusChem 2020, 85, 1465 - 1480 www.chempluschem.org

1478

8. Conclusion

Reliable, specific and fast detection of (monoamine) neuro-
transmitters in biological scenarios has been a major challenge
in neuroscience and cell biology to date. The development of
such cutting-edge analytical tools for neurotransmitter detec-
tion has therefore been a major research focus and the basis for
breakthrough discoveries in our understanding of monoamine
biology. While electrochemical detection methods have been
leading the research on monoamines since the late 1970s, they
have been unable to overcome certain limitations with respect
to chemical selectivity and spatial resolution. Table 2 outlines
the main advantages and disadvantages of the methods
discussed in this paper. Recently developed fluorescence-based
sensors, both those based on genetically encoded proteins and
non-genetically encoded nanomaterials, provide powerful alter-
natives to older established methods. For example, carbon
nanotube-based sensors for dopamine achieved desirable
spatial resolution which is required for investigation of
monoamine release on the level of individual cellular release
sites. Due to their unique properties such as access to the nIR
tissue transparency window, such nanosensors are highly
promising materials for future studies in neuroscience. Even
though translation of these methods into clinical scenarios to
facilitate diagnosis and patient care is still a relatively long-term
goal the emerging methods summarized in this review article
will help to answer long-standing questions in cell biology and
neuroscience.
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ABSTRACT: Serotonin is an important neurotransmitter
involved in various functions of the nervous, blood, and
immune system. In general, detection of small biomolecules
such as serotonin in real time with high spatial and temporal
resolution remains challenging with conventional sensors and
methods. In this work, we designed a near-infrared (nIR)
fluorescent nanosensor (NIRSer) based on fluorescent single-
walled carbon nanotubes (SWCNTSs) to image the release of
serotonin from human blood platelets in real time. The
nanosensor consists of a nonbleaching SWCNT backbone,
which is fluorescent in the beneficial nIR tissue transparency
window (800—1700 nm) and a serotonin binding DNA
aptamer. The fluorescence of the NIRSer sensor (995 nm

l”’{‘)()‘? nm

Wavelength

Fuorescence

Platelet

emission wavelength for (6,5)-SWCNTs) increases in response to serotonin by a factor up to 1.8. It detects serotonin reversibly
with a dissociation constant of 301 nM + 138 nM and a dynamic linear range in the physiologically relevant region from 100
nM to 1 M. As a proof of principle, we detected serotonin release patterns from activated platelets on the single-cell level.
Imaging of the nanosensors around and under the platelets enabled us to locate hot spots of serotonin release and quantify the
time delay (= 21—30 s) between stimulation and release in a population of platelets, highlighting the spatiotemporal resolution
of this nanosensor approach. In summary, we report a nIR fluorescent nanosensor for the neurotransmitter serotonin and show
its potential for imaging of chemical communication between cells.

KEYWORDS: Carbon nanotubes, aptamer, biosensors, serotonin, near-infrared fluorescence, biophotonics

D etection of signaling molecules with high spatial and
temporal resolution is essential to understand biochem-
ical signaling between cells."”” Due to their size and novel
optoelectronic properties, nanomaterials can provide solutions
to engineer nanoscale sensors that perform this task.> ™ A very
important class of signaling molecules are neurotransmitters
such as serotonin. Most serotonin sensors are electrochemical
sensors and use carbon electrodes, polypyrrole-modified
electrodes, or carbon nanomaterial-coated electrodes to
enhance sensitivity.” " The disadvantage of an electrode-
based approach is the limited (parallel) spatial resolution,
biofouling, and cross-reactivity to molecules of similar redox
potential. '* In contrast, optical methods could fulfill several
figures of merit such as having high temporal and spatial
resolution, being less-invasive and potentially more biocom-
patible. One example of a fluorescence-based approach is a
coumarin-3-aldehyde scaffold, which binds serotonin and
changes its fluorescence.'* Tt was used to label catecholamine
containing vesicles, but, as with all organic dyes, it suffers from
bleaching. Nanoscale fluorescent sensors could overcome the
challenges in serotonin detection and promise a high
spatiotemporal resolution.

<7 ACS Publications  © 2019 American Chemical Society
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Single-walled carbon nanotubes (SWCNTs) have many
unique properties that are beneficial for biosensing, imaging,
and delivery applications.'™'® Semiconducting SWCNTs
fluoresce in the near-infrared (nIR) tissue transparency
window of the spectrum (800—1700 nm) and do not bleach."”
Additionally, their high surface area allows various surface
functionalization schemes either through direct functionaliza-
tion or coating with DNA, peptides, or polymers.'*™** Such
approaches allow the study of conformational changes of single
molecules on SWCNTs.** Previously, functionalized SWCNTs
have been used as biosensors for various important
biomolecules such as reactive oxygen species, proteins, sugars,
and small signaling molecules.”* > For example, certain
DNA wrapped SWCNTs change their fluorescence in response
to the neurotransmitter dopamine and reveal its release from
neurons.””*" The selectivity and sensitivity of these dopamine
sensors depend on the exact DNA sequence, and short (GT)
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Figure 2. NIRSer characterization and stability. (a) AFM of NIRSers shows homogeneous functionalized carbon nanotubes. Scale bar is 1 gm. (b)
AFM image of a single SerApt functionalized SWCNT. The dotted line represents the AFM height trace of the NIRSer (axis offset of 4 pixels for
clarity). Scale bar is 100 nm. (c) Height profile along the length of the NIRSer shown in (b) compared to a (GT),5 ssDNA wrapped SWCNT. (d)
Absorbance spectra of NIRSer (in PBS) at 0, 4, and 20 h after preparation, showing the long-term stability.

repeats, for example (GT);, appear to have the lowest
dissociation constant.”'** The mechanism of this sensor was
attributed to conformational changes of the phosphate groups
upon dopamine binding””*"** In order to further expand
sensing to other targets, conjugation of high-affinity recog-
nition units was employed, such as small peptides to target cell
surface receptors or the conjugation of nanobodies.*"*
Protein-based recognition units such as antibodies and
nanobodies are highly specific for their target, but there are
also potential drawbacks such as cost of production, stability,
and size. Another class of recognition units are aptamers that
are identified through processes such as systematic evolution of
ligands by exponential enrichment (SELEX).*® Aptamers
provide beneficial properties, for example, simple synthesis,
high stability, and small size compared to other recognition
units.”” Aptamer functionalized SWCNT nanosensors have
been previously explored to detect macromolecules, peptides
like insulin, and certain proteins.***” For example, an electrical
biosensor was designed based on aptamer functionalized
carbon nanotubes to simultaneously detect three different
analytes in real time.*” Recently, a serotonin-specific aptamer
was developed and attached to a field-effect transistors (FET)
for efficient detection of serotenin.”’ We employed the same
sequence to our design to produce a nIR fluorescent
nanosensor for detection and imaging of serotonin.
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Serotonin is a neurotransmitter responsible for modulating
the brain activity, but it is also involved in many other
important biological functions in the immune system,”” blood
homeostasis, and the gastrointestinal function.*? Despite the
huge role that serotonin plays in the central nervous system
(CNS), more than 90% of serotonin is produced outside of the
nervous system by enterochromaffin cells (ECs) and stored in
platelets.” Platelets are the second most abundant cells in the
blood and participate in a wide range of activities. Blood
platelets take up serotonin released by ECs in the gastro-
intestinal tract and store them in dense granules. It has been
shown that apart from maintaining the vascular integrity,
platelets contribute to many important functions. Platelet-
derived serotonin is involved in blood pressure homeostasis, ™
blood pH homeostasis, fibrosis,"® vasculature permeability and
reactivity,”” organ development and regeneration, and many
immune responses."**’ The role of serotonin signaling in the
blood system is not well understood, and one reason is the lack
of appropriate techniques to reveal it with high spatial and
temporal resolution.

In this work, we have designed a serotonin-selective
nanosensor (NIRSer) based on SWCNTs functionalized with
a serotonin binding DNA aptan‘ner.f’0 The serotonin aptamer is
wrapped around the SWCNT, producing a corona phase which
disperses the highly hydrophobic SWCNT in aqueous solution
and mediates the interaction with serotonin and a change in

DOI: 10.1021/acs.nanolett.9b02865
Nano Lett. 2019, 19, 6604-6611
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#M. (c) Response to potentially interfering molecules (100 nM). All data are mean values = SEM of at least N = 3.

fluorescence intensity (Pigure 1a). These nanosensors are then
placed around and under serotonin releasing cells, and the
collective image of many of them provides novel insights into
serotonin release patterns with unprecedented spatial reso-
lution (Figure 1b).

The NIRSers were prepared by a noncovalent functionaliza-
tion approach of (6,5)-chirality enriched SWCNTs (emission
maximum around 995 nm) with the mentioned serotonin
aptamer (SerApt).”’ This aptamer contains a linear tail that
does not contribute to the three-dimensional (3D) structure,
and we hypothesized that this part would wrap around and
disperse the SWCNTs. The functional part of the aptamer
could still bind the target molecule leading to conformational
changes of the DNA corona and consequently a fluorescence
change. We previously showed that for DNA/SWCNT-based
dopamine sensors, the conformational change of the DNA
affects exciton decay routes most likely through changes in
exposure to water and ions.””** Therefore, we expect a similar
mechanism for the approach presented here.

Atomic force microscopy (AFM) images confirmed the
fabrication of homogeneous non-aggregated single NIRSers
(Figure 2a). The height profile of NIRSer compared to normal
ssDNA wrapped SWCNT indicated additional features, which
we attributed to the secondary structure of the serotonin
aptamer (Figure 2b,c). Absorption spectra in phosphate
buffered saline (PBS) showed stable dispersions with a (6,5)
chirality §,, absorption maximum at ~995 nm, which indicates
that the extended structure of the aptamer does not decrease
colloidal stability (Figure 2d and Figure S1). There is no sign
of aggregation 4 h and >20 h after preparation of the NIRSer.
A {-potential of —28.6 + 2.8 mV further supported colloidal
stability (Figure S2). All these data indicate that SerApt
adsorbs onto SWCNTSs and forms stable and monodisperse
conjugates.

Next, we investigated the SerApt functionalized SWCNTs
response to serotonin and other molecules. Addition of 1 yM
serotonin in PBS increased the fluorescence intensity by ~80%
(Figure 3a). Therefore, we named these SerApt functionalized
SWCNTs NIRSer sensors. The corresponding calibration
curve in the range from 1 nM to 100 uM is shown in Figure
3b. Here, the normalized increase in fluorescence intensity at
the maximum emission peak (995 nm) was recorded in PBS
(Figure 3b). The dissociation constant was determined to be
307 nM =+ 138 nM by fitting a five-parameter logistic function
(red line, Figure 3b). The (linear) dynamic range of this sensor
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is 100 nM and 1 uM, which is a desirable range to detect
release events from serotonin secreting cells’" and serotonergic
neurons (Figure S3c).*> Additional information about the
sensor’s dynamic range can be found in Figure S3.
Furthermore, the 2D excitation—emission spectra of the
NIRSer before and after addition of 1 uM serotonin were
obtained (Figure S4). The results showed that other SWCNT
chiralities besides (6,5)-SWCNTs also responded to seroto-
nin.*”

We also determined the selectivity of the nanosensor by
studying the fluorescence response of the nanosensors to other
molecules that have a similar structure to serotonin such as
tryptophan (the precursor of serotonin biosynthesis), hista-
mine (secretory product of platelets), tyrosine, and glucose as
an abundant molecule in the plasma that could potentially
interfere with the response to serotonin. As shown in Figure
3¢, NIRSers are highly selective to serotonin, and there is no
significant change in the fluorescence emission pattern after
addition of the other molecules. We further analyzed the
selectivity of NIRSers to observe whether the serotonin
response is due to unspecific displacement of DNA aptamer
in response to changes in the environment or specific
interactions. Therefore, we compared the serotonin response
of the NIRSers to a SWCNT functionalized with a scrambled
DNA sequence of the same nucleotide composition. These
DNA functionalized SWCNTs did not respond to serotonin at
all (Figure SS).

NIRSers also respond to a smaller extent to the neuro-
transmitter dopamine (11% increase at 100 nM) compared to
45% increase of serotonin (Figure S5). This result is expected
because it is known that hydroxy groups of the catecholamines
interact with most ssDNA sequences on SWCNTs and lead to
a change in fluorescence intensity.”>* This phenomenon is
similar to biological receptors that bind to an array of ligands
and discriminate between molecules partly due to the local
concentration of the ligand. For instance, in one study, the
binding of serotonin and dopamine to serotonin type 3 (5-
HT3) receptors was investigated, and the ECy of 2.7 + 0.2
#M and 195 + 16 pM was calculated for serotonin and
dopamine, respectively.”* Thus, NIRSer provides an affinity/
selectivity for serotonin similar to a biological receptor.
Furthermore, we expect that this cross-reactivity would not
pose a significant problem especially in blood cells, as cells that
secrete both serotonin and other biogenic amines are not
known. Along the same lines serotonergic and dopaminergic

DOI: 10.1021/acs.nanolett.9b02865
Nano Lett. 2019, 19, 6604—-6611
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Figure 5. Spatiotemporal imaging of serotonin release from platelets. (a,b) Bright-field image of platelets and fluorescence responses (from the area
under the cell). Fluorescence responses are normalized to the starting intensity Fy. Scale bar corresponds to 10 ym. (c) Color-coded nIR response
images of a single adherent platelet on a NIRSer-coated surface at three time points (before, during and after serotonin release). (d) Fluorescence
response from a ROI (green circle in c). The straight arrow denotes the activation time point (t &~ 20 s) and the dashed arrow onset of release,
defining the delay time T, (see Figure S9 for statistics). (e) Bright-field images of the platelet analyzed in (c) before and after activation. (f)
Serotonin response (complete field of view, multiple cells) after addition of ionomycin (positive control, blue), after addition of PBS (negative
control, red), and after addition of ionomycin to cells pretreated with reserpine (negative control, black). (g) Serotonin response (¢ = SS s) along
the border (10 pixel wide ribbon) of the platelet shown in (c) starting at position a (clockwise). Peaks indicate hot spots of serotonin release. All
scale bars represent 5 ym unless otherwise stated.

