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Copper ions (Cu®") play a critical role in biological process and are directly involved in B-amyloid peptide (AB) aggregation,
which is responsible for the occurrence and development of Alzheimer's disease (AD). Therefore, combined determination
of Cu®™ and AB in one analytical system is of great significance to understand the exact nature of AD event. This work
presented a novel ratiometric electrochemical biosensor for the dual determination of cu” and AB1.42. The unique sensor
was based on 2, 2'-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) and poly (diallyldimethylammonium chloride)
(PDDA) - bifunctionalized single-walled carbon nanotubes (ABTS-PDDA/CNTs) composite. The appearance of ABTS not only
enhanced the sensitivity, but also acted as an inner reference molecule to improve the detection accuracy. The specific
recognition of cu®* was realized by neurokinin B (NKB) coatings on the ABTS-PDDA/CNTs surface to form a [Cu"(NKB),]
complex with Cu®. The ABTS-PDDA/CNTs-NKB modified electrode also displayed an excellent electrochemical response
toward ABi1.4, monomer, when a certain amount of AB;.4, monomer was added into Cu® - contained PBS buffer, which was
due to the release of Cu** from the [Cu'"(NKB),] complex through AB binding to Cu*". Meanwhile, our work has displayed
that Cu® bound AB1.42 Was concentration-dependent. Consequently, the presented electrochemical approach was capable
of quantifying two important biological species associated with AD by one single biosensor, with the detection limits of
0.04 pM for Cu® and 0.5 ng/mL for ABi4, respectively. Finally, the ratiometric electrode was successfully applied for
monitoring cu*  and ABi4> variations in normal and AD rats.

plasma and hippocampus of

18 electrophoresis (CE) have been employed to monitor AB species

1 Introduction 19 from body fluids and cell media.>**
2 The formation of neutric plaques in the brain has been consider(-?_ftg) Howerer, more and mcrre researches ha\./e indicated that the
@5 3 one of the primary hallmarks of Alzheimer's disease (AD)." In tH] hypothesis of self-aggregation of AB alone is inadequate to explain
. . . . . e 2+
@6 4 process, B-amyloid peptide (AB) monomer aggregations in the w ? thiaccumulaz'ilon of AB in bra.|n reglc?ns. Trans.ltlon metals: (Cu™,
§7 5 of oligomerization and fibrillization are central to the formation Fe and. ") .have been directly involved |.n modulatlng. AB
38 6 these plaques 23 More studies have indicated that in vitro and 447 288regations owing to the fact that abnormally high concentrations
: . S . 1618 7y ..
39 7 vivo, AB monomer self-assembles into higher order structures (e.£ of metal ions exist within senile plaques. This evidence has been
40 8 dimers, trimmers and tetramers) and eventually forms the further confirmed when AB aggregates were trealtgezg with metal
41 9 elongated fibrils that are observed in late-stage AD patients.* Bo che.lators, V\{h_'Ch produced soluble A? peptl(;les. The red.ox
42 10 of the soluble oligomers and mature fibrils from AB are ma e8 active tra'nsmon meta.ls generate toxic reactive oxygen sPeC|es
43 11 neurotoxic compared with monomer and can cause death of brd] (ROS), Wh'_Ch causes oxidative stress a-nd prec-edes tk;tla_zfsormatlon of
44 12 cells.”® Consequently, development of efficient techniques IO the amy.|0|d aggregat?s that a.1re asso.cla'Fe.d W'.th AD. Nowadays,
45 13 observe the level variations of AB monomers could provide a clue preventing AB-metal |nteract|ons. to inhibit 9I|gomer formation has
46 14  unveil the extent of aggregation as well as a definitive molecu been aIread.y proposed as a dlseas§—m9d|fy|ng st;?te-gy for AP'
47 15 basis for understanding the disease mechanism and diagnosing AD; Amon'g. various metals, the contrlbutlo.n of Cu. n amylo!d
48 16 Fluorescence, colorimetry, electrochemistry, surface plasmgn dep05|t|(;r‘1 has been prop;?sefj as a crucial step in -the a.my|0|.d
49 17 resonance (SPR), mass spectrometry (MS) and capillari cascade. Although  Cu induced A aggregation s still
50 36 questionable, its complexation with peptide might be responsible
51 37 for enhancing the formation of the a-helix conformation of the
® Jiangsu Key Laboratory of New Drug Research and Clinical Pharmacy, Xuzhou 38  alanine-based peptides.zs'26 Considering the tight correlations
52 Medical University, 209 Tongshan Road, Xuzhou 221004, Jiangsu, P.R.China between AB and Cu2+ in the pathological process of AD, a
53 " Department of Pharmaceutical Analysis, School of Pharmacy, Xuzhou Medical L X Rk o
University, 209 Tongshan Road, Xuzhou 221004, Jiangsu, P.R.China 40 quantitative understanding of the simultaneous level variations of
gg ‘ 56*'00/OfLibE"Z/A’ZS"“d’fde"fefhsmfi’]gha" U""VE"S’Woi’V’ed"C""e&Hea’fh 41 them to uncover the detailed mechanism is essential. However,
Sciences, 279 Zhouzhu Highway, Shanghai 201318, P.R.China . . g
56 + These authors contributed equally to this work. 42 most of the pug)hshed work only focused on one specific substance
Electronic Supplementary Information (ESI) available: XPS characterization of td3  (e.g., AB or Cu +), which is insufficient to explain the exact role of
57 nanocomposite, electrochemical experiments for the electrode, UV-vis spectra,
real sample detection. See DOI: 10.1039/x0xx00000x
58
59
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AB-metal interactions played in the AD progress. More important88
up to now, combined determination of two analytes associatgd_)
with one disease in a single biological system is still a g3h
challenge due to the unsatisfactory sensitivity. 101

