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We report a new NMR relaxation time-based method for sensitive
and selective dopamine detection using paramagnetic nanoparticles.
The Fe* species in the nanoparticles serves as both the contrast
agent and the target recognition element. The results demonstrate
that paramagnetic nanoparticles, similar to the more widely used
superparamagnetic nanoparticles, can be integrated into relaxation
based detection schemes while avoiding the aggregation problem
commonly associated with superparamagnetic nanoparticles.

One of the major challenges in biosensing is the accurate, selective
and rapid detection of important targets, such as disease biomarkers,
pathogens and cancer cells in biological samples, preferably with
little or no pretreatment. Over the years different biosensing systems
have been developed to detect such targets with good selectivity and
sensitivity, enabling early disease diagnosis." Among them, mag-
netic nanoparticles (MNPs) based biosensing has received consider-
able attention recently."® Magnetic relaxation switch (MRS) based
sensing methods have shown good promise to provide fast and
reliable results using benchtop nuclear magnetic resonance (NMR)
relaxometer.”"' These methods are based on the use of surface-
functionalized MNPs to recognize specific targets. The switch
between a dispersed and clustered state of the MNPs upon inter-
action with the target lead to a change in the transverse relaxation
time (73) of the water protons in the solution.""
Superparamagnetic iron oxide nanoparticles (SPION) are com-
monly used in MRS based sensing. Nevertheless, there are challenges
associated with the target-induced clustering detection schemes,
e.g., over-clustering of nanoparticles will lead to their precipitation,
undermining the reliability of T, measurement results. Thus,
improvement in the stability of MNPs prior to and after target
addition is crucial to the relaxation-based detection.
Paramagnetic metal ions, such as Gd**, Fe*", Mn®*", Mn®** and
Cu*', can also affect the transverse (T,) and longitudinal (T})
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relaxation times of the surrounding water protons, and serve
as contrast agents in magnetic resonance imaging (MRI).""'**7
Due to the toxicological concerns on the free metal aqua ions,
chelating ligands are commonly used to reduce the toxicity of
the metal ions."®*>' However, complete coordination of metal
ions decreases the access of water protons to the metal ions, and
the overall effectiveness of the metal ions as contrast agents
decreases.”>** Therefore it is important to develop metal chelates
with both strong magnetic relaxivity to act as good contrast agents
and good stability to ensure low toxicity.”*** Gd*" chelates have been
the most frequently used contrast agents commercially because of
their strong paramagnetic properties. Other more biocompatible
paramagnetic metal chelates have also been investigated of viability
as contrast agents.***” Fe*" ion has five unpaired electrons with high
magnetic moment, thus is a good candidate for acting as contrast
agent.”® However, Fe*" ions tend to form insoluble oxides at pH > 4.
On the other hand, complete coordination of Fe** ions by ligands
would greatly interfere with the interaction between Fe* ions and
water protons, which largely reduces the efficiency of Fe**-based
contrast agents.”® Hence, one of the major challenges in developing
Fe*"-based contrast agents is to improve the stability and dispersi-
bility of Fe** complexes in the aqueous media while maintaining the
accessibility of the Fe** ions by water protons.***’

Herein, we report the development of a T,-based detection
method for dopamine, an important neurotransmitter associated
with various brain functions including learning and memory.
Currently, there have been a number of methods reported on
the detection of dopamine, such as, surface-enhanced Raman
spectroscopy (SERS),** electrochemistry,® UV-vis spectroscopy*
and fluorescent spectroscopy.®® While these methods have shown
varying degrees of success in detecting dopamine, there is ongoing
need to develop alternative methods that are less labor-intensive,
less time-consuming or expensive, and with little sample pretreat-
ment. The detection described here can be carried out on a
benchtop NMR relaxometer within minutes, and does not require
sample pretreatment.

The principle of the sensing scheme is shown in Fig. 1.
Ethyldiaminetriacetic acid groups (EDTA) are first grafted onto
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Fig. 1 Illustration of the detection scheme of the designed biosensor.
Upon the addition of dopamine, SiO,@TMS-EDTA@Fe®" nanoparticles
bind to dopamine, leading to increased T, relaxation time of the surround-
ing water protons.

the surface of silica nanoparticles (SiO, NPs) through the use
of EDTA-functionalized silane. As strong chelating agents
for many metal ions, the EDTA groups on the nanoparticle
surface can readily capture and stabilize Fe*" ions in aqueous
solution, which would reduce the relaxation rate of water
protons. Meanwhile, dopamine would bind to Fe’" ions selec-
tively due to the high affinity of its catechol groups to Fe**,**°
and interfere with the interaction between the Fe’* ions and
water protons, subsequently affecting the relaxation rate of
water protons in the solution.'®?” Experimentally, by monitor-
ing the T, of water protons, which is directly associated with the
relaxation rate of water protons, we can detect the presence
of dopamine.