We aimed to design a nanoscale sensing system for
biomedical applications. Therefore, it should be reversible to

neurons occupy distinct regions in the brain, and the basal
concentration of these amines in the circulation is minimal.

6607 DOI: 10.1021/acs.nanolett.9b02865
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record multiple events. Additionally, it is necessary that even
single sensors respond and not just the ensemble in solution.
Therefore, the sensors were immobilized on a glass surface in
such a way that single sensors could be resolved (Figure S7c).
In Figure 4a, the fluorescence response of a single NIRSer to 1
uM serotonin is shown.

To investigate the reversibility of the sensor, the nIR
fluorescence response in flow chambers with alternating
serotonin (1 #M) and buffer (PBS) exposure was analyzed.
There was a distinct fluorescence increase of ~25% when
serotonin (1 M) was flowing through the chamber coated
with sensors. Interestingly, when serotonin solution was
exchanged to buffer, the fluorescence intensity decreased to
the initial value (Figure 4b). This exchange between serotonin
and PBS was repeated multiple times. The small differences in
the baseline were attributed to focus changes and potential
drift in the optical setup. These results show that NIRSer is a
reversible sensor and not based on an irreversible displacement
of the aptamer from the SWCNT surface. On the single sensor
level, one can furthermore observe the stepwise increase in
fluorescence with serotonin concentration (Figure 4c)
expected from the calibration curve in solution (Figure 3b).
These findings demonstrate that single NIRSers report
reversibly about the local concentration of serotonin even
with a certain serotonin background.

Activated platelets interact and communicate with various
blood cells. These interactions result in platelet degranulation
and secretion. Platelet granules store more than 300 distinct
molecules, including small molecules and, proteins™ that could
prompt progression or suppression of critical events such as
metastasis, inflammation, and immune response.

‘We verified the presence of serotonin-containing vesicles by
staining with FENS511, a fluorescent false neurotransmitter that
is transported similar to serotonin b‘y vesicular monoamine
transporter 2 (VMAT2) (Figure 56)."" Many of the molecules
released from platelets have contradictory functions. This
highlights the importance of studying how the release events
happen and their distinct pattern in space and time. With our
newly designed serotonin sensor, we aimed to visualize release
events with high spatial resolution at a single-cell level and
pinpoint release spots around the cell membrane. Platelets
isolated from human blood (see Supporting Information) were
incubated on a NIRSer-coated glass surface additionally coated
with fibrinogen (human type 1) to facilitate integrin-mediated
platelet adhesion (Figure 5a, see Figure S7 for sensor density).
Non-adherent platelets were washed away. To activate
platelets, ionomycin, an ionophore that increases the cytosolic
[Ca®*] and activates cells, was added to the medium, and
image sequences were captured in a custom-built nIR
fluorescence microscope at 1 frame per second or faster (see
Supporting Information). Figure Sb shows the fluorescence
response traces of the sensors under the cells (+2 ym margin
outside each cell) for the 10 cells shown in the bright-field
image in Figure Sa.

These traces contain information about the release pattern
such as onset of release and differences between cells. Out of
the 10 cells in Figure Sa, 9 cells showed significant fluorescence
increases. The onset of release (Tdi_lay, defined as the time lag
between activation of platelets and the first significant peak) in
cells that were stimulated at the same time varied significantly
(see traces Figure Sb and quantification in Figure $9). Around
50% of the cells released serotonin within 21-30 s after
stimulation. However, there was a broad distribution (3—34 s),
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which could only be detected because with optical nano-
sensors, multiple cells can be imaged at the same time. This
cellular behavior is different from neurons that respond much
faster to stimuli.

The spatial resolution of our fluorescent nanosensors
allowed to further study the release patterns from single cells
(Figures Sc, Figure S7). For example, a region of interest
(ROI) close to the surface of the platelet was selected to
analyze serotonin secretion (ROI] in Figure 5¢). At t = 20 s,
ionomycin (1 M) was added, and at around ¢ = 35 s, the
sensor’s fluorescence intensity in this area started to increase
(Figure Sd). This spike in fluorescence indicates a local
increase in serotonin concentration near the surface of the cell
due to degranulation of platelets and secretion of serotonin.
The fluorescence remained at the same level until around ¢ =
85 s before it decreased again. This observation suggests that
serotonin stored in the dense granules requires a certain time
to be released, probably because the vesicles are transported to
the cell membrane. The sensor response decreases on the
seconds time scale because of the slow sensor off rates (Figure
4 b) and because serotonin needs to diffuse away.” The
fluorescence intensity did not decrease to its original value
because of the remaining serotonin levels in the medium.
Further analysis of a single platelet is presented in Figure S7f,
Negligible fluorescent signals are observed before activation
with ionomycin probably due to background serotonin leakage.
However, starting from t = 26—30 s, a significant increase in
fluorescence is visible in localized regions around the border of
the cell highlighting hotspots of serotonin secretion. In Figure
Sc and Figure S7b, there are isolated regions with increased
fluorescence response that appear to be further away from a
platelet. However, those regions were actually adjacent to
platelets that were outside the field of view. The full images
with the cropped regions can be seen in Figure S8.

As negative control, we studied the fluorescence response of
platelets pretreated with reserpine (incubation for 60 min), an
irreversible VMAT?2 inhibitor which depletes granules from
serotonin.”” We also studied the fluorescent signals from a
control sample that received PBS instead of ionomycin. The
sensors indicated no serotonin release on platelet-coated
surfaces that were exposed to PBS or reserpine treated platelets
exposed to ionomycin. In contrast, the fluorescence intensity of
ionomycin activated cells increased by around 4.5% (Figure
5f). Note that the spike in fluorescence intensity would be
significantly higher at release hotspots, but even the average
intensity of an entire image shows an increase during serotonin
secretion.

There is additional information provided by NIRSer sensors.
The spatial resolution allows to analyze the fluorescence
response around the cell border, which is the most important
part for communication with other cells. Figure 5g shows the
fluorescence response at the cell border (10 pixel ribbon
corresponding to around 600 nm) of the platelet shown in
Figure Sc at ¢ = 55 s. This trace around the cell was not
homogeneous. For instance, at point b (blue dot), a maximum
indicated a hot spot of serotonin secretion, which can also be
seen in the color-coded image in Figure Sc. Therefore, NIRSer
sensors clearly identify localized release spots around the
platelet with high spatial resolution (restricted by the pixel size
to 60 nm and by the Abbe limit to around 500 nm).

Activation and degranulation of platelets go furthermore
hand in hand with changes in adhesion and morphology
(Figure Se, Figure §7d). In order to check whether platelets
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were indeed functional on our nanosensor surface, we
investigated the adhesion area of platelets by reflection
interference contrast microscopy (RICM) imaging. Platelets
quickly adhered to the nanosensor-coated surface and
underwent a typical morphological change from discoid
shape to pseudopodia, essential for their function (Figure S10).

These experiments show the potential of fluorescent
nanosensors to reveal new insights in serotonin signaling by
human platelets and beyond. The great advantage compared to
electrochemical electrode-based approaches is the additional
spatial information (on single cell level) and the amount of
data (multiple cells at the same time) that can be collected. In
the experiments shown above, there were approximately 1000
pixels under one platelet (length of one pixel %63 nm). Every
pixel can be seen as a local sensor corresponding to one or
more NIRSer sensors even though the optical resolution limit
convolutes the signal. Consequently, it is possible to analyze
serotonin release patterns with subcellular nanoscale resolution
simultaneously in multiple cells. In the future, these SWCNT-
based serotonin sensors could be further improved by fine-
tuning the ssDNA sequence, as it had been shown for
SWCNT-based dopamine sensors.”> Additionally, the use of
monochiral SWCNTSs could further increase signal/noise
ratios.”> This work highlights how the properties of a
nanomaterial enables a powerful tool for biomedical research.
As such, SWCNTs have been used, for example, in
neuroscience to image dopamine release from single cells/
brain slices or to study mechanical properties of cells or
tissue.””**~*" Serotonin is an important signaling molecule,
and the serotonin sensor presented in this work will allow
researchers to study its physiological role in much greater
detail, for example, the cross-talk between platelets and
immune cells during inflammation or coagulation.

In conclusion, we created a near-infrared fluorescent
nanosensor (NIRSer) to visualize release of the neuro-
transmitter serotonin. We used its high sensitivity and new
level of spatiotemporal resolution to gain novel insights into
serotonin release by human blood platelets. This nanosensor
has the potential to reveal in great detail how cells shape
chemical signals in space and time to exchange information.
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2.1.2 Supplementary Material

The Supporting Information is available free of charge on the ACS Publications website
at DOI: 10.1021/acs.nanolett.9b02865.

This section includes experimental details, characterization figures, and additional sensor
response data
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Materials and Methods

Synthesis of aptamer functionalized SWCNTSs (NIRSers)

(6,5) enriched SWCNTs (41% (6,5) chirality, carbon <95%, >93% carbon as SWCNT, Signis®
SG65i, 0.7-0.9 nm diameter (Sigma-Aldrich, Germany) and the serotonin aptamer (a 57-mer
sequence of 5’-
CTCTCGGGACGACTGGTAGGCAGATAGGGGAAGCTGATTCGATGCGTGGGTCGTCCC
-3> ! synthesized by Sigma-Aldrich, Germany) were mixed in MilliQ water to reach the final
concentration of 0.5 mg/mL and 50 uM respectively. The dispersion was tip sonicated (Fisher
Scientific Model 120 Sonic Dismembrator) at 30 % amplitude for 20 minutes. Then, the dispersion
was centrifuged (Eppendorf centrifuge 5415 D) at 16000 x g for 30 minutes twice and the

supernatant was collected for further investigation.

NIRSer Characterization

Absorption spectra were collected with a UV—vis—nIR spectrometer (JASCO V-670, Spectra
Manager Software). The prepared NIRSers were diluted in PBS. The concentrations of NIRSer in
the samples were calculated by integrating the area under the peak belonging to (6,5) SWCNTs
and using the extinction coefficient together with an estimated length of 600 nm to calculate the
concentration. > The concentration of NIRSer was adjusted accordingly for each experiment.

For atomic force microscopy (AFM) 10 pL of NIRSer was deposited on muscovite mica by spin
coating (G3 Spin Coater, Specialty Coating Systems, Inc.) at 5300 RPM (7 RCF) for 2 min (ramp
time = 5 s, dwell time = 30 s). The mica substrate was then thoroughly washed with MilliQ water
directly before the measurement. AFM images were acquired in AC mode using an Asylum

Research MFP-3D Infinity device (Oxford Instruments, software version 15.01.103) equipped with
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Olympus AC-160-TS rectangular cantilevers (resonance frequency = 300 kHz, spring constant =
26 N/m). Gwyddion (version 2.51) was used for data analysis.

The number of bound aptamers per SWCNT was calculated by measuring the concentration of
bound aptamer from subtracting the concentration of free aptamer from the total aptamer used. To
measure the concentration of free aptamer, the prepared NIRSers were precipitated by a spin filter
(300 kDa cut off) after 20 minutes of centrifugation at 15000 x g. The supernatant was collected
and the absorbance was measured at 260 nm. A calibration curve was plotted using known
concentrations of serotonin aptamer. The concentration of free aptamer was calculated from the

calibration curve. We determined the ratio (w/w) of aptamer to SWCNT to be 6.419 = 0.003.

Fluorescence Spectroscopy

The concentration of NIRSer nanosensors were adjusted to 2 nM. The nanosensors were excited
with a monochromator at 561 nm coupled with an Olympus 1X73 microscope. The emission spectra
from 800 nm to 1300 nm were obtained from an Andor iDus InGaAs 491 array NIR detector
attached to a Shamrock 1931 spectrograph (Andor Technology Ltd., Belfast, Northern Ireland) and
typically a 5 s exposure time.

To obtain a calibration curve, the NIRSers were excited at 561 nm using a monochromator. First
the emission spectra of NIRSer dispersions were collected. Then, 2 uL of serotonin (Alfa Aesar™,
Germany) solution was added to the dispersions and the emission spectra were collected again. Six
known concentrations of serotonin (0.001, 0.01, 0.1, 1, 10, 100 pM final concentration of serotonin
in NIRSer dispersion) were used in triplicates. The fluorescence intensity changes at the maximum
emission intensity peak (around 995 nm) was quantified and OriginPro 8.5 was used to fit a 5

parameter logistic function.
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To investigate NIRSer selectivity, the NIRSers were excited with a 561 nm laser. First the emission
spectra of NIRSer dispersions were collected. Then, a solution containing serotonin or an
interfering molecule was added to the dispersions to reach the final concentration of 100 nM and
the emission spectra were collected again. Measurements were carried out in triplicates. The

fluorescence intensity change at the emission intensity peak was calculated for each molecule.

Fluorescence Microscopy

NIRSers were immobilized on glass surfaces by incubating the surfaces with 4 nM NIRSer
dispersion overnight. Before measurements, the surfaces were washed with MilliQ water
thoroughly and PBS was added. For the imaging, an Olympus BX53 microscope with a 100x
objective lens (UPLSAPO100XS, Olympus, Tokyo, japan) was used. The nanosensors were
excited at 561 nm with a 500 mW laser (Cobolt Jive™ laser, Cobolt AB, Solna, Sweden). The
images were obtained with an Andor Zyla 5.5 sCMOS camera, (Andor Technology Ltd., Belfast,
UK) at 1 s exposure time. Then, serotonin solution was added to the PBS to reach final
concentrations of 0.001, 0.01, 0.1, 1, 10 and 100 uM. The changes in fluorescence intensity of the
images were analysed using ImagelJ 1.52n.

