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ABSTRACT: Sensitive and selective monitoring of sialic acid (SA) in cerebral nervous system is of great importance for
studying the role that SA plays in the pathological process of Alzheimer’s disease (AD). In this work, we first reported an
electrochemical biosensor based on a novel stimuli-responsive copolymer for selective and sensitive detection of SA in
mouse brain. Notably, through synergetic hydrogen-bonding interactions, the copolymer could translate the recognition
of SA into their conformational transition and wettability switch, which facilitated the access and enrichment of redox
labels and targets to the electrode surface, thus significantly improving the detection sensitivity with the detection limit
down to 0.4 pM. Besides amplified sensing signals, the proposed method exhibited good selectivity toward SA in compari-
son to potential interference molecules coexisting in the complex brain system due to the combination of high affinity
between phenylboronic acid (PBA) and SA and the directional hydrogen-bonding interactions in the copolymer. The elec-
trochemical biosensor with remarkable analytical performance was successfully applied to evaluate the dynamic change of
SA level in live mouse brain with AD combined with in vivo midrodialysis. The accurate concentration of SA in different
brain regions of live mouse with AD has been reported for the first time, which is beneficial for progressing our understand-

ing of the role that SA plays in physiological and pathological events in the brain.

As one of the most fatal diseases, Alzheimer’s disease (AD)
has been considered as a serious social and healthy prob-
lem.* Although the pathology of AD is not clearly under-
stood, sialic acid (SA) has been proposed to be closely re-
lated to AD. On one hand, sialic acid residues on the ter-
minal position of brain gangliosides work as bridges for the
binding between ganglioside and amyloid-f (AB), which
promote a conformational transition of AB, and then cata-
lyze the formation of neurotoxic fibrils.>3 Importantly, it
has been reported that the number of binding sites is
roughly proportional to the number of SA residues.# On
the other hand, AD is characterized by the selective neu-
ronal death and brain shrinkage. These pathological
changes are accompanied by the reduction in the level of
SA due to the enrichment of gangliosides in neurons.>¢ In
this regard, the development of an effective method for de-
tecting cerebral SA is necessary to enhance our under-
standing of the role that SA plays in brain activity and to
diagnose human brain injuries of AD.

The current protocols for cerebral SA detection mostly
rely on colorimetric resorcinol method with brain tissue.”
However, it is a post-mortem examination that needs toxic
reagents and complicated sample pretreatment. Although

several attempts have also been made to detect SA on live
cells, the low specificity of lectins,® time-consuming proce-
dure,>* and the indirect and complicated sensing through
in situ chemical modification of SA on cells™* restrain the
suitability of them for monitoring of SA in vivo. Microdial-
ysis, a minimally-invasive sampling technique that is used
for continuous measurement of small-molecular-weight
substances concentrations in interstitial tissue fluid, is one
of the few techniques that permits quantification of bio-
molecules in living animals.® Profiting from facile opera-
tion and direct sampling, microdialysis has been combined
with electrochemical sensor to realize near real-time mon-
itoring of the dynamic changes in the level of several bio-
molecules in brain microdialysates.'4 However, to the best
of our knowledge, there has been no report about the ex-
ploration of electrochemical assays combined with micro-
dialysis for SA detection in live mouse brain with AD, prob-
ably because the complexity of cerebral system necessi-
tates the proposed methods with significant analytical per-
formance, particularly in sensitivity and selectivity.

