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Cysteine and Cystamine Co-Self-Assembled Monolayers for
in Vivo Detection of Ascorbic Acid

ZHANG Yue, FENG Tao-tao, JI Wen-liang, ZHANG Mei-ning"
(Department of Chemistry, Renmin University of China, Beijing 100872, China)

Abstract: Self-assembled monolayers (SAMs), which form highly ordered monolayers on the electrode surface through the
gold-suffer bond, have attracted much attention in recent years. This stable layer not only can regulate the wettable properties of sur-
face, but also can act as a promoter towards redox-active molecules. Here, we developed a simple and effective method to construct
cysteine and cystamine co-self-assembled monolayer on gold microelectrode for in vivo detection of ascorbic acid (AA). The molar
ratio at 1:1 of mixed monolayer has been found the optimum to enhance the electron-transfer kinetics of AA oxidation at low poten-
tial (ca. 0.10 V), meanwhile, it could resist the non-specific adsorption of protein at electrode surface. The application of the
co-self-assembled monolayer is preliminarily demonstrated for in vivo detection and the basal level of striatum AA was determined
to be 257 + 30 wmol-L* (n = 3). This study offers a general and effective approach for in vivo electrochemistry with high reliability

and simplified procedures.
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Self-assembled monolayers (SAMs) with unique
chemical and physical properties have attracted much
attention in various fields, such as wettability, bio-
compatibility, adhesion and sensing®*®. As a well-es-
tablished technology for preparing ultra-thin ordered
films, self-assembled membranes not only provide an
ideal method to study the surface and interface phe-
nomena, but also provide an effective method to de-
sign and obtain specific functional membrane materi-
als¥, Self-assembled membranes of sulfur-containing
compounds, especially depending on adsorption by
chemical bonds of disulfides (R-S-S-R), sulfides
(R-S-R) or thiols (R-SH) on a metal (particularly gold
substrates), are the most representative and studied
systems®®%, Compared with other non-covalently driv-
en self-assembly modes, self-assembly of sulfur com-
pounds on gold surface is formed by polar covalent
bonds, and Au-S bonds are easily formed sponta-
neously, which makes the SAMs have good stability,
orderliness and specific electrical, optical or chemical
property™*l,

Document Code: A

Due to the high spatial and temporal resolutions,
increasing researches have demonstrated that in vivo
electrochemistry is the important method to analyze
small molecular neurochemicals in the central ner-
vous system (CNS)™*1. As one of the most important
neuromodulators in CNS, AA plays a significant role
in maintaining normal physiological function of hu-
man body and has wide relationship with the complex
components network and brain function in vivo®?.
However, the high-potential oxidation of AA renders
difficulties in selective measurement in CNS because
the great interference of other kinds of electroactive
species such as 3,4-dihydroxyphenylacetic acid
(DOPAC) and uric acid (UA) coexists in the brain. In
addition, the brain environment is especially com-
plex, when electrodes are implanted into tissues, pro-
teins will be adsorbed to the surface of electrodes in a
non-specific manner, resulting in a decrease in the
sensitivity of electrodes®®?. Thus, it is very important
to establish a rapid and convenient method for in vivo
detection of AA and resist the protein adsorption in
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the process of implantation.

Here, we developed a strategy of cysteine and
cystamine co-self-assembled monolayer for in wvivo
detection of AA as illustrated in Scheme 1. Cysteine
is a kind of zwitterion molecules and a potential anti-
protein adsorption material®#l, In addition, cysteine
was found to be a thin layer (ca. 1.14 nm)®? that clos-
es to the double layer on the surface of the electrode.
Considering the poor selectivity of cysteine for AA,
we added cystamine as a promoter to efficiently mod-
ulate the electron transfer kinetics of AA oxidation to
make the oxidative potential of AA more positive.
We found that the co-self-assembled monolayer of
cysteine and cystamine at a molar ratio of 1:1 on gold
microelectrodes (AuMES) exhibits good selectivity
for in vivo detection of AA. Our research provided a
potential strategy for in vivo electrochemical detec-
tion of AA and other neurotransmitter neuromodula-
tor in CNS.

