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Quantum dots (QDs) have attracted increasing interest in bioimaging and sensing. Here, we report a
biosensor of complex I using ubiquinone-terminated disulphides with different alkyl spacers (Q,NS, n = 2,
5 and 10) as surface-capping ligands to functionalise CdSe/ZnS QDs. The enhancement or quenching of the
QD bioconjugates fluorescence changes as a function of the redox state of Q,NS, since QDs are highly
sensitive to the electron-transfer processes. The bioconjugated Q,NS-QDs emission could be modulated by
complex I in the presence of NADH, which simulates an electron-transfer system part of the mitochondrial
respiratory chain, providing an in vitro and intracellular complex I sensor. Epidemiological studies suggest
that Parkinson’s patients have the impaired activity of complex I in the electron-transfer chain of
mitochondria. We have demonstrated that the Q,NS-QDs system could aid in early stage Parkinson’s
disease diagnosis and progression monitoring by following different complex I levels in SH-SY5Y cells.

arkinson’s disease (PD) is a complex neurodegenerative disorder affecting the elderly with many different

causes but probably then evolves via common pathways'?. Currently, diagnosis of PD almost relies on

clinical acumen. There are no established laboratory tests or biosensors that can reliably and specifically
identify PD. Moreover, differential diagnosis for PD can be rather challenging due to overlapping symptoms,
particularly in its early stages®. Thus, there is an urgent clinical need to develop biosensors for the diagnosis of
PD and differentiation of disease progression. Current evidence suggests that mitochondrial NADH:ubiquinone
oxidoreductase (complex I) inhibition may be the central cause of sporadic PD and that disorders in complex I
causes the demise of dopamine neurons, which contributes to the major clinical symptoms of PD*®. The
relationship between loss of complex I activity and PD progression may provide a path to early diagnosis and
monitoring of PD.

Complex I is the first enzyme of the mitochondrial respiratory chain and plays a central role in cellular energy
production, coupling electron-transfer between NADH and ubiquinone to proton translocation, helping to
provide the proton-motive force required for the synthesis of adenosine triphosphate®. As an essential cofactor
in the respiratory chain, ubiquinone, also known as coenzyme Q, is found at the hydrophobic core of the
phospholipid bilayer of the inner membrane of mitochondria'® and serves as a mobile carrier transferring
electrons and protons'"'*. The activities of reversible redox cycling between the ubiquinone and ubiquinol in
the electron transport chain allow the ubiquinone molecule to function as a valuable mediator.

Semiconductor quantum dots (QDs) have widespread applicability in areas ranging from in vivo imaging
and clinical diagnostics'>'® in biomedicine to environmental monitoring for public health and security due to
their unique optical properties, including tunable fluorescence narrow emission, broad absorption profiles, high
signal brightness and superior photostability'”'®. In addition, QDs are extremely sensitive to the presence of
additional charges either on their surfaces or in the surrounding environment, which can lead to a variety of
optical properties and electronic consequences'’. The redox potential of capping molecules can be chosen to
maximize the efficiency of charge transfer to promote transfer of external electrons and holes to either the QDs’
core conduction band (CB) or the QDs’ surface states'. Thus, controlling charge transport across redox-active
molecules functionalised QDs has generated interest for advanced molecular and cellular imaging as well as
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ultrasensitive biosensing'*'*. For instance, QD-dopamine bioconju-
gates stain dopamine-receptor-expressing cells in redox-sensitive
patterns®. Dopamine as an electron donor could sensitize QDs
through different mechanisms involving reactive oxygen species
(ROS)***. Recently, we demonstrated that coupling QDs with cyto-
chrome c is capable of fluorescence imaging of a superoxide radical
with high specificity*. Ubiquinone-coupled QDs could be used for
quantitative detection of ROS in living cells*>. Cumulatively, these
results confirm a role for redox molecules, and especially quinone, in
charge-transfer interactions with QDs; however, the improvement of
QD bioconjugates compatibility in biological system and how to
exploit it as biosensors for clinical diagnostic applications is lacking.