Electrochemical biosensors have received more and MoK
attentions because of the striking advantages of simpligjtyg
selectivity, low instrumental cost, and capability in real-time, eYe
in vivo detection.””® For its practical applications, sig_r@g
amplification is crucial for obtaining low detection limit and I'llgj'e
sensitivity. Nowadays, the general strategy is nanomaterial involigsy
electrocatalytic amplification.“'33 The unique chemical and physi@g
properties of  the nanoscaled materials, such 109
metal/semiconductor nanoparticles, can be used to prepp{g)
advanced electrocatalytic materials, which thus ena_tdﬁ
electrochemical monitoring with nanoscale spatial resolut'ffz
yielding  unique information for  better understanciiﬁ_%
heterogeneous electrode/solution interfaces.> Owing to its uniTﬁl
properties, such as high specific surface areas, excellent electﬁ'_cﬂ-)
conductivities and chemical stability,35 etc., carbon nanotui)ig
(CNTs) have demonstrated a wide availability in many aspefisy
including supporting noble-metal nanoparticles to prepp{g
functional nanohybrid 3638 and fabricating biosensors to acceleﬁg
electron transfer rate of redox reactions.** However, insufficient
binding site on CNTs for supporting molecules is a well-kndw®
drawback, resulting in a poor stability and catalytic activityzafi
Consequently, surface functionalization of CNTs is commg_rﬂ‘a
required by chemical or electrochemical oxidation, wrapping vili}g
polymer or grafting of tethers approaches.‘u'43 124

In this work, we reported a facile but effective strategylffs
combined determination of Cu®* and AB in a single analyticz‘ag
system. To achieve this goal, poly (diallyldimethylammonm
chloride) (PDDA) and 2,2'-azinobis-(3-ethy|benzthiazoling_fg
sulphonate) (ABTS)-functionalized CNTs were firstly prepared1f29
the loading of cu? - specific recognition element, neurokiniTalb
(NKB), and then constructing a ratiometric ABTS-PDDA/CNTs-IEﬂIgBl
electrode. The resulting bioelectrocatalytic film was utilizedlfgz
effective electroreduction of Cu®" with a high sensitivity igcé
accuracy. Then the peak current decreased after a certain amopsg
of ABi.4, monomer was added into cu® - contained PBS soluti 5
which was originated from the stronger coordination between citgé
and AP peptide. It was found that by adjusting the concentratioggﬁ
cu®" in the detection electrolyte (0.38, 0.95 and 5.7 uM), the A%_T§8
PDDA/CNTs-NKB electrode was capable of detecting down to 09@13
and up to 3.8 ug/mL AB,.4,. Noticeably, metal ions, amino acids f%
other endogenous substances in vivo, even AB oligomers, could 184
produce any response changes under the same conditig_rzfz
indicating a satisfactory selectivity. Compared with the commgry
strategy that utilized two independent electrodes to construgtsa
two-channel system for the dual determination, this method only
involved one single electrode, which was much easier to opeﬂa‘}é
and provided a possible route for better understanding the le&%
relationship of two analytes in physiological and pathological evesy

of brain. 148
149

. 150
Experimental 151
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Materials and Reagents

Pristine single-walled CNTs (¢ = 10-30 nm) were bought from
Chengdu Institute of Organic Chemistry Nanotech Port Co., Ltd.
(Chengdu, China). Purified synthetic AB;,, was obtained from
ChinaPeptides Co,.Ltd. (Shanghai, China). Stimulated aggregation of
ABy_4, samples was achieved by incubation at 37°C in PBS with
shaking. NKB, ABTS, PDDA, glutaraldehyde solution (Glu, 25%),
glucose (Glu), lactic acid (Lac), uric acid (UA), ascorbic acid (AA),
dopamine (DA), all the amino acids and copper sulfate (CuSO,) were
all purchased from Sigma-Aldrich (USA) and used without further
purification. Phosphate buffer saline (PBS, 0.1 M, pH 7.4) containing
8.6 mM Na,HPO,¢12H,0, 1.88 mM NaH,P0,, 50.9 mM NaCl and
2.94 mM KCl was employed as the detection electrolyte. Stock
solution of AR (1 mg/mL) was prepared by independently
dissolving desired amount into 25 mM Tris-HCI buffer solution (pH
7.4) and diluted to approprite concentrations using 10 mM NaOH
and freshly-prepared daily before experiments. Water (= 18 M)
used throughout the whole experiment was purified with Millipore
system. All other reagents were of at least analytical grade and
commercially available. The plasma and hippocampus homogenate
samples from normal and AD rats were kindly provided by L. Zhang
in other group.

