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Monitoring and Estimation of the Kinetics Parameters in the
Binding Process of Tannic Acid to Bovine Serum Albumin with
Electrochemical Quartz Crystal Impedance System
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Combined measurements of piezoelectric quartz crystal impedance (PQCI) and electrochemical
impedance (EIl) were utilized in situ to monitor the adsorption of bovine serum albumin (BSA) onto
the newly prepared Au colloid-modified electrode and study the binding process of tannic acid (TA)
to BSA on the BSA-modified electrode surface. The time courses of the resonant frequency and the
equivalent parameters of the sensor were simultaneously obtained during BSA adsorption and TA—
BSA binding. Compared with the bare gold electrode, the Au colloid-modified gold electrode showed
better biocompatibility, and the absorption capacity for BSA was increased by ~2.4 times. The
observed frequency decrease was ascribed to the mass increase of the sensor surface resulting
from the TA—BSA binding, which is believed to result mainly from the hydrogen bonding from FT-IR
characterization. The maximal molar binding ratio of TA binding to immobilized BSA obtained from
the frequency shift of the adsorbed BSA and TA was estimated to be 10.3:1. On the basis of the
frequency decrease with time, the kinetics of the binding was quantitatively studied. By way of fitting
the experimental data, the kinetics parameters, that is, binding and dissociation constant (k, k-1),
and the binding equilibrium constant (k;) were determined, giving values of 9.51 x 10* M~1s™1, 3.15
s71, and 3.1 x 10* M1, respectively.

KEYWORDS: Tannic acid; bovine serum albumin; piezoelectric quartz crystal impedance; electrochemical
impedance; electrochemical piezoelectric quartz crystal impedance system; FT-IR

INTRODUCTION the plants by herbivorel(Q). While under oxidizing condition,
tannin readily reacts with toxic reactanidl). Therefore, in this
condition, the process of tannin reacting with protein to form a
tannin—protein complex is disrupted by protein denaturah. (
From the existing literature, it is found that tannins are not
universal protein-binding agents, and the binding affinity of
tannins to proteins can vanl3d); therefore, the structure

Polyphenols, especially tannins, are widely found in plant-
derived feeds, beverages, foods, and medicited e average
dietary consumption of tannin is estimated to be over 50% of
1 g of the dietary polyphenols consumed daily by huma)s (
However, the nutritional implications of tannins (plant polyphe-
nols) for humans and animals are poorly underst@d), and . - . . S
it is not yet known what properties of tannins affect the amino activity relatlonsh|ps appear to be important to proteamnin
acid absorptiong). It is supposed that the propensity of tannin Interactions (73 14). . )
binding to proteins may affect tannin’s bioavailability and/or ~ Many techniques have been used to study the interaction
mask the antioxidant capacity in vivé), Recently, tannin between tannin and protein. X-ray crystallograpig){ NMR
protein interactions under both nonoxidizing and oxidizing SPeCctroscopys)), isothermal titration microcalorimetryi), and
conditions were reported to be vital to a balanced evaluation of "éphelometry (18) were used to investigate the interaction
the biological effect of tannin consumptiof)( Under nonoxi- between tannin and protein. Results from X-ray crysta_llog_raphy
dizing conditions, tannin can form non-covalent complexes with @d NMR' spectroscopy suggested that the preteinnin
proteins through hydrogen bonding or hydrophobic interactions interaction is |n|t|ally_dr|ven by hydrophoblc_ effects, and the
(8), and a two-phase mechanism for the complex formation has COmplexes are stabilized by hydrogen bondib§, (6). These
been developed (9). The interactions of protein with tannin in téchniques have been proved to be sensitive, selective, and
this condition may reduce the digestibility of protein and feasible for a direct measure of msolgble aggregate in solutlpn.
contribute to reduce the oxygen species, which led to the However, they are not in situ techniques and cannot provide
suggestion of tannin as beneficial antioxidant consumption of real-time information of the binding process.