To investigate the stepwise increase in fluorescence of the nanosensor, glass coverslips were coated
with NIRSers and a sticky slide VI 0.4 (ibidi, Germany) was used as a flow chamber. Image
sequences were taken with an Andor Zyla 5.5 sCMOS camera while increasing concentrations of
serotonin, ranging from 10 nM to 100 uM were flushed through the chamber. To investigate
reversibility, the same procedure was performed with 1 uM serotonin while after each serotonin
flush, PBS was flushed through the chamber to wash away the bound serotonin and observe the

reversibility of the response to serotonin.
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Isolation of human platelets

We either collected fresh blood from donors and purified the platelets or Platelet rich plasma (PRP)
was provided by Luise Erpenbeck/Michael Schon (Gottingen University Medical Center). In both
cases all the procedures were approved by the ethic committee of the University Medical Center
Goettingen. Blood donors were fully informed and the declaration of consent confirmed. Fresh
blood was centrifuged at 200 Xg for 20 min with the break off, and the upper layer containing the
platelets were collected. Then, either plasma containing platelets or the PRP was mixed with 1 pM
PGE1 (Sigma-Aldrich, Germany) and centrifuged at 2000 xg for 10 minutes with breaks off. The
pelleted platelets were suspended in Tyrode’s buffer (pH 6.5, 1 uM PGE1) and centrifuged again
at 2000 x g. This step was repeated 2 times to obtain a purified platelet pellet. Finally, for all platelet
experiments the pellet was resuspended in Tyrode’s buffer (pH 7.4 containing 2.5 mM CaCl;
without PGE1). In order to activate platelets, 1 uM Ionomycin (ionomycin calcium salt from
Streptomyces, Sigma-Aldrich, Germany) was added to the cell suspension and incubated for 1

minute.

RICM imaging

Glass bottom well plates were incubated in 10 pg/mL Fibrinogen (fibrinogen, human type 1 from
human Sigma-Aldrich, Germany) 6 hours in 4°C. Then, NIRSer dispersion (4 nM) was immobilized
on top and incubated overnight in 4°C. The surface was washed with PBS thoroughly and a
dispersion of washed platelets in Tyrode’s buffer was added to the wells. Immediately after
addition of the platelets the RICM images were acquired every 60 s. After complete attachment of
platelets to the surface, 1 pM ionomycin was added to the media and the changes in platelet

morphology were observed. A 63x magnified objective lens was used (EC Plan-Neofluar Ph3
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objective/420481-9911-000, 1.6x Optovar, Zeiss). And samples were illuminated with XCite

Series 120Q, and observed with a Zyla sSCMOS camera (AndorZyla 5.5).

Platelet adhesion study

Fibrinogen (10 pg/mL) was coated on glass surface and incubated for 6 hours in 4°C. NIRSer
dispersion (4 nM) was immobilized on top and incubated overnight in 4°C. Before the experiments,
the functionalized surfaces were washed thoroughly with Tyrode’s buffer. Unstimulated washed
platelets (1 x 107 cells/mL) in Tyrode’s buffer pH 7.4, supplemented with 2.5 mM CaCl, were
added and incubated at RT for 35 minutes to let the platelets adhere to the surface. Using an inverted
microscope, image sequences were taken of live platelets before and after activation with 1 pM
ionomycin. The degranulation of platelets and release of serotonin were visualized by bright-field

microscopy with a sSCMOS camera.
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Supplementary Figures

02+

Absorbance

0.0 T T
600 800 1000 1200

Wavelength (nm)
Figure S1, Vis/nIR absorbance spectrum of NIRSer in buffer. The NIRSers were diluted in a PBS
buffer (1:100). The absorption spectra were collected with a UV—vis—nIR spectrometer (JASCO V-
670, Spectra Manager Software) from 450 nm to 1300 nm. The peak absorbance at approximately
995 nm was attributed to (6,5) chirality SWCNTs. We used the extinction coefficient of (6,5)

chirality SWCNTs to calculate the concentration of the NIRSer in the dispersion.
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Figure S2 Zeta potential of NIRSers. Zeta potential of 2 nM NIRSer dispersed in PBS. The mean

zeta potential is -28.6 + 2.8 from the three shown independent samples. Mean + SD of technical

replicates.
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Figure S3 NIRSer response to serotonin in solution. a, Fluorescence response to serotonin in
semi logarithmic scale, showing the sensitivity of the nanosensor in a broad range of
concentrations. b, Fluorescence response to serotonin concentration plot in linear x scale, showing
the linear dynamic range. ¢, The linear dynamic range from 100 nM to 1uM with strong linearity.

All data are mean values £ SEM of N = 3.
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Figure S4 2D excitation/emission map of NIRSer before and after addition of serotonin. The nIR
spectra were collected before and after addition of serotonin (1 uM) at an excitation range from
400 nm to 745 nm at 5 nm intervals. With 5 s exposure time. Other SWCNT chiralities than (6,5)

also significantly respond to serotonin.
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Figure S5 Selectivity of NIRSer sensors. a, NIRSers were exposed to 100 nM dopamine and
serotonin (SHT) and the change in the intensity of maximum emission was calculated. b,
Fluorescence response of SWCNTs functionalized with scrambled aptamer compared to the
response of NIRSer sensors functionalized with serotonin specific aptamer. The SWCNTs and
NIRSer were excited with a 561 nm laser and the exposure time was 5 s. N = 3 and the values are

mean = SEM.
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FFN511 DIC Merged

Figure S6 False fluorescent neurotransmitter (FFN) uptake through VMAT2 visualizes
serotonin containing vesicles. The uptake of the FFN (FFN511), by platelets is visualized. The

scale bars represent 5 um.
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Figure S7 Cell studies on NIRSer surface. a, b, Color-coded nIR images of cell coated on NIRSer
surfaces before and during serotonin release (each frame subtracted from the first frame). Image
sequences were taken at 1 fps. lonomycin was added at t=20 s, a visible increase corresponding
to the release of serotonin is visible in frame 64 s. The scale bars represent 10 um. ¢, nIR image of
the NIRSer coated surface, indicating a homogenous single nanosensor coating. d, Degranulation
of platelets and release of dense granules before and after ionomycin treatment on a NIRSer coated
surface (bright field image). e, Raw nIR image of a single cell before, during and after serotonin

release, the yellow circle denotes the ROI that is analyzed in figure 5d in main manuscript and
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showed a localized increase in fluorescence which is attributed to serotonin release. The yellow
line indicates the outline of the cell not seen in the niR fluorescence image. f, Color-coded nIR
image of the same cell at the initial stages of serotonin release. At time points t = 10 s and t = 20
s there is a small background signal probably due to serotonin leakage from cells before activation.

The white arrows show localized serotonin release spots. All scale bars represent 5 um unless

otherwise stated.

Figure S8 nIR color-coded and bright-field images of platelets. a,b, The increased fluorescence
(marked area) in image a, is close to the border of a platelet shown in image b. In this case the
bright field image furthermore indicates that there could be a non-adherent platelet above. c,d,
The increased fluorescence (marked area) in image c, is close to the border of a platelet shown in

image d. All scale bars are 5 um.
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Figure 89 Delay time between stimulation of platelets and release of serotonin. Tgelay marks the
time from addition of ionomycin to the release of serotonin (measured by the first increase in
NIRSer fluorescence). The frequency distribution histogram shows that there is a marked variation
between the onset of release in platelets. However, in more than 50% of the cells, the release onset

was in the range of 21-30 s afier the addition of ionomycin which corroborates existing studies. *
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Figure §10 Adhesion of platelets to NIRSer coated surfaces. RICM images of platelet adhesion
to the NIRSer surface. Ionomycin was added 240 s after starting imaging, at time point 0 after

activation images were taken at certain time points. the scale bar is 5 um.
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Abstract

The dopaminergic system controls important functions in the nervous system. Non-
neuronal dopamine signaling has been discovered in immune cells as well. For instance,
peripheral immune cells express dopaminergic components; but the extent to which
dopamine regulates the immune response has remained elusive. Conventional analytical
tools for investigating dopaminergic signaling largely disregard the inherent heterogeneity
and complexity of immune cells. Immune cells are highly sensitive to their
microenvironment; hence their response should be investigated within their spatial context.
In this manuscript, we investigate the dopaminergic machinery in human neutrophils by a
novel fluorescent nanosensor based on single-walled carbon nanotubes with high
spatiotemporal resolution. Protein components of the dopaminergic system were studied in
neutrophils and we established that neutrophils produce, store and release dopamine. We
discovered that serotonin induced receptor-mediated exocytosis of dopamine containing
vesicles via Ca?* mobilization. Exocytosis of dopamine from neutrophils was imaged by
our nanosensor tool. The acquired images revealed the temporal orchestration of dopamine
exocytosis from neutrophils induced by platelet-derived serotonin. We further discovered
that dopamine as a paracrine immune modulator reduced the rate of NETosis in
neutrophils. These findings enabled studying paracrine dopamine signaling within the cells

complex spatiotemporal context.
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Introduction

Dopamine is a signaling molecule that mediates cellular communication in the nervous
(known as neurotransmitter) and the endocrine system (known as hormone). The
physiological reach of dopamine extends to the immune system as well. There is growing
evidence that dopamine is synthesized and/or recognized by various immune cells which
suggests that it acts as an autocrine/paracrine regulator of the immune response. Several
early studies discovered components from the dopaminergic system (including dopamine
itself and proteins involved in biosynthesis, storage, and metabolism) in various immune
cells.™* The expression of dopamine receptors were also studied in various immune cell
types.® Until recently, little was known about the extent of the immunomodulatory effects
of dopamine. Resident immune cells in the central nervous system (CNS) are exposed to
dopamine during spillover from synapses, where dopamine is abundantly available.
Changes in the function of the immune cells of the CNS, as a result of altered dopamine
concentrations (in pathological conditions such as drug abuse, Parkinson’s disease), has

been discovered.%°

Even less is known about the regulatory role of dopamine in the peripheral immune system
because circulating immune cells are not readily exposed to dopamine. In this study, we
focus on the dopaminergic system in neutrophils as the secretory components of
neutrophils are important drivers of the immune response.® Although on a single cell basis,
neutrophils synthesize less secretory molecules than single lymphocytes or macrophages,

they are more abundant than any other immune cell !

There is evidence that neutrophils synthesize monoamines such as dopamine, and release
them upon activation.*?2 The complex behavior of immune cells is tightly controlled by
the spatial context of their microenvironment. This includes a myriad of inflammatory
mediators, white blood cells and secretory components that at times, induce cellular
functions that seem to be contradictory to each other when studied outside their spatial
context. Hence, it is important to study the dynamics of dopamine release from neutrophils
with high spatiotemporal resolution.

First, we studied the components of the dopaminergic system in neutrophils by

conventional methods. Then we studied exocytosis of dopamine from neutrophils in real
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time with a novel fluorescent nanosensor based on functionalized single-walled carbon
nanotubes (SWCNT). Previously, fluorescent SWCNT nanosensors were employed for
visualization of single dopamine release events from PC12 cells.'* We also designed a
serotonin SWCNT nanosensor based on the same premise that could successfully visualize
exocytosis of serotonin from activated platelets with high spatial resolution in the
nanoscale region (only limited by the abbe limit).'® Here, we used the same platform to

study the release of dopamine from stimulated neutrophils.

Secondly, the dynamics of dopamine exocytosis and the signaling pathway was studied.
The role of serotonin in mediating dopamine release from neutrophils was investigated.
Platelet-derived serotonin has been reported to modulate several neutrophil activities such
as recruitment and degranulation.*5-8 More than ninety percent of the serotonin content of
the human body is produced and released by enterochromaffin cells in the gastric lumen'®
and stored in circulating platelets. Platelets maintain hemostasis and participate in
immunity by interacting with immune cells, mainly neutrophils. Here, with our novel
sensing tool, we investigated this complex process. conventional analytical methods such
as mass spectroscopy, chromatography and immune assays although highly specific and
selective, lack spatial and temporal resolution. Electrochemical methods such as
amperometry and voltammetry are gold standards to study neurotransmitter release events
in neurons but they also lack spatial resolution as the resolution is limited by the number
and diameter of the electrode used. For this reason, functionalized SWCNTSs that fluoresce
in the near infrared region have gained interest in recent years. Our lab has established a

home-built microscopic system to detect live monoamine release.