Apparatus

Scanning electron microscope images (SEM, Hitachi Co. Ltd., Tokyo,
Japan) were taken using a field emission gun Hitachi S-4800
scanning electron microscope (operating at 1 kV) for morphological
analysis of electrodes. The changes in the diameter of CNTs bundles
before and after functionalization were measured by using a FEI
Tecnai G2 T12 transmission electron microscope (TEM, USA)
operating at 120 kV. The TEM specimens were prepared by
dropping the sample solutions onto 50 A carbon coated copper
grids with the excess solution being immediately wicked away. X-
ray photoelectron spectroscopy (XPS) investigation was carried out
on an ESCALab MKII X-ray photoelectron spectrometer using Mg Ka
radiation. Fourier transform infrared spectroscopy (FT-IR) was
recorded on a Nicolet model 460 Fourier transform-infrared
spectrometer. Raman measurements were carried out on confocal
microscope Raman spectrometer system (Renishaw, invia Reflex
Raman) with an excitation wavelength of 785 nm.

All the electrochemical experiments were performed on CHI
832D electrochemical workstation (Shanghai Chenhua Instrument,
CHI, China). A conventional three-electrode system throughout the
experiments composed of a platinum wire as counter electrode, a
saturated calomel electrode (SCE) as reference electrode, and a
bare or a modified glassy carbon electrode (GC) as working
electrode. Unless otherwise indicated, all electrochemical
measurements were performed in an oxygen atmosphere.

Preparation of ABTS-PDDA/CNTs hybrid

Before ABTS hybridization, CNTs were firstly functionalized by PDDA
according to the previous report.44 Briefly, 0.5 mg/mL CNTs was
dispersed into a 0.5% PDDA aqueous solution containing 0.5 M NaCl
by 50 min sonication to give a homogeneous black suspension.
Then, the solution was filtered and washed several times with
distilled water to remove the free PDDA and dried under vacuum at

This journal is © The Royal Society of Chemistry 20xx
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1
2
3 152 70°C for 24 h. After that, 10 mg of the prepared PDDA/CNTs wk9¢ The induction of AD rats was performed according to our previous
4 153 added into 1 mL of 1.8 mM ABTS aqueous solution. The ford88 work.” Briefly, male Wistar rats, weighing 100-120 g at the
5 154 suspension was kept stirring for two days. Then, it was centrifudéd9 beginning of experiments, were obtained from Shanghai Yisen
155 The supernatant was removed and replaced with water. 20 Biotechnology Co., Ltd. Rats were housed in plastic cages, with food
6
7 156 process was repeated for at least two times and finally, a st2f)d and water available ad libitum, and kept under standard
157 colloidal suspension of ABTS-PDDA/CNTs was obtained. 202 environmental conditions (12-h light/dark cycle, 22°C). All animal
8 . 203 experiments were conducted with approval of the Animal Ethics
9 158 Electrode modification . ) - o ;
204 Committee in Xuzhou Medical University, China. All efforts were
10 159 The electrode modification was shown in Scheme 1. BeB5 made to minimize the number of animals used and their suffering.
11 160 fabrication, bare GC was firstly polished with 0.05 um alumina p2d& D-galactose (D-gal, Aladdin reagent Co., Ltd) and Ibotenic acid
2 161 on a micro-cloth and then cleaned using acetone, ethanol 20 (IBO, Enzo Life Science Inc.) were dissolved in sterile saline and ice
3-3 162 distilled water with ultrasonication for 10 min, respectively 208 PBS (pH 7.4) at their final concentrations of 10 g/L and 8 g/L,
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163

167

dried at room temperature (25 * 1°C). 0.2 mg/mL ABTS-PDDA/CRID9

suspension was dropped onto the cleaned electrode surface, w2id3

respectively. Rats were randomly divided into two groups: Normal

45 164 or PDDA/CNTs black suspension solutions were obtained by ad@d€) group and D-gal + IBO group (AD model group) (n = 15 for each
§. 165 0.2 mg ABTS-PDDA/CNTs or PDDA/CNTs into 1 mL of N,2K1 group). The latter group was daily administrated D-gal (50 mg/kg in
166 dimethylformamide (DMF). 5 uL of ABTS-PDDA/CNTs or PDDA/CRI2 0.5 mL saline, i.p.) for six weeks, which has been demonstrated to

be able to produce aging rats.