With the advantages of high sensitivity, simplicity of use,
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investigated system, the piezoelectric quartz crystal impedance HO, o OH

(PQCI) analysis technique has recently been widely used in life Il ﬁ

science, including protein adsorptioh9), antibody immuno- © ¢ C 0 o-C OH

assay 20), enzyme detectior2(l), DNA hybridization @2, 23), HG Ho | o

drug—DNA binding reactiond4, 25), DNA oxidative damage 0 OH/

(26), bacteria detectior2{), and so on. The PQCI analysis was Hd n % ~?

based on the Butterworttvan Dyke (BVD) equivalent electrical % 9 | Q/OH
circuit that contains the motional arm (the motional resistant C 0=C

Ry, the motional capacitand@;, and the motional inductance O‘Q i OH
L1, in series), in parallel with the static arm (the static

capacitanceCy). The four equivalent parameters have distinct OHl ;

EN
physical meaning28—32). Besides the four equivalent circuit | OH
parameters, the resonance frequeficffo = 1/[277(L1C1))) HOQ ¢
and the half-peak width of &—f curve (A&1/) (33, 34) were
used to analyze the PQC response. The PQC sensor is sensitive HO ~ OH
to the change in mass on electrode, viscoelastic properties of
film, and the density/viscosity of the test solution. For loading
or removal of a rigid, thin, and homogeneous film on the PQC Figure 1. Chemical structure of TA.

sensor, the frequeneymass relationship is described by the ) ] o
Sauerbrey equation (35) in this work, we further investigated TA—BSA binding on the

newly prepared BSA-immobilized gold nanoparticle surface.
>Am The time courses of the resonant frequency and the equivalent
09 A @) circuit parameters of the quartz crystal sensor during the binding
process were simultaneously obtained and discussed. According
whereAfq andfog are the frequency shift and the fundamental to the decease of frequency with time, the kinetics of the binding
frequency of the quartz crystal in Hz, respectivelym is the was quantitatively studied by EQCIS, and the kinetics param-
mass loaded on the electrode in g, Wb the geometric area  eters, that is, the binding constaki)( the dissociation constant
of the electrode in cfh The net density and viscosity effects (k-1), and the binding equilibrium constanks), were also
on 9 MHz piezoelectric quartz crystal resonance were describedestimated.
by Martin equations49). The relationship between the motional
resistance change and the frequency shift can be expressed adATERIALS AND METHODS

1,6-Hexanedithiol (97%) and BSA (molar weight, 67000) were
47T|-quo| f/lq purchased from Sigma and not purified before use. HABELO
ARy = ——————~ —4aL Afy (2) (>99%) and tannic acid (molar weight, 1701.4) were purchased from
Vceeng Shanghai Reagent Co. The tannic acid (TA) is typical hydrolyzable
tannin, a mixed gallotannin composed of gallic acid esters of glucose
where Lq and fog are the motional inductance and resonant as shown inFigure 1. Sodium citrate, kFe(CN}, absolute ethanol,
frequency of the quartz crystal in air, respectively;is the and all other chemical reagents were of analytical grade or better quality.
shear modulus of the AT-cut quartz (2.94710° N/m?); and A 0.5% 1,6-hexanedithiol solution was prepared by dissolving it in
Tss iS the lossy piezoelectrically stiffened quartz elastic constant absolute ethanol. NaAeHAc buffer solution (pH 5.1) was obtained
(2.957 x 10% N/m?). According to the above equation, the by mixing 0.1 M HAc and 0.2 M NaAc together. St(_)ck solutions of
absolute value of the characteristic slopdy/AR;, for a net BSA and TA were all prepared from the buffer solution and stored at

density/viscosity effect on the 9 MHz PQC resonance 19 3is§|;%rvalgtt2re ruse. All other solutions were prepared with double-

Hz Q7% L An HP4395A network/spectrum/impedance analyzer, a CHI 660A

~ Electrochemical impedance spectroscopy (EIS) measurementiectrochemical workstation, and two IBM-compatible personal com-

is a powerful electrochemical technique for the investigation puters were used to constitute the EQCIS experimental setup. The
of electrode processes through adopting smaller electrochemicaktonductance (G) and susceptance (B) data of the PQC resonance were
perturbations, compared with some transient electrochemicalrecorded synchronously via an HIB interface card for Windows 3.1/
techniques (36). This method allows the measurements of theNT/95 on the HP4395A. On the basis of the simultaneous fitting of
electrolyte resistanceRf) and the interfacial capacitanc€g both theG andB data to the BVD, the parameters of equivalent circuit

of electrode/solution interface and, therefore, can be used toand the resonant frequency were acquired by a user program written
study the kinetics of protein adsorption onto the electrode surface!” Visual Basic (VB) 5.0. Electrochemical measurements were con-