Phenylboronic acid (PBA) has been demonstrated to se-
lectively react with SA at physiological pH with high sta-
bility.’>2>° This anomalous selectivity is correlated to the
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formation of intermolecular B-N or B-O bonds between the
boron atom and the amide group of SA at the C-5 position,
which is significantly different from other monosaccha-
ride.> Recently, one kind of PBA homopolymer (compris-
ing single type of polymer chain) has been employed for
potentiometric detection of SA in serum.?* But unfortu-
nately, this polymer assembled by electropolymerization
showed poor controllability owing to its vulnerability to
different deposition conditions, and even worse, long time
to stabilize electrochemical potential before analysis? and
relatively low sensitivity to the analyte was encountered.
Therefore, this PBA homopolymer was disadvantageous
for SA detection in complicated environment. Compared
with PBA homopolymer, stimuli-responsive copolymers,
designed by the “recognition-mediating-function” (RMF)
concept, have emerged recently as a fascinating sensing
platform in recognition and analysis because of their ease
of preparation, improvement of sensing performance, and
simple surface modification in fabrication of devices.?4%
However, no studies about the exploration of stimuli-re-
sponsive polymers to electrochemical monitoring of SA
were reported. Inspired by our early study,?® we designed a
new three-component copolymer which contained PBA as
the specific recognition unit, the bis(trifluoromethyl)-
modified phenylthiourea (TP) as the mediating unit, and
poly(N-isopropylacrylamide) (PNI) as the functional
switching unit for the detection of SA. In contrast to elec-
tropolymerization method, this copolymer was immobi-
lized onto the electrode surface via Au-S covalent bond,
displaying better controllability and stability. Besides,
apart from the specific covalent bonding between PBA and
SA, TP unit, a strong hydrogen-bonding effector, contrib-
uted to the formation of directional hydrogen bonds, im-
proving the selectivity toward SA recognition. Moreover,
the copolymer could translate the specific recognition of
SA into its conformational transition and wettability
switch by synergetic hydrogen-bonding interactions,
which facilitated the access and enrichment of redox labels
and targets to the electrode surface, leading to a highly sen-
sitive electrochemical assay (Figure 1).

Herein, we assembled a novel three-component copoly-
mer onto gold flower-like film-modified screen-printed
carbon electrode (SPCE) to develop a sensitive and selec-
tive electrochemical assay and further successfully applied
it to evaluate the SA level in live mice brain with AD by
combining with in vivo microdialysis (Figure 1). Notably,
this kind of stimuli-responsive copolymer modified on the
electrode surface not only demonstrated remarkable
recognition ability but also worked as a signal amplifica-
tion strategy. Additionally, the gold flower-like film elec-
trodeposited on the SPCE surface dramatically enhanced
the surface roughness of the substrate,*3° which amplified
the inherent wettability of the surface-attached copolymer
and thus improved the sensitivity toward SA to fulfil the
requirement for in vivo detection. Furthermore, known as
an effective and nondestructive tool to probe the electron-
transfer and electrical properties of thin films,

m
—Sialic acid
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Figure 1. Schematic illustration of the electrochemical biosen-
sor coupled with in vivo microdialysis for measurement of SA
in live mouse brain. The recognition of sialic acid changed the
conformation and wettability of the copolymer by synergetic
hydrogen-bonding interactions, leading to the access and en-
richment of redox labels, and to a sensitive EIS detection
based on a decrease in the electron transfer resistance.

electrochemical impedance spectroscopy (EIS) was em-
ployed to quantify SA based on the change of the charge
transfer resistance (R.) with high sensitivity.33° More in-
terestingly, the R value decreased after the addition of SA,
effectively avoiding the inaccuracy signal by potential in-
terferences, which often bring non-specific adsorption and
large R..>” Accordingly, the excellent analytical perfor-
mance of this electrochemical biosensor, together with the
unique properties of microdialysis, established a sensitive
and selective method for evaluating SA levels in different
brain regions of live mice with AD. As far as we know, this
is the first report of an electrochemical biosensor that de-
termines the SA level associated with AD based on a stim-
uli-responsive copolymer. The concentration of SA in pre-
frontal cortex and hippocampus of AD mice decreased by
about 2.8-fold and 1.7-fold, respectively, compared with
those in the normal mouse brains.