1 Experimental
1.1 Reagents and Solutions

L-cysteine (Cys), cystamine (CYST), and bovine
serum albumin (BSA) were purchased from Chemi-
cal Reagent Co. Ltd. (Beijing, China). Ascorbic acid
(AA), dopamine (DA), 3,4-dihydroxyphenylacetic acid

COOH

L-cysteine (Cys)

HS-CH,-CH,-NH,

(DOPAC), 5-hydroxytryptamine (5-HT), glutamic acid
(Glu), hexaammineruthenium chloride, ferrocene
methanol and potassium ferricyanide were purchased
from Sigma-Aldrich. The 0.1 mol-L* phosphate buffer
solution containing 50 mmol - L* NaH,PO, and 50
mmol - L* Na,HPO, was adjusted to pH 7.4 with sodi-
um hydroxide. Artificial cerebrospinal fluid (aCSF)
was prepared by mixing NaCl (126 mmol -L*?), KCI
(2.4 mmol-L?), KH,PO, (0.5 mmol-L?), MgCl, (0.85
mmol -L?), NaHCO; (27.5 mmol -L?), Na,SO, (0.5
mmol-L™), and CaCl, (1.1 mmol-L%) into doubly dis-
tilled water, and then adjusting the pH to 7.4 as our
previous work?, All the aqueous solutions were pre-
pared with Milli-Q water. Unless stated otherwise, all
experiments were carried out at room temperature.
1.2 Modification of Au Electrodes
Polycrystalline Au electrodes (diameter, 1.5
mm) were immersed in aqua regia to remove the
residual contamination, then polished with aqueous
slurries of alumina (0.5 and 0.05 wm) and sonicated
for 5~ 10 min in water. The polished electrodes were
then electrochemically pretreated by cycling the po-
tential scan between -0.2 and 1.2 V at 10 V -s? vs.
platinum electrode in 0.5 mol -L* H,SO, for 10 min
until the characteristic cyclic voltamagrams (CVs) for

o’ ;i %,
r"r *“i
-s-CHz-CH:ggg_ <
-S-CH,-CH,-NH*
o
_ NH;* 0
-$-CHCH{ % M@t
o “oH
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2,2’-dithiobisethaneamine (CYST)

Scheme 1 Schematic of the Cys-CYST/AuUMEs for in vivo detection of AA
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a clean Au electrode was obtained. The Cys/Au and
CYST/Au were fabricated by immersing the pretreat-
ed Au electrodes into 10 mmol - L™ cysteine and cys-
tamine solutions for 1 h, respectively. The mixed
monolayers of cysteine and cystamine were made by
soaking the pretreated Au electrodes in solutions con-
taining cysteine and cystamine with different concen-
trations. The Cys-CYST/Au was formed by immers-
ing the gold electrode in solution containing 10
mmol - L* cysteine and 10 mmol - L* cystamine. The
electrodes were extracted and washed with a small
amount of ultra-pure water, and dried with nitrogen
gas before any electrochemical and other tests.

1.3 Fabrication and Modification of Gold

Microelectrodes

Gold microelectrodes (AuMESs) were fabricated
as reported previously!1. Briefly, a glass capillary
(id. 1.5 mm, length 100 mm) was pulled on a micro-
electrode puller (WD-2, Chengdu Instrument Factory,
Sichuan, China) into two capillaries; the fine tip of
each was broken into 30 ~ 50 wm in diameter. The
pulled capillary was used as the sheath of AUMEs. A
single Au fiber (13 pm in diameter) was attached to
copper wire with silver conducting paste. Then, the
Au fiber with the attached copper wire was carefully
inserted into the capillary with Au fiber being ex-
posed to the fine open end of the capillary and Cu
wire being exposed to the other end of the capillary.
Both open ends of the capillary were sealed with epoxy
resin with 1:1 ethylenediamine as the harder and the
excess epoxy on the fiber was carefully removed with
acetone. The exposed Au fiber was cut to 300 ~ 500
pm in length under a microscopy. Prior to modifica-
tion with monolayer, the fabricated AuMEs were
electrochemically pretreated by cycling the potential
scan between -0.2 and 1.2 V at 10 V-s? vs. platinum
electrode in 0.5 mol -L* H,SO, for 10 min until the
characteristic CVs for a clean Au electrode was ob-
tained. The method of modification the AUMES was
the same as the gold electrode described above.
1.4 Apparatus and Measurements