We visualized the release of dopamine from neutrophils upon activation with platelet-
derived serotonin for the first time. And finally, we study the implications of dopamine as
an autocrine/paracrine immune regulator on one of the key neutrophil immune responses,

which is the formation of neutrophil extracellular traps (NETosis).
Results:

Nanosensor Synthesis
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The nanosensors (NIRDA) comprise a (6,5)-enriched chirality single-walled carbon
nanotube (SWCNT) backbone that is functionalized with (GT)10 oligonucleotides.
(GT)10-SWCNTs are fluorescent in the near infrared (nIR) region. NIRDA suspension
absorbed light at ~1000 nm (Fig. S2A.). The basis of the detection was an increase in the
fluorescence emission intensity upon interaction with dopamine when the nanosensors
were excited with a 561 nm laser (Fig. 1A.). FigS2B shows an almost 50% increase at the
maximum emission wavelength after addition of 100 uM dopamine. for in vitro cellular
detection purposes, the nanosensors were immobilized on glass surface. Simple incubation
of NIRDA suspension on glass bottom chamber slides in room temperature created a
homogenous coverage of the glass surface. As shown in Fig. S2D, the NIRDA surface was
imaged with a nIR camera at 561 nm excitation. Dim nanotubes brightened upon exposure
to dopamine molecules (Fig. 1A.). As shown in Fig. 1B, freshly isolated human neutrophils
from healthy donors were seeded on NIRDA surface and upon stimulation of neutrophils,
hot-spots of dopamine release could be visualized as fluorescently bright regions since the

nanotubes became brighter when they were exposed to dopamine molecules.
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Fig. 1. The dopamine detection strategy and dopaminergic machinery in neutrophils.
(A), The nanosensor schematic showing a carbon nanotube backbone functionalized with
(GT)10-SWCNT. Interaction of the dopamine molecule with phosphate groups in DNA
molecule leads to a change in the fluorescence emission pattern of the nanosensors. (B),
Schematic shows the sensing of dopamine exocytosis from neutrophils stimulated by
platelet-derived serotonin. Neutrophils are adhered on a surface functionalized with
nanosensors. When serotonin interacts with its receptors on neutrophils, it triggers
exocytosis of dopamine. Nanosensors brighten when they come in to contact with
dopamine. creating a map showing pattern of release as shiny dots. (C), Dual antibody
staining of DAPI and tyrosine hydroxylase (top), VMAT-2 (middle) and dopamine
transporter (bottom). The scale bar is 10 um for top image, and 20 um for middle and
bottom images. (D), Fluorescence imaging of FFN511 filled vesicles in live neutrophils
and PC-12 cells (positive control cell-line). Scale bar is 10 um. (E), Exocytosis of FFN511
from neutrophils stimulated with 100 puM serotonin analyzed by measuring the
fluorescence intensity changes over time. Data is mean + SEM of triplicates. (F),
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Intracellular dopamine content of neutrophils in resting state and after stimulation with
100 uM serotonin. N=5, mean £ SEM, P <0.01. (G), Tracking of a single FFN511 vesicle
in a neutrophil before, during and after stimulation with 100 uM serotonin, over time.
Vesicle trafficking toward cell membrane, fusion with membrane and extracellular release
of FFN511 is observed and analyzed by plotting the fluorescence intensity of the vesicle
over time. Scale bar is 10 pm.

Neutrophils Synthesize, Store, and Release Dopamine upon Serotonin Stimulation

Before employing NIRDA for detection, we first established the presence of a
dopaminergic signaling pathway in the neutrophils. Tyrosine hydroxylase (TH), dopamine
transporter (DAT) and vesicular monoamine-2 (VMAT-2) antibody staining of resting
neutrophils are presented in Fig. 1C. Selective antibody staining for TH, DAT and VMAT

are compared to their isotype controls in Fig. S1.

Next, fluorescent false neurotransmitters (FFN) were employed to visualize dopamine-
filled vesicles and image exocytosis of dopamine from neutrophils. FFNs are fluorescent
dopamine analogs that mimic the kinetics of catecholamines.?® Here, we incubated
neutrophils with FFN511, which has high affinity for DAT and VMAT-2; therefore,
simulates the behavior of dopamine.?! When FFN511 is supplied to neutrophils, they are
predominantly uptaken by DAT and stored in VMAT vesicles, and are further released to
the extracellular media through an active process of vesicles trafficking to the cellular
membrane, merging with the membrane and releasing their content into the extracellular
media. To investigate whether neutrophils indeed are capable of uptaking, storage and
release of dopamine in response to stimulation, we incubated the neutrophils with FFN511
and imaged the neutrophils. As shown in Fig. 1D, FFN511 molecules were stored in
granular structures inside neutrophils comparable to PC-12 cells which are shown here as
positive controls. Image sequences of FFN511 treated neutrophils were taken and
neutrophils were stimulated with serotonin. We observed that treating neutrophils with
serotonin (100 uM) compared to buffer, led to significant exocytosis of FFN511 molecules
which was shown by a rapid reduction in the fluorescent of the FFN-filled vesicles in Fig.
1E. A reduction in fluorescence intensity is in line with release of FFNs from vesicles and
diffusion in the media. We also employed another FFN molecule, FFN102. FFN102 is a
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pH sensitive molecule with high affinity for DAT and VMAT-2.22 When it is stored inside
vesicles, because of the slightly acidic pH (~5.5) of the vesicles, the fluorescence is very
dim. However, upon release from vesicles, and diffusion in neutral pH (~7) of the
extracellular media, the FFNs become significantly brighter. In Fig. S2C, it is shown that
after stimulation with serotonin, the fluorescence intensity of the extracellular media
around the neutrophils increased significantly (between 5-10 %) compared to when buffer

is added to the neutrophils.

Since serotonin is also uptaken by VMATS, it is important to show that FFN511 release
from neutrophils following serotonin treatment wasn’t merely a result of substitution of
FFN511 with serotonin. Therefore, we analyzed the dopamine content of resting
neutrophils when treated with serotonin and compared it to control neutrophils by HPLC

coupled to an EC detector.

The concentration of dopamine in resting neutrophils was almost ~2000 nM/cell or 2 x
10718 mol/cell. After neutrophils were treated with serotonin, the intracellular concentration
of dopamine reduced to less than 500 nM which marks a decrease to a fourth (Fig. 1F). By
FFN511 imaging, we were able to track a single vesicle during serotonin induced
exocytosis events and image vesicle migration toward the cytoplasmic membrane.
diffusion of the vesicle with the cytoplasmic membrane and releasing its content marked

by a stark decrease in the fluorescent intensity of the vesicle as shown in Fig. 1G.

Serotonin Induces Calcium Mobilization Followed by VMAT-vesicle Exocytosis in

Neutrophils

We studied the effect of serotonin stimulation on calcium (Ca?*) mobilization in
neutrophils. Ca* is one of the main drivers of intracellular signaling, as such it controls
cellular function.?® To observe whether serotonin-induced dopamine exocytosis is a Ca®*
sensitive process, we analyzed generation of Ca?" waves in neutrophils by Fluo4-am, a
Ca?* indicator. Indeed, serotonin induced a significant spike in the intracellular
concentration of Ca?* (>50 % increase) compared to buffer and dopamine itself (Fig. 2C).
While dopamine also induced a small [Ca?'] increase, it was not significant compared to
buffer (Fig. 2A-C).
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We employed our novel sensing strategy to visualize exocytosis of dopamine from
neutrophils simultaneously with generation of Ca?* signals after stimulation with serotonin
(Fig. 2D, E). Neutrophils were seeded on NIRDA surface, in the fluorescence visible
channel (GFP), the fluo-4am fluorescence was imaged and in the nIR channel the
fluorescence of NIRDA was recorded. Images were taken with 5 fps speed and upon
addition of serotonin, an immediate increase in the Ca®* was observed. After a time-delay
of ~20 s, the fluorescence of NIRDA in localized regions corresponding to the cell surface
and around it became brighter indicating dopamine release. Because of the high spatial
resolution of our sensor we could record release events of many cells in parallel and
investigate specific regions of the cells that released dopamine as the resolution limit of
NIRDA is only limited by the abbe limit. Fig. 2E shows the fluorescence intensity of both
Fluo-4am and the nanosensors corresponding to intracellular Ca?* release and dopamine

exocytosis respectively for 3 cells marked in Fig. 2D.
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Fig. 2. Serotonin induces Ca?* mobilization led by dopamine exocytosis in neutrophils.
(A), Fluorescence signal of neutrophils incubated with Fluo-4, AM, Ca?* indicator, over
time when HBSS (buffer, negative control) was added at t = 50 s and lonomycin (Ca**
ionophore, positive control, 5 uM) was added at t = 250 s. Data is shown as mean £ SEM
of triplicates (B), Fluorescence signal of neutrophils incubated with Fluo-4, AM over time
when serotonin or dopamine (100 uM) was added at t = 50 s and lonomycin (5 uM) at t =
250 s. (C), Maximum fluorescence increase after stimulation with buffer, dopamine and
serotonin indicating statistically significant difference between dopamine and serotonin
groups compared to their baseline and control group. Data is shown as mean + SEM of at
least triplicates. Each point represents a single experiment. (D), Neutrophils are adhered
on nanosensor surfaces. Image sequences recorded intracellular calcium mobilization
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(top) and fluorescence intensity changes in the nIR channel, indicative of dopamine
release, (middle) and merged channels (bottom) before and after stimulation with
serotonin (100 puM). All scale bars are 10 um. (E) The fluorescence intensity changes of
NIRDA in the nIR channel (indicative of dopamine release) and Fluo-4, AM (indicative of
Ca”* mobilization) are plotted against time for 3 neutrophils shown with an arrow in
section (D).

Imaging Dopamine exocytosis by NIRDA nanosensors

The release of dopamine from neutrophils was visualized. We were also able to detect
directionality in the exocytosis and heterogeneity amongst cells of the same origin as
shown in Fig. 3A. As expected, we observed variation in dopamine exocytosis amongst
donors (Fig. 3B) as well. The response of NIRDA to various molecules was examined (Fig.
3C). 100 uM dopamine (positive control) induced a ~30% percent increase in the
fluorescence intensity of NIRDA. Serotonin and lonomycin (a membrane permeable Ca?
ionophore used as a positive control to induce intracellular Ca mobilization) did not affect
the fluorescence intensity of the nanosensors at all. Addition of buffer (negative control)
to neutrophils adhered on NIRDA surface also did not affect the fluorescence intensity of
the nanosensors. The fluorescence response of NIRDA to exocytosis of dopamine in a
single cell is presented in Fig. 3D, showing an almost 6% increase in fluorescence.

Neutrophils release various molecules upon activation. This includes reactive oxygen
species (ROS), enzymes, peptides and inflammatory mediators. To exclude the fact that
the localized fluorescence spikes belonged to exocytosis of other molecules from
neutrophils, we depleted the neutrophils from dopamine by incubating them with FFN102
molecules. At high concentrations, FFN102 depletes VMAT vesicles from dopamine and
inhibits dopamine reuptake.?? FFN102 treated neutrophils were stimulated with serotonin
and exocytosis was imaged in the GFP channel (to observe FFN102 release) while
dopamine exocytosis was imaged in the nIR channel simultaneously as shown in Fig. 3E.
The neutrophils were only depleted from dopamine but contained all of their other vesicular
and granular components. If the NIRDA was not selective to dopamine, we would expect
that upon activation with serotonin and degranulation of the non-catecholamine granules,
a fluorescence response would be produced in the nIR channel. However, we observed no

fluorescence increase in the nIR channel but a fluorescence increase in the GFP channel
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was observed which confirmed exocytosis of FFN102 molecules from neutrophils upon
activation. Indicating that indeed exocytosis of VMAT vesicles occurred but the vesicles
didn’t contain dopamine. We also measured the fluorescence change after serotonin
stimulation in both channels which is presented in Fig. 3F. There is a statistically
significant difference between fluorescence changes in the nIR channel (~0%) and GFP
channel (75%). The response of nanosensors to H>.O> was also recorded since reactive
oxygen species (ROS) could be extracellularly released from neutrophils upon activation.

We observed no changes in the fluorescence signal of NIRDA (Fig. S2E.).
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Fig. 3. Live imaging of dopamine exocytosis from neutrophils. (A), Brightfield image
(left) and nIR Image sequence (right) of neutrophils adhered on nanosensor surface.
Addition of serotonin (100 uM) at t = 0 induced an increase in the fluorescence of NIRDA
in localized regions corresponding to cell regions indicating exocytosis of dopamine. Scale
bar is 10 um. (B), The maximum fluorescence response of NIRDA after release of
dopamine from neutrophils stimulated by serotonin. Each bar represents an independent
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experiment and each dot is a single neutrophil. (C), The fluorescence response of NIRDA
to dopamine, serotonin, lonomycin (blank nanosensors) and to buffer (neutrophil adhered
nanosensors) over time. (D), The fluorescence response of nanosensors to dopamine
exocytosis from a single neutrophil after stimulation with serotonin (shown with an arrow
in section (A)). (E), Brightfield images (cells, top-left), nIR image sequence (nanosensors,
top right) and GFP channel (FFN102, bottom) of neutrophils incubated with FFN102
before and after addition of serotonin (100 uM). There is no fluorescence change in the
nlIR, indicating no dopamine release. The GFP channel shows an increase in fluorescence
indicating FFN102 release. Scale bar is 10 um. (F), Maximum fluorescence change of the
nanosensors (dopamine release) and FFN102 upon stimulation with serotonin. Data
represents + SEM of triplicates. P value is 0.02 and each dot represents an independent
experiment.