168 was denoted as ABTS-PDDA/CNTs-GC or PDDA/CNTs-GC. To realildl After D-gal administration, rats in the AD group were
169 the specific determination of Cu®, 5 UL of NKB solution in P& anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed
170 (0.1M, pH 7.4) (0.5 mg/mL) was introduced onto the ARIB6 on a stereotaxic apparatus (Shenzhen RWD Life Science Co.), with
171 PDDA/CNTs or PDDA/CNTs layer and allowed to dry at ambh¥ the incisor bar set at 5 mm above the interaural line and

172 temperature. The obtained electrode was named as ARIE8 appropriately placed holes were drilled through the skull.
173 PDDA/CNTs-NKB-GC or PDDA/CNTs-NKB-GC. Finally, 2 uL2d® Stereotaxic coordinates of nucleus basalis magnocellularis (NBM)
174 glutaraldehyde (0.1%) was drop-casted to complete the crd20 were set at -1.0 mm posterior and -2.6 mm lateral to bregma and

175 linking of NKB with the ABTS-PDDA/CNTs or PDDA/CNTSs hybrid. 221 7.8 mm below from the top of the skull. Bilateral infusions of 1 pL
222 volume of IBO into NBM using a 5 uL Hamilton syringe were lasted

176 Electrochemical determination of Cu® and AB,;, i [
ectrochemical determination of Cu™ and AB,4; in one ana yti? over a period of 5 min and the needle was left in place for 5 min

177
178

system

224

The electrochemical sensing of cu® and AB,_4, were performed2b

after completing the infusion. After the surgery, rats were allowed
to recover for 45 days before experiments. Hippocampal

179 ambient temperature in a PBS (0.1 M, pH 7.4) buffer solution226 homogenates were centrifuged at 4,000 r/min for 15 min and
180 displayed in Scheme 1, in a typical run, firstly, diffe@A¥ supernatant of the homogenates was used for the following
181 concentrations of Cu®* standard solution or real samples from 228 determination.

182

were added into 5 mL PBS buffer, followed by gentle stirring for a

183 certain time. The differential pulse voltammetry (DPV) signals were
§5 184 recorded by the potential scan in the range of -0.4 and 0.7 V vs 229 Results and Discussion
@6 185 After that, additions of certain amounts of AB;_s, standard solut@g@ Characterizations of electrodes
%; 186 or real samples from rats into Cu®" - contained PBS were followed to

187 observe the signal change at the original potential of -0.1% CNTs haye a'Iways been use.d as carrigrs to load numerous enzymes
39 188 belonging to . The quantifications of cu® and AByas or proteins in the preparation of an integrated b|o-tf_'|.ectrocatélyt|c
40 189 respectively estimated by calculating the ratios of the respec] system. To promote the electron transfer and stability of pristine
a1 . . K 2+ 9l CNTs, PDDA and ABTS were successively functionalized with CNTs to
190 current intensity between reduction peaks at -0.12 V for Cu 38% ) .
42 produce a more stable colloidal suspension. On one hand, the non-
43 191 ABy4;and 0.58 V for the reference substance ABTS. 236 covalent functionalization by PDDA led to a high density and
237 homogeneous distribution of surface functional groups, such as
44 238 amine group, which was favorable for the self-assembling of
45 Nf_,":, g 3 239 negatively-charged ABTS and NKB. On the other hand, the
46 : . 240 appearance of ABTS not only enhanced the sensitivity, but also
47 0%0_‘ 241 acted as an inner reference molecule, thus provided a built-in
48 4~ ABTS-PODA/CNT ® 242 correction for environmental effects and improved the detection
49 243  accuracy. The functionalization of CNTs was confirmed by Raman
50 T z ,\4 and FT-IR characterizations. As presented in Fig. S1, both CNTs and
_ 5 ABTS-PDDA/CNTs showed similar Raman scattering patterns. The
51 6 peaks near 1350 and 1580 em™ could be ascribed to the A
52 192 <247 breathing mode of disorder graphite structure (D band) and the E2g
. 45
53 193 scheme 1 Combined determination of Cu** and B-amyloid pepaé&_g struc.t.ure. mode of gr:.aphlte (G band).” The extent- of the
54 194 based on the ratiometric ABTS-PDDA/CNTs-NKB biosensor. modification or defects in CNTs can be evaluated by the intensity
55 195 250 ratio of D and G bands (//lg). This ratio was found to be higher at
56 251 ABTS-PDDA/CNTs surface (0.28) than that of CNTs (0.08), which was
57 196 Animal experiments 252  caused by the surface modification process.* The FT-IR spectrum of
58
59
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CNTs showed absorption bands at 1165 and 1705 c&g'j
corresponding to C-O and C=0 stretching vibrations on CNTs @6
S2). The band at 1624 cm™ was attributed to the aromatic skel2&F
C=C stretching vibration of CNTs.* The intensity of bands at
and 1705 cm™ decreased on ABTS-PDDA/CNTs, suggesting g§
interaction between CNTs and PDDA. These above results clearly
illustrated successBI0Y
synthesized. 301
The surface morphologies of ABTS-PDDA/CNTs and ABG2
PDDA/CNTs-NKB films on ITO were characterized by SEM technig@3
shown in Fig. 1. The functionalized CNTs displayed a homogene30¢
surface and good dispersion (Fig. 1A), indicating that 30&
modifications of PDDA and ABTS preserved the intrinsic proper3i06
of CNTs. After NKB was attached to the ABTS-PDDA/CNTs part 30F
cross-linked with glutaraldehyde, surface topography significaBO8
changed with increased degree of cross-linking on the whole BO9
due to the massive loading of proteins throughout the th@®0
dimensional structure of CNTs (Fig. 1B). Comparison of TEM im3&4
of ABTS-PDDA/CNTs and ABTS-PDDA/CNTs-NKB composites at 3H&@
same maghnification showed that the surface of ABTS-PDDA/CBII3
became rougher and bundles of CNTs changed into thid&4q
following NKB modification. Shown in Such results confirmed 34&
successful fabrication of the ABTS-PDDA/CNTs-NKB-GC. 3H&
changes in chemical compositions with the step-by-84y
modification were also tracked by XPS analysis (See Fig. S3 in ESI3[1L8