EXPERIMENTAL SECTION

Reagents and Materials. Sialic acid (SA), neuramini-
dase (NEU), ascorbate acid (AA), dopamine (DA), 5-hy-
droxytryptamine (5-HT), lactate, 3,4-dihydroxyphenyla-
cetic acid (DOPAC), glucose, galactose, mannose, amino
acids, transferrin (TF), N-isopropyl acrylamide (NIPAM)
and S-benzyl dithiobenzoate (BDTB) were purchased from
Sigma-Aldrich. A Lyphochek hemoglobin A1C (HbAic) lin-
earity set was bought from Bio-Rad Laboratories. N-acetyl-
2-O-methyl-B-p-N-acetylneuraminic acid was purchased
from Alfa Chemistry. Chloroauric acid (HAuCl,-4H,0),
2,2’-azobisisobutyronitrile (AIBN), potassium hexacy-
anoferrate (IT) (K,[Fe(CN)s]-3H,O), potassium
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hexacyanoferrate (III) (K;[Fe(CN)¢]) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Peroxidase from
horseradish (HRP), sodium borohydride (NaBH,) and all
metallic salts were obtained from Aladdin. NIPAM was re-
crystallized in hexane for three times before use. Acryloyl-
3,5-bis(trifluoromethyl)phenylthiourea (Ac-TP) and acry-
loyl-3-amidophenylboronic acid (Ac-PBA) were respec-
tively synthesized based on the method previously re-
ported.3®39 Artificial cerebrospinal fluid (aCSF) was pre-
pared by mixing NaCl (126 mM), KCI (2.4 mM), KH,PO,
(0.5 mM), MgCl, (0.85 mM), CaCl, (1.1 mM), NaHCO; (27.5
mM), and Na,SO, (0.5 mM) into doubly distilled water,
and then we adjusted the solution pH to 7.4. Other rea-
gents were of analytical grade. All aqueous solutions were
prepared from doubly distilled water (18 MQ cm, Hitech
science tool laboratory water purification system).

Instruments and Methods. X-ray photoelectric spec-
troscopy (XPS) was taken on a Kratos Axis Ultra DLD spec-
trometer with Al Ka source (1486.6 eV). Atomic force mi-
croscope (AFM) images were obtained on a flat gold sub-
strate modified with copolymer by using a Bruker Multi-
mode 8 AFM in the tapping mode. Surface morphological
images were taken using a HITACHI S-4800 scanning elec-
tron microscope (SEM). 'H NMR spectra were collected in
d6-DMSO on a Bruker AV-500 instrument. Fourier trans-
form (FTIR) spectra was performed on a NEXUS 670 spec-
trometer. X-ray diffraction (XRD) was carried out on a
Bruker D8 ADVANCE instrument. Static contact angle was
measured on a JC2000A contact angle meter (Shanghai
Zhongchen Digital Technology Co. Ltd., China). The mo-
lecular weight was obtained from a gel permeation chro-
matography (GPC) equipped with a Waters 1515 isocratic
HPLC pump, a Waters 2414 refractive index detector (RI),
and a set of Waters Styragel columns. Tetrahydrofuran
(THF) was used as the solvent for the copolymer and the
eluent for GPC with a flow rate of 1.0 mL/min at 30 °C. All
electrochemical measurements were performed on a
Metrohm Autolab PGSTAT302N potentiostat-galvanostat
with a software NOVA 1.9 at 25 °C. The screen-printed car-
bon electrode (SPCE, Zensor R&D Co., Ltd., Taiwan) used
for modification was consisted of a graphite working elec-
trode (diameter: 3 mm), an Ag|AgCl reference electrode
and a graphite auxiliary electrode. The insulating layer
around the working area constituted an electrochemical
microcell. Electrochemical impedance spectroscopy (EIS)
experiments were performed in 0.1 M aCSF buffer solution
containing equimolar (5 mM) [Fe(CN)¢]3/4-, and experi-
mental conditions were as follows: open-circuit potential,
0.14 V; alternative voltage, 5 mV; frequency range, 0.01-10°
Hz.

Preparation of PNI-PBA-TP Copolymer. Copolymer
was synthesized by reversible addition-fragmentation
chain transfer (RAFT) polymerization. In a typical run,
NIPAM, Ac-PBA, Ac-TP, BDTB and AIBN were added into
a mixture of 1,4-dioxane/methanol (4:1) in the molar ratio
of 170:15:15: 2: 1. After being degassed three times, the mix-
ture was kept at 70 °C for 20 h. Then, chloroform was added
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to halt the polymerization. The obtained copolymer (de-
noted as PNI-PBA-TP) was precipitated by adding excess
amount of hexane. The precipitate was redissolved in a
small amount of chloroform and then reprecipitated by
hexane. This precipitation procedure was repeated three
times. The powdery products with light pink color were
dried under vacuum overnight.

