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Abstract

Two-typed (3-mercaptopropyl)trimethoxysilane-based networks which had been used to fabricate biosensors were prepared on Au sub-
strates by two methods: layer-by-layer assembly, and the combination of sol-gel and self-assembly process. The formation mechanism and
their surface properties, as well as stabilities were examined by cyclic voltammetry, electrochemical impedance spectroscopy, and X-ray pho-
toelectron spectroscopy. It was found that the precursors formed bilayers with the thickness of ca. 1.8 nm on Au by layer-by-layer assembly
only with—SH on the uppermost surface. The sol-gel and self-assembly processed multilayers with the thickness of ca. 6.8 nm and abundant
—SH all over the network provided a rigid and stable network. Therefore, the coupling of sol-gel and self-assembly process provided a
faster, simpler and more effective method to fabricate more rigid and stable networks; in this case, the local aqueous microenvironment as in
biological media could preserve the native stabilities and reactivities of biological macromolecules better, which was expected to guarantee
the high biological activity and stability of biosensors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction microencapsulation in polymer microspheres and hydrogels
[6-9].
The development of biological immobilization has re- Self-assembly has become a popular surface derivatiza-

sulted in a large numbers of use of biomolecules for selective tion procedure since its high organization and homogene-
delivery, extraction, conversion, separation, and detection of ity make it very attractive for tailoring surfaces with de-
reagents. The use of biological species such as peptides, prosired properties. The modification includes not only grow-
teins, and nucleic acids in these applications has typically ing monolayers but also growing multilayers on substrates.
relied in large part on the successful immobilization of the in- Conceptually, multilayer growth can take place due to the
tact biological reagent onto or within a suitable surfieeb]. lack of self-limiting chemistry, that is, random growth, or
The requirements for useful bioimmobilization include ahigh due to well-defined monolayer growth, subsequent chem-
density of immobilized biomolecules, high activity, long- ical modification of the monolayer surface, and then fur-
term stability under potentially adverse reaction conditions, ther monolayer growtfil0]. The short-chain alkoxy silane
good accessibility to analytes and rapid response time. Themolecular layers have a significant advantage over the other
common conventional methods to immobilize biomolecules types of silanes in that they are the most widely available
are typically based on physical adsorption, covalent binding with the most diversity in their functional groups. In particu-
to surfaces, entrapment in semi-permeable membranes andar, (3-mercaptopropyl)trimethoxysilane (MPTMS) has been
used as a heavy metal ion adsorbfrit—13], and for pro-
* Corresponding author. Tel.: +86 431 5262243; fax: +86 431 5262243, (€N immobilization[14]. Recently, a three-dimensional net-
E-mail addresslijingh@ciac.jl.cn (J. Li). work of MPTMS assembled onto gold electrodes has been
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used as gold nanoparticles adsorbent in biosensors, becaushiree-dimensional MPTMS multilayers on gold electrodes by
this kind of surface structure provides efficient attaching using cyclic voltammetry (CV), electrochemical impedance
sites for gold nanoparticles and a variety of biomolecules spectroscopy (EIS), and X-ray photoelectron spectroscopy
[15,16]. (XPS).
Park and Weaver proposed a simple method to prepare
a three-dimensional network of MPTMS suited to adsorb a )
variety of nanoparticlefl7]. The MPTMS monolayer was 2. Experimental
first assembled onto gold substrates via-Slbond; then the
methoxysilane units were hydrolyzed in NaOH and polymer- 2-1. Reagents
ized into a two-dimensional network; finally, a second silane
layer was formed by immersing the modified substrates back  (3-Mercaptopropyl)trimethoxysilane  (MPTMS)  (HS
into the MPTMS solution. The typical total time for the prepa-  (CH2)3Si(OCHg)3) was obtained from Acros. X-e(CN),
ration was about more than 10 h. The resulting multilayers K3aFe(CNJ, ethanol and other reagents were of analytical
prepared based on layer-by-layer assembly were namely degrade and used as received. All aqueous solutions were
noted as LbLMs in the following text (Scheme 1A). The gold Prepared with double distilled water with a Millipore-Q
nanoparticles immobilized on the thiol-terminated uppermost System (18.2 MQ).
surface of LbLMs were near monolayer-level and demon-
strated optimal electronic response between the nanoparticle2-2. Preparation of three-dimensional self-assembled