that ABTS-PDDA/CNTs have been

and ABTS-PDDA/CNTs-NKB (B, D) composites.

342

343

Cyclic voltammetry (CV) was also employed to investigate 344
electrochemistry of the stepwise fabricated electrode interface34®
Fe(CN)s>/Fe(CN)s"™ redox couple in pH 7.4 PBS buffer. As seen fRf®
Fig. S4, the pristine bare GC exhibited a well-defined coup|¢_34>7
redox peaks in the range of -0.4 ~ 0.7 V. The attachment of
conductive PDDA/CNTs or ABTS-PDDA/CNTs hybrid appreciably
enhanced the redox currents by improving the electronic coupling
to the underlying electrode, which was beneficial for the following
analyte detection with increased sensitivity. After further
immobilization of NKB onto the prepared ABTS-PDDA/CNTs
interface, as expected, the peak current significantly decreased due
to the impeding essence of native proteins for electron transfer on

4 | J. Name., 2012, 00, 1-3
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electrodes. Such a result attested that PDDA/CNTs or ABTS-
PDDA/CNTs and NKB have been fabricated onto electrode step by
step, which coincided with TEM, SEM and XPS results.

Electrochemical performance of ABTS-PDDA/CNTs-NKB electrode
toward Cu”" determination

Our previous work has employed NKB as the unique biomolecular
recognition for Cu®* to form a [Cu"(NKB)Z] complex, which assured
the selectivity of Cu®* determination against a series of potential
interferences in vivo.”? In the present contribution, after the ABTS-
PDDA/CNTs-NKB electrode was successfully fabricated, the cu® -
sensitive behavior was investigated in 100 mM PBS buffer (pH 7.4)
by DPV. The electrochemical responses of cu™ with the same
concentration (8.0 uM) were compared among four kind electrodes,
e.g., bare GC (I), PDDA/CNTs-GC (I1), ABTS-PDDA/CNTs-GC (lIl) and
ABTS-PDDA/CNTs-NKB-GC (IV). As illustrated in Fig. 2, only charge
current was observed on bare GC in 8.0 uM cu® - contained PBS
buffer solution (curve 1), while an obvious reduction peak located at
around -0.1 V vs SCE appeared at PDDA/CNTs-GC, which can be
ascribed to the electrochemical reduction of PDDA/CNTSs (curve Il).
Afterwards, a new peak at 0.58 V belonging to the reduced state of
ABTS (ABTS”) on ABTS-PDDA/CNTs film arose in the 8.0 pM Cu®* -
contained PBS buffer (curve lIl). After a certain amount of NKB
solution was casted onto the ABTS-PDDA/CNT-GC and determined
in the 8.0 uM cu?* solution, as expected, the electrochemical signal
at -0.12 V obviously increased, whereas the current at 0.58 V
remained unchanged (curve 1V), indicating that cu® was recognized
by NKB and electron transfer between electrode and cu®" ion took
place. Consequently, the quantification of cu®* in this ratiometric
assay can be realized on the basis of the current ratios (Ip / lp))
between the two peaks at -0.12 and 0.58 V, in which the current at -
0.12 V for Cu*" was denoted as Ip, and Ipg) represented the currents
of ABTS at 0.58 V.