Preparation and Modification. First of all, gold
flower-like nanostructures were electrochemically depos-
ited on SPCEs at —0.08 V for 3 min in 40 mM HAuCl, solu-
tion. The electrode electrodeposited with Au was symbol-
ized as SPCE/Au. Subsequently, copolymer was immobi-
lized onto the above electrode surface via Au-S bond to ob-
tain SPCE/Au/PNI-PBA-TP. Briefly, thiolated copolymer
was prepared by adding 20 mg of PNI-PBA-TP into 10 mL
of methanol containing 2 mM NaBH, followed by being in-
cubated for 2 h at 4 °C. Then, SPCE/Au was immersed in
the copolymer solution for 60 min. For removing the ex-
cess copolymer over the surface, the modified electrode
was washed with methanol, distilled water and dried under
a flow of nitrogen and denoted as SPCE/Au/PNI-PBA-TP.

In Vivo Microdialysis. All experiments involving ani-
mals were performed following the approval of the Animal
Ethics Committee in ECNU, China. Female C57BL/6] mice
at 12 months of age and female APP/PS1 double transgenic
mice with the same age were purchased from Shanghai Re-
search Center for Model OrganisBILITm and were housed
under standard environmental conditions (12 h light/dark
cycle, 22°C) with food and water ad libitum. Surgeries for
in vivo microdialysis were performed as reported previ-
ously.#° Briefly, the animals were anaesthetized with so-
dium pentobarbital (50 mg kg™, i.p.) and wrapped in a ho-
meothermic blanket (Beijing Tide-Gene Biotechnology De-
velopment Center). Then, the animal was positioned onto
a stereotaxic frame. Bore hole (0.75 mm) was made above
the right prefrontal cortex (bregma 2.8 mm, 1.5 mm lateral
to midline, and 1.5 mm below dura) and left hippocampus
(bregma —2.3 mm, 2.5 mm lateral to midline, and 1.8 mm
below dura) according to a mouse brain atlas.# Next, 30 pL
of aCSF containing NEU (4 U/mL) was applied by three
equal injections of 10 pL volume at 5 min intervals into the
prefrontal cortex and hippocampus and the mouse kept
anesthesia for 2 h. Finally, the CMA 7 microdialysis probes
were implanted. The aCSF solution was infused at the flow
rate of 2.0 pL/min. After equilibration for go min, the mi-
crodialysates were collected at 30 min intervals for cerebral
SA determination. All the measurements were reproduced
for five times, presented as mean +S.D. (n=5)

RESULTS AND DISCUSSION

Synthesis and Characterization of PNI-PBA-TP.
Based on the “recognition-mediating-function” (RMF) de-
sign concept reported in our early study,*® a novel stimuli-
responsive copolymer containing phenylboronic acid (PBA)
as the recognition unit, the bis(trifluoromethyl)-modified
phenylthiourea (TP) as the mediating unit, and poly(N-iso-
propylacrylamide) (PNI) as the functional switching unit
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was synthesized via reversible addition-fragmentation
chain-transfer (RAFT) polymerization as described in the
Experimental Section, which was denoted as PNI-PBA-TP.
The structure of PNI-PBA-TP was characterized by fourier
transform infrared spectrometer (FT-IR) and nuclear ma-

netic resonance (NMR). In the FT-IR spectra (Figure S2),
besides the signals of 1360 and 1455 cm™ m which were as-
signed to B-O stretching vibration, the peaks correspond-
ing to the bending vibration of B-O were observed at 986
and 1047 cm™. Moreover, the typical absorption of O-H in
PBA unit was clearly found at 3305 cm™. In addition, the
peaks attributed to C-F and C=S vibration in TP unit lo-
cated at 1279 and 1135 cm™, while the stretching vibration
of -CH; in PNI unit appeared at 2935 and 2974 cm™. All
these results reflected the existence of three units in the
copolymer chains. Besides, 'H NMR also confirmed the
successful polymerization between three monomers (Fig-
ure S3). The number-average molecular weight M, was es-
timated by gel permeation chromatography (GPC) as 8536
(My/Mp=1.10).