arrays and the gold substrates. Moreover, biological macro-networks of MPTMS on gold electrodes
molecules could retain their activity when adsorbed on gold
nanoparticle$18,19]. This kind of network was expectedto A gold electrode was mechanically polished with 1, 0.3
be attractive for the electrochemical biosensor developmentand 0.0um a-Al>0z, washed ultrasonically with double
with excellent electrochemical and photochemical properties. distilled water, blown dry with nitrogen, and subsequently
Mesoporous silicate materials can easily be prepared un-electrochemically cleaned in 1 M230; by potential scan-
der ambient conditions using the sol-gel prod@é One of ~ hing between-0.2 and 1.55V until a reproducible cyclic
the attractive features of sol-gel-derived materials is that they Voltammogram was obtained.
can be readily used as stable host matrixes for the entrapment The general procedure for preparation of LbL}S]
of Specific reagents such as proteinS, enzymes, Organic dyeiSCheme 1A) involved three successive StepS as follows: the
and redox probef21-24]. Among numerous applications, Self-assembly of MPTMS monomers to form a monolayer
sol-gel-derived materials have been used in solid-state elecon the gold electrode via At5; the hydrolysis of the self-
trochemical devices, chemical sensors, and catdB/5t0]. assembled monolayer and the polycondensation of the hy-
Wang et al. designed a three-dimensional interfacial struc- drolyzed monolayer; and forming the second MPTMS layer
ture of MPTMS on a gold electrode via the direct coupling of Via SHO-Si by immersing the modified electrode into the
sol-gel and self-assembly technologies for the first fiig MPTMS solution once more. Briefly, the cleaned gold elec-
The gold electrode was modified with the silica gel by im- trode was immersed in a 40 MM MPTMS in ethanol solution
mersing it in prehydrolyzed MPTMS sol for a desired time. for 3h, to produce self-assembled monolayers. After thor-
The resulting multilayers on Auwould be referred to as SGMs oughly rinsed, the silane units were polymerized into a 2D-
in the following text (Scheme 1B). Dong and co-workers hetwork by dippinginto 0.1 M NaOH for 2 h. A second silane
proposed a new method to use the same interfacial structurdayer was formed by immersion back into the MPTMS solu-
on gold electrodes to fabricate a self-assembled nanoparticletion for another 3 h.
biosensor by anchoring gold nanoparticles and further the ~ The sol—gel processes from MPTMS precursor occurred
enzymeg15]. The total preparation time of the SGMs on Au  according to the sequence “hydrolysis—condensation” to get
was optimized to be about 50 min. The sol-gel network was @ three-dimensional framework: the hydrolysis of the pre-
full of —SH, so that gold nanoparticles could be assembled cursors catalyzed by the presence of protons in the medium
both inside and on the surface of the network; thus it was andthe polycondension ofthe hydrolyzed monomers; and the
expected to increase the biomolecules loading and promoteself-assembly of the sol-gel MPTMS onto the gold electrode.
detection limits and analytical ranges in biosensors. The total time for preparation of SGNIE5] (Scheme 1B) was
Here, both of these three-dimensional self-assembled net-about 50 min, which was 10 more times shorter than that of
works were attractive for electrochemical biosensors. Of ut- LbLMs. In brief, silica sol was prepared by mixing MPTMS
most importance to this application is to understand the dif- With water at a ratio of 1:4, 10 % (v/v) of ethanol, and 3.3
fusivity and stability of the reagents trapped inside the silane % (v/v) of 0.1 M hydrochloric acid. The mixture was soni-
networks[32,33]. Therefore, it was necessary to study their cated for 30 min until a clear and homogeneous solution was
formation mechanism and compare their surface propertiesobtained. The cleaned gold electrode was thoroughly rinsed
and stability to optimize the effective immobilization method With water and absolute ethanol, blown dry with nitrogen,
of biological molecules. Herein, we focused on the compar- and was immersed in the MPTMS sol-gel for 20 min at room
ative study about the surface properties and stability of the temperature.
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Scheme 1. The schematic illustration of the preparation processes of: (A) LbLMs and (B) SGMs on gold electrodes



484 Y. Shen et al. / Talanta 65 (2005) 481-488

Both the resulted self-assembled electrodes were thor-UK) employing a monochromatic Mg KX-ray source (hv
oughly rinsed with ethanol to remove physically adsorbed = 1253.6 eV). Peak positions were internally referenced to
molecules and then blown dry with nitrogen. The LbLMs had the C1s peak at 284.6 eV. Samples for XPS observation were
thiol-terminated uppermost surface, which could be used for prepared on gold plates with the same process as those on
further assembly (Scheme 1A), and the SGMs were full of gold electrodes.