(37) and monitor the binding process of small molecules to ducted on a conventional three-electrode cell comprising a gold PQC
gp working electrode, a saturated calomel electrode (SCE) as reference

protein. o , electrode with a supporting electrolyte salt bridge, and a carbon rod
Thus, the combination of PQCI and electrochemical methods, counter electrode. AT-cut quartz crystal (9 MHz, 12.5 mm in diameter)

namely, an electrochemical quartz crystal impedance systemwith gold electrodes (6 mm in diameter) on both sides was used, one
(EQCIS), which provides multidimensional piezoelectric infor- side immersed in the test solution as the working electrode and the
mation during electrochemical perturbations, has been used toother side placed in the air. The TU-1221 BMis spectra recording
study the adsorption of lysozyme onto bare Au electrode and spec_trophotometer was used to measure the absorbency spectra o_f Au
the modified Au electrodes3B), cystine precipitation onto a  colloid. The IR spectra were collected on a pressed pellet with KBr in
Au electrode surface3@), metal and polymer depositioB8), thg transmission mode on a Nicolet Nexus 670 FTIF\’_ spectrometer
and depletion-layer effect89). In our previous research, the (Nicolet Instrument Co., Madison, WI) controlled by Ominic software.

method combined with fluorescence spectrophotometr WasAII experiments were carried out at room temperature.
P P y Preparation of Au Nanparticles. All glassware was cleaned with

used to reveal some basic aspects of the mechanism of TAgreshly prepared HNO+ HCI (viv 3:1), rinsed thoroughly with double-
interaction with proteins in solutior0). Because the response  gistilled water, and dried in the air. Au colloid particles were prepared
of TA interaction with the BSA modified electrode surface was according to the literaturet() and then stored in the dark af@ for
small, we failed to study the kinetics of the process. Therefore, further use.

HO OH
OH (,m,n=0,1,2 or 3)

—Af,=2.26x 10°%
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Figure 2. Cyclic voltammograms for bare (a) and Au/SAM- (b), Au/SAM/
NG- (c), Au/SAMING/BSA- (d), and Au/SAM/NG/BSAITA-modified (e) Au
electrode in 0.1 M Na,SO, solution containing 2.0 mM K,Fe(CN)s at a

scan rate of 50 mV s, Arrows indicate the scan direction.
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Preparations of the 1,6-Hexanedithiol Self-Assembled Monolayer
(SAM) and the Au Nanoparticle-Modified Electrode. To remove
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Figure 3. Electrochemical impedance spectrum for bare (a), Au/SAM-
(b), Au/SAMING- (c), Au/SAM/NG/BSA- (d), and Au/SAM/NG/BSAITA-
modified (e) Au electrode in 0.1 M Na,SO, solution containing 2.0 mM
K4Fe(CN)s. Conditions: 100 kHz—0.1 Hz, 5 mV rms, 0.1 V vs SCE.

K4Fe(CN} (0.1 M NaSOy as electrolyte) solution, respectively.

It can be seen that the peaks of the reduction of [Fe¢CN)
and the oxidation of [Fe(CN)*~ disappeared after the 1,6-
hexanedithiol covered the gold electrode surface. A nearly
unobservable faradic current suggested that the film of 1,6-

possible contamination, the surfaces of the gold electrodes were treatechexanedithiol was densely packed and almost defect-free. Such

with piranha solution (98% 80, + 30% HO,) for 5 min. After the
treatment, the sensor was rinsed thoroughly with double-distilled water
and ethanol and dried under nitrogen. A 0.5% 1,6-hexanedithiol solution
(5 uL) was dropped onto the surface of the PQC sensor and dried in
the dark. Then 1%L of Au colloid solution was dropped onto the
1,6-hexanedithiol-modified electrode surface fo8 h until it dried,
and the Au/SAM/NG electrodes were obtained.

Immobilization of BSA onto the Au/SAM/NG Electrode. The Au/
SAM/NG electrode was placed in the NaAEIAc buffer solution (pH

a SAM layer essentially blocked the electronic communication
between the [Fe(CNJ*~ in the solution and the underlying Au
electrode. This result was consistent with previous reports of
Wang et al. 42). As can be seen from the plot, the enhancement
of the electronic transfer rate of [Fe(CJf)” was not obvious
after the adsorption of Au colloid on the SAM. Thus, it was
apparent that when a densely packed alkanethithiol or al-
kanedithiol SAM was formed, the electronic transfer would be

5.1) for a given time until its piezoelectric response parameters, such greatly blocked 43). When the electrode was modified with

asfo, Ry, andCo, became stable. BSA stock solution (0.15 mL of 0.1
g/mL) was added to the solution under magnetic stirring, which led to
a final BSA concentration of 0.4 mg/mL. The adsorption process was
monitored by the EQCIS until the resonant frequency of the PQC
electrode in solution became stable.

