
INTRODUCTION

Protein molecules immobilized on a solid support holds

special importance in antibody-antigen based biosensors,

biomaterials and biophysical researches1-5. Protein molecules

may be immobilized via physical adsorption, or electrostatic

entrapment, etc. Although these non-covalent immobilization

methods have been successfully used to construct immuno-

sensors, they have limited or no control over the orientation

of protein molecules and have poor reproducibility and

stability. In this context, a relative new method, namely the

self assembled monolayers, is an attractive method to address

the above mentioned problems by covalent coupling protein

molecules on substrates. Among covalent binding methods,

thiols based self assembled monolayers are extensively used

for protein immobilization. Upon thiols based self assembled

monolayers, the orientation, reproducibility and stability of

protein molecules can be controlled by the high affinity of

thiol groups for noble metal surfaces and the highly ordered

nature of functionalized alkanethiol self assembled mono-

layers. The amine groups of lysine of protein molecules can

be covalently coupled to the highly ordered ω-carboxyl func-

tionalized alkane thiol self assembled monolayers simply by
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chemically activating the exposed carboxylic acid terminals

with 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydro-

chloride (EDC) and N-hydroxysulfosuccinimide (NHS)6,7. The

immobilization of protein molecules on solid supports by

thiols based self assembled monolayers can be achieved by

immersing the thiols self assembled monolayers into the

protein solution for 24 h. With respect to the support, gold is

highly recommended for its wide availability, inertness and

biocompatibility8. The mechanism of mixed thiols based self

assembled monolayers and further bound to protein molecules

is illustrated in Fig. 1.

Despite the easiness and the effectiveness of self assembled

monolayers in protein immobilization, protein layers fabricated

from pure thiols with exposed carboxyl tail groups will result

in undesired densely packed surfaces, which are undesirable

for many cases, for example, detecting single molecule recog-

nition events. Therefore, controlling the surface coverage of

protein layers is of great significance of protein immobilization.

This can be accomplished by adjusting the molar ratio of two

kinds of thiols, one with a carboxyl tail group and the other

with an inert tail group that cannot be activated by 1-ethyl-3-

(dimethylaminopropyl)carbodiimide hydrochloride and N-

hydroxysulfosuccinimide. These controlled protein surfaces
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are promising for studies of surface related protein interactions.

Hence, it is important to critically evaluate and characterize

the protein layers with varied surface coverage so as to under-

stand their performances.

 Fig. 1. A flow chart of the self assembled monolayers (SAMs) method

used in this study. From left to right, the bare gold substrate is

firstly modified by soaking it into the ethanol solution of 16-

mercaptohexadecanoic acid and HDT for 24 h, the reaction system

spontaneously yields an Au-S bond which enables the thiols

covalently bound to gold substrate, resulting in the formation of

well defined mixed thiols film. The mixed thiols film with exposed

carboxylic acid terminals is then immersed into the protein solution

after it is activated by NHS and EDC. The immobilization reaction

is controlled at 4 °C and incubated for 8 h. Finally, an ideal protein

monolayer on the mixed thiols-modified gold substrate is

successfully fabricated. For simplicity, the structures of thiols are

not entirely shown

A number of techniques may be employed to characterize

the protein layers such as scanning electronic microscopy9,

infrared spectroscopy10, quartz crystal microbalance11, surface

plasmon resonance12, atomic force microscopy13, X-ray photo-

electron spectroscopy14, contact angle goniometry4, grazing

incidence X-ray diffraction method15 and fluorescence

detection16. These methods provide useful data about surface

properties from different aspects, for example, contact angle

goniometry is a conventional and classical method which

observes the wettability of the surface, whereas the atomic

force microscopy is capable of probing protein molecules with

force sensitivity down to pico-Newton. As for X-ray photo-

electron spectroscopy, it is commonly used to analyze the state

and concentration of chemical elements on different surfaces,

as well as perform the depth profiling, which offers important

information about the distribution of targeting elements.