Herein, we report the design and preparation of colloidal CdSe/
ZnS QDs utilizing three ubiquinone-terminated disulphides with
different alkyl spacer, Q,NS (n=2, 5 and 10), appended with 1,2,3-
triazole that are synthesized as surface-capping ligands to functiona-
lise QDs (Q,NS-QDs). Using the Q,NS-QD bioconjugates, we found
that either quenching or enhancing the QDs’ emission is reversibly
tuned by the redox state of surface-capping layer, following the
transformation between oxidized ubiquinone (Q,NS) and reduced
ubiquinol (HQ,NS). There is a direct interplay between ubiquinone
and NADH in the enzymatic reaction of the electron transport chain
and it enables us to follow the activities of complex I to develop a
unique optical sensor for complex I. We have demonstrated that the
emission of Q,NS-QDs is enhanced with complex I in the presence
of NADH, which is attributed to the oxidized ubiquinone being
reduced to ubiquinol on the QD surface. Our strategy is aimed at
using the QD bioconjugates to follow deficient levels of complex Iin
human neuroblastoma SH-SY5Y cells. We believe our approach may
hold particular promise as a powerful fluorescence biosensor target-
ing the clinical diagnosis of PD.

Results

Design of surface-capping Q, NS ligands. We designed QD biocon-
jugates for biosensing complex I using ubiquinone-terminated
disulphide ligands and 550-nm-emitting core-shell CdSe/ZnS QDs.
Three ligands Q,NS, QsNS and Q;(NS were prepared using a facile
click reaction using copper(I) tris(benzyltriazolylmethyl) amine-
catalysed 1,2,3-triazole formation®® between alkylazide-disulphides
and ubiquinone with terminal alkynes (Fig. 1a). We introduced the
quinoid moiety in the Q, NS ligands to achieve the redox-switchable
fluorescence properties that could be useful for signal multiplexing.
The 1,2,3-triazole groups, similar to histidine”’, could enhance the
compatibility of Q,NS-QDs in biological systems. Three alkyl linkers
confer different abilities of electron-transfer to either the QDs’ core
or the surface of QDs. Finally, the disulfide group facilitates binding
of Q,NS to the QDs. The synthetic procedures and structural charac-
terisation of the Q,NS ligands are presented in the Supplementary
Information.

Fluorescence spectra of Q,NS and HQ,NS-functionalised CdSe/
ZnS QDs. We investigated the fluorescence effects of QD biocon-
jugates by using QDs capped with oxidized Q,NS and reduced
HQ,NS because QDs are prone to exchange electrons or energy
with the attached ligands upon excitation, resulting in their fluore-
scence change. As shown in Figure 2a-c, for Q,NS-QD bioconju-
gates, the fluorescence intensity gradually decreased with increasing
ratios (20-100) of Q,NS to QDs compared to the unconjugated QDs,
at high Q,NS (ratio 120) levels quenching of the QD bioconjugates
was saturated giving an average coverage of 100 Q,NS molecules per
CdSe/ZnS QDs. As can be seen, fluorescence quenching efficiency
was dependent on the alkyl chain spacer of Q,NS, since a more
pronounced quenching was observed for the shorter Q,NS-
modified QDs. As spacer length increases, the quenching efficiency
of the three ubiquinone-functionalised CdSe/ZnS QDs (ratio 100)
decreases: ~77% (Q,NS-QDs), ~56% (QsNS-QDs) and ~37%

(Q1oNS-QDs), respectively. We further examined fluorescence
effects of the QDs modified with the reduced ubiquinol, HQ,NS.
Surprisingly, the fluorescence intensity of reduced HQ,NS-QD
bioconjugates gradually enhanced at given ratio of HQ,NS to QDs
from 20 to 100. At a HQ,NS/QDs ratio of 120, no additional increase
of fluorescence was observed which indicated that on average 100
HQ,NS ligands assembled to these CdSe/ZnS QDs (Fig. 2a-c).
The alkyl chain spacer-dependent trend for fluorescence enhance-
ment of HQ,NS-QDs (ratio 100) was ~44% (HQ,NS-QDs), ~33%
(HQ5NS-QDs) and ~23% (HQ;oNS-QDs), respectively. The insets
in Figure 2a-c schematically depict the linear correspondence of QD
bioconjugates fluorescence changes as a function of either ubiquinol
or ubiquinone ratio and reaches saturation.