The electrochemical measurement was carried
out with three-electrode system at room temperature

using the computer-controlled CHI 760D electro-
chemical analyzer (Shanghai Chenhua Instrument
Corporation, China). Gold electrode or AUMESs were
used as the working electrode, platinum wire as the
counter electrode and Ag/AgCl electrode as the refer-
ence electrode. The contact angle was measured by
JC2000D Contact Angle Measuring Instrument
(Shanghai ZhongChen).
1.5 In Vivo Experiments

Adult male Sprague-Dawley rats (300 ~ 350 Q)
were purchased from Health Science Center, Peking
University. All animal procedures were approved by
the Animal Care and Use Committee at National
Center for Nanoscience and Technology of China and
performed according to their guidelines. The animals
were housed on a 12:12 h light dark schedule with
food and water ad libitum. Animal experiments were
performed with a method described in our earlier
work®. Briefly, the animals were anaesthetized with
chloral hydrate (345 mg-kg¥, i.p.) and positioned on-
to a stereotaxic frame. AUMEs were implanted into
striatum (AP = 1.5 mm, L = 1.5 mm from bregma, V
=4 mm from dura) using standard stereotaxic proce-
dures®™. Post-calibration was performed in pure aCSF
with successive addition of AA after the microelec-
trodes were removed from the brain tissue. The con-
centration of AA was quantitated with post-calibra-
tion.

2 Results and Discussion

We first investigated the electrochemical perfor-
mances of cysteine and cystamine toward AA
through the cyclic voltamagrams (CVs), the results
are shown in Figure 1A. Typically, at the bare gold
electrode, the oxidation peak of AA was ca. 0.35 V
vs. Ag/AgCI. The gold electrode with cysteine self-
assembled monolayer (Cys/Au) also showed poor re-
sponse for AA in which oxidation peak was about
0.30 V. In contrast, a large negative shift (ca. 0.3 V)
in the peak potential was observed for the oxidation
of AA at gold electrode with cystamine self-assem-
bled monolayer (CYST/Au), which was due to the
electrostatic interaction as reported previously™. We
further explored the performance of anti-adsorption
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of nonspecific proteins of electrodes above. As
shown in Figure 1B, with the BSA being added to
AA solution gradually, it was found that the peak cur-
rent of AA on bare gold electrode decreased signifi-
cantly, and the peak potential also positively shifted.
We found that the CYST/Au had poor anti-protein
adsorption performance and the current decreased
gradually (Figure 1C). However, the peak current of
AA on Cys/Au remained unchanged with the BSA
addition, which indicated the good anti-protein ad-
sorption ability of cysteine in protein solution (Figure
1D).

We further explored the optimum ratio of cys-

A —Au
8t — CYST/Au

//\ —— Cys/Au

02 00 02 04 06
E/V(vs. Ag/AgCl)

/
4
O i /’/
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teine and cystamine. A series of co-self-assembled
monolayers were obtained with different molar ratios
(the concentration ratios of cysteine to cystamine
were 0.5, 0.75, 1, 2, 3). From the CVs in Figure 2A,
the gold electrode with co-assembled monolayer
showed good response for AA and the oxidation peak
was all at about 0.10 V. We further compared the
ability of anti-protein adsorption of gold electrode
modified with different ratios of cysteine and cys-
tamine. We added 10 mg-mL™ BSA into 200 wmol-L™*
AA solution and compared the oxidation current of
AA. It was found that when the molar ratio was 1:1 the
anti-protein adsorption performance of the electrode

~

/
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Fig. 1 (A) The CVs obtained at Au (black curve), Cys/Au (blue curve) and CYST/Au (red curve) in PBS solution containing 200
pmol- Lt AA; CVs of (B) Au, (C) CYST/Au and (D) Cys/Au in PBS solutions containing 200 wmol- L AA in the presence
of 0 mg-mL?* (black curve) BSA, 1 mg-mL?* (red curve) BSA, and 2 mg-mL* (blue curve) BSA, scan rate 50 mV-s™,
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(Cys-CYST/Au) was the optimal with the 73% re-
maining oxidation current (Figure 2B). From distribu-
tion of cysteine in three forms at different pH values in