We have previously fabricated and characterized antibody

monolayers on 16-mercaptohexadecanoic acid (MHA)

modified gold surfaces and further imaged the recognition

events between antibody and antigen and probed the specific

interactions between antibody and antigen by atomic force

microscopy force measurements. These experiments were

based on self-assembled protein monolayers on pure 16-

mercapto hexadecanoic acid films, which led to high surface

coverage of protein molecules and consequently had to use

the Poisson statistical method to calculate the single molecule

interaction forces. The rupture force for a single pair of antigen-

antibody determined by such method was rather a statistical

result than real single molecule interaction. To investigate the

real single molecule interaction (whereby only one pair of

antigen-antibody will be detected), we propose that one can

control the surface coverage of protein molecules by mixing

another inert thiol into the 16-mercaptohexadecanoic acid

films. By adjusting the molar ratios of 16-mercapto hexa-

decanoic acid, one can obtain different surfaces with different

amounts of protein exposed. The motivation of the present

work was to verify the controllability of protein coverage onto

mixed self assembled monolayers and to justify the accessibility

of antibody to antigen varying with the protein coverage. Two

thiols, 16-mercaptohexadecanoic acid and 1-hexadecanthiol

(HDT) were selected as a model system to fabricate a series

of self assembled monolayers with different molar ratios. The

monolayers of human IgG on mixed thiols modified gold subs-

trates were formed by linking protein molecules to the activated

carboxylic acid terminals of 16-mercaptohexadecanoic acid

and then further characterized by contact angle goniometry,

X-ray photoelectron spectroscopy and atomic force microscopy,

respectively.

EXPERIMENTAL

16-Mercapto hexadecanoic acid (MHA, HS(CH2)15

COOH), 1-hexadecanthiol (HDT, HS(CH2)15CH3), 1-ethyl-3-

(dimethylaminopropyl) carbodi- imide hydrochloride (EDC,

C8H17N3·HCl) and N-hydroxysulfosuccinimide (NHS,

C4H5NO3) were purchased from Sigma Aldrich Chemical Co.

and used as received. Phosphate buffered saline (PBS, 140

mM NaCl, 3 mM KCl, pH 7.4) and ethanol (guaranteed grade)

were purchased from Merck Co. and ultra pure water (resistivity

of 18.2 MΩ cm) was obtained by the Millpore purification

system. Human IgG and rat anti-human IgG were purchased

from Biosun Co. (China).

Preparation of gold coated mica wafer: Gold substrates

were prepared by vapour deposition of gold onto freshly

cleaved mica in a high vacuum evapourator at -10-7 Torr. Mica

substrates were preheated to 325 ºC for 2 h by a radiator heater

before deposition. Evapouration rates were 0.1-0.3 nm/s and

the final thickness of gold films was -200 nm. A chromium

layer was also vapour deposited and sandwiched between the

gold and mica to strengthen the adhesion between the surfaces.

Gold coated, or bare gold substrates were annealed in H2 frame

for 1 min before use.

Formation of mixed self assembled monolayers: The

bare gold substrates were soaked into a hot piranha solution

(v/v H2SO4:H2O2 = 3:1) for 30 min to clean the surface. The

cleaning process was carried out with extreme care because

piranha solution is highly reactive and may explode when in

contact with organic solvents. A series of mixed thiols were

prepared with molar ratios of 16-mercaptohexadecanoic acid:

HDT of 0:1, 0.2:0.8, 0.4:0.6, 0.6:0.4, 0.8:0.2 and 1:0, respec-

tively. Then self assembled monolayers were formed by

immersing the bare gold substrates in 1 mM thiols in ethanol

solution for 24 h. The formed self assembled monolayers with

carboxyl tail groups were supersonicated in pure ethanol for

2 min to remove unbound thiols molecules, then rinsed

sequentially with pure ethanol, ultra pure water and finally air

dried in a N2 stream.

Protein immobilization to mixed self assembled mono-

layers: Protein immobilization to self assembled monolayers

was carried out as described before with minor modification17.