Characterization of the Modified SPCE. The modifi-
cation of electrode was described in the Experimental Sec-
tion. Initially, a gold flower-like film was electrodeposited
on the screen-printed carbon electrode (SPCE) surface,
which was referred to as SPCE/Au. As shown in the SEM
images (Figure S4A), the gold flowers with a diameter of
about goo nm were uniformly distributed on the SPCE sur-
face, which significantly increased the roughness of the
substrate. The X-ray diffraction (XRD) pattern displayed
three sharp peaks corresponding to (111), (200), and (220)
(Figure S4B), which revealed the pure crystalline charac-
teristic of gold flowers. Then, the copolymer was immobi-
lized onto the above electrode surface via Au-S bond to ob-
tain SPCE/Au/PNI-PBA-TP. As shown in Figure Ss, two ob-
vious peaks in X-ray photoelectric spectroscopy (XPS) were
obtained at 191.5 eV for Bis and at 688.2 eV for F 1s respec-
tively, which were assigned to B-O and C-F bonds of PBA
and TP units in the copolymer. In addition, compared with
the gold flower-like film with a water contact angle of 68°
(Figure 2A), the copolymer-modified electrode showed hy-
drophobicity with a water contact angle of 126.1°, because
of the hydrophobic property of the exposing alkane
chains# and the large roughness factor of the gold flower-
like film (Figure 2A). These results confirmed that PNI-
PBA-TP copolymer was successfully modified on the elec-
trode.

Enhanced Electrochemical Detection of Sialic Acid.
As a stimuli-responsive polymer, PNI-PBA-TP could un-
dergo morphology and wettability changes upon recogni-
tion of SA via tunable hydrogen-bonding interactions. As
illustrated by atomic force microscopy (AFM) images, ini-
tially, the copolymer on the Au surface exhibited a particle-
like morphology with film thickness about 10 nm due to
the formation of intramolecular hydrogen bonds among
three units (Figure 2C). Whereas, after being treated by SA
solution, PBA would selectively interact with SA through
covalent bonds, which were enhanced by
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Figure 2. (A) Contact angle photographs and (B) Nyquist plots
obtained at (a) SPCE/Au surface, SPCE/Au/PNI-PBA-TP sur-
face (b) before and (c) after being exposed to SA solution (1 x
1075 M) and typical tapping-mode AFM images for the copoly-
mer modified Au surface (C) before and (D) after being treated
by SA solution (1x 1073 M) together with the height profiles of
the cross-section analysis.

hydrogen-bonding interactions between TP and SA, result-
ing in the breakdown of intramolecular hydrogen bonds
within PNI units. Hence, the film swelled with its thickness
increasing to about 35 nm (Figure 2D). Meanwhile, the wa-
ter contact angle of SPCE/Au/PNI-PBA-TP surface de-
creased to about ns5° (Figure 2A). This result clearly
demonstrated that the copolymer film exhibited wettabil-
ity response to SA. To demonstrate the rationality and ne-
cessity of gold-flower like film, a blank experiment on
smooth gold film modified with the copolymer was per-
formed. It was found that the gold flower-like film surface
exhibited a more substantial wettability switching than a
smooth gold film surface in SA detection (Figure S6), thus
pointing out the importance of gold flower with large
roughness factor for enhancing the SA responsiveness.
However, considering the limitation of static contact angle
measurements in sensitivity, an elegant method sensitive
to conformational changes of polymer chains and their
wettability switch on interfaces is essentially demanded for
the signal amplification of SA recognition.

Electrochemical impedance spectroscopy (EIS) is a pow-
erful tool to probe the electron transfer and electrical prop-
erties of thin films. To sensitively detect and quantify SA,
EIS was further employed based on the change of charge-
transfer resistant (R.). The results were demonstrated as
Nyquist plots. The diameter of semi-circular part of the
plot corresponds to the R at electrode surface and could
be calculated by fitting Randles circuit (Figure S7). As ex-
pected, PNI-PBA-TP copolymer on the SPCE surface re-
tarded the electron transfer of redox probe and remarkably
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Figure 3. Nyquist plots obtained at the modified electrode
surfaces in artificial cerebrospinal fluid (aCSF, pH 7.4) con-
taining 5 mM Fe(CN)e3-/4- upon addition of SA solutions
(1x1072-1x1075 M). Inset: relationship between the extent of Re
decrease and the concentrations of SA. Error bars represent
standard error measurements (s.e.m.).

increased the R« to be 11.1 kQ. After being exposed to SA
solutions, the R dropped down to 576 Q (Figure 2B). This
may result from the conformation and wettability changes
on the copolymer modified electrode surface, which en-
hanced the permeability and diffusion of electroactive
probe through the polymer and thus facilitated its inter-
face redox reaction. This observation is just the proof-of-
concept for assaying of SA by the EIS method. Cyclic volt-
ammetry (CV) of SPCE/Au/PNI-PBA-TP in the absence
and presence of SA also proved the working principle, as
demonstrated in Figure S8. In addition, experiments for
monitoring of SA were also optimized by varying the
polymerization time of PNI-PBA-TP,# the modification
time of copolymers onto SPCE surface, and the reaction
time of SA (Figure S10-12).