Dopamine Exocytosis Is Mediated by Serotonin Receptors

To investigate whether dopamine exocytosis induced by serotonin is serotonin receptor
(5HTR) mediated as opposed to serotonin activating neutrophils in an unspecific manner,
we treated the neutrophils with a SHTR antagonist. For this purpose, Ketanserin was
employed. Ketanserin is a 5HTR-2 selective antagonist?* that in high concentrations can
inhibit the activity of other 5SHTRs as well. Ketanserin also binds to VMATSs.?® For this
experiment, after neutrophils were adhered on NIRDA, ketanserin (100 uM) was added to
the media for 2-5 minutes. Then, imaging was started and serotonin was added to
neutrophils. Ketanserin-treated neutrophils did not release dopamine when stimulated with
serotonin as shown in Fig. 4A. We wanted to investigate whether Ca?* mobilization which
is induced after serotonin stimulation is sufficient for dopamine release or if SHTR
engagement is necessary. After stimulating Ketanserin-treated neutrophils with serotonin
(shown in Fig. 4A top panel), we stimulated them with lonomycin (shown in Fig. 4A
bottom panel) to induce an intracellular Ca?* increase. In the experiment shown in Fig 5A,
after lonomycin stimulation, there is a slight increase in the fluorescent signal at localized
regions around cells corresponding to dopamine release which is significantly higher than
that of ketanserin (Fig. 4B). However, when the average fluorescence intensity changes of
multiple independent experiments were taken together, the difference between the two
groups was not statistically significant (Fig. 4D). We conclude that 5SHTR engagement is

necessary for dopamine exocytosis in neutrophils. We also investigated dopamine
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exocytosis from neutrophils when they were stimulated by a 5SHTR agonist. For this
purpose, CP809 was used. CP809 induced exocytosis of dopamine in neutrophils as
visualized by a spike in the fluorescence of the nanosensors in localized regions around the
cell membrane (Fig. 4E-G).
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Fig. 4. Imaging dopamine exocytosis in neutrophils incubated with 5HTR
agonists/antagonists. (A), Brightfield image (left) and nIR Image sequences (right) of
neutrophils adhered on NIRDA surface. Neutrophils are first incubated with Ketanserin
(100 pM), and stimulated with serotonin (100 uM) at t = 0 (top). The same cells were then
stimulated with 5 pM ionomycin (bottom). (B), Maximum fluorescence signal after
stimulation of cells in section (A). P value is 0.0150. (C), Maximum fluorescence increases
of nanosensors after stimulation with serotonin in Ketanserin-treated neutrophils. Each
column is an independent experiment and each dot represents a single neutrophil. (D),
Fluorescence signal of neutrophils treated with Ketanserin and stimulated with serotonin
(first plot) and lonomycin (second plot) over time. Data is presented as mean = SEM of

81



2 Results

triplicates. (E), Brightfield image (left) and nIR Image sequence (right) of neutrophils
adhered on NIRDA surface before and after stimulation with CP809. (F), Maximum
fluorescence increases of nanosensors after stimulation with CP809 (1 uM). Each column
is an independent experiment and each dot represents a single neutrophil. (G),
Fluorescence signal over time of neutrophils stimulated with CP809 (1 uM). Data is
presented as mean + SEM of triplicates. All scale bars are 10 pum.

Platelet-Neutrophil Interactions

After establishing that serotonin induced receptor mediated exocytosis of dopamine, we
studied platelet-neutrophil interaction by seeding platelets and neutrophils together on
NIRDA surface. Then, platelets were stimulated with thrombin to release serotonin. We
studied the exocytosis of dopamine from neutrophils stimulated by platelet-derived
serotonin (Fig. 5A). Thrombin did not induce a fluorescence change when applied to blank
NIRDA. We also recorded the fluorescence of NIRDA in response to platelets stimulated
with thrombin. Serotonin or any other component that is released from platelets during
stimulation did not produce a false fluorescence signal (Fig. 5B). Dopamine exocytosis
from neutrophils was visualized in single cells. The fluorescence signal over time shows

the pattern of release and the maximum fluorescence intensity changes show the maximal

release from single cells (Fig. 5C, D).
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Fig. 5. Imaging dopamine exocytosis from neutrophils stimulated by activated platelets.
(A), Brightfield image (left) and nIR Image sequence (right) of neutrophils and platelets
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adhered on NIRDA surface. nIR images are recorded before and after stimulation of
platelets with thrombin (1 Unit/mL). (B), The fluorescence response of blank nanosensors
to thrombin (blank) and platelet adhered NIRDA to thrombin (red). (C), Fluorescence
signal over time of neutrophils stimulated by activated platelets. Each trace belongs to a
region of interest in the neutrophils of section (A). (D), Maximum fluorescence intensity
changes. Each column presents an independent experiment and each dot represents a
single neutrophil. Data is presented as mean £ SEM.

Paracrine Modulatory Role of Dopamine on Formation of Neutrophil Extracellular

Traps

The expression of dopamine receptors (DR) in neutrophils were studied by antibody
staining (Fig. 6A, B, for isotype controls see Fig. S3). We were able to establish expression
of D2-like receptors (D2, D3). There was minimal expression of D5 receptor and D1
receptors was not present. Finally, we examine the effect of dopamine on the rate of
NETosis after stimulation with Phorbol-12-myristate-13-acetate (PMA). NETosis is an
immune response specific to neutrophils where neutrophils release their DNA content with
a mixture of proteases into the extracellular matrix in response to pathogens to trap them
and reduce their spread. We investigated the effect of dopamine (10, 100, 1000 uM),
epinephrine (E, 100 uM) and norepinephrine (NE, 100 uM) on NETosis in the presence
and absence of PMA (a neutrophil stimulator). We observed that, dopamine at all
concentrations significantly reduces NET formation compared to the control group in a
concentration dependent manner (Fig. 6C, D., Fig. S4.). We also observed that serotonin
reduced the rates of NETosis in a concentration-dependent manner. This could be due to
the effect of serotonin in inducing dopamine release from neutrophils or the effect of
serotonin on NETS rate independent of dopamine. By comparing the rate of NET formation
in dopamine treated groups with NE and E treated groups, we excluded that the effect of
dopamine on NET was due to the reducing effect of dopamine since catecholamines with

similar redox activity (E and NE) did not reduce NET formation. (Fig. 6D.).
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Fig. 6. Dopamine is a neutrophil immune-modulator through paracrine signaling. A,
Double antibody staining of Hoechst (nhucleus) and DRs in neutrophils (see Fig. S3. for
isotype controls). the scale bar is 20 um. B, The expression of DRs in neutrophils by FACS.
C, The effect of dopamine on the rate of NETosis in neutrophils stimulated with or without
PMA. D, The effect of dopamine, serotonin and other catecholamines on the rate of
NETosis in neutrophils stimulated with or without PMA.

Discussion

The role of dopamine in regulating complex immunological responses isn’t completely
understood. Studying the immunomodulating effects of dopamine in peripheral immune
cells is even more challenging because circulating immune cells are not readily exposed to
dopamine concentrations the same way immune cells in the neuroimmune system are.
There are growing evidence that changes in the baseline level of dopamine occurring in
pathological conditions affects the function of circulating immune cells.?-2 Immune cells
also synthesize and release dopamine when they form immune synapses.?° Dopamine was
found to be synthesized in neutrophil*‘>!3 as well as all immune cells.*® The complex

mechanism in which immune cells synthesize, store, release and respond to dopamine
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remains elusive to this day. Most studies either investigate the expression of proteins
involved in the dopaminergic system or the effect of dopamine on the function of immune
cells without recognizing the heterogeneity of the cells that release dopamine and changes
in dopamine concentration in the microenvironment of the immune cell which shape the
complex immunomodulatory role of dopamine. The dopaminergic system in immune cells
is highly dynamic. The immunoregulatory role of dopamine is controlled by several
factors; such as the immune cell subtype, the activation state of the immune cell, the pattern
and abundance of DRs and dopamine concentration.® For this purpose, we aimed to study
the dopaminergic system in neutrophils with a novel approach by SWCNT nanosensors to
take the spatial context of neutrophils into account. This nanosensor platform is especially
beneficial to investigate dopamine exocytosis in immune synapses on subcellular levels as
for instance, dopamine synthesis and exocytosis from T cells was reported to be highly
heterogenous and dependent on T cell-B cell receptor engagement and synapse
formation.3! These findings highlight the need for novel tools to analyze dopamine

exocytosis in immune cells with high spatial resolution.

First, we confirmed the findings of a previous study'? that TH is expressed in neutrophils
(Fig. 1.) but contrary to another study®?, we found that VMAT-2 is expressed in neutrophils
(Fig. 1.). We also observed DAT expression. After establishing the expression of proteins
involved in dopaminergic machinery in neutrophils, we focused on the mechanisms of
dopamine exocytosis. We observed a direct link between platelet-derived serotonin and
exocytosis of dopamine in neutrophils as shown by HPLC data (Fig. 1.), FFN exocytosis

data (Fig. 1.) and dopamine exocytosis imaging by nanosensors (Fig. 2., 3. and 4.).

FFNs are powerful tools to investigate kinetics of catecholamine release in neuronal
studies.?*?2 FFN511 has high affinity for DAT and VMAT-2. We took advantage of this
tool to visualize uptake of dopamine in VMAT vesicles and study their release upon cell
activation. We observed that after incubating neutrophils with FFN511, granular structures
were filled with FFN511, indicating that the FFN molecules were uptaken in VMAT
vesicles. Stimulation of neutrophils with serotonin led to exocytosis of FFN containing
granules. This was confirmed by imaging neutrophils with a fluorescent microscope and

tracking the FFN filled vesicles (Fig. 1) over time after stimulating neutrophils (Fig. 1.).
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When comparing the fluorescence decrease after cell stimulation with control groups, the
stark decrease in fluorescence of vesicles was attributed to vesicle fusion with plasma
membrane and diffusion of FFNs into outside of vesicles. As the fluorescence of FFN511
undergoes rapid photobleaching, there was a concern that fluorescence decrease would not
be entirely attributed to exocytosis. We also wanted to distinguish extracellular exocytosis
of secretory vesicles and simple diffusion of vesicle content inside cytosol. Therefore, we
employed FFN102 molecules which are fluorescent in a pH sensitive manner. The
fluorescence of FFN102 molecules increases after encountering higher pH of
extravesicular medium. By analyzing the fluorescence background of the extracellular
medium and observing a stark increase in fluorescence we were able to confirm that FFNs

were indeed secreted into extracellular space (Fig. 1., Fig. S2C.).

Next, the signaling pathway through which serotonin induces dopamine release was
investigated. Indeed, the whole molecular pathway in neutrophil degranulation is not
discovered. However, several studies have confirmed that Ca?* mobilization plays an
important role in all types of neutrophil degranulation.®® Engagement of G protein-coupled
receptors (GPCR) in neutrophils propagate a chain of protein phosphorylation events that
leads to Ca?* mobilization®* and ultimately vesicle trafficking to plasma membrane, fusion
and extracellular release. Therefore, we investigated if serotonin induced an increase in
intracellular Ca?* too. We discovered that serotonin through 5SHTR-mediated signaling,
induced Ca?* mobilization and consecutively dopamine release (Fig. 2). With our unique
approach, simultaneous imaging of intracellular Ca®* and exocytosis of dopamine was
carried out which confirmed a direct link between Ca?* signaling and dopamine exocytosis
(Fig. 2). Another interesting finding was that dopamine exocytosis required specific SHTR
engagement as 5SHTR antagonists blocked serotonin induced dopamine release (Fig. 4).
Interestingly, inducing Ca?* increase with a Ca?* ionophore did not induce dopamine
release from neutrophils treated with SHTR antagonists, indicating that dopamine release
at least requires specific 5SHTR engagement and the signaling pathway does not necessarily

follow the same molecular pathway as other types of neutrophil granules (Fig. 4).

Our novel nanosensor, as a powerful tool, provides high spatio-temporal resolution for

direct imaging of dopamine. To our knowledge, this platform is the only platform that can
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directly image catecholamine release. FFNs are indirect labels as they substitute the
catecholamines. They also suffer from rapid bleaching which complicates dynamic
imaging. The nanosensors however are resistant to bleaching and blinking. Other
promising platforms such as optogenetic sensors®, require extensive genetic manipulation.
conventional methods, mainly electrochemical methods, such as voltammetry and
amperometry have suitable temporal resolution (comparable to the biological time-scale of
release events). However, the spatial resolution of these systems is largely limited by the
electrodes used. As a result, release events can only be recorded in the vicinity of an
electrode. This limits the spatial resolution to single cells. This nanosensor tool affords
imaging of multiple cells at the same time (only limited by the field of view of the
microscope). And within each cell, theoretically the resolution can be increased up to single
nanosensors. Each nanosensor is approximately 600 nm in length with a diameter of less
than 5 nm. When the nanosensors are immobilized on a glass surface, they form a
homogenized coverage. In effect, their activity can be imagined as a smart checkered
surface over which the cells are adhered. Each square lightens up when they encounter
dopamine. In our previous studies, we have extensively studied the kinetics of the
nanosensors and their selectivity to dopamine.3® By employing this platform, in addition to
showing that serotonin induces dopamine release, we observed directional dopamine
release from neutrophils and the exocytosis of dopamine from neutrophils was not
homogenous along the cell membrane. intercellular variations in dopamine exocytosis
were observed that would be difficult to observe with other platforms. Finally, we
investigated the autocrine/paracrine effect of dopamine on neutrophils. Similarly, several
studies have investigated the effects of dopamine on other immune cells in an

autocrine/paracrine functional loop.%’

It has been shown that dopamine regulates cytokine secretion®® by suppressing pro-
inflammatory cytokines.3® We speculated that dopamine release from neutrophils regulates
the response of neutrophils in a feedback loop by having protective effects on
proinflammatory behavior of neutrophils. Whether dopamine assumes a pro-inflammatory
or anti-inflammatory role is dependent on many factors but mainly the type and abundance
of DRs on the cells. For instance, it was discovered that regulatory T cells (Tregs), released

substantial amounts of catecholamines which reduced the inhibitory effect of Tregs over
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effector T cells.*° Similarly, dopamine was investigated in the interaction between dendritic
cells (DC) and naive CD4" T cells. DCs released dopamine upon antigen-specific
interaction with naive CD4" T cells. Through D1-like receptors, dopamine shifted
differentiation toward Th2 and blocking dopamine receptors shifted differentiation toward
Th1.4

To investigated the autocrine/paracrine loop effect of dopamine in neutrophils, first, we
studied the expression of DRs in neutrophils on the protein level (antibody staining, see
Fig. 6. and Fig. S3.). A previous study had reported lower levels of D2-like receptor
expression (D3 only 2.4%) and more of D1-like receptors (D5 4.5%).° However, we could
mainly observe the expression of D2-like receptors in neutrophils. Then, the effect of
dopamine on one of the most important host defense functions of neutrophils which is
formation of neutrophil extracellular traps (NETosis) was investigated. The formation of
neutrophil extracellular traps (NETs)*? as a host defense mechanism was investigated when
PMA stimulated neutrophils were treated with different concentrations of dopamine. We
discovered that dopamine reduced the rate of NETosis (Fig. 6C.). The protective effects of
dopamine on neutrophils was concentration dependent. Also, other catecholamines
(norepinephrine and epinephrine) did not produce the same response as dopamine,
indicating the effect of dopamine was indeed receptor mediated and not a result of its redox

activity.