Electrochemical switching fluorescence of Q,NS modified CdSe/
ZnS QDs. In this work, we investigated the redox properties of the
surface-capping ligands effect on the fluorescence of QD biocon-
jugates following the transformation between Q,NS and HQ,NS
state when applying constant potential. As depicted in Figure 3a, b
and ¢, at the applied reduction potential of —0.30 V vs. SCE, the
fluorescence intensity of Q,NS, QsNS and Q;oNS-modified CdSe/
ZnS QDs increased during electrolysis. It should be noted that the
Q. NS ligands are reduced to generate the ubiquinol, which resulted
in an enhancement of QDs’ fluorescence. When applying a constant
potential of 0.10 V vs. SCE to Q,NS-QDs (50 s), QsNS-QDs (55 s)
and Q;oNS-QDs (60 s), a decrease in fluorescence intensity was ob-
served indicating that the capping layer of HQ, NS was reoxidized to
the Q,NS layer. We then looked to confirming that the redox couple
ubiquinon/ubiquinol is responsible for the QDs’ fluorescence quen-
ching/enhancement. Control experiments indicated that no effect
was observed on the fluorescence intensity when unmodified CdSe/
ZnS QDs were used at a potential of —0.30 V or 0.10 V vs. SCE under
the same conditions (data not shown). Moreover, in situ UV-vis
spectroelectrochemical experiments have also confirmed that
transformation of surface-capping layer between ubiquinone and
ubiquinol could be modulated effectively by electrochemistry (see
Fig. S1, Supplementary Information).

Figure 3d, e and f present the time-dependent changes in fluor-
escence intensity for ubiquinone/ubiquinol upon repeated reduction
and oxidation cycles of the Q,NS-QDs with applied potential.
Clearly, the fluorescence intensity of Q,NS, QsNS and Q;(NS-
modified QDs are enhanced significantly with an increase of elec-
trolysis time (0~50 s, 0~55s and 0~60 s, respectively) at the
potential of —0.30 V vs. SCE. Subsequently, QDs’ fluorescence
intensity gradually decreased at the potential of 0.10 V vs. SCE with
electrolysis time (0~50 s, 0~55 s and 0~60 s, respectively). Clearly
demonstrating that the oxidized capping layer (ubiquinone) converts
to its reduced form (ubiquinol) and is reoxidized again (ubiquinone)
on the QD surface. These results show excellent reversibility over
three cycles with only small losses of fluorescence intensity in the
subsequent cycles and rapid transformation between redox states of
surface-capping ligand, Q,NS and HQ,NS, circa 2 min. Overall,
these results indicate the feasibility of using such QD bioconjugates
as switchable fluorescence sensors.

The biocatalytic reduction of Q,NS-modified CdSe/ZnS QDs
utilizing complex I and NADH. To further investigate the viabi-
lity of Q,NS-CdSe/ZnS QDs’ compatibility in biological systems, we
coupled the biocatalytic reduction to complex I enzymatic reaction
using NADH cofactors to mimic the well-known ‘Q cycle’ model in
electron-transfer process of the respiratory chain (Fig. 1b)*. As
shown in Figure 4a, b, ¢, the time-dependent fluorescence intensity
of Q,NS-QD bioconjugates increase upon the interaction with
complex I (4.9 U) in the presence of 10 mM NADH. The results
indicate that the biocatalytic two-electron, two-proton reduction of
Q,NS utilising complex I and NADH cofactor results in HQ,NS-
functionalised QDs and switches on the QDs’ fluorescence. The
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Figure 1 | Schematic of ubiquinone-CdSe/ZnS QDs as redox fluorescence biosensor for Parkinson’s disease diagnosis. (a), Ubiquinone-terminated