Different concentrations of Cu®* standard solutions were added
into PBS buffer and the corresponding DPV responses obtained on
ABTS-PDDA/CNTs-NKB-GC were recorded. As displayed in Fig. 3, the
peak current at -0.12 V increased gradually with the addition of Cu2+,
while the peak current at 0.58 V kept constant. The calculated I, /
Ior) ratios showed a good linear range toward cu** within a wide
concentration range of 0.1 to 10 pM. In consideration of the wide
span of Cu®" levels between normal and AD rats, it would be more
ideal for practical applications to have a broader range of dynamic
responses. The linear dependencies of cu®* concentrations yielded
the regression equation of I, / I,g = 0.03 Cyy) + 1.63, with a
correlation coefficient R of 0.9913. The detection limit of such a
detection strategy was 0.04 uM, estimated from 30 of the baseline
signals. This value was much lower than our previously published
work that utilized functionalized polymerized ionic liquid as the
substrate for the loading and permeation of NKB.*” Moreover, it
was also equal to or better than that of other reported cu®
detection assays,“g'52 which indicated that the established
electrochemical strategy held great potential for Cu®* determination
in a biological matrix.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8


http://dx.doi.org/10.1039/c7an01683b

Page56f8— as Analyst
View Article Online
DOI: 10.1039/C7AN01683B
1
2 }78 was prepared in NaOH. However, at the second testing, the
3 379  reduction peak located at -0.12 V decreased, while that observed at
4 }380 0.58 V kept constant. The decline in the current was attributed to
5 381 the release of Cu®* from the [Cu"(NKB),] complex when bound to AB,
6 }82 probably due to the reason that AP has stronger coordination
7 383  capability to Cu®* than NKB, and thus Cu®* was replaced from the
8 & 384  [cu"(NKB),] complex with the addition of AB. In order to verify the
9 a }85 signal change was reliably induced by AB, not other factors, two
10 = }86 control experiments were carried out hereafter. Firstly, in the
387 absence of Cu”", the continuous additions of 1.8 and 3.8 ug/mL AB,.
i‘i‘ }88 4, into the blank PBS didn’t cause any visible change in the
| }89 reduction currents at both -0.12 V and 0.58 V (Fig. 4B). Meanwhile,
a3 == 0 }90 as suggested from Fig. 4C, although the initial addition of NaOH
5_4 391 solution, solvent for solubilizing AB, into 6.0 pM Cu®" - contained
M5 0 o 0 02 T P _0_4392 PBS buffer induced the same result as that of AB;.4,, no further
§.6 348 Potential / V }93 change was observed when NaOH was introduced into electrolyte
97 349 Fig. 2 DPV curves obtained on bare GC (1), PDDA/CNTs-GC (1), A 4 ff)r the s?cond .tlme, These r'esults cIearIY demonstrated that this
98 350 PDDA/CNTs-GC (Il) and ABTS-PDDA/CNTs-NKB-GC (IV) in 100 single rat|o-met-r|c sensozr+prowded a -sen5|t|ve and accur?te platform
_%-9 351  PBS buffer solution containing 8.0 uM . o for determination of Cu™ and AB,.4, in one electrochemical system.
; 352 A%
gg 353 b
K= 24 18
22 20
gS 19 16
24 o] g 2.
25 S -
%6 16 ‘ 12
C%g §' 10 \\ ///
gg 121 8 —
0.6 04 0.2 0 -0.2 0.4
?0 Potential / V
5 : B
%é 12 Xb
C A
/
?4 E 0‘.5 074 0'.2 070 —0:2 -0.4 & 10 /
BS 3o, Potential / V - /
B6 355 Fig. 3 DPV curves of the ABTS-PDDA/CNTs-NKB-GC toward . /’ /
%7 356 successive additions of Cu®* at the concentrations of 0. 0.1, 0.3.
38 357 05. 0.8. 1.2, 2.0. 4.0. 6.0. 8.0. 10.0 uM. Inset was the
39 358 corresponding linear plot of the /p/l g ratios versus the absolute 4
40 359 concentrations of Cu®". - = = - ———
41 360 " Potential / V
42 361 Ratiometric determination of AB,4, by ABTS-PDDA/CNTs-NKB-GC
ji 362 AB has always been considered as the direct pathogenic factor
363 for AD in the way of oligomerization and fibrillization to form
45 364 neutric plaques. Several research groups have reported the binding <
46 365 of Cu®* to AB peptides.”®** On the basis of the above-displayed Cu** z
47 366 determination, it was therefore expected that Cu®* acted as the
48 367 complexing agent for A, after which, the current responses of cu®
49 368 on the ABTS-PDDA/CNTs-NKB-GC would basically decrease in the
50 369 presence of AB due to the release of Cu*" from the [Cu"(NKB),]
51 370 complex, hence developing a novel methodology for AR monitoring. B AP e r T o
371 Shown in Fig. 4A was the DPV responses obtained at ABIGS Potential | V
52 372 PDDA/CNTs-NKB electrode in 6.0 uM Cu’* solution before (curv@9P Fig. 4 DPV curves obtained on ABTS-PDDA/CNTs-NKB-GC toward 1.8
53 373 and after additions of 1.8 and 3.8 ug/mL ABy.4, (curves b, c). UBB®) (red curve, b) and 3.8 ug/mL ABy.4, (green curve, c) in the presence
54 374 the first addition of AB,4, the reduction current at -0.1#01 (A) and absence (B) of 6.0 uM Cu>* PBS buffer. (C) was the DPV
55 375 increased whereas the signal at 0.58 V decreased. 2 responses of 10 uL NaOH additions (b and c) into 6.0 uM cu® PBS
56 376 phenomenon was normally caused by the perturbation of 408 buffer.
57 377 detection electrolyte by the variation in pH as AB standard solu#Q4l
58
59