As discussed earlier, this platform is promising in immune cells studies because we can
study the behavior of immune cells with special consideration for their microenvironment
as spatial context is extremely important in how immune cells interact with other cells, the
inflammatory mediators or blood components. A limitation of this study was that we did
not distinguish between subpopulations of neutrophils. despite originally perceiving
neutrophils as terminally differentiated and homogenous population, several
subpopulations of neutrophils with distinct molecular biomarkers have been discovered.*®
It has been shown that circadian rhythm, the circulation time of a neutrophil, mechanical
forces, microenvironment, infection and priming can cell reprogramming and phenotypical
changes. It is possible that different subtypes of neutrophil have different dopamine content
and different level of dopamine release. Also, different subtypes of neutrophils might have
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different sensitivity to serotonin stimulation. future studies should consider the

heterogeneity of neutrophils.
Conclusion

NIRDA is a promising platform in immune cells studies because we can study the behavior
immune cells with special consideration for their microenvironment as spatial context is
extremely important to how immune cells function. This platform enables investigating
intercellular heterogeneity. It is possible to image the kinetics of exocytosis in immune
synapses and study receptor-mediated cell-cell interaction with a spatial resolution at
subcellular level.
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Materials and Methods
Isolation of human neutrophils from whole blood

Neutrophils were isolated from whole blood of healthy donors by density gradient
separation method. This study was approved by the ethics committee of the University
Medical Center Goettingen. Before donating blood, fully informed consent of each donor
was obtained.

Briefly, fresh blood was collected into EDTA blood collection plastic tubes. Whole blood
was layered on Histopaque 1119 (Sigma-Aldrich) and centrifuged at 1100 x g, for 21
minutes in room temperature with breaks off. The neutrophil layers (third layer mainly
containing density gradient and forth layer mainly containing neutrophils) were collected
and diluted in HBSS buffer (without Ca?* and Mg?*, Gibco). The cell suspension was
centrifuged at 400 X g, for 10 minutes in room temperature. The supernatant was discarded
and the cell pellet was resuspended in HBSS buffer (without Ca?* and Mg?") and layered
on top of a 5 step Percoll (GE Healthcare) gradient and centrifuged at 1100 x g, for 21
minutes in room temperature with breaks off. The neutrophils were collected from the
fourth layer and a bit from the layers above and below the fourth. The neutrophils where
diluted in HBSS and centrifuged at 400 x g, for 10 minutes in room temperature. The
pelleted neutrophils were resuspended in RPMI 1640 cell medium containing 10 mM
HEPES and 0.5% fetal calf serum (FCS, heat-inactivated at 56°C for 30 minutes). We
confirmed the purity of neutrophils by cytospin assay and Diff-Quik staining. We
maintained neutrophil purity > 95 % of total isolated cells (without erythrocytes).

Neutrophils were used for experiments immediately after isolation.
Isolation of human platelets from whole blood

Platelets were isolated from whole blood of healthy donors. This study was approved by
the ethics committee of the University Medical Center Goettingen. Before donating blood,
fully informed consent of each donor was obtained. Whole blood was collected into ACD
blood collection tubes and whole blood was centrifuged at 300 x g, for 20 minutes with
breaks off. Platelet rich plasma (PRP) was separated and incubated at 37° C, 5% CO», for
10 minutes. Before centrifugation, PGE1 (1 uM) was added and centrifuged at 800 x g for
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15 minutes, breaks off. the pelleted platelets were carefully resuspended in Tyrode’s
solution pH 6.5 and incubated at 37° C, 5% CO, for 10 minutes. Then, PGE1 (1 pM) was
added and centrifuged again at 800 x g for 15 minutes, breaks off. The pellet was again
resuspended in Tyrode’s solution pH 6.5 and incubated at 37° C, 5% CO, for 10 minutes.
Before centrifugation, PGE1 (1 uM) was added and centrifuged at 800 x g for 15 minutes,
breaks off. Platelets were resuspended in Tyrode’s solution pH 7.4 and incubated in 37° C,

5% CO», for 30 minutes before starting experiments.
Synthesis of Nanosensors

(6,5)-enriched SWCNTs (carbon <95%, >93% carbon as SWCNT, Signis® SG65i, 0.7—
0.9 nm diameter (Sigma-Aldrich, Germany) and (GT)10 oligonucleotide (a SSDNA
sequence of 5-GTGTGTGTGTGTGTGTGTGT-3 synthesized by Sigma-Aldrich,
Germany) were mixed in phosphate saline buffer (PBS) with final concentrations of 0.5
mg/mL and 50 pM respectively. The dispersion was tip sonicated (Fisher Scientific Model
120 Sonic Dismembrator) at 30 % amplitude for 20 minutes. The nanosensor suspension
was centrifuged (Eppendorf centrifuge 5415 D) at 16000 x g for 30 minutes twice. After
each centrifugation, the pellet was discarded and the supernatant was collected for further
investigation. The nanosensor suspension was stable in room temperature for several

months.

Nanosensor Characterization

Absorption spectra of the NIRDA was collected with a UV-vis—nIR spectrometer (JASCO
V-670, Spectra Manager Software). The nanosensors were diluted at the ratio 1:100 in PBS
to measure nIR absorbance. The concentrations of NIRDA was calculated by integrating
the area under the curve belonging to (6,5) SWCNTSs peak and taking extinction coefficient
with an estimated length of 600 nm. For all dopamine sensing experiments with
neutrophils, the concentration of NIRDA was 4 nM. For acquiring the fluorescence

emission spectra of NIRDA in suspension, the concertation was 2 nM.

Fluorescence Spectroscopy of Nanosensors
NIRDA suspension in HBSS (2 nM) was excited with a 561 nm laser coupled with an
Olympus 1X73 microscope at 1 s integration time. The emission spectra from 800 nm to
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1300 nm were acquired by an Andor iDus InGaAs 491 array NIR detector attached to a
Shamrock 193i spectrograph (Andor Technology Ltd., Belfast, Northern Ireland).

Fluorescence Microscopy of Neutrophils Adhered on Nanosensors

NIRDAs were immobilized on glass surfaces by incubating the surface with 4 nM NIRDA
suspension overnight in 4° C. Before measurements, the surfaces were washed with HBSS
x 3 and HBSS (with Ca2* and Mg?*) was added to the surface. Neutrophils at concentration
of 10%/mL in HBSS (with Ca* and Mg?*) were seeded on NIRDA immobilized glass
bottom chamber slides. The neutrophils were let to adhere for 5 minutes and the medium
was aspirated to remove loosely adhered cells. Fresh medium was added to the cells and
image acquisition was started, after 20 s, the stimulant was added to the media while image

acquisition continued.

For imaging, we employed an Olympus BX53 microscope, a 561 nm laser (Cobolt Jive™
laser, Cobolt AB, Solna, Sweden) and two cameras. An Andor Zyla 5.5 sCMOS camera,
(Andor Technology Ltd., Belfast, UK) for visible fluorescence and NIR InGaAs camera

for nIR fluorescence.

Images were obtained with a 100x objective lens (UPLSAPO100XS, Olympus, Tokyo,
Japan) and recorded with 100 ms exposure time and at 5 frame per second rate. For visible
fluorescence, an xCite 120Q fluorescence lamp and an EGFP excitation filter was used.
The emission was filtered by a 650 nm short-pass filter, a 561 nm notch filter and 525/50
nm bandpass filter. For nIR fluorescence 561 nm laser was used at 100 mW power. Images

were analyzed with ImageJ 1.52n.
Fluorescence Microscopy of FFN Exocytosis from Neutrophils

Neutrophils were adhered on glass chamber slides at 10%/mL concentration in HBSS (with
Ca?" and Mg?"). FFN511 (Abcam, USA) was dissolved in DMSO and added to the cell
suspension with the final concentration of 5 uM. Cells were incubated in 37° C, 5% CO,,
for 5 minutes, then media was aspirated and cells were washed 3 times with HBSS and
immediately used for experiments. For FFN102, 10 pM concentration and 30 minutes

incubation time was used.
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For image acquisition, an Olympus 1X83 microscope was used coupled with CoolLed pE-
4000 illumination system. The FFNs were excited with 488 nm channel at 500 ms exposure
time. Image sequences were acquired before, during and after the stimulant was added with
a pipette to the chamber slide. The images were obtained from Olympus cellSense software

and analyzed with ImageJ 1.52n.
Calcium Flux Measurement

Neutrophils at 10%/mL concentration in RPMI 1640 (supplemented with 10% FBS) were
incubated with Fluo-4, AM (1 uM) in room temperature for 40 minutes. The cells were
washed once and resuspended in HBSS (with Ca?" and Mg?*). Cell suspension were added
to glass-bottom, black 96-well plates. CLARIOstar Plus plate reader was employed. Wells
were scanned with (excitation 480-14 nm/emission 530-30) 691 times at 0.41 s intervals.
Att=50sandt =250 s an autoinjector pumped 10 pL of stimulant with 430 uL/s speed

into the well.
Monoamines Analysis by HPLC

The content of dopamine (DA), serotonin (5-HT), epinephrine (EPI) and metabolites was
measured via high performance liquid chromatography with electrochemical detection
(HPLC-ECD). The mobile phase consisted 150 mM chloroacetic acid (Sigma - Aldrich
Chemie Gmbh, Steinheim, Germany), 4 mM KCI (GR for analysis, Merck KGaA,
Darmstadt, Germany), 0.12 M NaOH (Sodium hydroxide pellets, Mallinckrodt Baker,
Griesheim, Germany), 0.86 mM Sodium Octylsulfate (Sigma - Aldrich Chemie Gmbh,
Steinheim, Germany), 0.67 mM EDTA (Ethylenediaminetetraacetic acid, disodium salt:
dehydrate 99+ %, Sigma- Aldrich Chemie Gmbh, Steinheim, Germany), 3.5 % Acetonitrile
(HPLC gradient grade, VWR Chemicals, Fontenay sous Bois, France), 1.8%
Tetrahydrofuran (THF, VWR AnalR NORMAPUR, Fontenay sous Bois, France), adjusted
to pH =3.0. On a 125 mm long, analytical column filled with Nucleosil C-18 (reversed-
phase with 5-um particle size; Macherey & Nagel, Duren, Germany) at flow rate 0.7
ml/min monoamines were separated. The electrochemical detector (Decade 11, Antec, The
Netherlands) was set at 530mV vs. an ISAAC reference electrode (Antec, Leyden, The
Netherlands) at 37-40°C. This setup allowed simultaneous measurements of DA, 5-HT,
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EPI. 3,4-Dihydroxybenzylamine Hydrobromide (DHBA) (Sigma Aldrich, MO, USA) was
used as internal standard. The software used to analyze neurotransmitter content was

Chrom Perfect Software (Justice Laboratory Software, Denville, NJ, USA).
Antibody Staining

2 x10° cells in 500 uL. RPMI (with 10 mM Hepes, 0.5% FCS) were seeded on round glass
coverslips and left to adhere for 30 minutes at 37°C, 5% CO.. They were fixed by adding
PFA at a final concentration of 2% for 15 minutes at room temperature. Cells were washed
twice with PBS and then permeabilized using PBS with 0.1% Triton X 100 and 0.1%
sodium citrate for ten minutes at room temperature. After two further washing steps with
PBS, neutrophils were blocked with PBS containing 0.5% BSA for 40 minutes at room
temperature. Fixed cells were incubated with primary antibodies (Table S1) in PBS
containing 0.5% BSA overnight at 4°C. Cells were washed three times with PBS and
subsequently incubated with secondary antibody (Table S1) in PBS containing 0.5% BSA
for 1 h at 37°C. After three further washing steps, the samples were stained with Hoechst

33342 for 15 minutes and mounted using Darko Fluorescence Mounting Medium.

Fluorescence-Activated Cell Sorting (FACS)

Neutrophils were incubated in PBS containing 1% BSA and 1.5% Human TruStain FcX™
(Biolegend) for 10 minutes on ice. Cells were then stained with antibodies against CD66b
and Siglec-8 to confirm neutrophil identity and antibodies against dopamine receptors or
the respective isotype controls (Table S2.) for 30 minutes on ice. PBS with 1% BSA was
added, cells were centrifuged at 300 x g and 4°C for 5 minutes and the supernatant
discarded. Finally, cells were incubated in PBS containing 1% BSA and 1% 7-AAD
(Biolegend). Cells were analyzed using BD FACSCanto Il and FACSDiva Software. It was
gated for single, living cells expressing CD66b but not Siglec-8.

NETosis Assay

Neutrophils were seeded on glass bottom 96 well-plates (10,000 per well), activated with
PMA (100 nM), and incubated at 37 °C, 5% CO2. At defined time points, the cells were
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fixed with 2% PFA to stop NET formation and stored over night at 4 °C. Cells were then
washed once and the chromatin was stained with Hoechst at room temperature. Cells were
imaged with an Axiovert 200 microscope (Zeiss, Germany) using a x16 objective lens. A
CooISNAP ES camera (Photometrics, USA) and blue channel (Filter set49 DAPI shift free,
488049-9901-000, Zeiss) were used for imaging. Images were acquired with Metamorph
6.3r2 software (Molecular Devices). 5 to 6 images from different regions were collected
for each well. For all experiments, the amount of decondensed nuclei and the total cell
count was quantified with ImageJ.

Statistics and Data Analysis

Data analysis was carried out with GraphPad Prism 9 (GraphPad Software, Inc.), OriginPro
8.5G (OriginLab Corporation) and Python.

