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Abstract Self-assembled monolayers (SAMs) on coinage

metallic material can provide versatile modeling systems for

studies of interfacial electron transfer, biological interac-

tions, molecular recognition and other interfacial phenom-

ena. Recently, a bio-sensing system has been produced by

analysis of the attachment of antibody using alkanethiols, to

form SAMs on the face of Au-quartz crystal microbalance

(QCM) surfaces. In this study, the attachment of anti-a-

fetoprotein monoclonal antibody to a SAMs surface of

11-mercaptoundecanoic acid was achieved using water-

soluble N-ethyl-N0-(3-dimethylaminopropyl) carbodiimide

hydrochloride and N-hydroxysuccinimide as coupling

agents. Surface analyses were utilized by X-ray photoelec-

tron spectroscopy and atomic force microscopy. The quan-

tization of immobilized antibody was characterized by the

frequency shift of QCM and the radioactivity change of 125I

labeled antibody. The limit of detection and linear range of

the calibration curve of the QCM method were 15 ng/ml and

15–850 ng/ml. The correlation coefficients of a-fetoprotein

concentration between QCM and radioimmunoassay were

0.9903 and 0.9750 for the standards and serum samples,

respectively. This report illustrates an investigation of SAMs

for the preparation of covalently immobilized antibody

biosensors.

1 Introduction

a-Fetoprotein (AFP) is a large serum glycoprotein

belonging to the intriguing class of onco-developmental

proteins. It is a major protein in embryonic plasma and is

produced by the yolk sack, gastrointestinal tissue and fetal

liver [1]. a-Fetoprotein is also a carrier protein. Its bindingMing-Hui Yang and Ying-Fong Huang contributed equally to this
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ligands include steroids, bilirubin, fatty acids, retinoids,

and flavonoids [2]. The normal range of AFP concentration

in serum is typically under 20 ng/ml and is elevated

slightly for pregnant women. Moderate elevations of AFP

concentration (up to 500 ng/ml) can be found in patients

with chronic hepatitis [3, 4]. Moreover, patients with var-

ious liver diseases can have mild or moderate elevations of

AFP expression. a-Fetoprotein has growth inhibitory and

apoptotic effects on several human tumor cell-lines [5, 6].

In addition, peptides derived from AFP can suppress tumor

growth [7, 8]. Its growth inhibitory effects may function

individually or synergistically with growth factors [5, 9–

11]. Therefore, it could indicate a pathological process and

be treated as a tumor maker. The concentration of AFP is

also measured during pregnancy, using maternal blood or

amniotic fluid, as a screening test for subset developmental

abnormalities; the concentrations principally increase in

open neural tube defects and omphalocele, and decrease in

Down’s syndrome [12].

The conventional methods for the quantification of AFP

are radioimmunoassay (RIA) and enzyme-linked immu-

nosorbent assay (ELISA). Due to high sensitivity and

specificity, both techniques have been broadly used in

research and clinical fields since 1960 [13]. However, those

techniques require special disposal (for RIA), high cost,

and stability problems (for ELISA). Also, these methods

rely on the detection of labeled molecules and are laborious

and time consuming [14].

Self-assembled monolayers (SAMs) have received a

great deal of attention for their fascinating potential tech-

nical applications such as nonlinear optics and device

patterning [15–17]. They also have been used as an ideal

model to investigate the effects of intermolecular interac-

tions in the molecular assembly systems [18–21]. Self-

assembled monolayers have been traditionally prepared by

immersing a substrate into a solution containing a ligand

that is reactive to the substrate surface or by exposing the

substrate to the vapor of the reactive species. The most

common utilization of the SAMs system is the application

of alkanethiolates (AT) on gold (Au), rather than other

metals such as platinum, copper, or silver, because gold

does not have stable oxide compounds and easily forms a

bond with sulfur. The AT SAMs not only provides an

excellent model system to study fundamental aspects of

surface properties such as wetting [22] and tribology [23],

but also is a promising candidate for potential applications

in the fields of biosensors [24], biomimetics [25] and cor-

rosion inhibition [26].