Monitoring the Binding of TA to BSA. The BSA/Au/SAM/NG-
modified electrode was placed in NaAEIAc buffer solution (pH 5.1).

alkanethiol-capped Au nanopatrticles, defects might exist within
the particle array 42). In addition, Figure 3 shows the
electrochemical impedance spectroscopy before and after the
layer-by-layer assembled. The typical shape of Nyquist imped-
ance spectra includes a semicircle followed by a straight line.
In general, two frequency regions can be distinguished in the

After the piezoelectric response parameters of the sensor became stablddresence of the electroactive species. The semicircular portion

a given volume of stock solution of TA was added into the buffer
solution. The corresponding final concentrations of TA in the detection
cell were 5, 15, 25, 35, and 4bBM, respectively. The response

observed at the higher frequencies corresponds to an electron-
transfer-limited process, whereas the straight line represents the
diffusion-limited process. In this experiment, a large increase

parameters during the interaction between TA and BSA were recordedin the diameter of the semicircle of the electrochemical

by EQCIS. For studying the effect of the concentration of TA on the
binding, a given volume of stock solution of TA was added every 200
s.

RESULTS AND DISCUSSION

Characterization of the Gold Nanoparticles and the SAM-
Modified Electrode. The freshly prepared gold nanopatrticles
were characterized by UWis spectrum, and the maximum

impedance spectrunfrigure 3b) was observed after adsorption
of 1,6-hexanedithiol on the Au electrode surface, compared with
the bare Au electrode~{gure 3a). This result suggested that
the reversibility of the [Fe(CN)3~/[Fe(CN)]*~ decreased, the
gold surface was packed by 1,6-hexanedithiol molecules, and
the electron-transfer ability weakened. After the gold nanopar-
ticles immobilized on the 1,6-hexanedithiol-modified surface,
the diameter of the semicircle was decreaségure 3c). These

absorbance peak appeared at 516 nm. This result suggested thaesults agreed well with the cyclic voltammogranHigure 2.

the HAuCl, was reduced to nanogold (41).

It is well-known that SAM can be adsorbed on the Au surface
by a thiol group 42). In our experiment, the frequency shift
decreased by~150 Hz after 1,6-hexanedithiol was adsorbed

Investigation of BSA Immobilization. Our previous fluo-
rescence experiment showed that BSA was stable in the solution
with pH value from 4 to 840), so pH 5.1 was chosen in our
experiment. The typical response of the parameters of the Au/

on the gold electrode surface, whereas after the immobilization SAM/NG modified PQC in the BSA adsorption process is
of Au colloids, the frequency of the sensor in the air decreased shown inFigure 4. The addition of BSA into the tested solution

by ~1500 Hz. To check the quality of the SAM and the Au
colloid layer, cyclic voltammetric study and the electrochemical
impedance experiments were preformedyure 2 shows the

cyclic voltammogram of the bare gold electrode, the SAM-
modified electrode, and the Au/SAM/NG electrode in 2 mM

resulted in significant change in all parameters. The frequency
decreased quickly and the resistance increased. AR€rmin,

all of the parameters of the PQC became stable, which meant
that the adsorption had reached equilibrium. According to
Figure 4, the Afy/ AR, ratio for BSA adsorption on Au/SAM/
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Figure 4. Typical time courses of simultaneous response of the parameters HAC + 0.2 M NaAc buffer solution (pH 5.1). The electrochemical impedance
of the PQC sensor during BSA adsorption onto the Au/SAMING electrode conditions were 3 kHz, 5 mV rms, and 0 V versus SCE. Arrows indicate
in 0.1 M HAc + 0.2 M NaAc buffer solution (pH 5.1). The final concentration the addition of BSA in the detection cell.

of BSA was 0.4 g/L. The electrochemical impedance conditions were 3
kHz, 5 mV rms, and 0 V versus SCE. Arrows indicate the addition of
BSA in the detection cell.

led to a large decrease inandCy and a small decrease R.