Statistical analysis was performed with GraphPad Prism 9 (GraphPad Software, Inc.),
OriginPro 8.5G (OriginLab Corporation). one-tailed/two-tailed t-test was performed to
determine statistical significance between means. data are presented as (mean =+ standard
deviation (SD) or standard error of the mean (SEM) and significance is reported by
asterisks if the p values were the following: * p <0.05; ** p <0.01; *** p<0.001; ****

p<0.0001).
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Table S1. The full list of antibodies

primary antibody

supplier

concentration

(H+L) Cross-Adsorbed
Secondary Antibody, Alexa
Fluor 555

DRD1 Polyclonal antibody | Proteintech 1 pg/mL
Anti-D2 Dopamine Alomone Labs 10 pg/mL
Receptor (extracellular)-

FITC Antibody

DRD3 Polyclonal Bioss 10 pg/mL
Antibody, ALEXA

FLUOR® 488 Conjugated

DRD4 Polyclonal antibody | Proteintech 2.5 pg/mL
DRD5 Polyclonal antibody | Proteintech 0.75 pg/mL
DAT Polyclonal antibody | Proteintech 1 pg/mL
VMAT?2 Polyclonal Proteintech 1.5 pg/mL
antibody

Anti-Myeloperoxidase abcam 4 ug/mL
antibody [2C7]

isotypes

Recombinant Rabbit 1gG, abcam 0.75 pg/mL, 1 pg/mL, 1.5
monoclonal [EPR25A] - pg/mL, 2.5 pg/mL, 10
Isotype Control pug/mL
Mouse IgG1 Isotype Invitrogen 4 pug/mL
Control

secondary antibody

Goat anti-Rabbit 1gG Invitrogen 4 ug/mL
(H+L) Highly Cross-

Adsorbed Secondary

Antibody, Alexa Fluor 488

Goat anti-Mouse 19G Invitrogen 2 pg/mL

102




2 Results

Table S2. The full list of antibodies used

Isotype Control

antibody Supplier concentration
Pacific Blue™ anti-human CD66b Antibody Biolegend 1.5 ug/mL
Pacific Blue™ Mouse IgM, « Isotype Ctrl Biolegend 1.5 pg/mL
Antibody

PE/Cyanine7 anti-human Siglec-8 Antibody Biolegend 2 pug/mL
PE/Cyanine7 Mouse IgG1, « Isotype Ctrl Biolegend 2 pg/mL
Antibody

PE anti-human Dopamine Receptor D1 Antibody | Biolegend 1 pg/mL
PE Mouse IgG2b, « Isotype Ctrl Antibody Biolegend 1 pg/mL
Anti-D2 Dopamine Receptor (extracellular)-FITC | Alomone Labs 5 pg/mL
Antibody

Rabbit IgG Isotype Control, FITC, eBioscience™ | Invitrogen 5 pug/mL
DRD3 Polyclonal Antibody, ALEXA FLUOR® Bioss 1 pg/mL
488 Conjugated

Rabbit 1gG Isotype Control, ALEXA FLUOR® Bioss 1 pg/mL
488 Conjugated

Anti-DADR Antibody (2B9) Alexa Fluor® 647 Santa Cruz 1 pg/mL
normal mouse 1gG Alexa Fluor® 647 Santa Cruz 1 pg/mL
Anti-Dopamine Receptor D5 (DRDS5) antibody Antikoerper- 1 pg/mL
(Alexa Fluor 647) online

Mouse IgG2A Alexa Fluor® 647-conjugated R&D Systems 1 pg/mL
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Fig. S1.

DAT MPO Isotype

VMAT2 MPO Isotype

TH Isotype Secondary ab

Fig. S1., Double staining of neutrophils with Hoechst (nucleus), MPO and DAT (top),
VMAT-2 (middle), along with isotype controls. Scale bar is 20 um. Antibody staining of
neutrophils with TH (bottom) along with isotype and secondary antibody controls. Scale
bar is 10 um.
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Fig. S2.
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Fig. S2., A, The nIR absorbance spectrum of NIRDA suspension. B, Normalized
fluorescence emission spectra of NIRDA in suspension before and after DA addition. C,
The fluorescence intensity changes of the extracellular region around cell membrane
overtime when cells are stimulated with 5SHT compared to control. (cell incubated with
FFN102) D, NIRDA surface coverage imaged with nIR camera. scale bar in 10 um. E,
The fluorescence signal of NIRDA when exposed to H20..
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Fig. S3.

D1
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Fig. S3.,

Antibody staining of neutrophils with Hoechst (nucleus), DRs (top), and their isotype
controls (bottom). Scale bar is 20 pm.
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Fig. S4.,

NETosis assay of neutrophils, stimulated with PMA (top) or without PMA (bottom) and
treated with different concentrations of catecholamines. The chromatin is stained with
Hoechst.
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3 Discussion

3.1 Nanosensor Design

Monoamines such as dopamine, norepinephrine, and serotonin are neuromodulators that
tune the activity of neurons in a context dependent manner. Monoamines are also important
hormones in the endocrine system that control a wide range of physiological responses.
More recently, the influence of monoamines in the immune system has been discovered.#
Studying exocytosis of monoamines is crucial to understand how cells propagate signals

and communicate with each other.

As discussed in section 1.6.1, in conventional analytical methods, detection is carried out
under static conditions. However, most cellular functions such as cell exocytosis, are highly
dynamic. The concentration of the released substance at any location and in any given time
is controlled by release parameters (rate of release), diffusion, and re-uptake. As the
distance from the release site increases, the role of uptake becomes more prominent. For
instance, in the case of dopamine release, at short distances (1-2 um) from the site of
release, only diffusion controlled the concentration of dopamine in the extracellular matrix.
In ranges of 5 to 20 um from the release site, uptake also played a role. In normal
circumstances, when each vesicle contained 3000 molecules, dopamine diffused in a range
of 12 um. When DAT (responsible for uptake) were missing (in pathological conditions),
the diffusion area increased up to 32 um.'*’ Hence, the concentration of the secreted
molecule is time and space dependent. Therefore, conventional methods such as
microdialysis and electrochemistry, although valuable tools, lack high resolution in time
and space. For instance, microdialysis which affords sampling deep areas of the brain,
involves extracting the extracellular matrix with a probe and applying analytical tools to
measure the target molecule. As such, the temporal resolution is limited to minutes and the
spatial resolution is even lower as the probe occupies a region larger then release sites.'%®
Electrochemical methods such as amperometry and fast-scan cyclic voltammetry provide
better temporal and spatial resolution. In both techniques, electrodes are inserted close to a
cell and the target molecule is detected through its redox activity. The spatial resolution is

limited by the diameter of the probe. However, the temporal resolution is within the range
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of exocytosis.**® Selectivity of this method is reduced in the case of molecules with similar
redox potential. Distinguishing sub-cellular sites of exocytosis is severely limited because
of the high density of synaptic and extra synaptic release sites and the diameter of the

electrodes.

We chose SWCNT nanosensors because they provide high spatio-temporal resolution.
(6,5)-SWCNTs fluoresce in the nIR region which falls under the tissue transparency
window (>800 nm). The Fluorescence of the SWCNTs can be manipulated by
functionalizing them with a wide range of macromolecules. When SWCNTSs are coated
with macromolecules, a Corona phase is formed around the SWCNT that is sensitive to its
microenvironment. The basis of the detection, is a change in the fluorescence emission
pattern of SWCNTSs after exposure to the target molecule due to spatial changes in its
corona phase. This technique is known as Corona phase molecular recognition
(CoPhMoRe).*® We functionalized (6,5)-SWCNTs with specific oligonucleotides to
render them sensitive to our target monoamine, (GT)10 oligonucleotide for dopamine
nanosensors and a serotonin DNA aptamer (a 57-mer ssDNA) for serotonin nanosensors. !

CoPhMoRe based on oligonucleotides has many advantages. First, oligonucleotides are
easier to synthesize compared to antibodies. They are more stable in a wide range of
temperatures, pH and reaction conditions. Oligonucleotides can be easily tethered on
SWCNTSs with non-covalent interactions hence, the 3D structure of the oligonucleotide
which is crucial for molecular recognition, is not compromised when the oligonucleotides
are bound to SWCNTSs. We believe these properties make SWCNT based sensors very

attractive in biomedical studies.

The instruments needed for sensing are also easy to operate. The nanosensors were detected
with a simple imaging technique. In this technique, nanosensors are immobilized non-
covalently on a glass surface and immune cells are adhered on top. While cells undergo
exocytosis, we image the surface with a simple microscope. A 561 nm laser is employed
to excite the nanosensor surface and the images are acquired with a nIR camera. In theory,
when exocytosis happens, each single nanosensor that is exposed to our target molecule

will “switch on” and detect the target molecule. As a result, this technique provided high
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parallel spatio-temporal resolution. We achieved sub-micrometer spatial resolution for as

many cells that is visible in the field of view of the microscope.

To optimize resolution, a proper sensor must have kinetics that matches that of exocytosis.
To study the kinetics of SWCNT sensors, in our lab previously, a simulation was carried
out on sensors homogenously immobilized on surface with cell adhered on top. The spatial
and temporal resolution was calculated with various binding and unbinding rates. The best
results were achieved with sensors with rate constants of kon = 10° M™s™t and koff= 10 M-
s, Lower binding affinities (e.g. Ka = Kofi'kon = 100 uM) provided the best sensing
profile.’®> We chose (GT)10 oligonucleotide functionalization for our dopamine
nanosensors because they were previously investigated in our lab and were observed to
have the highest selectivity and sensitivity for dopamine. Dissociation constant (Kgq) of the
sensor for dopamine was 9.2 nM.* Since we aimed to study dopamine exocytosis from
neutrophils on single cells at near to single SWCNT molecule level, it was important to
employ nanosensors with high sensitivity as previous studies had shown that the
concentration of endogenous dopamine in lymphocytes was in the range of 10%°-10Y
mol/cell.™>* Our own investigation revealed neutrophil’s concentration of dopamine to be

~ 2x1078 mol/cell (section 2.2, Figure 1).

For serotonin nanosensors, the dissociation constant was calculated to be 301 nM + 138
nM and the dynamic linear range of the dose-response curve was also in the physiologically

relevant region of 100 nM to 1 uM.

The exact mechanism of the sensing is not completely known. However, there are some
compelling theories investigated by our lab and several other groups. For instance,
SWCNTs were coated with fluorophore labeled (GT)is oligonucleotides. At first, the
fluorophore was quenched due to proximity to SWCNT surface, but when the sensors were
exposed to dopamine, the fluorophore regained its fluorescence.’® This implies that
dopamine interacted with DNA in a way that removed the fluorophore label from the
proximity of the SWCNT surface. This study confirmed that the sensitivity to dopamine is
caused by conformational changes of the oligonucleotide wrapped around the SWCNT
which translates to a change in the emission pattern of the SWCNT. This finding is also
confirmed by Molecular dynamics (MD) simulation.*®® In the case of (GT)15-SWCNT, MD
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revealed a strong interaction between hydroxyl groups of dopamine and phosphate groups
of oligonucleotides. It seems that in the absence of dopamine, phosphate groups affect the
exciton diffusion on the surface of SWCNTs, but when hydroxyl groups of dopamine
interact with phosphate groups of oligonucleotides, the exciton diffusion pattern changes;

as a result, the fluorescence emission pattern also changes.

Interestingly both hydroxyl groups in meta and para positions are necessary for the
fluorescence sensitivity of the sensor as tyramine, serotonin, tyrosine and histamine don’t
affect SWCNT fluorescence.™®” We also dismissed that the fluorescence response of the
SWCNT sensor is related to the redox activity of dopamine as compounds with similar
redox potential to dopamine did not exert the same effect.’® In summary the
oligonucleotides were stacked on the surface of SWCNT in a semi stable state but changes
in their conformation due to interaction with monoamines increased the quantum yield of
the SWCNT by affecting the exciton diffusion path. Resulting in an increasing in the
intensity of the fluorescence emission which is the basis of the detection strategy.

3.2 Detection of Serotonin Exocytosis from Platelets

Current serotonin sensors lack spatial resolution. When the spatial resolution is increased,
typically the detection is limited to a narrower filled of view. Compared to analytical
methods such as microdialysis, LC-MS, in situ sensing affords additional details about the
spatial context of the release including heterogeneity in a single cell regarding release
hotspots and variations within cells. In situ sensing usually requires an external probe that
is brought into contact with the cells such as electrochemical sensors. In these systems, the
sensing only occurs when an analyte reaches the probe. In order to increase the spatial
resolution and parallel sensing of many areas, thinner electrodes and electrode arrays can
be designed. but still only regions in close contact to the electrode can be probed. The

probes are also prone to fouling.

Amongst the optical sensors, most are indirect detectors. For instance, fluorescent false
neurotransmitters (FFNs) are catecholamine analogs with a similar structure to
monoamines and therefore, they mimic the behavior of monoamines.®® By imaging FFNs,

one can study the dynamics of monoamine exocytosis in cells indirectly. Although FFNs
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are valuable tools to study neurotransmitters, like most organic fluorophores they suffer

from rapid bleaching which makes imaging prolonged release events very challenging.

Here, we took advantage of the optical properties of SWCNTSs to design our sensors. Our
nanosensor has a stable fluorescence emission with no significant bleaching and blinking
during imaging. We synthesized colloidal stable nanosensor suspension with (6,5) enriched
SWCNTs functionalized with a 57 oligomer DNA aptamer that detected serotonin with
high selectivity and reversibility (NIRSer). Functionalization of SWCNTSs with the aptamer
did not affect the tertiary structure of the aptamer which is important for efficient aptamer-

serotonin binding.