In brief, self assembled monolayers with exposed carboxylic

acid terminals were activated by 2 mg/mL N-hydroxysulfo-

succinimide and 2 mg/mL EDC in phosphate buffered saline
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solution for 1 h and subsequently rinsed thoroughly with ultra

pure water and air dried in N2 stream. The activated self assem-

bled monolayers were then immersed into 10 µg/mL human

IgG in PBS solution at 4 ºC for 12 h. Finally, the prepared

specimens of self assembled monolayers with immobilized

protein were stored in PBS solution at 4 ºC before use.

Contact angle measurements: Contact angles of the

surfaces were measured by the static sessile drop method using

contact angle goniometry (Magic droplet 200, Taiwan) and

all measurements were performed under room temperature

(-25 ºC) and ambient humidity. One µL drops of Milli-Q water

were deposited at random locations on the surface to be mea-

sured and the angle between the baseline of the drop and the

tangent at the drop boundary was measured on both sides of

the drop. The results presented here are the average of at least

five measurements.

X-ray photoelectron spectroscopy measurements: X-

ray photoelectron spectroscopy experiments were performed

on a PHI Quantera SXM photoelectron spectrometer equipped

with an AlKα radiation source (1486.6 eV). The photoelectrons

were analyzed at a take-off angle of 45º. Survey spectra were

collected over a range of 0-1400 eV. During the measurements,

the base pressure was lower than 6.7 × 10-8 Pa (ultra high

vacuum). The N1s spectra were fitted using X-ray photoelectron

spectroscopy PEAK Version 4.1, the binding energy of central

peak was about 400 eV. Depth profile analysis (with a sputter

depth of 15 nm) of the protein layer with pure 16-mercapto

hexadecanoic acid was performed and the atomic concen-

tration of nitrogen was determined for each protein layer.

Atomic force microscopy force measurements: Com-

mercially available gold coated Si3N4 atomic force microscopy

tips (Budget Sensors®, Innovative Solutions Bulgaria Ltd.

Bulgaria) were used, of which the spring constants, calibrated

by thermal fluctuation method18, were 0.03-0.05 N/m.

Functionalized atomic force microscopy tips with rat anti-

human IgG coating were prepared similarly as described above.

First, the atomic force microscopy tips were cleaned in the

hot piranha solution for 30 min and then rinsed with ultra pure

water. Subsequently, the tip surfaces were coated with thiols-

based self assembled monolayers in the solution of pure 16-

mercaptohexadecanoic acid and then activated in the solution

of EDC and N-hydroxysulfosuccinimide. Finally, the tips were

functionalized with rat anti-human IgG coating by incubating

the activated tips in PBS solution of the protein at a concen-

tration of 7 µg/mL and at 4 ºC for 8 h. The functionalized tips

were stored in PBS at 4 ºC before use.

Adhesion forces between human IgG and rat antihuman

IgG were measured by atomic force microscopy using

Benyuan CSPM 5000 scanning probe microscope (Benyuan

Co. China). When the functionalized atomic force microscopy

tip scanned across the well ordered protein monolayer, at a

given location, the tip was moved toward the surface of the

monolayer and retracted. While the tip approached the mono-

layer surface it would deflect due to the antigen-antibody

interaction force, which would be detected as a voltage-

displacement signal and converted into a force-displacement

curve13,19. Because the tip was considered an elastic cantilever,

its deflection was determined by the force (F) exerted on it

following Hooke's law, i.e., F = k × d , where d is the deflection,

k is the spring constant of the cantilever tip. Generally, k should

be small for atomic force microscopy in order to minimize

measurement noise13.

All force measurements were done by using contact mode

atomic force microscopy with PBS as the medium between

the tip and the protein monolayer and the retraction velocity

was estimated to be 0.04 µm/s. From the force-displacement

curve the adhesion force between the rat anti-human IgG on

the substrate and the human IgG on the tip was calculated.

Measurements were repeated many times at each of several

randomly selected locations across the protein monolayer on

the gold substrate.

The specificity of measured adhesion forces between the

human IgG and the rat antihuman IgG were verified by

conducting control and blocking experiments. The bare tips

were used for control experiment. While in blocking experi-

ment, the rat antihuman IgG functionalized tips were incu-

bated with free human IgG before they were subjected to force

measurements.