SiO,@TMS-EDTA nanoparticles were synthesized following
a modified version of the previously published protocol while
introducing the EDTA-functionalized silane (TMS-EDTA) to the
microemulsion system.*® Fe*" ions can bind to the SiO,@TMS-EDTA
nanoparticles at low pH, which greatly simplifies the preparation
process and eliminates the insoluble oxides formed by Fe*" ions.
Detailed experimental processes are provided in the ESLt

The synthesized Si0,@TMS-EDTA@Fe*" nanoparticles were
characterized by a number of techniques. The diameters of the
SiO,@TMS-EDTA nanoparticles were confirmed by transmission
electron microscopy (TEM), which show an average diameter of
~60 nm (Fig. 2a). Results of dynamic light scattering (DLS)
measurement (Table 1) are consistent with that of TEM. Chelation
of Si0,@TMS-EDTA with Fe®* ions results in the change of
zeta potential of SiO,@TMS-EDTA nanoparticles. Nevertheless,
zeta potentials of both SiO,@TMS-EDTA and SiO,@TMS-
EDTA@Fe*" nanoparticles indicate fairly good stability of the
nanoparticles at pH 4 (Table 1). The amount of Fe** species in
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Fig. 2 (a) TEM image of the SiO,@TMS-EDTA@Fe** nanoparticles. (b) R,

relaxivity measurement of SiO,@TMS-EDTA@Fe** nanoparticles in acetate

buffer.

Table1 Zeta potential and size of the nanoparticles measured by particle
size analyzer

Zeta potential (mV) Size by DLS (nm)

Si0,@TMS-EDTA
Si0,@TMS-EDTA@Fe*"

—53£5
—31+3

68.1 £ 0.7
65.5 + 0.5

the Si0,@TMS-EDTA@Fe®" nanoparticle solution was quanti-
fied using ICP-MS and determined to be 0.228 pg mL™".

The binding of dopamine to the Si0,@TMS-EDTA@Fe>"
nanoparticles is reflected by the change in the absorption
spectrum. It has been reported that Fe*’~dopamine complex
in solution displays characteristic absorption peaks depending
on the number and type of ligands. Additional chelation to Fe** ion
by ligands results in peak shift in the absorption spectrum.*?
In this study, the Si02®TMS-EDTA@Fe%—dopamine complex
has a dark green-blue color with a broad absorption band
at ~650 nm. The color develops very quickly with high concen-
tration of dopamine (Fig. S1, ESIT).

FTIR spectra of SiO,@TMS-EDTA, and SiO,@TMS-EDTA@Fe*"
nanoparticles were obtained to verify the surface functional groups
by TMS-EDTA silane and the subsequent chelation with Fe*". As
shown in Fig. 3b, a strong absorption band between 1000 and
1200 cm™ ' indicate the presence of Si-O bands.*® The absorption
peaks at 1396 and 1633 cm™ " are attributed to the symmetric C-O
stretching and the asymmetric C-O stretching vibrations after
the TMS-EDTA treatment.*® A weak asymmetric CH, stretching
band can be observed at 2981 ecm ™. The broad band at 3100~
3600 cm™ ' comes from the O-H stretching vibrations.

Transverse relaxation times (7,) of water protons were
measured by a Bruker Minispec mq60 relaxometer operating
at 1.41 Tesla and 40 °C without any washing step. The T, values
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Fig. 3 (a) UV-vis and (b) FT-IR spectra of the SiO,@TMS-EDTA and
Si0,@TMS-EDTA@Fe®* nanoparticles with dopamine.
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of the Si0,@TMS-EDTA@Fe** nanoparticles in aqueous solution
result in the transverse relaxivity of the nanoparticles, R, =
11.19 mM ' s %, as plotted in Fig. 2b. This R, value is compar-
able to that of Fe*" ions reported in the literature.>®

The percentage change of T, relaxation time (AT,%) upon the
binding of dopamine to SiO,@TMS-EDTA@Fe*" nanopatrticles is
calculated according to the following equation:*>*"

ATZO/O = (TZ target — T, blank) X 100/T2 blank

where T pjank and T targee is the average T, relaxation time of three
replicates of nanoparticle solution before and after dopamine
addition, respectively.