When NIRSer was exposed to serotonin, the intensity of the nIR fluorescence emission
increases by 80% (section 2.1.1, Figure 3). We hypothesized a conformational change of
the aptamer upon binding to serotonin led to a change in the fluorescence emission pattern
of the nanosensors. When we compared the height profile of SWCNTSs functionalized with
serotonin aptamer (with a strong secondary structure) to SWCNTSs functionalized with
(GT)1o, with atomic force microscopy, we observed heterogeneity in height along the
length of the SWCNT, confirming additional features from the secondary tertiary of the
aptamer (section 2.1.1, Figure 2).

We confirmed that NIRSer was selective for serotonin by showing that the nanosensor was
not sensitive to other molecules with similar structure; such as histamine and tryptophan
(section 2.1.1, Figure 3). As discussed in the previous section, NIRSer exhibited linear
dynamic range in the does-response curve for a concentration range from 100 nM and 1
uM. This concentration range, according to the literature, is relevant to detect serotonin

release from platelets.°

Most DNA-wrapped SWCNTSs respond to dopamine with varying sensitivity depending on
the DNA sequence. This is due to an interaction with phosphate groups of DNA and
hydroxyl groups of dopamine. NIRSer also showed minimal response to dopamine which
was significantly lower than serotonin. We believe this minimal response does not affect
the overall serotonin sensing because dopaminergic and serotonergic neurons occupy
distinct locations in the nervous system. Furthermore, we haven’t recognized any cell type

that simultaneously synthesizes and releases both serotonin and dopamine.
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We also confirmed that the response to serotonin was due to specific aptamer-serotonin
binding as SWCNTSs functionalized with scrambles aptamers (aptamer with the same
nucleotide composition but scrambled sequence) did not respond to serotonin (section
2.1.2, Figure S5).

The nanosensors were immobilized on glass surface. We observed homogenous coating of
the nanosensor on surface. The glass coating is simple and does not require chemical
reactions to activate glass surface. Nanosensors exhibited reversible response to serotonin,
when they were exposed to alternating flows of serotonin solution and PBS. A reversible
“turn-on” switch is more desirable in sensor design compared to “turn-off” switches as the
sensor response won’t be conflated with common artefacts such as bleaching, focus drift,

and guenching due to aggregation.

We also demonstrated that in the presence of serotonin, the nanosensors responded to
increasing concentrations of serotonin in a concentration dependent manner (section 2.1.1,
Figure 4). Which means that in the presence of serotonin, nanosensors were able to

distinguish different concentrations of serotonin.

As platelet store more than 300 distinct molecules in their secretory granules with some
having contradictory effects,! it is important to record release events in space and time;
therefore, to record serotonin release kinetics, we let platelets adhere on NIRSer surfaces.
We observed that platelets easily adhered on the nanosensor surface (section 2.1.2, Figure
S10). We stimulated platelets with a Ca®* ionophore. As shown in section 2.1 Figure 5,
when platelets were activated, we were able to record serotonin release events from single
platelets. Furthermore, we were able to pinpoint hot spots on the cell membrane were

exocytosis occurred.

We discovered that the increase in fluorescence signal of NIRSers under the cell membrane
was not homogenous and hotspots along the cell membrane were observed with significant
serotonin release. Since platelet secretion in not entirely discriminatory, other molecules
are also released when serotonin is secreted. Therefore, we depleted platelets from
serotonin with a VMAT-2 inhibitor and observed that NIRSer did not record serotonin

release when these platelets were stimulated.
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The high spatial resolution was only limited to 500 nm by the Abbe limit. This is in the
same scale of the size of each NIRSer which had an average length of 600 nm. The high
parallel spatial resolution enabled us to investigate multiple cells at the same time which
was only limited by the field of view of the microscope. As an example, 10 cells were
studied in section 2.1 Figure 5. We were able observe variability between platelets in terms
of the time of exocytosis and the amount of serotonin released. In summary we report that
this NIRSer tool compared to conventional methods provided additional spatial
information on a single cell level in addition to parallel imaging of multiple cells

simultaneously.
3.2 Detection of Dopamine Exocytosis from Neutrophils

There is compelling evidence for the existence of catecholamine synthesis in neutrophils
as well as a number of other immune cells. Limited studies on this topic have identified the

expression of enzymes involved in catecholamine synthesis, storage and metabolism. 4

In this study, we focused on investigating the mechanism of dopamine exocytosis from
neutrophils. We were able to identify expression of VMAT-2, DAT and TH proteins in
neutrophils by antibody staining. TH expression has previously been identified in
neutrophils.**! Direct VMAT-2 expression in neutrophils hasn’t been reported before. A
previous study on the expression of VMAT-1 and VMAT-2 in leukocytes reported that
neither VMATS were expressed in neutrophils.’®? However, an older study had reported
that treating neutrophils with VMAT-2 inhibitors, increased the concentration of
catecholamines, concluding the VMATS are indeed expressed in neutrophils. 4’ Regarding
DAT expression, we couldn’t find information on DAT expression in neutrophils.
Therefore, more studies are needed in this field, to draw conclusive information on the
expression of dopaminergic system in neutrophils. However, we could confirm previous
findings that neutrophils indeed have a significant concentration of intracellular dopamine
by HPLC.

A recent study on the effects of platelet-derived serotonin on neutrophils observed that
neutrophils express several serotonin receptors and that serotonin induced neutrophil

degranulation. CD11b which is localized to secretory granules and translocated to the
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plasma membrane upon degranulation of secretory granules were identified when
neutrophils were stimulated with serotonin.'® We investigated whether serotonin induced
exocytosis of catecholamine-filled vesicles as well. For this purpose, several FFN
exocytosis studies were carried out (section 2.2, Figure 1). For the first time, we observed
that indeed FFNs which are stored in VMAT vesicles were secreted after serotonin
stimulation of neutrophils. We validated the results by carrying out a conventional
analytical tool to quantify the release of dopamine from neutrophils via HPLC and we
observed that serotonin treatment indeed led to reduction in the intracellular content of

dopamine to a fourth of its original content.

Since, Ca?* mobilization plays a critical role in neutrophil degranulation (section 1.2.1), we
investigated the effect of serotonin on Ca?* flux in neutrophils. The exact signaling pathway
is not completely known however we speculate that direct engagement of serotonin
receptors on neutrophils leads to Ca?* signaling as an important secondary messenger when
GPCRs are engaged with agonists. We observed that serotonin stimulation indeed causes

an increase in the intracellular Ca?* concentration.

With our unique tool, for the first time, we could directly link Ca?* signaling to dopamine
exocytosis. We performed simultaneous imaging of intracellular Ca?* increase with a Ca*
indicator and dopamine with our nanosensor (section 2.2, Figure 2). We observed that upon
stimulation of neutrophils, at first, intracellular Ca?* increased and then after ~20 s delay,
dopamine was released from neutrophils. Dopamine exocytosis was not homogenous along
the cell membrane and amongst different cells. There was co-localization between

directional intracellular Ca?* increase inside neutrophils and dopamine exocytosis.

After confirming that indeed neutrophils have VMAT vesicles that store dopamine and
release them upon serotonin stimulation and Ca?* mobilization, we investigated the kinetics
of release with our dopamine sensors (section 2.2, Figure 3). With this powerful tool, we
were able to visualize dopamine exocytosis from neutrophils and observe intercellular
variability in the amount of dopamine secretion as detected by an increase in the

fluorescence intensity of the nanosensors.

We also determined that the signals detected by the nanosensors belonged to dopamine as

opposed to unspecific reaction to other secretory molecules or mechanical forces applied
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to the sensor surface by neutrophils upon activation and increased surface adhesion. By
depleting the neutrophils of dopamine and substituting FFN102, we recorded exocytosis
simultaneously in both FFEN visible channel and dopamine nIR channel (section 2.2, Figure
3E). Dopamine exocytosis was not detected in the NIR channel; however, FFN102

exocytosis was recorded by the visible channel.

We also confirmed that serotonin induced exocytosis in a receptor-mediated manner by
treating neutrophils to serotonin agonist and antagonist. As predicted, blocking serotonin
receptors significantly reduced exocytosis of dopamine. When we stimulated the same cells
with ionomycin as a universal Ca?* ionophore, we observed that an increase in intracellular
Ca?* did not restore dopamine exocytosis (section 2.2, Figure 4A). This finding indicated

that dopamine exocytosis required specific engagement of serotonin receptors.

On the other hand, a serotonin receptor agonist promoted dopamine exocytosis (section
2.2, Figure 4E). In the next step, we investigated platelet-serotonin interactions with our
nanosensor tool. We observed that when we stimulated platelets with thrombin to secrete
serotonin, neutrophils released dopamine which was recorded by our nanosensors (section
2.2, Figure 5). Figure 7. shows the schematic of the sensing strategy. Simultaneous
intracellular Ca** and dopamine release was visualized. Activated platelets released
serotonin which induced neutrophils to release dopamine. The cells are adhered on a smart
surface comprised of NIRDA sensors. Each NIRDA switches on when it comes in to

contact with dopamine thereby visualizing dopamine release.

Serotonin has been implicated in neutrophil adhesion, recruitment’® and degranulation.%®
Platelet serotonin mediated platelet-neutrophil interaction.’®® Therefore, serotonin is a
propagator of inflammatory response in neutrophils. We speculated that dopamine release
from neutrophils upon serotonin-induced neutrophil activation, must act as an
autocrine/paracrine modulator to tune down inflammatory response of neutrophils in a
feedback loop. There are already studies that indicate dopamine attenuated inflammatory
response of neutrophils.*?” Our study on the effect of dopamine in NETosis also confirms

the previous findings.
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Platelet-derived serotonin

Reduced NEToOSIE

Brightened NIRDA
in response to dopamine

Figure 7. NIRDA detection strategy; When neutrophils and platelets are seeded on NIRDA
surface, each NIRDA turns in to a switch on bottom which brightens by binding to dopamine.
Therefore, dopamine exocytosis from neutrophils activated by platelet serotonin is visualized.

First, we confirmed the expression of several dopamine receptors (DRS) in neutrophils.
There are several studies on the expression of DRs in neutrophils. Again, the results of
these studies are not conclusive. For instance, RT-PCR experiments revealed that mMRNA
of none of the dopamine receptors were present in neutrophils.!®* But another study
discovered that all dopamine receptors (D1, D2, D3, D4, D5) were expressed in neutrophils
while D2 expression was the lowest of all receptors.® Another study also observed that
all DRs were expressed in neutrophils with the highest expression belonging to D5 > D3 >
D2 > D4.1% Another study only found D2 and D4 expression.'®® The disparities could be
due primer quality, experimental conditions and the degree of purification of the
neutrophils. Nevertheless, we mainly observed the expression of D2 and D3 receptors
(section 2.21, Figure 6).

After establishing the presence of dopamine receptors, we observed that dopamine reduced
the rate of NETosis in PMA treated neutrophils in a concentration dependent manner. We
also confirmed that this response was not due to reducing effect of dopamine and its
protective effects against production of ROS since other catecholamines such as
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epinephrine and norepinephrine did not produce the same protective effect against NETosis

as dopamine (section 2.2, Figure 6).

In summary, in this project, first we establishing the existence of dopamine synthesis in
neutrophils through, antibody staining, FACS, and HPLC. Then, we studied the kinetics of
VMAT vesicle exocytosis via FFNs and discovered the stimulatory effect of serotonin on
VMAT vesicle exocytosis. We discovered that Ca?* is an important signaling step in
serotonin-induced dopamine exocytosis then, we employed our powerful tool to study
dopamine exocytosis in neutrophils and visualized serotonin mediated platelet-neutrophil
interactions. And finally, we discovered that dopamine is a paracrine immune modulator

in neutrophils that reduces the rate of NETosis.

This topic can be explored further in many aspects. Our understanding of neutrophils is
growing. Neutrophils were considered permanently differentiated with a homogenous
phenotype after they entered the circulation system. However, we know that circulating
neutrophils express different markers when they are primed by different agents. A recent
study discovered several distinct neutrophil populations with defined molecular
signatures.’®” They discovered three subsets of neutrophils from peripheral blood. Several
factors can induce neutrophil reprogramming and phenotypical changes during aging,®®
priming, infection and mechanical forces during extravasion. Recent studies show that
tumor microenvironment also induces neutrophil reprogramming.'®® A recent study
discovered a subpopulation of human Tr+ cell and not all T cells store and release dopamine
in germinal center when forming immune synapses with B cells.}’® So it would be
interesting to investigate the heterogeneity in dopamine synthesis and exocytosis amongst

distinct neutrophils subpopulations and its implications.
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Conclusion and Outlook

In conclusion, designing nIR fluorescent nanosensors provided a powerful tool to study
dynamic cellular functions in immune cells. Here, we took advantage of the high parallel
spatio-temporal resolution that the sensor afforded to uncover new information regarding
exocytosis of monoamines from immune cells. This tool enables researchers to study
release dynamics on a subcellular level in many cells simultaneously. Intercellular
variations in cellular exocytosis can be studied as different cell subtypes can be marked by
labeling agents and the exocytosis can be recorded in all cells simultaneously. As our
nanosensor platform employs nIR detection, it can be easily combined with other molecular
indicators which are fluorescent predominantly in the visible range to record simultaneous
cellular events. Therefore, this nanosensor is a versatile tool for detection of biogenic

molecules in real time.

One of the main areas that needs further investigation is increasing the selectivity of the
nanosensors to the target molecules. If the molecular recognition is based on
oligonucleotide functionalized SWCNTSs, and the target molecule is any molecule other
that catecholamines, there will always be a background response from the catecholamine.
however, depending on the conditions of sensing this issue should be taken into

consideration.

Several issues regarding the safety and environmental implications of carbon nanotubes
has so far hindered their industrial large-scale use. Carbon nanotubes aren’t biodegradable
in nature and they aren’t biocompatible in the body. However, because of their unique
properties such as mechanical strength, electrochemical and optical properties their
application cannot be dismissed. There is great need for developing protocols and defining
safety risks for carbon nanotubes to facilitate their use in the biomedical field.
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