disulphides (Q,NS) synthesis and self-assembly of Q,NS on to CdSe/ZnS QDs. (b), Conceptual visualisation of Q,NS-QDs as complex I sensor in vitro.
Under oxidized state (Q,NS), ubiquinone functions as a favorable electron acceptor, this results in effective QDs’ fluorescence quenching. Addition of
complex I to Q,NS-QDs solution in the presence of NADH, ubiquinone coupled electron transfer and proton translocation from NADH, producing

reduced ubiquinol (HQ,NS) form on the surface of QDs to mimic the initial stages of the respiratory chain. Ubiquinol when in close proximity to the QDs
produces fluorescence enhancement. (c), Energetic diagram of the QDs bioconjugates between QDs and Q,NS/HQ,NS. (d), Fluorescence spectra of

ubiquinone/ubiquinol- functionalised CdSe/ZnS QDs. (e), Cyclic voltammetry of Q,NS-CdSe/ZnS QDs. (f), Visualisation of Q,NS-CdSe/ZnS QDs as an
intracellular complex I sensor. The mitochondrial-specific neurotoxin, rotenone, inhibits complex I and leads to Parkinson’s-like pathogenesis.
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Figure 2 | Effects of ubiquinone and ubiquinol on fluorescence spectra of QDs. (a—c), Representative fluorescence spectra collected from

550-nm-emitting hydrophilic CdSe/ZnS QDs (0.2 M PBS buffer; pH 8.0) recorded before and after self-assembly with an increasing ratio of ubiquinol
and ubiquinone added to PBS buffer at Q,NS (a), QsNS (b) and Q;oNS (¢). Spectra were collected on a Shimadzu Cary Eclipse (Varian) fluorometer with
350 nm excitation. Inset: Plot of QD bioconjugates fluorescence at 550 nm versus HQ,NS and Q,NS to QDs ratio. Standard deviations are calculated
from at least three replicate samples are shown. (d), Normailized cyclic voltammetry of Q,NS modified QDs on glassy carbon electrode in PBS buffer of

pH = 8.0 at a 100 mV-s™' scan rate. SCE is saturated calomel electrode.

insets in Figure 4a, b, c illustrate that QDs’ fluorescence intensity
increased as a function of incubation time, and reaches saturation
after ~4.5, ~5.0 and ~5.5 min for the Q,NS, QsNS and Q;(NS-QDs
systems, respectively. Notably, we incorporated a 1,2,3-triazole
group in these ligands that could be useful for enzyme affinity.

Therefore in control experiments linking groups without triazoles
Q.S (see Fig. S2, Supplementary Information) were prepared. Figure
S2 shows similar time-dependent fluorescence enhancements from
QDs assembled with Q,S except a significant increase in incubation
time compared to triazole linked Q,NS-QDs. The fluorescence

| 3:1537 | DOI: 10.1038/srep01537

4



Applied potential of Apﬁlfg\somf\gé';f Applied potential of
-0.30 V vs. SCE . vs. -0.30 V vs. SCE
. 3000 _‘ ...................... 0s . 4000 _A 55 g sLEsEas L g e LS X Os 3- 6000 T 0s
= : - I A 15s
© © ©
-~ M e 15 2 L | W5t
| M 10s - . = = 5000 | *UFTANL o
= = i =
% 5 % 3000 PR A || I S g D 45
£ 20001 ) E 0 45s E | — A . )
8 1l I S |y sy | 8 Py | s
§ 8 2000F 0 g i, 8 3000t Applied potential of
8 """" 50s Y 8 Applied potential of % 0.10Vvs. SCE
S Applied potential of § il S
= 10001 010V vs. SCE | iL T 2000F
10001
1000}
= . L L 0 . L . N 0 f . . . :
450 550 650 750 450 550 650 750 450 550 650 750
Wavelength / nm Wavelength / nm Wavelength / nm
6100
3 2800f = 4300} 5
> = >.5400F
.g ‘a .g
@ 2400f E, 3800¢ I3
£ £ =
§ § § 47001
% 2000p @ 33001 e
8 g 8
S s S 4000f
- 1600} iL 2800 e
3300
1200F 2300
L 1 2 1 . 1 .1 .1 .1. L b o 0 . 0 . 1 . 1 5 1 4 | I T NN R N N |
0 100 200 300 0 100 200 300 0 100 200 300
Time /s Time/s Time /s