We first tested the detection of dopamine in acetate buffer.
As shown in Fig. 4a, a continuous increase in AT,% is observed
as the dopamine concentration rises up to 80 uM. A linear
relationship between AT,% and dopamine concentration exists
in the range of 1-10 uM with a correlation coefficient (R*) of
0.995 and a detection limit of 0.2 pM.

To assess the specificity of this detection scheme, comparison
experiments using glucose and sucrose as potential dopamine
competitors of comparable concentrations were carried out.
Results shown in Fig. S2 of the ESI{ demonstrate that these
sugar molecules do not significantly affect the detection of
dopamine. Furthermore, dopamine present in a complex matrix,
an Artificial Cerebrospinal Fluid (aCSF), was used as the sample.
The aCSF is a complex mixture simulating the easily accessible
fluid in the ventricular system. It contains several salts and
sugars: 124 mM NaCl, 2.5 mM KCl, 2.0 mM MgSO,, 1.25 mM
KH,PO,, 26 mM NaHCOs3, 10 mM glucose, 4 mM sucrose, and
2.5 mM CaCl,.*° Results shown in Fig. 4b demonstrate that, even at
the relatively high concentrations of various salts and sugars, the
Si0,@TMS-EDTA@Fe* nanoparticles can still detect dopamine
quantitatively. A linear relationship between dopamine concen-
tration in aCSF and AT,% is observed for the same dynamic range
of 1-10 uM and a detection limit of 0.5 pM. Since the aCSF contains
millimolar concentrations of sugars, it is expected that the slight
increase in the uncertainty of AT,% measurement by the presence
of sugars in samples would be reduced with aCSF as the solvent
matrix, as compared to the case of using acetate buffer as the
solvent matrix (Fig. S2, ESIt). The results illustrate the capability
of detecting dopamine in the complex matrix quantitatively,
without the need of sample pretreatment.

It is worthwhile to point out a couple of important features in
this nanoparticle-based design of sensing. The SiO, component
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Fig. 4 AT,% as a function of dopamine concentration with samples in (a)
acetate buffer, and (b) aCSF.
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of the SiO,@TMS-EDTA@Fe®" nanoparticles appears to be critical
in creating a change of the T, value of water protons before and
after the dopamine binding. It is well known that free Fe*" ions can
bind to dopamine in solution. Yet the 7, value of water protons in
solution containing only free Fe** ions is unstable, which cannot be
used to signal the presence of dopamine. In contrast, the T, value
of water protons in solution containing SiO,@TMS-EDTA nano-
particles is very stable. The synthesized Si0,@TMS-EDTA@Fe*"
nanoparticles have excellent water dispersibility and colloidal
stability in the acidic buffer. The presence of carboxyl and hydroxyl
groups on the surface of SiO,@TMS-EDTA nanoparticles prevents
their aggregation, which tends to be a common issue with super-
paramagnetic nanoparticles, and provides good stability over weeks
without any precipitation. To the other end, in many Fe*"-ligand
complexes the Fe®" ion usually has a coordination number of 6,
which prevents either the binding of dopamine to the Fe**-center or
the direct interaction between water protons and the Fe*'-center.*?
Thus the T, value of water protons in solution containing only
Fe**-ligand complexes, such as Fe-EDTA, barely changes upon
the dopamine addition. TMS-EDTA is a pentadentate ligand,*?
and has less coordination sites for metal center at low pH,
resulting in more available coordination sites on the Fe*" ion to
interact with dopamine and water protons.** The SiO, nano-
particle and TMS-EDTA combine to serve well as a platform for
the paramagnetic relaxation based sensing.

The Fe*" species of the Si0,@TMS-EDTA@Fe*" nanoparticles in
this scheme has two functions: (1) it is the paramagnetic agent that
directly causes change to the T, relaxation time of the surrounding
water protons; (2) it is the target recognition element that selec-
tively binds to dopamine. Moreover, by immobilizing other target
recognition elements on the nanoparticle surface, the SiO,@TMS-
EDTA@Fe®*" nanoparticles can be adapted to detect other targets
that do not directly bind to the Fe®" species.

In summary, we have demonstrated a T,-based detection method
for dopamine using paramagnetic nanoparticles. Detection limits of
sub-micromolar concentration are achieved for dopamine in both
acetate buffer and aCSF matrix without sample pretreatment.

This work was partially supported by the National Science
Foundation (CBET-1065633).
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