This journal is © The Royal Society of Chemistry 20xx
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405 419 Herein, we examined the interaction between cu® and AB with
A 18 420 three concentrations of Cu®* by electrochemical technique. As
421 shown in Fig. 5C, when performed in 5.70 pM Cu®" solution, the
422 peak current obtained at -0.12 V gradually and linearly decreased
423 on additions of increasing concentrations of AB;.4, (from 0.1 to 3.8
424 pg/ml). More interestingly, we found that the linear current
425 changes of AB;.4, on the ABTS-PDDA/CNTs-NKB-GC could only be
e 426 acquired in a fixed concentration of Cu®*. For example, in Fig. 5B,
2 427 when a lower concentration of Cu®* (0.95 pM) was contained in PBS,
= wipm=13s-0arcpemyy [ 428  the lowest detectable concentration of AB;.4, was down to 0.01
Riz0% 429 pg/mL, one order of magnitude lower than that in 5.70 pM Cu®*
430 solution. Likewise, when the concentration of Cu®* continued
431 dropping down to 0.38 uM, the linear range of AB;.4, started at a
432 much lower concentration (1 ng/mL) in comparison with that in
& e ey 433 0.95 and 5.70 uM Cu®* (Fig. 5A). We also tested the response of AB;.
- - - T '4)-2 " 434 ,, in Cu*" solution witha much lower concentration than 0.38 pM.
' ’ Pot‘ential v ’ “" 435 Unfortunately, no similar tendency was observed as those depicted
B 436 above (data not shown). The corresponding linear regression
18 4 437 equations, linear correlation coefficients of ABj;4, on ABTS-
v {Q’Pm =R12»2_9“-::o Clugimt) 438 PDDA/CNTs-NKB biosensor at different concentrations of Cu>* were
&£ P ' 439 displayed in the inset of Fig. 5.
16 1 E 440 It has reported that Cu bound AB could function as peroxidase
441 and possessed peroxidase activi'cy.55 Therefore, to verify the above
442 DPV results, we measured the peroxidase activity of cu* - AB
< 144 e it 443 complex with three concentrations for the catalytic oxidation of
= 444 ABTS in the presence of H,0, by UV-vis. As displayed in Fig. S5, in
AB,., 445 the range of 600 - 800 nm, two strong absorption peaks located at
124 446 around 620 and 700 nm were both observed, which were ascribed
447 to the catalytic oxidation of ABTS by the formed Cu-AB complex in
448 the presence of H,0,. Additionally, by lowering the incubated
101 449 concentration of Cu®" and ABi.4; in sequence, the peak intensity at
. . . . . 450 620 and 700 nm gradually decreased, especially the peak at 700 nm,
0.6 0.4 02 0 0.2 04 451 indicating that the concentrations of cu®* and AB played a key role
c Potential / V 452 in the catalytic capability of the Cu®* - AB complex for the oxidation
453 of ABTS by H,0,, which were consistent with the electrochemical
1 } 1p11pg, =1.26 - 0.02 C(ug/mL) 454 results
204 126 R*=0.94 °
£ 455 selectivity, reproducibility and stability investigations
" 456 The selectivity of the developed electrochemical system for Cu®*
< ! 457 and AB determination was evaluated in two ways: one was by
2 T et 458 individually monitoring and comparing the electrochemical signals
- ml 459 of cu® and interferences in PBS, and the other was by adding
460 interferences into Cu**-contained PBS solution and comparing the
ABy 42 461 signals with that of single Cu”’. Metal ions (Ca”’, Fe*, Mg>*, Na*,
= 462 cd*, co®, Mn*, Ni**, Pb*, Zn*, Cu’), amino acids (Cys, Phe, Glu,
463 Met, Lys, Gly, Arg, Ser, Leu, Val, Thr, His) and other common
464 endogenous substances, including ascorbic acid (AA), dopamine
, uric aci , lactic acid (Lac) and glucose (Glu) were chosen
. ' ' ' ' 465 (DA), uric acid (UA), lactic acid (Lac) and glucose (Glu) h
0.6 0.4 02 0 0.2 04 466 as the potential interferences. As shown in Fig. S4, compared with
406 Potential / V 467 cu®, additions of the tested interferences into PBS buffer didn’t
407 Fig. 5 DPV curves of the ABTS-PDDA/CNTs-NKB-GC towhE® arouse significant changes in the current intensity. Likewise, the /p /