RESULTS AND DISCUSSION

Surface modification and protein immobilization: Self

assembled monolayers method is extensively used for its

simplicity and easiness, nevertheless, there are some aspects

that required to be considered carefully in order to form

satisfactory protein monolayers on self assembled mono-

layers modified substrates8,20-22. These include, but not limited

to 1) gold was used as substrate because it is chemically inert

and thiols bind to it with a high affinity. Gold deposited mica

has ultra-flat surface, which is desirable for self assembled

monolayers; 2) 16-Mercapto hexadecanoic acid and HDT were

used to form mixed thiols self assembled monolayers because

they have the same carbon chain but different terminal groups,

which is favourable to compare the surface properties of self

assembled monolayers when varying the molar ratios of these

two thiols. Also, their long main carbon chains can be served

as a spacer to minimize interference between the protein mole-

cules and the gold substrates; 3) Protein immobilization was

carried out in PBS buffer solution at 4 ºC and pH = 7.4

because pH and temperature may both affect protein activity;

4) The coated protein layers should not only provide optimally

orientated protein molecules, but also give minimal steric

hindrance to the protein molecules so that they can expose

their specific binding sites. 5) The protein concentration was

important for forming uniform protein monolayers. The

adequate protein concentration of 10 µg/mL was found for

forming uniform layers in this study and above this concen-

tration the proteins might aggregate and form irregular layers.

Considering self assembled monolayers method has been

proven capable of ensuring the activity, mobility and stability

of protein molecules and all experimental aspects addressed

properly as described above, the method presented here can

be used to prepare tailorable sample surfaces of biological

molecules. Indeed, the topography of protein modified

surfaces prepared using this method had been examined

by atomic force microscopy imaging and confirmed satis-

factory23.
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Wettability of the surfaces: Theoretically, the contact

angle (θ) of the films formed by pure 16-mercapto hexadecanoic

acid will lower than 10º due to the existence of highly hydro-

philic carboxyl acid terminals, while the films with HDT will

slightly higher than 110º because of the highly hydrophobic

terminal methyl group24-26.The θ of the bare gold surface and

the pure HDT film were determined to be 58.2 ± 3.4º (data

not shown) and 117.6 ± 4.2º, respectively (Fig. 2). The former

data are consistent with results from other studies27,28. Since

the θ increases with the increasing carbon chain length, it is

not surprising that the latter data was somewhat higher than

the values of thiols with short-to-moderate carbon chain

lengths.

Fig. 2. The contact angles of six mixed thiols (red dots) films which contain

0, 20, 40, 60, 80 and 100 % of MHA, were determined to be 117.6

± 4.2º, 113.4 ± 4.9º, 102.5 ± 4.3º, 87.9 ± 3.9º, 62.3 ± 3.5º and 18.8

± 2.6º, respectively. The black squares denote the contact angles of

human IgG monolayers above the mixed thiols films. The contact

angles of these six different protein surfaces were found to be 117.6

± 4.2º, 83.5 ± 3.3º, 56.7 ± 3.1º, 38.6 ± 2.9º, 25.8 ± 2.6º and 14.2 ±

2.3º, respectively.

The θ of mixed thiols films were gently decreased with

the decreasing of 16-mercapto hexadecanoic acid in mixed

thiols when the molar ratios of 16-mercapto hexadecanoic acid

were higher than 50 %, whereas dramatic decrease was

observed when the molar ratios of 16-mercapto hexadecanoic

acid were lower than 50 %. In contrast, the θ of protein layers

above the mixed thiols films have the opposite tendency,

suggesting protein molecules significantly altered the surface

wettability. Notably, the θ of the protein layer was measured

to be 14.2 ± 2.3º, which was very close to that of the pure 16-

mercapto hexadecanoic acid film (18.8 ± 2.6º). The high

hydrophilicity of protein surface was further verified by

measuring a series of films of mixed thiols. It was found that

the θ of the protein layers on the mixed thiols films containing

20, 40, 60 and 80 % of 16-mercapto hexadecanoic acid were

83.5 ± 3.3º, 56.7 ± 3.1º, 38.6 ± 2.9º, 25.8 ± 2.6º, respectively

(Fig. 2, black dots ), each data point was significantly smaller

than its counterpoint of the mixed thiols films (Fig. 2, red dots).

