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Electrochemiluminescent Spin-Polarized Modulation by Magnetic Ions

and Surface Plasmon Coupling

Yun Shan, Hongyi Wu, Shijie Xiong, Xinglong Wu,* and Paul K. Chu

Integration of semiconductor nanocrystals (NCs) with metal-
lic nanoparticles (NPs) enables light-emission modulation by
surface plasmons!'! and provides the opportunity to modify
the emission response from NCs through the interaction
between an applied magnetic field and surface plasmons.”!
Thus, light emission influenced by a magnetic field can be
exploited in optical sensing of magnetic biological processes.
Although sensing of bio-substances with magnetism, such as
hemoglobin and bio-reactions yielding magnetism changes,
needs a weak magnetic field, it is fundamentally challenging
to produce effective magnetic biosensing devices. In principle,
magnetic field effects can occur by spin-dependent excitation
and recombination.’®*¢! For example, spin-polarized hole
injection from the cobalt nanocluster anode into an organic
semiconductor poly[2-methoxy-5-(2"-ethylhexyloxy)-1,4-phe-
nylenevinylene] layer can increase the electroluminescence
efficiency by 18% at a field of 450 Oe by direct spin
manipulation in the excitation process.”! The magnetic field
effects can also be enhanced by integrating the light emission
system with surface plasmons in metallic nanostructures.'>!
Recently, it has been demonstrated that a weak external
magnetic field as small as 10 mT can modulate the wave-
vector of surface plasmons in a magnetoplasmonic structure
(Au/Fe/Au and Au/Co/Au trilayer film),”! and magnetic
nanostructured iron oxide can also greatly enhance localized
surface plasmon (LSP) resonance without an external field."

Electrochemiluminescence (ECL), an electrically gener-
ated light emission process, involves light emission from the
excited state of a luminophore owing to an initial electro-
chemical reaction on the electrode surface.”’ Semiconducting
NCs possessing the ECL activity are promising ECL emitters
in biosensing applications owing to simple surface function-
alization and tunable ECL properties.®! Particularly, light
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emission from semiconducting NCs can be easily modulated
by surface plasmons in the metal nanostructures by a rational
design."**! Metalloporphyrins such as iron (IT) porphyrin and
magnesium porphyrin with irreplaceable bio-functions play
an important role in modern biological chemistry. Many
metalloporphyrins have magnetism and undergo magnetism
change when they specifically recognize diatomic molecular
species.”’ In a solution, addition of one axial NO ligand,
a ubiquitous signaling molecule in biology, can cause spin
state change of manganese(II) tetraphenylporphyrin from S =
2/5 to S = 0."*<I These results indicate that many bio-reactions
can alter the magnetism of magnetic bio-substances signifi-
cantly and sensitive detection of magnetic changes can be
exploited to detect and recognize bio-molecules. In this work,
we design an ECL-surface plasmon-coupled system consisting
of semiconductor CdS NC film-Au NPs with DNA double
strands (dsDNAs) as the linker (Figure 1). Using 5,10,15,20-
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Figure 1. Diagram of the ECL process in the CdS NC film-Au NP
coupling system in the presence of Co®". The surface plasmon is
mainly localized close to the Au NPs and total magnetic moment of
Co®" in the ferromagnetic alignment act on the electrons and holes in
the high-field area of the Au surface plasmon where radiative recombi-
nation takes place depending on spin-polarized modulation. The ECL
intensity depends on the length of DNA double strands and decreases
with increasing Co*" concentration.

tetra-(4-pyridyl)porphyrin (TPyP) as a model substance, ECL
from the CdS NC film-Au NP system is controllably quenched
by addition of Co ions under no applied magnetic field, and
partially restored by adding Co-TPyP complexes. The mag-
netic ion-induced ECL modulation is attributed to the
variation in the spin-dependent recombination rate owing to
the internal magnetic field arising from the ferromagnetically
aligned magnetic ions under the interaction with electron
spins in Au NP. The methodology and results reported herein
are expected to have potential biosensing applications.
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The CdS NCs and 5 nm Au NPs (Supporting Information,
Figure S1) are synthesized following reported methods,” and
details regarding the NC film fabrication and assembly
process are described in the Supporting Information (Exper-
imental Section and Table S1). ECL modulation occurs when
the Au NPs are connected to the CdS NC film. The Au NPs
linked by dsDNAs of 27, 30, 36, 42, and 48 base pairs (bps)
lead to 1.3, 2.7, 6, 9, and 3-fold ECL enhancements,
respectively. The pristine CdS NC film can produce strong
and stable ECL emission in the presence of co-reactant S,05>~
by the reaction involving electrochemical-reduction-gener-
ated CdS™ and SO,~.[**’1 The assembly of 3-mercaptopro-
pionic acid (MPA), captured single-stranded DNA
(CssDNA), dsDNA (42 bps), and bovine serum albumin
(BSA) on the surface of the NC film hardly changes the ECL
intensity (distinguished by the ECL peak height), while a 9-
fold ECL enhancement is observed if the Au NPs are attached
(Figure 2a). The results indicate that biomolecules on the
CdS NC surface cannot effectively change the ECL intensity
of the NC film. The ECL intensity of the CdS NC film is
correlated with the reduction of co-reactant S,0¢’". When
MPA, CssDNA, BSA, dsDNAs, and Au NPs are attached to
the surface of the CdS NC film in sequence, only very small
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Figure 2. Cyclic ECL curves and UV/Vis absorption spectra acquired
from the composite films. a) Cyclic ECL curves of the CdS NC film,
MPA/CdS NC film, CssDNA/MPA/CdS NC film, Au/dsDNA-BSA/MPA/
CdS NC film, CssDNA-BSA/MPA/CdS NC film (inset), and dsDNA-
BSA/MPA/CdS NC film (inset). dsDNA: 42 bps, Scanning rate:

0.1 Vs~'. b) UV/Vis absorption spectra obtained from the uncapped
and probing single-stranded DNA (PssDNA)-modified Au NPs. Inset:
ECL spectrum of the CdS NC film.
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variations are observed from the reduction peak potential and
current of S,0¢*" in the cyclic voltammograms (Supporting
Information, Figure S2). This supports that ECL enhance-
ment by Au NPs is not due to the small change in the
reduction peak of S,04".

As shown in the inset of Figure 2b, the ECL emission
maximum from the NC film is at 524 nm and coincidentally in
good agreement with the surface plasmon band of probing
single-stranded DNA (PssDNA)-modified Au NPs at 522 nm
which is slightly red-shifted compared to the pristine Au NPs
(512 nm, Figure 2b), owing to enhancement of Au 5d band
screening of 6s electron surface plasmon oscillations.!""”!
Therefore, the LSP in the Au NP can be coupled to
electron-hole pairs or excitons in the NCs created by the
electrical voltage and takes part in the ECL process to
produce the ECL enhancement. The LSP is the collective
oscillation of the electron cloud (with negative charge) in the
Au NP along the DNA chain direction (Figure 1), while the
core of NP (with positive charge) is stationary. In the semi-
period in which the electron cloud moves upward, there are
empty electron orbitals in the lower half-sphere of the Au NP.
The electrons in the CdS NCs on the cathode can swarm into
these orbitals through the DNA chain and create momentum
in the electron cloud to promote LSP oscillation. The
magnitude of the momentum increases with the DNA
length because for a longer distance, more work is done by
the applied electric field. In the other semiperiod, the electron
cloud conversely moves downward, but no electrons are
injected into the CdS NCs because the states are already
occupied by electrons owing to the attachment to the cathode.
In this process, both the oscillation and electron cloud in the
LSP increase, and the process ceases when the electron cloud
is large enough to occupy all the available empty orbitals in
the conduction band of the Au NP."! If the extra electrons on
the NP can be neutralized by radiative recombination with
holes carried by the complexes SO, in the solution, the
aforementioned process continues and stabilizes. This can
happen because there are many SO, " complexes attracted by
the negative NPs, and a high-field area may appear near the
NPs owing to the effect of the LSP (Figure 1), which increases
the probability of radiative recombination of holes on the
SO, complexes and extra electrons on the NPs.

As demonstrated in Section S1 in the Supporting Infor-
mation, radiation is annihilated when o or 9 is small. Here,
o is the promoting rate of the electron current through the
DNA to the LSP oscillation and increases with length of the
DNA chain. d is the transmission rate of electrons through the
DNA and becomes smaller with increasing length of DNA
chain. This means that a moderate (neither short nor long)
DNA chain may be suitable. Here, the maximum ECL
enhancement factor is obtained with dsDNAs of 42 bps
(Figure 2a). Different enhancement factors owing to the
difference in the surface plasmon bands are ruled out as the
Au NPs modified with PssDNA of different bases show nearly
the same surface plasmon bands. Hence, the DNA lengths
result in different enhancement factors.

Radiative recombination of electrons and holes happens
in narrow high-field areas near the Au NPs (Figure 1). This
provides the possibility to control the recombination and

Angew. Chem. 2016, 128, 2057 —2061


http://www.angewandte.de

GDCh
~~

luminescence strength by means of an internal magnetic field
concentrated near the Au NPs. Here, ECL modulation of the
CdS NC film-Au NP coupled system with dsDNA of 42 bps as
the linker by Co’" with intrinsic magnetic moments is
investigated. The effect of 100 um Co*" on this coupled
system is shown in Figure 3 a. The ECL intensity decreases by
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Figure 3. Cyclic ECL curves obtained after addition of Co*", Zn*" and
Mg®*. a) Effects of 100 um Co?*, Zn**, and Mg”** on the ECL intensity
of the Au/dsDNA(42 bps)-BSA/MPA/CdS NC film (CdS NC film-Au NP
coupling system). b) Effects of Co?" on the pristine CdS NC film.
Inset: Typical cyclic voltammograms of S,04*" before and after
addition of 100 um Co®" to the ECL system. Scanning rate: 0.1 Vs™.