Co increased due to the change of the capacity and/or structure

of the electrical double layer at the interface. The chand®, of

NG electrodes was estimated to be-54 Hz Q-1 This and 6fgy/, reflected the viscosity change of the solution or the
film deposited on the electrode. Tgduring the binding of

indicated that the mass change took a dominant effect on the
total frequency shift, and the Sauerbrey equation was reasonably! B ©© BSA was decreased by83 Hz. The absolute value of

valid under our experimental conditions. Thus, the frequency Af/AR, was 102 Hz2 l’. which is>10 Hz Q™ suggesting
shift can be used to calculate the approximate amount of the (N2t the mass effect dominated the frequency change. Therefore,
adsorbed proteins. The adsorption behavior of BSA on the Au/ the change in the viscosity of the adsorbed film and the density
SAM/NG electrode was similar to that of BSA adsorption on ©OF Viscosity of the solution induced by the addition of TA
the bare gold electrode@), which contained two consecutive contributing to the changes Ry anddfey/2 could be neglected.
reactions at the interface. However, the frequency shift during Hence. the observed decreasdiishould be mainly ascribed

BSA adsorption on the Au/SAM/NG electrode wa&.4 times ;o the masg, increase ﬁf thsa:gz“ce' Iln gddition, tél(;arg was no
that of the bare Au electrodel@). Because the colloid gold ~ T€qUENCY decrease when € solution was added Into

particle modified surface has a very high surface-to-volume the detection cell in our experiment. Thus, the frequency shift

ratio, the rougher surface can adsorb more BSA molecules, TheShould be ascribed to the interaction of TA to BSA, and the
mass of TA could be calculated according to the Sauerbery

surface of uncontaminated gold nanoparticles is very active and ion. Thesf o he bindi

can give the protein molecules more freedom in the orientation €9uation. N (I);t curve ;:orrlreipog_ |ng|to tdg. in 'nr? prcl)cess

and increase the possibility to make the prosthetic group closer'epresents the kinetics of the binding. In addition, the electro-
chemical impedance experiments showed that the interfacial

to the metal particle surfacd4). In addition,Cs could represent . . .
b 4 > b capacitance/ACs) decreased quickly when TA was added into

the interfacial capacitance according to a simplifieg-Cs the detecti lution. This miaht It f the f i f
equivalent circuit in the absence of electrical active species (36). '€ detection solution. This might resutt from the tformation o
TA—BSA complex, which led fewer water molecules to

The AC; of the electrode calculated through the imaginary part . . .
of the impedance of the electrochemical experiment decreased?€nelrate into the electrical double layer and thus resulted in
quickly with the process of BSA adsorbed onto the gold colloid an'(cj)bserv%ble gec're(;;\'se@; To our'knﬁwlehdge, TAlsa wegk
surface. This might result from the adsorption occurring on the 2id (PKa 9—10), indicating practically there were positive
charges at pH 5.1. Although the isoelectric point of BSA is

surface, which changed its hydrophilic/hydrophobic surface 4.8, its net charge was near zero in our experimental conditions
roperties. The response (r) can be expressed as a sum of twQ:™" ; . ) :
brop P ® P herefore, the interaction between TA and BSA might not be

exponential functions: o . .
due to the electrostatic interaction. Oh et al. suggested their
_ ity _, interaction was hydrophobic or hydrogen bond cross-linking
) =a,+a e " +tae ®) (15). To determine the main interaction between BSA and TA,
we collected the IR spectra of BSA, TA, and #8SA
Taking ag, &1, ay, t1, andt, as estimation parameters, we fitted complex, as shown iRigure 6. In IR spectra of the TABSA
Afo and AC; with a Sigmaplot V2.0 nonlinear fitting program.  complex, the peaks at 1317, 1198, 1071, and 761'dmthe
The best fitted parameters were816, 151, 164, 536, and 88  spectra of the complex are the characters of TA, which suggested

for Afq and —0.123, —5.69, 5.81, 74.4, and 74.4 fokCs, that the interaction between BSA and TA had occurred.
respectively. The fitted curves were consistent with the experi- Compared with the pure IR spectra of BSA, the stretch vibration
mental result, as circles shown Figure 4. of N—H shifted from 3382 to 3332 cm, and amide | (1655