Figure 2C, we can see that the cysteine mainly existed
in the form of zwitterions in pH 7.4 solution. The
CYST monolayer is expected to be positively charged

1.0
B
0.8+
0.6
0.4+
0.2F
L L 1 L 00
-0.2 0.0 0.2 0.4 0.6 0.5:1 075:1 1:1 21 3:1
E/V(vs. Ag/AgCl) Ratio
D
°e—0—0—0—0__ _A—
A i Y &
0.9k y  HNCHCOO N
/ .~ /
/ \ /
/ \
o6\ / \/
. ‘/ \/
«w \ [ H,NCH,COO |
\/ o \
03] |HNCHCOOH .
//\ /'( \\
/1 A \
o\ S
0O i N i i e
3 6 9 12
pH
F
200 ’
i
k
150} f]
E :
e "
S oo ;"f/’( .. 1
' i/ wemg
sof &
0 1 ! I
0 100 200 300
Z'/ohm

Fig. 2 (A) CVs obtained at Au electrodes modified with different ratios of cysteine and cystamine in PBS solution containing 200
pwmol-L* AA. Scan rate, 50 mV-s*; (B) The remained amperometric oxidation current obtained at Au electrodes modified
with different ratios of cysteine and cystamine in PBS solution (pH 7.4) containing 200 wmol-L* AA after adding 10 mg-mL*
BSA. I, was the current response of 200 wmol-L* AA and 7 was the current response of 200 wmol - L™ AA after addition
of 10 mg-mL* BSA,; (C) Relative proportion in different forms of cysteine (cation, anion and zwitterion) as a function of
pH; Contact angles of (D) bare Au electrode and (E) Cys-CYST/Au; (F) The electrochemical impedance spectra of bare

Au (black dotted curve) and Cys-CYST/Au (red dotted curve).
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in phosphate buffer solution (pH 7.4) since the pKa of
CYST is 8.35P%. The contact angle experiments showed
that the hydrophilicity of Cys-CYST/Au surface
(contact angle, 57°) was obviously enhanced com-
pared to bare Au (contact angle, 90°) (Figure 2D
and Figure 2E), which might attribute to the good an-
ti-protein adsorption performance of the co-self-as-
sembled monolayer. From Figure 2F, the charge
transfer resistance of Cys-CYST/Au (i.e., 219 ohm) is
slightly larger than that of bare Au electrodes (i.e.,
207 ohm), which indicates that Cys-CYST was as-

10

_5_ L 1

02 00 02 04 06
E/V(vs. Ag/AgCl)
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I/InA
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¢

\j/ \
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1500

sembled onto the surface of Au electrode because of
nonconductive assembled membrane. Thus, the
Cys-CYST/Au electrode exhibited fast electron trans-
fer kinetics toward AA and good performance of anti-
protein adsorption simultaneously.

We further applied the cysteine and cystamine
co-self-assembled monolayers on gold microelec-
trodes (AUMES) for in vivo detection. Figure 3A shows
typical CVs of AuMEs with cysteine and cystamine
co-self-assembled monolayers (Cys-CYST/AuMEs,
the molar ratio, 1:1) in aCSF containing 200 wmol -L™

(xzj L-4

0.1

I/nA

0.0}
0.0
0 400 800 1200
T/s
D
09+t
0.6

0.0

0 1000 2000 3000
T/s

Fig. 3 (A) CVs obtained with AuUMEs (black curve) and Cys-CYST/AuUMEs (red curve) in aCSF in the absence (dotted curves)
and the presence of 200 wmol-L* AA (solid curves). Scan rate, 50 mV-s?; (B) Amperometric current responses of the
Cys-CYST/AUMEs toward successive addition of 50 wmol-L* AA in aCSF (pH 7.4). Insert, the calibration plot obtained
from Fig. 3B; (C) Amperometric responses obtained at Cys-CYST/AUMEs in aCSF (pH 7.4) upon the additions of 10
pmol -L* DA, 20 pmol -L* UA, 20 pmol - L* DOPAC, 10 wmol-L* 5-HT, 50 pmol-L* Glu and 50 wmol -L* AA; (D)
Amperometric response obtained at the Cys-CYST/AuUMEs in aCSF containing 200 wmol - L™ AA. Applied potential: 0.12

Vst vs. Ag/AgCI.
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Fig. 4 (A) CV curve obtained at Cys-CYST/AUMEs in rat striatum. Scan rate, 50 mV -s?; (B) Amperometric response obtained
at the Cys-CYST/AUMESs in rat striatum. Applied potential: 0.12 VV-s* vs. Ag/AgCI.