—SH both inside the network and on the surface (Scheme 1B),
which could serve as a matrix for the encapsulation of a va-
riety of molecules. 3. Results and discussion

2.3. Instrumental Cyclic voltammetric blocking experiments, using ferro-
cyanide as a redox marker, could provide useful insights into
Electrochemical measurements were carried out in a con-the electron-transfer barrier properties of the MPTMS layers
ventional three-electrode electrochemical cell. The working on gold electrodef34,35]. Cyclic voltammograms of 5 mM
electrode was a gold electrode, or, a LbLMs or SGMs modi- KzFe(CN) shown inFig. 1were obtained at: (a) the bare gold
fied electrode the auxiliary electrode was a platinum wire and electrode (b) the LbLMs; and (c) SGMs modified electrodes,
the reference electrode was an Ag/AgCl (saturated KCl) elec- respectively. As a consequence of film formation on Au, the
trode. Cyclic voltammetry measurements were performed intensity of the well-defined peaks observed at the bare gold
with CHI 832 Electrochemical Instrument (CHI Inc., USA). electrode was greatly diminished in the presence of the silica
EIS measurements were performed with a Solartron 1470layers formed by layer-by-layer means, and the combination
Battery Test Unitand a Solartron 1255 B Frequency Responseof the sol-gel and self-assembly process, which confirmed
Analyzer (Solartron Inc., England) for 5 mMykEe(CN)] + that MPTMS layers were successfully assembled on the gold
5mM Kz[Fe(CN)] in 0.1 M KCI aqueous solution. A sinu-  surface in both cases. Moreover, the voltammetric response
soidal potential modulation a£5 mV amplitude was super-  turned from peak-shaped signals to waves of sigmoidal form,
imposed on the formal potential (0.22 V) of the redox couple suggesting the predominance of radial diffusion instead of the
of [Fe(CN)X]*/[Fe(CNX]3~. Applied frequency was from  classical linear mode of mass transfer. This was due to the
10° to 0.1 Hz. The impedance data were fitted to an electrical presence of a physical barrier limiting somewhat the probe
equivalent circuit using the Z plot/Z view software (Scribner diffusion through the film from the solution to the electrode
Associates Inc., England). surface. It seemed therefore that the modified electrode be-
X-ray photoelectron spectroscopy (XPS) was conducted haved as an ensemble of ultramicro-electrodes, which arised
using a VG ESCALAB MK Il spectrometer (VG Scientific, from the gold microareas defined by the porous structure of
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Fig. 1. Cyclic voltammograms of 5 mM 4{Fe(CN)] at: (a) bare gold electrode and (b) LbLMs; and (c) SGMs modified gold electrodes in the solution of
0.1 M KCI. Scan rate, 50 mV/s.
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silica layers, as the case of the porous methylated silica films 40000
onITO[36]. Alittle stronger barrier effects were observed for
SGMs from curve c, indicating that the SGMs were thicker
than the LbLMs. 32000

Inthe last few years, impedance spectroscopy has becom
awidespread analytical tool to investigate the electrical prop-
erties such as dynamics of numerous systems. The mainac  ,4,40
vantage of an electrochemical impedance spectroscopy (EIS s
measurement is that it is a perturbation technique, that is, the 5
initial state of the system remains unaltered by the measure 5, ...,
ment sequence. This technique is ideally suited for following
a slowly changing system, as long as the difference betweer
its initial and final state remains relatively small during the
measurement perid87].

In order to investigate the stability of the MPTMS layers
on gold electrodes prepared by two routes, we performed the L
EIS experiments measured at frequency intervals. Impedanci 0 8000 16000 24000 32000 40000
measurements of 5 mM4fFe(CN)] + 5mM K3[Fe(CN)] A) Z/OHM
at MPTMS layers modified electrodes were carried out in
the solution of 0.1 M KClI, as shown iig. 2. We used the 40000
equivalent circuit mold (Scheme 2) to simulate the complex
impedance plots obtained from the EIS measurements. The
curve (solid line inFig. 3) fits well with the experimental
impedance data (solid squarehig. 3), which indicates that
the equivalent circuit used is accurate. The semi-circle at
the high frequencies represented the response of heteroge
neous electron transfer kinetics. These are the relations belov
[38]:

T

8000

T
o

32000

24000

-Z"/OHM

16000

RT 1) | .

nFig

Ret =

io = nFAK°C 2) 8000

Ret, the electron-transfer resistand®; the electron trans-
fer rate constant, could be obtained from formulae (1) and 0 TS S S N U SRS W —
(2). The straight-line at the low frequencies was due to the 0 8000 16000 24000 32000 40000
diffusion of the redox couple in the solution. The diame- (B Z/OHM
ters of the semi-circles represented the resistances of the lay- o
. . . A Fig. 2. Electrochemical impedance spectroscopy results of 5mM
ers, which could reflect their blocking capabilities for the re- Ka[Fe(CN)] + 5mM Ks[Fe(CN)] at (A) LbLMs and (B) SGMs modi-
dox couple. It was usually assumed that the electron transferfieq goid electrodes in 0.1M KCl at: (a) 0h; (b) Lh; (c) 2h: (d) 3h and
of [Fe(CN)]*~/[Fe(CN)]3~ was blocked by the formation  (e) 4h after preparation. A sinusoidal potential modulatiog=6fmV am-
of highly organized layers on the electrode surface becauseplitude was superimposed on the formal potential of the redox couple of
these redox species could hardly penetrate the layers into théFe(CNXI* /[Fe(CNE]*~ (0.22V vs. Ag/AGCI) and the applied frequency
. . was from 16 to 0.1 Hz.
conductive electrode surface. The valuekdfas an electri-
cal barrier could be reflected by of the redox probe of
[Fe(CNX]4~/[Fe(CN)]3~. All fitting results were presented | }

in Table 1. Ca

In Fig. 2A, the semi-circle diameter in the Nyquist plot — R —
seemed to gradually decrease along with time, generating
a decrescent interfacid#t;; and weakened blocking to the _’ Ret H Wi ‘_

electron transfer of the redox probe (Table 1A). The film

thickness was calculated according to the following equations Scheme 2. Equivalent circuit mold for complex impedance pRig, the
[38] solution resistanceCy|, the modified layer/solution interface capacitance;

R, the electron transfer resistance due to the electron transfer at the mod-
ified layer/solution interfacey;, Warburg diffusion impedance due to the
Cmb + Cpardl — 6) = Cy 3) diffusion of the redox couple ([Fe(Cylf*~/[Fe(CN)]3") in the solution.
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20000 moved from the porous structure of the LbLMs film. After
4 h, the thickness of the LbLMs on Au was calculated to be
ca. 1.8 nm according to the EIS results, in agreement with
twice the length of the MPTMS molecule, manifesting that
MPTMS molecules formed successfully bilayers on Au by
layer-by-layer assemblB9].

InFig. 2B, the semi-circle diameter decreased at the begin-
ning of the measurement, and then increased. A steady state
reached after 4 h and did not change later (Table 1B). One
possibility for the change was that the structure and prop-
erties of the gel on the gold surface continued to change
because some silanols were maintained in the pores of
the gel. At the early stage of preparation, polycondensa-
tion reactions continued to occur within the gel network
as long as neighboring silanols were enough to react, cre-
ating more cross-linked structures and more pores. There-

0 5000 10000 15000 20000 fore, during this stage, the charge transfer and diffusion of
Z/OHM the [Fe(CN}]*/[Fe(CNX]3~ became more and more eas-
ier andk® increased rapidly. Then the syneresis process took
e s e 5 o ks s (B oo e i 1202 Durng 1 process, the gel shrinked an the i
glr:(;utlhtlensolid lines &—) represer?ted the simuIFe)ited result of SGpMs/Au af’:er was partially expulsed from the pores.. Ithad beep suggested
1h. by Hench and West that the contraction was driven by the
tendency to reduce the solid-liquid interfacial area of the gel
[40], which made the multilayer more compact. From com-
_ €méoA ) parison of the results of the impedance at the end of the ex-
Cm periment inTable 1,R;; for SGMs was twice larger than that
Cmn, the film capacitanceChare the double-layer capaci- forLbLMs.Thethickn_esswas about 6.8 nm according to for-
tance in the pinholeCy the capacitance of the modified mulae (3) and (4), which could be that more than t\.NO layers
layer/solution interfacej, the surface coveragd; the film of MPT.MS molecules as;embled_on Au. It was in agree-
thicknessgm, the relative permittivity of the filmgg, the per- ment W'th.th(.a e>§pected higher thickness and compac@ness
mittivity of vacuum;A, the electrode area. In the first 1 h, the of SGMs, indicating that both the charge transfer and diffu-