The quartz crystal microbalance (QCM) with an A-T cut

quartz slide equipped with electrodes has been used in

various fields, such as environmental protection, chemical

technology, medicine, food analysis, and biotechnology

[27–32]. It has been widely used for substance

measurement in liquid environments. Previously, research

has revealed that measurements in liquid environments are

very complicated. Several variations in liquid environments,

such as characteristics of crystals and factors of surface

interactions, should be controlled and calibrated with accu-

rate and precise machines and mathematical formulas

[33–36]. Besides, the amount of sample used in aqueous

environments often requires more than can be acquired for

analysis from the human body and may be a limitation for use

as a clinical immunosensor. The detection theory for QCM

can be explained by the Sauerbrey equation (Eq. 1), which

calculates that the mass change is proportional to the oscil-

lation frequency shift of the piezoelectric quartz crystal [37].

DF ¼ �2:3� 10�6F2DM

A
ð1Þ

Equation 1: Sauerbrey equation in gas phase. DF: the

frequency shift (Hz); F: basic oscillation frequency of

piezoelectric quartz (Hz); A: the active area of QCM (cm2);

DM: the mass change on QCM (g).

This experiment completes a study for a potential bio-

medical application of functionalized SAMs with the

immobilized anti-AFP monoclonal antibody, and a QCM

system using the SAMs chip for AFP quantification. This

type of surface is successfully used to develop a feasible

procedure for producing surface-based biochips. We pres-

ent the AFP concentration measured by SAMs-QCM chip

and have compared the QCM data with the RIA method in

serum.

2 Material and method

2.1 Atomic force microscopy image of QCM ship

surface

The QCM chip (coated Au, 10 MHz, diameter of quartz:

0.8 cm, diameter of Au: 0.38 cm, Taitien, Taiwan) surface

was analyzed by the atomic force microscopy (AFM). The

AFM image was acquired with a Slover PRO (NT-MDT,

Russia) AFM in ambient pressure. The semi-contact mode

was used with a frequency of 0.5 lm/s to scan an area of

10 9 10 lm2. The AFM probe was a golden silicon probe

(NSG11, NT-MDT, Russia) with the length, width, thick-

ness, resonant frequency and force constant as 100 mm,

35 lm, 2.0 lm, 255 kHz and 11.5 N/m2, respectively.

2.2 Formation of SAMs on QCM chips

Quartz crystal microbalance chips were cleaned by the

soxhlet extraction process using a solution (methanol and

acetone 1:1) for 24 h. Then, the QCM chips were cleaned

with ultra pure ethanol (RDH 32205, Riedel-deHaën).
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The QCM chips were immersed into a 0.5 mM 11-mer-

captoundecanoic acid (11-MUA, C11H22O2S, 450561,

Aldrich) ethanol solution for 8 h and rinsed with pure

ethanol twice. The alkanethiols adsorbed spontaneously

from solution onto the Au surface. The functionalized thiol

groups were chemisorbed onto the Au surface via the

formation of thiolate bonds. After being dried by nitrogen,

the surface analysis was performed by X-ray photoelectric

spectroscopy (XPS).

2.3 X-ray photoelectron spectroscopy measurement

X-ray photoelectric spectroscopy spectra were acquired

with a Physical Electronics PHI 1600 ESCA photoelectron

spectrometer with a magnesium anode at 400 W and

15 kV–27 mA (Mg Ka 1253.6 eV, type 10-360 hemi-

spherical analyzer). The specimens were analyzed at an

electron take-off angle of 70�, measured with respect to the

surface plane. The operating conditions were as follows:

pass energy 23.4 eV, base pressure in the chamber below

2 9 10-8 Pa, step size 0.05, total scan number 20, scan

range 10 eV (for multiplex scan). The peaks were quanti-

fied from high-resolution spectra using a monochromatic

Mg X-ray source. Elemental compositions at the surface

using C 1s, O 1s and S 2p core-level spectra were measured

and calculated from XPS peak areas with correction algo-

rithms for atomic sensitivity. The XPS spectra were fitted

using Voigt peak profiles and a Shirley background.