83% in the presence of 100 um Co*'. In the control experi-
ments, only about 7% quenching of the ECL intensity is
observed from the pristine CdS NC film in the presence of
100 um Co** (Figure 3b). 100 um of Co®" result in less than
10% decrease in the ECL intensity of the CdS NC film
modified by dsDNAs without Au NPs (not shown). The inset
in Figure 3b shows the typical cyclic voltammograms of
S,0¢* before and after addition of 100 um Co*" to the ECL
system. Obviously, Co’" only causes a very small change in the
reduction peak current and potential of S,04>", indicating that
ECL quenching of the coupled system cannot be attributed to
Co**-induced change in the reduction of S,04*. Control
experiments involving nonmagnetic Zn*" and Mg*" show that
100 um Zn*" or Mg*" produces very small changes in the ECL
intensity (Figure 3a). Thus, the large ECL quenching is
mainly due to spin polarization of electrons and holes caused
by the internal magnetic field from Co®" in the vicinity of Au
NPs. It reduces the amount of e-h pairs with the inverse spin
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orientation.”™*l ECL quenching of the CdS NC film-Au NP
system also works with magnetic Fe*" and Fe*" as 100 um Fe*"
and Fe’' decrease the ECL intensity by 80% and 75%,
respectively (Supporting Information, Figure S3).

To further clarify the magnetic effect of Co*", UV/Vis
absorption of PssDNA-modified Au NPs was monitored
before and after addition of 100 um Co?*. There was no
noticeable shift, and only a very small intensity change in the
surface plasmon band (Supporting Information, Figure S3),
indicating that no change occurs in the spectral overlapping of
ECL and surface plasmon of Au NPs. The very small change
in the surface plasmon resonance peak intensity implies that
the influence of magnetic Co*" on the UV/Vis absorption is
negligible. The situation for 100 um Zn>" or Mg*" is similar.
No noticeable spectral shift or intensity change in the surface
plasmon band were observed, indicative of the essential role
of magnetic Co*" in ECL quenching.

Co*" is paramagnetic possessing an intrinsic magnetic
moment. When some Co ions are in close proximity with an
Au NP, the magnetic moments of Co*" interact with spins of
electrons in the Au NP and can be ferromagnetically aligned
to produce a total magnetic moment M, as shown in Figure 1.
If the magnetic interaction strengths on nearby electrons and
holes are J, and J,, the recombination rate after spin
modulation can be calculated by (Supporting Information,
Section S2):

2y, (e—zl,,uM/kBT + e—z.l(,uM/kBT)

(1 + e 2erM/ksT) (1 + e 2TiiM/ksT)

where vy, is the recombination rate in the absence of an
internal magnetic field, p is the magnetic moment of electron
and hole, and kg and T are the Boltzmann constant and
temperature, respectively. The recombination rate and cor-
responding luminescence intensity will be quenched by the
internal magnetic field by changing the spin polarization of
electrons or holes because J, and J, are non-zero in the
presence of magnetic Co*". Being in agreement with theo-
retical calculation, the ECL intensity of the CdS NC film-Au
NP coupling system can be modulated by the concentration of
Co*". When the concentration of Co*" is reduced from 100 to
10 um, the ECL quenching efficiency drops from 83 % to 22 %
(Figure 4a). Co*"-modulated ECL quenching is similar to the
effect of an applied external magnetic field. External
magnetic fields of 20 and 50 Gauss applied by the permanent
magnet produce 67% and 94% decreases in the ECL
intensity, respectively (Supporting Information, Figure S5),
suggesting that Co®" in close proximity with Au NPs may be
ferromagnetically aligned by coupling with electron spins
producing an internal magnetic field.