Figure 3 \ The fluorescence spectra changes with applied potential. (a—c), The fluorescence emission spectra of Q,NS (a), QsNS (b) and Q;oNS (c)

functionalised CdSe/ZnS QDs changes with applied potential. At the applied potential of —0.30 V vs. SCE, the fluorescence intensity of QD bioconjugates
gradually increased. At a constant applied potential of 0.10 V vs. SCE, the fluorescence intensity decreased over time. (d—f), Time-dependent fluorescence
intensity changes upon the redox cycle of Q,NS (d), QsNS (e) and QNS (f) functionalised CdSe/ZnS QDs with applied potential. The fluorescence cyclic

change follows with a cyclic change of the electrolysis time.

intensity reaches saturation after ~7.0, ~8.0 and ~10.5 min for Q;S,
QsS and Q;S-QDs system, respectively. This is because the triazole
groups behave similar to the histidine ligand could be used to cap
enzyme through proteins or peptides-affinity coordination of
triazole residues for simultaneously improving QD bioconjugates’
aqueous dispersion and biocompatibility*’; Which results in the
triazole Q,NS ligands having better binding affinity with complex L

As shown in Figure 4d, as the concentrations of complex I
increase, the fluorescence intensity of Q,NS-QDs in the presence
of NADH becomes more intense with respect to the initial fluor-
escence intensity (Fy), which agrees with the functionalisation of
higher HQ, NS concentrations on the QDs’ surface. However, con-
trol experiments revealed that the Q,NS-QDs’ fluorescence was
insensitive to high concentrations of complex I when NADH was
excluded from the system (data not shown). The changes in the
fluorescence intensities of three QD systems were obtained with
NADH for complex I in the range of 0.02 U to 4.9 U, 0.03 U to

4.1 Uand 0.04 Uto 3.1 U for Q,NS, QsNS and Q,(NS, respectively.
The Q,NS-QDs showed a lower detection limit and wider response
range compared to both QsNS and Q;(NS-QDs.

Moreover, the corresponding spectral changes in absorption by
UV-vis spectroscopy were monitored upon addition of complex I
in the presence of NADH. As shown in Figure 4e, in the absence of
complex I, the solution displays a band at 275 nm, attributed to the -
n* absorption spectrum of ubiquinone and NADH. The remaining
peak at 340 nm, is characteristic of NADH. Clearly, as the concen-
tration of complex I increases, the absorbance at 275 nm decreases
and the NADH absorption peak at 340 nm gradually disappears, with
subsequent buildup of the absorbance at 290 nm (Fig. 4e, 1.5 U com-
plex I and 3.1 U complex I), and then the band is shifted to longer
wavelengths (from 290 to 305 nm) as the concentration of complex I
is increased (Fig. 4e, 4.1 U complex I), which indicates that ubiqui-
none could be reduced to ubiquinol®. This absorption profile demon-
strates that ubiquinone accepts two-electrons and two-protons from
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NADH to convert to ubiquinol on the QDs’ surface under biocatalysis
of complex I to mimic the initial stage of respiration.

Discussion

The fluorescence enhancement and quenching of QD bioconjugates
could be reversibly switched with the redox state of surface-capping
ligands, between Q,NS and HQ,NS. Following photoexcitation of
Q,NS-QD bioconjugates, QDs’ CB electron is transferred to the low-
est unoccupied molecular orbital (LUMO) of the ubiquinone accep-
tor and the electron is then shuttled back to the QDs’ valence band
(VB) through non-radiative pathways, releasing heat (Fig. 1¢). Thus,
ubiquinones exhibit surface-related trap states acting as fast non-
radiative de-excitation routes for photoinduced electron carriers,