2.4 Immobilization of 125I anti-AFP monoclonal

antibody onto SAMs

In order to immobilize 125I anti-AFP monoclonal antibody,

the 11-MUA/Au surface was immersed in the solution

containing coupling agents: 75 mM N-ethyl-N0-(3-dimeth-

ylaminopropyl) carbodiimide hydrochloride (EDC,

E-6383, Sigma) and 15 mM N-hydroxysuccinimide (NHS,

H-7377, Sigma) at 4�C for 30 min [38, 39]. Water-soluble

EDC and NHS were used to activate O=C–OH [40, 41] and

then the EDC-NHS solution was replaced by a phosphate

buffer saline (PBS, URPBS001, UniRegion Bio-Tech),

containing 0.2 lg/ml AFP-antibody (Cisbio Bioassays) at

4�C for 24 h. The SAMs chips were thereafter washed by

D.I. water and freeze-dried. During the reactions, EDC

converted the carboxylic acid group into a reactive inter-

mediate, which was attacked by amines. Figure 1 shows

the experimental design and the SAMs structure with

immobilized 125I anti-AFP monoclonal antibody. The

radioactivity of each 125I anti-AFP monoclonal antibody

immobilized QCM chip was measured by the Scaler cobra

II series auto-gamma counting system (Packard, USA,

Energy window: 15–75 keV, detection efficiency [ 75%,

resolution \ 34%, detector background \ 25 cpm).

2.5 QCM frequency measurement

The frequency shift of QCM chips was measured by a muti-

channel piezoelectric frequency counter with computer

signal analysis software (PZ-1001 Immuno-Biosensor

System, Universal Sensors Inc., Metairie, LA, USA). For the

AFP standard curve and LOD of QCM frequency measure-

ments, the standard solutions with difference concentrations

were prepared by dissolving AFP in normal saline and ran-

ged from 5 to 1000 ng/ml. On the other hand, serum speci-

mens were spiked with highly purified human AFP into fetal

calf serum in different concentrations (30–400 ng/ml) to

simulate unknown samples for QCM and RIA tests (AFP,

F8004, Sigma; fetal calf serum, 16170-078, Invitrogen).

In the QCM frequency measurement of AFP, 10 ll of

the AFP standard solutions or serum samples were depos-

ited on the anti-AFP monoclonal antibody immobilized

chip. The chips were agitated slowly at room temperature

for 10 min, rinsed by D.I. water, and then air-dried. The

QCM instrument was operated in a humidity-controlled

cabinet and the humidity was under 50% RH to prevent the

moisture interference. Each concentration was examined

QCM chip

Immersed in 11-MUA solution,
SAMs-derivalized surface

125I anti-AFP monoclonal antibody
immobilization

Apply AFP standard solution and
human serum for AFP Quantitation

RIA test

AFM surface analysis

XPS, AFM for SAMs
analysis

QCM measurement

Data comparison

Soxhlet extraction to cleanup
surface

Immersed in the coupling agent,
EDC and NHS

activating O=C-OH

(a) 

(b) 

Fig. 1 a The scheme of the overall experiment to quantify the AFP

concentration by a SAMs-QCM system. b The structure of SAMs

formation and 125I anti-AFP monoclonal antibody immobilization

onto SAMs
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six times per chip in a total of six chips. The same pro-

cedures were used for the measurement of serum samples.

2.6 Radioimmunoassay of AFP

The AFP concentrations were measured by alpha-fetopro-

tein ELSA kits (ELSA2-AFP, Cisbio Bioassays). The AFP

standards (from the ELSA kit) or AFP spiked serum sam-

ples (as above) were sandwiched between anti-AFP

monoclonal antibody coated on the tube and 125I labeled

anti-AFP. All standards and serum samples were counted

in duplicate by the Scaler cobra II series auto-gamma

counting system. The detection limit of this assay in AFP

concentrations was 0.5 ng/ml.

3 Results and discussion

The immobilization methods of antibodies in optimal con-

ditions through physical passive adsorption, protein binding,

and covalence binding have been compared in previous

studies [42–44]. Misleading results have been noted using

various biomolecule adsorptions, such as physical passive

adsorption and protein binding methods (as for protein A)

[45–47]. Therefore, a SAMs surface offers a suitable inter-

molecular interaction surface for biomolecule immobiliza-

tion. The functional terminal group and the length of the

alkyl chain of SAMs affect the efficiency of immobilization.

Previous studies have shown that the unsymmetrical dial-

kane sulfide monolayer and the short carboxylate chain of

disulfide and thiol each had less dense and ordered structure

compared with alkanethoil monolayers [48–51]. Hence,

11-MUA was utilized in this study, and its existence on the

QCM chips was proven through XPS.