AA. At bare AUMEs, the oxidation potential for AA
was approximately 0.5 V vs. Ag/AgCI. In comparison,
the CV response for 200 pmol -L* AA at the
Cys-CYST/AuMEs showed a peak around 0.1 V.
This might be due to the double layer effect on elec-
trode reaction rate. When the monolayer is assembled
on the electrode, the surface double layer structure is
altered. The decreased thickness of double layer will
increase the voltage drop and obtain faster Kkinetics
and higher electrochemical sensitivity®™. On the other
hand, AA could be adsorbed on the surface of the
electrode which will also induce peak current on mi-
croelectrode. In addition, the Cys-CYST/AUMES pro-
duced the well-defined current responses in different
concentrations of AA in Figure 3B. Current respond-
ed linearly with the concentration of AA within a
range from 0 to 250 pwmol -L* (/(nA) = 0.0096(nA) +
6.84x10* Cas(mol -L%), R? = 0.9879). Moreover, 10
pmol -L* DA, 20 pmol -L* UA, 20 pmol -L*
DOPAC, 10 pwmol-L* 5-HT, and 50 wmol-L* Glu, as
a potential interferent in brain, were added into aCSF.
The concentration of interferent is the maximum con-
centration in the brain, which is widely used in the
reported literatures on in vivo analysis®®24, The Cys-
CYST/AuUMEs did not produce obvious current re-
sponses by other additives excluding AA as com-
pared with those by 50 wmol -L* AA in Figure 3C,
demonstrating the good selectivity for the AA. The

stability of the Cys-CYST/AuMEs was also studied
and the current response (0.32 nA) at Cys-CYST/AuMEs
was quite stable for continuously sensing of 200
pwmol - L* AA for almost 1 h (Figure 3D).

We further applied the co-self-monolayer to de-
tect the basal concentration of AA in rat brain. The
Cys-CYST/AUMEs showed a well-defined CV to-
ward the oxidation of AA, and the peak potential was
observed at about 0.10 V when the Cys-CYST/AuMEs
was implanted in the rat striatum (Figure 4A). The
similar peak potential of Cys-CYST/AuMEs toward
AA in vitro in Figure 3A indicated that Cys-CYST/
AUuMEs remained the well self-assembled state after
being implanted in the brain and had good selectivity
for AA in vivo. Figure 4B shows typical current re-
sponse in vivo on Cys-CYST/AuMEs, which was
quite stable for about 0.5 h. Although the self-assem-
bly membrane could be anti-fouling at some extent,
the sensitivity would decrease in vivo electrochem-
istry. We used post-calibration method to accurately
obtain the concentration of AA in vivo. According to
the post-calibration curve, the basal concentration of
AA in rat striatum was determined to be 257 +30
wmol-L* (n = 3), which was consistent with the report-
ed values using other methods®? 3, These results
demonstrated that the strategy of cysteine and cys-
tamine co-self-monolayer on AUMEs is a simple and
effective method for in vivo detection of AA.
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3 Conclusions and Future Perspec-

tives

We developed a simple and effective method of
cysteine and cystamine co-self-assembled monolayer
on AuUMEs to in vivo detect AA. As a result, we
found that the ratio of cysteine and cystamine at 1:1
was the optimal molar ratio in co-self-assembled
monolayer for detection of AA at low potential and
that the co-self-assembled monolayer showed an-
ti-adsorption of nonspecific proteins at some extent.
The co-self-assembled monolayer on the AUMES ex-
hibited excellent selectivity and stability for measure-
ment of AA, and the basal concentration of AA was
obtained in rat striatum successfully. Our method has
provided a potential strategy for detections of other
neurotransmitters and neuromodulators in CNS.
Moreover, our strategy has many potential applica-
tions. For example, it can be used as a blocking agent
and a protective agent for electrochemical im-
munosensor, which can improve the sensitivity of the
sensor, or it can be modified on the surface of gold
nanoparticles to improve anti-fouling performance.
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