leading to fluorescence quenching®. It is worth noting that assem-
bling HQ,,S ligands on the CdSe/ZnS QDs produced a significant
fluorescence enhancement. Here, the photoexcited HQ,,NS-QD bio-
conjugates decay radiatively to the ground state because the HQ,NS
ligands could act as poor electron accepter/donors. This in turn will
result in a recovery of high luminescence compared to unmodified
QDs. Moreover, the ubiquinol also provides an efficient passivation
of the surface trap states to overcome the potential surface defects,
giving rise to a significantly enhanced fluorescence in such QD bio-
conjugates. As can be shown in Figure 1c, the bandgap of surface-
capping ligand ubiquinol is larger than that of CdSe/ZnS QDs and
the hole trapping is negligible. Upon excitation, the resulting elec-
trons and holes are confined in the regions of the ubiquinol func-
tionlised CdSe/ZnS QDs and thereby enhance the fluorescence. In
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addition, the fluorescence efficiency and stability of HQ,NS-QD
bioconjugates against photo-oxidation has shown significant im-
provement due to the antioxidation effect of ubiquinol. Therefore,
there is the remarkable fluorescence enhancement for HQ,NS-
functionalised QDs.

We show fluorescence change efficiency to be dependent on alkyl
spacer, as more pronounced change was observed for shorter spacer
in Figure 2a-c. This arises as decreasing spacer distance allows for
faster electron-transfer rate, enhancing the ability of electron transfer
between photoexcited QDs and Q,NS. To confirm that the spacer-
dependent Q,NS ligands in the QD bioconjugates determine the
magnitude of electron-transfer ability and concomitant QDs’ fluor-
escence difference, we exploited the electrochemistry of Q,NS-QDs
in PBS buffer. Only a single pair of oxidation/reduction peaks were
observed from Q,NS-QDs, the voltammetric responses range from
reversible for Q,NS-QDs to irreversible for QsNS-QDs and Q;(NS-
QDs based on the peak to peak separation (AE;) as shown in
Figure 2d. This is a typical cyclic voltammogram of surface-confined
quinone monolayers measured in buffer where two-electron, two-
proton transfer processes occur®*. As the alkyl spacer increases, the
AE,, increases because the electron transfer from photoexcited QDs
to the redox active ubiquinone moiety is forced to proceed at a larger
distance, slowing the overall electron-transfer rate and redox kin-
etics. Moreover, we retain the same electrochemistry as free Q,NS
(unmodified to QDs) in PBS buffer. As observed, the peak potentials
of free Q,NS are slightly different and redox shape is almost ident-
ical. As the spacer length increases from Q,NS to Q;(NS, their cyclic
voltammograms undergo a consistent shift in anodic and cathodic
peak to lower potential (see Fig. S3, Supplementary Information).
The AE,, of Q,NS-QDs, QsNS-QDs and Q;(NS-QDs are 33, 107 and
223 mV, respectively, while the AE,, value of free Q,NS, QsNS and
Q;oNS were typically larger. The great differences of voltammetric
response between free Q,NS and Q,NS-QDs under the same con-
ditions indicate that electron-transfer ability is affected when Q,NS
is covalently bound to the QDs” surface. We show fluorescence
change efficiency to be dependent on alkyl spacer, as decreasing
spacer distance enhances the ability of electron-transfer between
the photoexcited QDs and the Q,NS.