4 Surface characterization

A rough chip exterior may cause an uneven SAMs surface.

To investigate the topology characteristics of the surface,

AFM was used to observe the QCM chip surface. In Fig. 2,

the image of the topographical map taken in the semi-

contact mode of a 10 9 10 lm2 zone is shown. Figure 2a

is a surface image of the QCM chip, and Fig. 2b shows the

three-dimensional structure. This impressive image in

Fig. 2b shows a very clear set of surface roughness with a

mean depth about 1.2 lm. A rough surface may provide

the opportunity to increase the reaction surface and the

effectiveness antibody immobilization. Most SAMs studies

were established on the ideal, well-ordered and smooth

single-crystal silicon (100 or 111) wafers primed with a

metal adhesion layer [52, 53]. On the single-crystal silicon

wafers, theoretically, all alkanethiols should be bound onto

the SAMs surface as an Au–S–C– structure. Unlike the

surface of ideal single-crystal silicon wafers, the rough

QCM chip surface may be composed of three types of

SAMs structures: alkanethiol bound, attachment by adhe-

sion, and sulfonite-Au bonding. The XPS (S 2p, dialkyl-

sulfide and sulfonite species) indicated that the SAMs

deposited onto the QCM surface was non-regular.

The binding structure of the SAMs on the metal surface

was monitored by XPS. In the XPS measurements, the

variations of O 1s and S 2p with respect to C 1 s signal

ratios were correlated with the significant presence of

chemical species at the SAMs surfaces. The C 1s, O 1s, and

S 2p spectra showed the existence of 11-MUA onto the

gold-coated QCM chips. The XPS spectra of 11-MUA onto

the gold electrode are shown in Fig. 3.

In the XPS C 1s spectrum, the peaks of binding energies

of core levels at 285.0, 286.9, and 288.8 eV were assigned

to the –C–C–, –C–S–, and O=C–O structures, respectively.

The C 1s core-level spectrum of the peak at 286.9 eV and

the S 2p spectrum of the peak in 162.0 eV confirmed the

Au–S–(CH2)n
- existence. The C 1s core-level spectrum of

the peak at 288.8 eV and the O 1s spectrum of the peaks at

532.0 and 533.2 eV provided evidence that the terminal

groups of SAMs on the QCM chips were the carboxylic

acid groups.

In the O 1s spectrum, the peaks of binding energies of O 1s

core levels at 532.0 and 533.2 eV were assigned to the car-

boxylic acid group (O*=C–O and O=C–O* for the * marked

O, respectively) structure, which was the characteristic

group of 11-MUA.

In the S 2p spectrum, the peaks of binding energies of

core levels at 162.0, 163.2, and 169.30 eV were assigned to

the Au–S–C–, dialkylsulfide, and SO3
-, respectively. The

S 2p spectrum inculcated a doublet structure due to the

presence of the S 2p3/2 and S 2p1/2 peaks using a 2:1 peak

area ratio with a 1.2 eV splitting as shown in Fig. 3. The

peak at 162.0 eV was assigned to sulfur atoms bound to the

gold surface as a thiolate species [54]. The S 2p spectrum

of peak at 163.2 eV was assigned to dialkylsulfide as

unbound thiol, which may be due to alkanethiols physi-

sorbed as a double layer or adhesion of alkanethiols [50].

The S 2p spectrum of peak at 168.5 eV can be attributed to

a sulfonite species (SO3
-). The sulfonite species formation

was from the rapid oxidation of sulfur on the 11-MUA

modified QCM chip surface. Since the sulfur atom was at

the bottom of the 11-MUA chains, the XPS signal in

detecting S–O was much weaker then that of C with O,

which was on the top of the chain. Thus, it was not feasible

to fit the S–O peak in the O 1s spectrum. Although the

SAMs structure on the QCM chip was not ideal, it did not

affect the antibody immobilization onto the tail group

because the EDC and NHS only functioned on the car-

boxylic acid group.
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Antibody immobilization on SAMs proceeds via a two-

step immobilization mechanism: a rapid preliminary

physical adsorption, and then the covalent attachment

between amino groups of the antibody by coupling agents

[55]. The key benefit derived from longer chains was that

the coverage of the substrate could be achieved with fewer

chains. Antibodies are bulky macromolecules and longer

alkyl chains can separate antibodies in space and thus

increase the efficiency to immobilize more antibodies [56].