These results suggested that both the 16-mercapto hexade-

canoic acid film and the protein monolayers have hydrophilic

surfaces.

As mentioned above, the θ of the pure 16-mercapto hexa-

decanoic acid film should lower than 10º. But our experimental

data (18.8 ± 2.6º) showed that 16-mercapto hexadecanoic acid

film exhibit a hump (which means the θ of -COOH end group

surfaces may exhibit higher than it should be). This pheno-

menon was also observed by Lee et al.29,30. They suggested

the hump probably stems from conformational changes of the

carboxylate groups upon partial ionization and offered two

hypothesis to rationalize the existence of the hump. The first

hypothesis (the disorder theory) states that the onset of

ionization induces a sufficient degree of disorder in the mono-

layer to cause hydrophobic methyl groups to be exposed at

the surface. The second one proposes that the hump originates

from stable hydrogen bonding at intermediate values of pH,

which results in the exposure at the surface of carbonyl groups

or methyl groups rather than the more hydrophilic -COOH or

COO– groups.

Determination of atomic concentrations of nitrogen

and depth profile analysis by X-ray photoelectron spec-

troscopy: It is the consensus that protein contains 12-16 % of

nitrogen elements. So it is efficient to characterize protein

layers by determining the amounts of nitrogen in each surface.

To this end, the atomic concentration of nitrogen of the protein

layer immobilized on pure 16-mercapto hexadecanoic acid

film was determined and the result showed it had the relative

content of 11.43 ± 0.56 %, which was close to theoretical

prediction.

In addition, depth profile analysis of the protein layer on

pure 16-mercapto hexadecanoic acid film was conducted and

the results were summarized in Fig. 3. From 0 to 7 nm of

sputter depth, the atomic concentrations of carbon, oxygen,

nitrogen and sulfur elements were about 68, 15, 11 and 3 %,

respectively. Such distribution of elements can be attributed

to the existence of homogeneously immobilized protein

molecules onto the 16-mercapto hexadecanoic acid film.

Nevertheless, small amount of gold (about 3 %) was still

detected in the protein surface, suggesting defects occurred

during self assembled monolayers formation31,32. The thickness

of protein layer was estimated to be 7 nm. It is consistent with

the values reported in literature which were determined either

by X-ray photoelectron spectroscopy or other methods33-35,

suggesting the protein molecules exhibited compact confor-

mations other than elongated conformations (20 nm length)36.

As the sputter depth increased to 9 nm, the atomic concen-

trations of oxygen and nitrogen steadily declined, while the

atomic concentration of carbon dramatically rose. Such

observation may be accounted for the detection of 16-mercapto

hexadecanoic acid film beneath the protein layer. The thick-

ness of 16-mercapto hexadecanoic acid film approximated 2

nm, which were in line with other studies37-39. When sputtered

to 12 nm, there were almost pure gold, but trace amount of

carbon and oxygen were still detected, indicating minor conta-

mination happened prior to measurement.

Force sensing by atomic force microscopy: As human

IgG molecules were successfully immobilized on the mixed

thiols films and the atomic force microscopy tips were

functionalized by rat antihuman IgG, the specific interaction

forces between human IgG and rat antihuman IgG can be

sensed by atomic force microscopy force measurements. The

antigen surfaces were firstly imaged, the antigen molecules

were pinpointed by analyzing the height and volume of

surface particles, the discerned antigen molecules were then

3240  Lv et al. Asian J. Chem.



subjected to force measurements. The specificity of interaction

was verified by performing control and blocking experiments.

The adhesive forces of control and blocking experiment were

determined to be 13 ± 4 and 54 ± 12 pN (Fig. 4, red and blue

lines), respectively. Considering the noise of the instrument,

they could be assigned to no interaction and nonspecific inter-

action.