Typical Response Curves of TA Binding to BSA. Figure cm~1) and amide Il (1542 crit) also red shifted. Because amide
5 shows the typical response of piezoelectric quartz crystal Il was more sensitive, it shifted by 12 cnt®. All of these
resonance during TA binding to BSA immobilized on the Au/ results indicated that the hydrogen bond was formed between
SAM/NG/BSA-modified PQC electrode. The addition of TA BSA and TA. Therefore, we supposed that the hydrogen bonding
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Figure 6. IR spectra of (A) BSA, (B) TA, and (C) BSA-TA complex.

was the major interaction of TABSA binding, and the nature ~ (CN)s>~/Fe(CN)}*~exhibited a more irreversible behavior after
of the interaction may be that the several phenolic hydroxyl TA—BSA binding, suggesting that the electrode surface was
groups in TA interacted with BSA through the formation of occupied by the TABSA complex to a significant extent and
strong hydrogen bond cross-linking. the electron exchange ability on the electrode became weaker.

The cyclic voltammogram and the electrochemical impedance Therefore, the results showed that the interface properties of
spectra (shown irrigures 2d,eand 3d,e) were conducted in  the film changed after BSA immobilization on the Au/SAM/
Fe(CN)}*~ solution after the immobilization of BSA and TA NG electrode and the TABSA binding. They also suggested
—BSA binding. It was clear that the redox couple of the Fe- that the interaction between TA and BSA occurred.
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be described by the following equation similar to the equation
0r A used by Mao et al.25):
poor )
5 :g I [free binding site]+ [tannin]; —k—‘i: [tannin-bound site] (7)
or o Here [tannin]and [free binding sitglare species in the solution
_5 and on the surface of the sensor, respectivielyandk-; are
B 1020 '@ the binding and dissociation rate constants of the binding species
o5 = (e.g., tannin-bound site in BSA), respectively. Before injection
= of the TA sample, there were a certain number of BSA sites on
1010 § the electrode surface, and the sites attacked by TA were constant,
10.05 E but with the progression of interaction between TA and BSA
e = at the liquid/solid interface, the number of active sites of BSA
0 20 40 60 80 100 120 140 continued to decrease. The interaction rate was assumed to be
[TA] iuM proportional to the active surface area that was attacked by TA.
The binding amount formed at tinteafter the addition of TA
Figure 7. Relationships of saturation binding of TA to the AU/SAM/NG/ is given by
BSA electrode surface to concentration (A) and [TA]o/Am to [TA], (B).
0,= 01— e ") ®)

Kinetic Study of TA—BSA Binding Process.When the
concentration of TA was increased in the solution, the relation-
ship between the binding amount of TArf) corresponding
to the change of frequency and its concentration in the solution
showed a simple saturation curve (as showrFigure 7A).

The equilibrium percentag8e corresponds to the maximum
percentage of the TA-bound active sites. Moreover, the increase
in 6; results in a mass increase of the sensor surface. Therefore,
the following equation can be obtained

The relationship of [TAYAm to [TA]o described in eq 4 is —(1/
shown inFigurep7B. A [TAlo q Am = Am,,, (1 — e @ %)
[TA] [TA] In eq 9 Amy and Amnax are the mass increases of the sensor
0_ 0 1 ) surface at timet andt — o (or at the time of binding
Am  Amp,, Amgak, equilibrium), respectively. According to the previous discussion,

the frequency decrease is mainly ascribed to the mass increase.
[TA] o indicates the initial concentration of TA. From eq 4, the Therefore, eq 9 can be rewritten as
relationship of [TAlYAmto [TA]o is linear. According to our
experiment, a linear relationship of [T&Am and [TA]p was Afy= Afg a1 — e W (10)
also obtained. The association constanfsdkd the maximum
binding amount Afnay Of TA to BSA were calculated from  whereAfy and Afp max are the frequency changes at timand
the slope and the intercept of the line. Therefore, the values oft — o, respectively. This equation can be considered as the
ka and Afpax are 3.2 x 10* and —83 Hz, respectively. The  piezoelectric response model during the binding. Okahata et al.
binding molar ratio can be calculated according to the following used an equation similar to eq 10 to study DNA hybridization

equation: (23) and investigate the specific binding of basic leucine-zipper
(bZIP) motif of the yeast transcription factor GG a duplex
Mamnin [ Wiannin ] Wasa DNA (46). On the basis of eq 1@fymaxand the reciprocal of
n v Jim ®) the relaxation time (z%) in Figure 5 can be obtained through
BSA tanni BSA

fitting experiment data, and the fitting result is also shown as
circles inFigure 5. The quality of the fitting can be evaluated