408
409
410
411
412

successive additions of AB;4;, in 0.38 (A), 0.95 (B) and 5.70 uM4(ED
Cu®* - contained PBS buffer. The inspected concentrations of ARLZ0
was 0.001, 0.003, 0.008, 0.018, 0.038 pg/mL for 0.38 uM Cu2+; (0% 0/}
0.03, 0.08, 0.18, 0.38 ug/mL for 0.95 uM Cu®*; 0.1, 0.3, 0.8, 1.8,7%
ug/mL for 5.70 uM Cu®. Inset was the corresponding linear plot4 38

Ior) values were almost unperturbed in the simultaneous presence
of these species and Cu® relative to that of single cu®. More
importantly, we also examined the potential interferences from
aggregated AB. The results in Fig. S6C clearly illustrated that the
developed electrochemical method was only suitable for the

413  the Iy/l,ratios versus the absolute concentrations of AB1.s,. 474  monitoring of monomeric forms of AB, rather than oligomeric or
414 475 other forms. All these evidences indicated the high selectivity of the
. 2+ . .
415 It has been widely discussed that Cu®* was capable of inhibifid fabrjmated ABTS'PDDA'/CNTSfNKB'GC for Cu™ and A_B bloseps!ng
416 or accelerating the aggregation of AB peptide by binding to AB against metal ions, amino acids and endogenous species coexisting

417
418

forming the cu* - AB complex.23 Therefore, it was quite interes%Zé
that whether this binding was concentration-dependent or not.

6 | J. Name., 2012, 00, 1-3

in the biological system.

This journal is © The Royal Society of Chemistry 20xx
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In addition, the relative standard deviations (RSDs) wsi®
evaluated to be 4.9% and 7.1% at three different electrode§Jp
parallel for cu* and AB.1.4,, respectively, indicating the acceptajygq
reproducibility for the dual determination of two analytes. gb‘?
biosensor also showed reasonable stabilities for the analytes; 4
which 91.5% and 87.4% of the current responses for Cu* and A 17
were retained after the modified electrode was stored in 4°C5f§g
one week.

526

Estimation of Cu®* and ABy4, variations in the plasma gnd/
hippocampus of normal and AD rats 528

Finally, we applied the developed ABTS-PDDA/CNTs-NKB-GC m2®
the estimation of Cu”" and AP, variations in the plasma 530
hippocampus of normal and AD rats. Fig. 6 presented the DPV
curves obtained on the ABTS-PDDA/CNTs-NKB-GC for cu®* in the
plasma from normal and AD rat brain. As can be seen, 584
electrochemical responses of cu®* showed significant differe
between normal and AD groups. A clear rise in the concentration o?
Cu® was witnessed in AD rat plasma compared with that in normal
rat, which were in good agreement with previously reported results,
as well as our findings.‘”‘56 Based on our postcalibration, Sﬁé
concentration of Cu®* was calculated to be 1.11 £ 0.19 UM in norgmph
rat plasma and this value increased to 9.20 + 1.15 uM in AD plag'gg
(n = 3). For AB,.4, determination, as for the coexistence of meg
different isoforms of AB in the biological system including AB;];
the way of real sample detection was different from Cu2+, inw él‘?
various amounts of AB;.,, were firstly spiked with hippoca
homogenate and then added into Cu®* - contained PBS buffer: &?
listed in Table S1, the recoveries of these measurements were40
the range of 91.7% ~ 110% under the optimal conditions, indicabifig
that this method was reliable and practical. 542
24 543
544
PN 545

Normal rats

AD rats

546

547
548
549
550
551
552
553

I/ pA

554

T v v v v 555
0.6 0.4 0.2 0 -0.2 -0.4 556
Potential / V 557

Fig. 6 DPV responses of the ABTS-PDDA/CNTs-NKB-GC on Cu23®
the plasma of normal and AD rats. 559
560

561

562

. 563

Conclusions 564
In summary, with the demand for revealing the roles of5

peptide and metal ions for the treatment of AD, we presen
herein a ratiometric electrochemical detection system
sensitively probe cu® and AB co-variations, which were b
associated with the development of AD. Due to the stronger

This journal is © The Royal Society of Chemistry 20xx
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complexation of cu®* with AB, Cu® was released from the as-
formed [Cu”(NKB)Z] complex once AB was added. Therefore,
besides Cu2+, AB could also be easily monitored by the same
ABTS-PDDA/CNTs-NKB biosensor immediately after cu®
determination. The theoretically simple, low technical and
instrumental demands as well as the high sensitivity and
selectivity made this methodology suitable and reliable
enough for the real sample detection. Our results showed that
the present approach provided us a crucial route for
simultaneously monitoring two important biological species,
which were closely linked with each other, in one single
analytical system.
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