, - - ion of the [Fe(CNy]*~/[Fe(CN)]3~ were more inhibited
LbLMs film thickness reduced rapidly, and then the change sion o -
rate slackened gradually along with time (Table 1A). It might through SGMs than through LbLMs. These results indicated

be that the physical absorbed MPTMS molecules were re- that the SC,;MS. were ”“Ckef and more stable thgn LbLMS.'
Therefore, in biosensor applications, the stable silicate matrix

of SGMs full of —SH could immobilize more encapsulated

16000

T

10000 |

-Z'/OHM

5000

d

Table 1 enzymes and prevent enzymes desorption, guaranteeing high
The ac-impedance results of 5 mMke(CN)s)/5 mM K3[Fe(CN)] at (A) biological activity and stability. As a result, the sol-gel from
LbLMs and (B) SGMs modified gold electrodes in the solution of0.LMKCI - MPTMS provided a more stable network structure with more
Time (h) 0 1 2 3 4 active sites for biomolecules, while the relatively unstable
A) LbLMs with less thiol, which might restrict the biomolecules
D (k) 25.8 210 180 148 138 loading, would have a very limited dynamic range and low
Ret (kS2) 215 175 142 120 105 sensitivity.
Car (1077 F) 2.03 2.44 2.58 2.63 2.65 X-ray photoelectron spectra (XPS) provided another path-
d (nm) 2.34 1.94 1.84 1.81 1.79 : . he fil i f the LbLM d
K (10 7 ms 1) ~ 88 9.68 1160 1410 1610 Way to investigate the film Pproperties of the Ms an
5 SGMs on gold surfaces (Fig. 4). These spectra indicated
B .
b k) 282 114 190 339 340 that MPTMS molecule; were mtroduped to the gold sur
Ret (k) 224 76 148 290 300 faces. Comparing th&ig. 4a and b, it was found there
Cai (1077 F) 1.66 1.99 181 1.62 162 Wwas nearly no shift of elemental binding energy such as
K (10 "ms1) 7.57 22.40 11.45 5.84 5.65 Sizp, O15 and Sp. Howerer, the peak areas of;gi Ogs

A sinusoidal potential modulation a5 mV amplitude was superimposed ~ and $p for SGMs are much larger than those for LbLMs;
on the formal potential of 0.22V (vs. Ag/AgCI (saturated KCI)). Applied it indicated that SGMs were much thicker than LbLMs.
frequency was from f0to 0.1 Hz.D, the diameter of the semicircle of EIS; Moreover. the peak at 85.3eV the feature of-Subond

d, the thickness of LbLMsR, the electron transfer resistance due to the A C,i din th ' f SGMs. indicati that
electron transfer at the modified layer/solution interf&g;the capacitance ( u4f7/2) ISappeared In the case o . S, Indicating tha
ofthe modified layer/solution interfade®, the electrontransferrate constant.  SGMs on the gold surface were so thick that they blocked

The data are obtained froRig. 2. the XPS detection of Ay. Therefore, there were much
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Fig. 4. High-resolution XPS spectra of the$iO1s, Szp and Auy for: (a) LbLMs and (b) SGMs on gold plates.
more specific functionalities such a$H and SFO-Si in in the application of biosensor. For the latter, the polycon-

SGMs which could be used to covalently bind biomolecules. dension and syneresis processes occurred just after prepara-

Furthermore, the sol—gel host matrix could provide essen-tion, which made the intersectant network more stable, elim-

tially the local biological agueous microenvironment, which inating the charge transfer rate constant of the redox probe

was well suitable for immobilization of biomolecules for Ks[Fe(CN]/K3[Fe(CN)] by less than three times com-

sensing. pared to that at the LbLMs modified electrode. Therefore,
the coupling of sol-gel and self-assembly process provided a
relatively faster, simpler and more effective method to fabri-

4. Conclusion cate more stable networks, which could guarantee the higher
biological activity and stability of biosensors, and would be

In summary, we compared the two methods of prepa- widely employed in the applications of biosensors.

ration for alternatively the three-dimensional networks of

(3-mercaptopropyl)trimethoxysilane on Au substrates: one

was layer-by-layer assembly, the other was the combination Acknowledgement
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