By combination of the frequency response and the SauerbreyWith the relative sum of the residual squage, defined as

equation (29), the following equation can be obtained:

N
i _ IVIBSA x AfO,tannin (Afo fit Afo ex )2
NeanninNesa = Mt o AfO BSA (6) ' &P
nnin s —
an q. = N (11)
In eq 6nra andngsa are the amounts of TA and BSA in mol, Af. 2
Wra andWesa are the masses of TA and BSA on the electrode Z 0.expt

surface in gMta andMgsa are molar masses of TA and BSA,
which are 1701.4 and 67000, respectively, afggsa (—316 where Afg sir and Afg expt refer to the values of frequency shift
Hz in this case) and\Mfota (—83 Hz in this case) are the obtained by way of fitting method and experiment, respectively,
frequency shifts caused by the adsorption of BSA and the TA andN is the number of the response signal points.
interaction with BSA, respectively. The molar ratio of TA to In addition, the following equation displays a relationship
the immobilized BSA calculated through eq 6 was about 10.3: between the relaxation rate constamtlj and the initial TA
1. concentration [TA§:

The kinetics constants of TA binding to BSA can also be
calculated from the relationship of frequency decrease to time = JTA] + Ky (12)
(mass increase) shownHigure 5. In general, the drugprotein
binding is reversible and rapid (45). From th&—t curves in If the binding processes at different TA concentrations were
Figure 5, we supposed that the binding between TA and monitored, a series af' andAfy maxcan be obtained according
immobilized BSA on the Au/SAM/NG electrode surface could to eq 10. Then, the kinetics parameteks,and k-1, can be
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Table 1. Results Obtained by Fitting the Response Data in Figure 7
to Equation 12

[TAJo/umolL~1 fomax/HZ 771(1079) G
5 -135 3.30 1.20x 1073
15 -20.5 3.78 8.20 x 1073
25 -36.0 4.62 1.08 x 1073
35 -50.0 5.66 478 x1073
45 -73.0 6.21 1.99 x 1073

determined from eq 12, and the binding equilibrium constant,
Ka can be thus obtained:

K, = ky/k_

Figure 8 shows the real-time frequency response curves for the
TA—BSA binding process at different TA concentrations. By
fitting these response data to eq 10, the valueAfgfnax and

-1 were obtained (shown ifiable 1). The small values di;
indicated that the fitting results were in reasonable agreement
with the corresponding experimental resukgure 9 shows a
linear correlation between the reciprocal of the relaxation time
(™ of the binding and the concentration of TA with a
correlation coefficient of 0.997. The valueslafandk-_; were
estimated from the slope and intercept to be9.50* M~1s71

and 3.1 s?, respectively. The binding equilibrium consta6t

(13)
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was calculated to be 3.%¥ 10* ML The K, value obtained
from the curve-fitting method according to eq 13 was consistent
with that obtained from the saturation method.
Conclusions.EQCIS was used in our experiment to monitor
the immobilization of BSA on the newly prepared Au/SAM/
NG electrode surface and the binding process of TA to BSA.
The gold colloids exhibit good bioactivity and can adsorb more
BSA molecules in our experimental condition. The binding
process between BSA and TA was kinetic and rapid, and the
interaction was mainly hydrogen bonding. The kinetics param-
eters during the TABSA binding, such as the binding constant
(ky), dissociation rate constark(;), and binding amount could
be obtained from the time dependencies of the frequency
decrease. The binding mole ratio and the association constant
(ka = ki/k—1) were estimated to be 10.3:1 and (3t10.1) x
10* M1, respectively. It was also found that EQCIS is a useful
method to investigate the binding process of other small
molecules or environmental toxicants to biomacromolecules. In
addition, the relationship between the logarithmic value of the
frequency shift and the concentration of TA based-ajure 8
was found to be linear, and the equation is lvg= 0.0185-
[TA] + 1.05 (r = 0.9962; concentration of TA iuM),
demonstrating that a PQC sensor for sensitive detection of TA
may be constructed on the basis of the-TRSA interaction;
such research is in progress in this laboratory.

ABBREVIATIONS USED

BSA, bovine serum albumin; TA, tannic acid; PQCI, piezo-
electric quartz crystal impedance; El, electrochemical imped-
ance; EIS, electrochemical impedance spectroscopy; EQCIS,
electrochemical quartz crystal impedance system; IR, infrared;
SAM, self-assembled monolayer; NG, gold nanoparticle.
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