Moreover, the PNI-PBA-TP on the electrode surface not
only acted as a recognition element for SA but also ampli-
fied the SA-induced electrochemical signal. Compared
with conventional methods, which were solely based on
the binding for SA with receptor, the SA-induced wettabil-
ity further promoted the enrichment and binding of SA on
electrode surface, thus substantially improving the detec-
tion sensitivity. Besides, the gold flower-like film also con-
tributed to the enhanced electrochemical response for SA
detection (Figure S6 and Figure S13). As shown in Figure 3,
R values gradually decreased as the SA concentration in-
creased. The detection linear range for SA extended from
1x10°5 M to 1x10> M, and the detection limit could be
achieved as low as 0.4 pM, which was lower than those ob-
tained by other methods (Table S1) and met the require-
ment for sensitive monitoring of cerebral SA in mouse
brain. Reproducibility has been tested with six different
SPCE/Au/PNI-PBA-TP electrodes for 10> M SA. The rela-
tive standard deviation (RSD) was 1.43%, indicating the
SPCE/Au/PNI-PBA-TP electrodes had good reproducibil-
ity. Cycling experiments for alternately treating the elec-
trode surface by SA and pure water demonstrated that the
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Figure 4. Selectivity and competition experiments for
SPCE/Au/PNI-PBA-TP toward (A) and (B) monosaccharides
(1-7: SA, glucose, mannose, galactose, fucose, xylose, fructose,
1 mM for other monosaccharides, 10 pM for SA), (C) and (D)
metal ions (1-15: SA, K*, Ca**, Na*, Mg?*, Zn>*, Cu?*, Co**, Fe3*,
Fe2t, Mn?*, Niz+, Cd>*, A3+, Ag*, 1 mM for K+, Ca>*, Na*, Mg>;
10 uM for other metal ions; 10 uM for SA), (E) and (F) amino
acids (1-13: SA, Glu, Gly, Phe, Met, Val, Cys, His, [so, Arg, Lys,
Leu, Tyr, 10 M for all species), or (G) and (H) other biological
molecules (1-7: 10 pM SA, 50 pM AA, 20 pM UA, 20 uM DA, 50
UM DOPAC, 20 pM 5-HT, 1 mM lactate). The left bars (A), (C),
(E), (G) represent the ratio between the charge-transfer re-
sistance change of the SPCE/Au/PNI-PBA-TP induced by po-
tential interferences and the charge-transfer resistance
change of the SPCE/Au/PNI-PBA-TP induced by sialic acid.
The right bars (B), (D), (F), (H) refer to the charge-transfer
resistance change of the SPCE/Au/PNI-PBA-TP upon addition
of both potential interferences and sialic acid divided by the
charge-transfer resistance change of the SPCE/Au/PNI-PBA-
TP induced by sialic acid alone. AR, represents the charge-
transfer resistance change induced by sialic acid, AR repre-
sents the charge-transfer resistance change induced by poten-
tial interferences (A), (C), (E), (G) or the mixture of potential
interference and sialic acid (B),(D),(F),(H).

R could revert back to the original value after further
treatment, so the electrode can be reused (Figure Si5).

As is known that the brain system is very complex, it pre-
sents a significant challenge to the established method not
only in sensitivity, but more importantly in selectivity. In
this work, the selectivity for SA was displayed by the
charge-transfer resistance change (AR.) induced by
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potential interferences over the charge-transfer resistance
change (AR.,) by SA. First, various monosaccharides
which are necessary for the brain functioning were exam-
ined. As shown in Figure 4, these monosaccharides showed
negligible responses. In addition, no obvious responses
were observed for metal ions, amino acids and biological
species that commonly coexist in biological system. For the
competition test, all these potential interferences pro-
duced no discernible changes in the electrochemical re-
sponse for SA, indicating the high selectivity of the present
method. The reasons for the anomalous selectivity may be
as follows: first, the binding constant of 37.6 between PBA
and SA was 2-7 times higher than those for other sugars at
physiological pH of 77.4.2+*> Second, TP unit in the copoly-
mer may not only interacted with hydroxyl groups of SA
through directional hydrogen bonds but also combined
with the carboxylate ion (-COQO-) of SA,3%44 thus improving
the selectivity toward SA recognition.