Thus, it may also increase the possibility of physical

adsorption, where in situ washing can also be used to

remove the physical adsorptions efficiently.

4.1 125I anti-AFP monoclonal antibody immobilized

Surfaces

The QCM frequency variation after SAMs formation was

lowered to around -12.7 ± 1.1 Hz (Fig. 4). In this

experiment, water-soluble EDC and NHS were used to

convert the carboxylic acid of the 11-MUA monolayer to a

NHS ester. This reaction activated the 11-MUA-NHS ester

monolayer with an aqueous solution of an amine or ammonia

which formed an amide bond with the surface. For the QCM

and RIA measurements, the frequency variations and count

rates were correlated with the data from 125I anti-AFP

monoclonal antibody immobilized SAMs-QCM surface.

The QCM frequency decreased after the immobilization of
125I anti-AFP monoclonal antibody (Fig. 4). Its average and

the coefficient of variations were -216.8 ± 41.9 Hz. The

count rate of the RIA of 125I anti-AFP monoclonal antibody

was 139 ± 16.9 cpm (counts per minute). Thus, the poly-

complex between 125I anti-AFP monoclonal antibody and

11-MUA was formed; amino groups in 125I anti-AFP

monoclonal antibodies formed complexes with carboxyl

groups of 11-MUA. In the QCM measurements, the varia-

tions of QCM frequency shift were correlated with the

Fig. 2 AFM images of the

Au-covered QCM chip.

a Blank, 10 9 10 lm, b blank,

3D structure. AFM

measurements could also be

used for measuring the surface

roughness of the QCM chip.

The mean surface roughness

was 1.2 nm
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changes of count rates of the RIA on the 125I anti-AFP

monoclonal antibody immobilized QCM surface. The

amount of the 125I anti-AFP monoclonal antibody immobi-

lized onto QCM chips was 44.02 ± 0.49 ng/cm2. In this

study, the surface modification of QCM was analyzed, and

the formation of SAMs structure and antibody adsorption

were also confirmed.

4.2 Quantitation of AFP

Immunosensors, having the specificity of antibody–antigen

(Ab–Ag) affinities and the high sensitivities of various

physical transducers, have gained attention for clinical

diagnosis [57]. This study combined both techniques of

SAMs and QCM, where a decrease of the resonance fre-

quency is correlated with the mass accumulated on its sur-

face. Moisture control of the antibody immobilized onto

QCM chips in this experiment is used through the freeze-

drying method. As compared with other drying methods,

freeze-drying is capable of dehydration without deformation

of biomaterial substances, such as proteins and enzymes.

Considering the activity of antibody and antigen for these

experiments and commercial kits, freeze-drying is utilized to

sublimate moisture on the surface of QCM chips. In this

study, all of the QCM measurements were in the humidity-

controlled cabinet and the humidity was under 50% RH to

prevent moisture interference. The preparation of chips and

the tests of serum samples were done under humidity-con-

trolled conditions because the high humidity will increase

the frequency shift and bias the results.

After the SAMs formation and AFP-antibody immobi-

lization, the QCM chips were used to measure the con-

centrations of AFP standard solutions and serum samples.

To monitor the feasibility of the QCM method for AFP

measurement, the AFP calibration curve was established by
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Fig. 3 XPS spectra of the 11-MUA modified SAMs surface. a C 1s,

the binding energy at (1) 285.0 eV, (2) 286.9 eV, and (3) 288.8 eV

were assigned to the –C–C–, –C–S–, and O=C–O, b O 1s, the binding

energy at (1) 532.0 eV and (2) 533.2 eV were assigned to the

carboxylic acid group, c S 2p, the binding energy at (1) 162.0 eV, (2)

163.2 eV, and (3) 169.30 eV were assigned to the Au–S–C–,

dialkylsulfide, and SO3
-, respectively
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utilizing the QCM chip to characterize AFP standard

solutions by different concentrations from 5 to 1000 ng/ml.

The frequency of the blank was used as a baseline. The

frequency of the QCM chip was linearly decreased with the

elevation of the AFP concentration. Thus, the amount of

negative oscillation frequency shift (-DF) was elevated.