It is important to note that the capping layer of Q,NS on QDs can
be reduced to the ubiquinol form and effectively produce the high
fluorescence of HQ,NS-modified QDs, even at low concentrations of
complex I. Similar to what occurred in initial stage of natural respir-
atory chain, changes in absorption were noted under our constructed
QDs system as ubiquinol formed during the incubation process. This
is also consistent with the electrochemical reduction of the ubiqui-
none capping layer to the reduced state ubiquinol that yields QDs of
enhanced fluorescence. Exploiting these results suggest that Q,NS-
QDs could be a biocompatible fluorescence biosensor for tracking of
complex I. Our goal was to establish a model to monitor intracellular
complex I level using human neuroblastoma SH-SY5Y cells labelled
with Q,NS-QDs. The mitochondrial-specific neurotoxin such as
rotenone was shown to inhibit complex I in the electron-transfer
chain of mitochondria and induce PD, and PD patients were found
to have the reduced levels of complex I activity®. Several lines of
evidence suggest that complex I deficiency of mitochondria could
represent an early critical evaluation in the pathogenesis of sporadic
PD (Fig. 1£)>® We selected Q,NS-CdSe/ZnS QDs with the best
detection limit for complex I to investigate whether there are signifi-
cant differences in fluorescence imaging of QDs as a function of
complex I. Complex I levels decrease in human SH-SY5Y cells after
24 hr of exposure to 100 nM (Damage I), 500 nM (Damage II) and
1 uM (Damage III) rotenone. In Figure 5, Q,NS-CdSe/ZnS QDs
label SH-SY5Y living cells with different complex I levels: with no-
damage (Normal), QDs’ fluorescence is striking bright at cellular
region. As the cell becomes more damaged (Damage I and
Damage II), QD labelling produces a moderate fluorescence. With

Damage | Damage Il Damage Ill

Fluorescence Bright

Merged

Figure 5 | Intracellular complex I level sensing. Bright field image and
fluorescent micrographs collected from human neuroblastoma SH-SY5Y
cells with 550-nm-emitting Q,NS-functionalised QDs. Complex I
deficient level increased in human SH-SY5Y cells after 24 hr of exposure to
100 nM (Damage I), 500 nM (Damage II) and 1 pM (Damage III)
rotenone. A steady fluorescence decrease in Q,NS-QDs label SH-SY5Y cell
fluorescent micrographs as increase of complex I deficiency exhibits
excellent concordance with in vitro result data. Merged images are shown
in the bottom row.

the most-damaged cellular conditions (Damage III), QD labelling
throughout the cell shows only faint fluorescence under identical
conditions. A steady decrease in QDs’ fluorescence correlated to
complex I deficiency, whereas bright-field measurements clearly
show that the cells are viable and overall cellular morphology
appeared unperturbed during the process of these experiments
(Fig. 5). The cell fluorescent micrographs exhibit excellent agreement
with the in vitro data from Figure 4. These results suggest methods
for our constructed Q,NS-QDs system could trace complex I defi-
cient levels in SH-SY5Y cells and have raised exciting possibilities in
fluorescence biosensor targeting for PD diagnosis. Moreover, we also
investigated the cytotoxicity of Q,NS-QD labelled SH-SY5Y cells by
the MTT assay. It is worthy to note that the cell viability after addi-
tion of Q,NS-QDs was found to be above 80% at concentrations
ranging from 3.75 to 200 pg-ml™" for different rotenone damaged
SH-SY5Y cells (see Fig. S4, Supplementary Information). Thus,
Q,NS modified CdSe/ZnS QDs are suitable for use in some potential
biomedical applications.

In summary, we report the development of a novel biosensing
approach using surface-attached CdSe/ZnS QDs exploiting three
ubiquinone-terminated disulphides (Q,NS). The fluorescence
enhancement of reduced HQ,NS-modified QDs and quenching of
oxidized Q,NS-modified QDs could be reversibly tuned with the
transformation between Q,NS and HQ,NS state. In the presence
of NADH and complex I, the surface attached layer Q,NS-QDs
was reduced to HQ,NS by proton coupled electron-transfer from
NADH to ubiquinone, which in turn enabled us to probe the com-
plex I level by modulating the QDs’ fluorescence intensity. Impor-
tantly, the utility of the system is demonstrated by monitoring the
fluorescence change to trace complex I levels in human neuroblas-
toma SH-SY5Y cells. Our results demonstrate that the Q,NS-QDs
biosensor could be useful for early detection of PD and monitoring
disease progression. We believe that our biosensing approach is a
significant step forward toward molecular diagnosis of PD.