To explore the biosensing potential of the Co*"-modu-
lated ECL quenching effect, the ECL response of the CdS NC
film-Au NP system to the Co®*'-TPyP interaction is moni-
tored. Here, TPyP acts as a spacer. The complexes with Co*"
lessen the amount of Co*" in close proximity with Au NPs, and
thus decrease the total magnetic moment. This case is similar
to that under the influence of an applied external magnetic
field. In these experiments, we directly added Co*" and TPyP
to the ECL reaction system (pH 8.3). Figure 5a presents the
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Figure 4. Cyclic ECL curves obtained in the presence of different Co®"
concentrations and dependence of the ECL increment on TPyP concen-
tration. a) ECL modulation of the CdS NC film-Au NP coupling system
for different Co®" concentrations. dsDNA: 42 bps, Scanning rate:

0.1 Vs™'. b) Relationship between the ECL increment observed from
the CdS NC film-Au NP system in the presence of 100 um Co?" and
different TPyP concentrations. Each data point represents the average
of three measurements. The red line is the theoretical ECL intensity
increment as a function of TPyP concentration. The parameters are:
T=300K, k=0.3 pm, and J,um,=/,um,=0.01 eV. Inset: Logarithmic
calibration curve of TPyP. dsDNA: 42 bps.

electronic transition spectra of 100 um Co*", 10 um TPyP, and
their mixture in the ECL detection buffer, respectively. Co**
has no absorption in the UV to Vis spectral range. TPyP
shows intense absorption at 440 nm with a shoulder at 425 nm
for the Soret band and four less intense Q-bands between 500
and 650 nm. After further addition of Co’", the 440 nm
absorption band decreases together with a larger and slightly
red-shifted shoulder (right inset), indicating coordination
between TPyP and Co?"." The increase in absorption at
about 400 nm also confirms the occurrence of coordination
(left inset)™ and thus, the complexing reaction takes place
between Co*" and TPyP.

The effect of 10 um TPyP on the ECL intensity of the CdS
NC film-Au NP system (dsDNA of 42 bps) in the presence of
100 um Co?" is shown in Figure 5b. 10 um TPyP leads to
a small drop in the ECL intensity because TPyP has weak
absorption in the ECL spectral range of the CdS NC film
(Figure 5a). The effect of TPyP on the ECL reaction owing to
electron transfer is ruled out in view of the nearly unchanged
reduction peak potential and current of S,04*~ (not shown).
Although either Co** or TPyP is an ECL quencher of the
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Figure 5. UV/Vis absorption spectra and cyclic ECL curves. a) Absorp-
tion spectra of 10 um TPyP before and after addition of 100 um Co*".

b) Effects of TPyP on ECL of the CdS NC film-Au NP coupling system
with and without 100 um Co®".

coupled system, 10 um TPyP can recover the 100 um Co**-
quenched ECL from 17% to 52% of the initial value.
Interestingly, smaller ECL quenching efficiency (50%) is
observed when 10 pum TPyP is first added, followed by
addition of 100 um Co?". The results show that only those
Co’" ions non-complexed with TPyP and in close proximity to
Au NPs can couple with the Au NPs to consequently produce
ECL quenching." Thus, the efficiency of ECL intensity
recovery depends on the concentration of TPyP.

The relationship between the increase in the ECL
intensity of the CdS NC film-Au NP coupled system in the
presence of 100 um Co*" and TPyP concentrations (0.1-
15 um) is investigated. With increasing TPyP concentration,
the ECL increment becomes larger and reaches a plateau at
a TPyP concentration of 10 um. The logarithmic calibration
curve of ECL increment versus TPyP concentration exhibits
good linearity in the range of 0.5-10 um (coefficient of
determination R*=0.996; inset of Figure 4b). The favorable
response of 0.1 um TPyP indicates a remarkable response of
this system to magnetic changes (signal/noise S/N = 3). Addi-
tionally, the ECL intensity of the CdS NC film-Au NP-
coupled system can be fully restored by washing away Co*"
and Co-TPyP complexes. As shown in Section S3 in the
Supporting Information, we theoretically calculate the
dependence of the ECL intensity on the Co*" (TPyP)
concentration in the solution. The calculation results are
also presented in Figure 4b for comparison (red line). By
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increasing the Co*" (TPyP) concentration, the ECL intensity
increases. The increase is finally saturated at a large TPyP
concentration, in very good accordance with our experimen-
tal results. It is also found that the 100 pm Co*'-quenched
ECL from the CdS NC film-Au NP system can be partially
recovered by L-proline, a natural amino acid. The ECL
quenching efficiency decreases from 83 % to 35% by adding
10 um L-proline (Supporting Information, Figure S6). It
provides evidence about the large potential of the system
pertaining to the detection of biomolecules.

In conclusion, luminescent semiconducting NC film/
metallic NPs with strong surface plasmons constitute an
experimentally simple and efficient ECL system to achieve
magnetic biosensing by combining with magnetic ions only.
This system not only offers a good theoretical model to
understand the influence of the local magnetic field on
radiative recombination of electrons and holes in close
proximity to metallic NPs, but also renders magnetic biosens-
ing possible. It may be possible to increase the detection
sensitivity by changing the size and morphology of the
metallic NPs or using ultra-thin magnetic nanoclusters in
a solution.
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