The LOD was described as the smallest detectable

amount of AFP adsorbed onto the QCM sensor. It used the

peak-to-peak value of the noise range (S/N ratio) in the

QCM frequency shifts. In this study, the average of S/N

ratios of the QCM frequency shifts after antibody immo-

bilization was around 1.89, which was over three times of

the standard deviation of the background noise (19.97 Hz).

Under these criteria, the LOD of this QCM system for AFP

detection was around 15 ng/ml and the linear range of the

calibration curve of the QCM method was 15–850 ng/ml.

Figure 5 shows the analytic results of the calibration

curve, which was plotted with the QCM frequency shift

against the actual AFP concentrations. Compared to the

actual AFP concentrations, the QCM data was linearized

and generated a regression equation as follows: y =

-0.2196x - 34.453 (x-axis, AFP concentration; y-axis,

frequency shift; R2 = 0.9903). It corresponds to the Sauer-

brey equation where the frequency shift solely depends on

the mass change. In other words, compounds with larger

masses will cause more frequency shift than those of smaller

masses. In theory, the correlation between the difference of

oscillation frequency (-DF) and the AFP concentration

should be noted as: C(AFP) = k�(-DF) ? b and b = 0.

However, the background noise amplitude of the blank chip

also occurred. In this study, the b value in the equation was

-34.453. Although the QCM chip was freeze-dried, the

background noise amplitude may be due to the process of

antibody immobilization through wet graft and thus

increased the amplitude of oscillation of the QCM.

The AFP concentrations in serum samples were calcu-

lated using the interpolation of the calibration curve and

RIA methods, respectively. Figure 6 shows the correlation

of AFP concentrations measured by the QCM and RIA

methods. In this study, different amounts of highly purified

human AFP were spiked into fetal calf serum to simulate

unknown samples, which were then examined by RIA and

QCM methods. The linear regression equation for these

data is as follows: y = 1.0071x ? 2.6747 (x-axis, the

concentration measured by RIA, y-axis, the concentrations

obtained by QCM, R2 = 0.9750). The variations between

the results of QCM frequency shifts and RIA measure-

ments were acceptable and comparable to theoretical

concentrations. The experimental results showed an

excellent correlation between RIA and QCM methods for

AFP detection. The materials for SAMs-QCM are easy to

obtain, and this technique is simple and easy to apply on

surface-based diagnostics or biosensors. Thus, the QCM

method may provide a reference method for measuring

serum AFP in a laboratory and may be more feasible for

clinical applications than the standard methods.

5 Conclusions

This study provides an example of the 11-MUA SAM

applications of the QCM chip. self-assembled monolayer

formation provides an easy technique to prepare the

structure that can be further functionalized with biomole-

cules to yield bio-recognition surfaces for medical devices.

The carboxyl functional thiol monolayer offers an excellent

approach to immobilize antibodies for selected sensing of

different analytes. The application of SAMs for the

immobilization of antibodies onto Au surfaces has a con-

siderable potential in application of reproducible and reli-

able biosensors. In this study, the quantization of

immobilized antibodies was measured by the shift of QCM

frequency and the radioactivity change of 125I labeled
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RIA test. The correlation coefficient between the two methods was

0.9750
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antibodies. The LOD of QCM was 15 ng/ml, and the linear

range of the calibration curve of QCM method was

15–850 ng/ml. The correlation coefficients between QCM

and RIA were 0.9903 and 0.9750 for AFP in the standards

and serum samples, respectively. Compared with RIA

methods, the QCM method was simple and rapid without

multiple labeling and purification steps. Our system is

different from the conventional approaches in that it

operates in the gas phase, not the liquid phase. As a result,

there is no waiting time for the frequency to reach stability.

In summary, we have presented the modification of the Au

interface via 11-MUA SAMs and have proved that the

SAMs on Au can be a valid bio-detection chip for AFP

concentration analysis by QCM. This assay design of the

sensor may develop a potential reference procedure for

AFP measurement and has wide applicability in the clinical

setting.
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18. Schertel A, Wöll C, Grunze M. Identification of mono- and

bidentate carboxylate surface species on Cu(111) using x-ray

absorption spectroscopy. J Phys IV. 1997;7:537–8.
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