Monitoring Cerebral Sialic Acid in Rat Brain Micro-
dialysates. It has been reported that SA participated in
many neuronal processes including axonal growth, neuro-
transmitters synthesis and synaptic transmission.#54° The
advantages of high sensitivity and selectivity of the devel-
oped electrochemical sensor incited us to further access its
performance in monitoring SA level in central nervous sys-
tem. For in vivo measurement of SA in mouse brain, neu-
raminidase (NEU) was employed to cleave terminal SA res-
idues of glycoconjugates into extracellular fluid and the
free SA was sampled and quantified by in vivo microdialy-
sis.4748 As shown in Figure sA, for normal mice, the R val-
ues progressively decreased and reached its minimum at
240 min. This dynamic change could be attributed to the
increasing level of SA cleaved from cell surface upon NEU
treatment.*” Based on the calibration curve and the micro-
dialysis recovery (17 %) measured in the same experiment,
the maximum concentration of SA in dialysates from the
prefrontal cortex of normal mice were observed to be 17 +
0.88 pM. Although the dynamic changes of SA level in the
mouse brains with AD displayed the same trend, the max-
imum concentration of SA in dialysates was evaluated to
be 6.17 + 0.52 pM, which decreased by about 2.8-fold com-
pared with that in the normal mouse brains. Meanwhile,
the microdialysates from the hippocampus were also meas-
ured (Figure S17). Like in prefrontal cortex, the SA concen-
tration in dialysates from the hippocampus for AD mice

decreased by about 1.7-fold compared with normal animals.

Considering the role SA played in promoting learning abil-
ity and memory formation,* the cognitive decline associ-
ated with AD might be related with the decreasing level of
SA although the mechanism is still unknown. These results
further validate our electrochemical biosensor as an effec-
tive platform for in vivo evaluating SA level and exploring
the changes that occur in neurodegenerative diseases.

CONCLUSIONS

In summary, a sensitive and selective electrochemical assay
for SA has been developed based on the specific
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Figure 5. (A) Time-dependent R decrease extent at the mod-
ified electrode surfaces for determination of SA in the prefron-
tal cortex of normal mouse brains (black curve) and mouse
brains with AD (red curve). (B) Time-dependent changes in
the SA level in the prefrontal cortex of normal mouse brains
(black column) and mouse brains with AD (red column). Error
bars represent standard error measurements with n = 5.

recognition of PBA to SA and the amplified property of the
stimuli-responsive copolymer. By combining with in vivo
microdialysis, this electrochemical biosensor with remark-
able analytical performance was proved to be an efficient
approach for measurement of SA in living mouse brain.
This study has first measured the concentration of SA in
prefrontal cortex and hippocampus of live mice with or
without AD, which may have a close relationship with
physiological and pathological events in the brain. The po-
tential of this electrochemical method in dynamic moni-
toring the changes in the level of SA in live mouse brain
should enable it to study broad brain functions of SA under
different physiological conditions. The present work has
also provided the rational design and construction of elec-
trodes for quantitative in vivo monitoring of other mole-
cules related to brain disease since the “recognition-medi-
ating-function” (RMF) design principle for the copolymer
makes it easy to change the copolymer structure.

ASSOCIATED CONTENT

Supporting Information. Characterization of PNI-PBA-TP
copolymer, characterization of the electrode modification
process, amplified wettability of gold flower-like film, equiva-
lent circuit, cyclic voltammetry for proving the working prin-
ciple, the role of TP unit in the copolymer, optimized condi-
tions, enhanced electrochemical response on the gold flower-
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formance of different methods for the determination of SA.
The Supporting Information is available free of charge on the
ACS Publications website. This material is available free of
charge via the Internet at http://pubs.acs.org.
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