Methods
Fluorescence spectra of functionalised CdSe/ZnS QDs. 550 nm-emitting CdSe/ZnS
core-shell QDs were hydrophilic with carboxylic acid ligands. 1 mM Q, NS (oxidized
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form, ubiquinone) and HQ, NS (reduced form, ubiquinol) stock solutions were
resolubilised in Millipore H,O/dimethylsulphoxide (90:10) and self-assembled to
CdSe/ZnS QDs in 0.2 M PBS at pH 8.0 for 30 min (for detailed procedures, see
Supplementary Information). The Q,NS and HQ,NS-functionalised QDs stock
solutions (0.2 uM) were purged with N, for 5 min before fluorescence analysis.

Cell Culture, cellular imaging and cytotoxicity. SH-SY5Y neuroblastoma cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco BRL, Paisley, UK)
supplemented with 10% fetal bovine serum (Gibco BRL), 100 U-ml ™" penicillin and
100 pg-ml™" streptomycin. Cells were maintained in a humidified 5% CO,
atmosphere at 37°C. Environmental toxins such as the complex I inhibitor rotenone
induce selective death of dopaminergic neurons through inhibition of the
electron-transfer chain complex I activity. Rotenone was added directly to the media
at appropriate concentrations. Complex I deficiency levels increased in human
SH-SY5Y cells after 24 hr of exposure to 100 nM, 500 nM and 1 uM rotenone.
Under these conditions, cell viability decreased by about 13%, 15% and 18% after
24 hr, respectively. SH-SY5Y cells with different complex I levels were plated into a
24-well culture plate (200-300 cells/well), and allowed to adhere for 10 hr before
treatment. Culture medium containing 200 pg-ml~' Q,NS-functionalised CdSe/ZnS
QDs were added and incubated for 10 hr. Next, the growth medium was removed,
and the cells were fixed with 4% methanal solution at room temperature for 20 min,
followed by washing three times with PBS solution. The cover glass was then mounted
on a microscopic glass slide and was studied under a microscope. The images were
taken by using an inverted fluorescence scanning microscope with an objective lens
(X60). All background parameters (the laser intensity, exposure time, objective lens)
were kept constant when the different fluorescence images were captured.

The cytotoxicity assays were performed by the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. SH-SY5Y cells were placed in 96-well
culture plates (10* cells/well), and allowed to attach for 24 hr before treatment. The
cells were treated with Q,NS-functionalised CdSe/ZnS QDs ranging from 3.75 to
200 pg-ml . The cell viability was evaluated by the MTT assay for different rotenone
damaged SH-SY5Y cells after 24 hr treatment. The optical density in control and
sample-treated wells was measured in an automated microplate reader (Multiskan Ex,
Lab systems, Finland) at a test wavelength of 470 nm. The cytotoxicity of modified
QDs was expressed as ICs, (concentration of 50% cytotoxicity, which was
extrapolated from linear regression analysis of the experimental data).
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Figure 1 | Schematic of ubiquinone-CdSe/ZnS QDs as redox fluorescence biosensor for Parkinson’s disease diagnosis.
(a), Ubiquinone-terminated disulphides (Q,NS) synthesis and self-assembly of Q,NS on to CdSe/ZnS QDs. (b),
Conceptual visualisation of Q,NS-QDs as complex I sensor in vitro. Under oxidized state (Q,NS), ubiquinone functions as
a favorable electron acceptor, this results in effective QDs’ fluorescence quenching. Addition of complex I to Q,NS-QDs
solution in the presence of NADH, ubiquinone coupled electron transfer and proton translocation from NADH, producing
reduced ubiquinol (HQ,NS) form on the surface of QDs to mimic the initial stages of the respiratory chain. Ubiquinol
when in close proximity to the QDs produces fluorescence enhancement. (c), Energetic diagram of the QDs bioconjugates
between QDs and Q,NS/HQ,NS. (d), Fluorescence spectra of ubiquinone/ubiquinol- functionalised CdSe/ZnS QDs. (e),
Cyclic voltammetry of Q,NS-CdSe/ZnS QDs. (f), Visualisation of Q,NS-CdSe/ZnS QDs as an intracellular complex I
sensor. The mitochondrial-specific neurotoxin, rotenone, inhibits complex I and leads to Parkinson’s-like pathogenesis.
Parkinson’s disease is characterised by impaired activity of complex I in mitochondria.
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