 Fig. 3. Depth profile analysis of the protein layer immobilized on pure

MHA film. The sputter depth ranged from 0 to 15 nm and the atomic

concentrations of C, N, O and S elements were recorded accordingly.

 Fig. 4. A typical force-displacement curve recorded by AFM. When the

antibody functionalized AFM tip is far from the antigen surface,

there is no force detected. As the tip approaches, there are attractive

forces between antigen and antibody, when they are close enough,

the tip will jump onto the antigen surface. On the contrary, when

the tip retracts, the AFM cantilever will not jump off the antigen

surface immediately due to the existence of strong interaction forces

between antigen and antibody until the exert forces are larger than

the specific interaction forces. When the distance separating the tip

and antigen layer is large enough, the AFM tip will back to the

equilibrium state. Finally, the determined interaction forces are

called rupture forces.

The determined adhesive forces between antibody and

antigen layers with molar ratios of 16-mercaptohexadecanoic

acid of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 were 11 ± 2, 158 ± 21, 325

± 24, 589 ± 36, 814 ± 41 and 883 ± 45 pN, respectively

(Fig. 5). As shown in Fig. 5, a linear relationship was observed

between adhesive forces and molar ratios of 16-mercapto hexa-

decanoic acid (R = 0.9952), implying more antigen molecules

accessible, more antigen-antibody bonds formed, further

resulted in larger specific interaction forces. More specifically,

at low molar ratio of 16-mercapto hexadecanoic acid (0.2),

the adhesive forces between antibody and antigen (158 ± 21

pN) was very close to the single rupture force between human

IgG and rat antihuman IgG. (14 4 ± 11 pN)40, suggesting the

human IgG molecules were sparsely distributed on the surface.

However, with high molar ratio of 16-mercapto hexadecanoic

acid (1.0), the adhesive force of the interaction system was

found to be 883 ± 45 pN, which was also six times larger than

the above determined value, suggesting the human IgG mole-

cules were densely packed on the surface. As the contents of

16-mercapto hexadecanoic acid increased, the pairs would

manifold between antibody functionalized tips and antigen

layers. This phenomenon was also observed in previous studies

when protein layers were fabricated using thiols based self

assembled monolayers, in which the number of pairs were

calculated to be couples to tens41-43.

 

a

b

c

a

b

c
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 Fig. 5. Adhesive forces determined between rat antihuman IgG

functionalized AFM tips and human IgG immobilized on mixed

thiols modified gold substrates (A). The adhesive forces for different

protein layers with molar ratios of MHA in mixed thiols of 0, 0.2,

0.4, 0.6, 0.8 and 1.0 were 11 ± 2, 158 ± 21, 325 ± 24, 589 ± 36, 814

± 41 and 883 ± 45 pN, respectively. The red line is the linear fit of

determined adhesive forces (R = 0.9952) and the errors are ± SD.

Also, the force distributions of MHA:HDT = 0.2 and MHA:HDT =

0.8 are shown in B and C, respectively. In these two cases, the most

probable force values were 130-180 pN and 790-840 pN,

respectively. The red lines in B and C are Gaussian fits

Conclusion

A series of mixed thiols films with different molar ratios

of 16-mercapto hexadecanoic acid were formed by self

assembled monolayers method and human IgG monolayers

binding onto these films were fabricated and characterized by

contact angle measurements, X-ray photoelectron spectro-

scopy, atomic force microscopy force measurements, respec-

tively. Results showed that both the 16-mercapto hexadecanoic

acid film and the protein monolayer were highly hydrophilic,

whereas the HDT film was hydrophobic. The X-ray photo-

electron spectroscopy measurements showed the atomic

concentrations of nitrogen of protein layers increased with

the increasing of molar ratios of 16-mercapto hexadecanoic

acid. In addition, depth profile analysis of X-ray photoelectron

spectroscopy displayed the atomic distributions of the protein

layer on pure 16-mercapto hexadecanoic acid film. Both the

atomic concentrations and the thickness of constitutive layers

were agreeable to other experimental results. Moreover, atomic

force microscopy force measurements were performed to sense

the specific interaction forces between antibody functionalized

tips and antigen layers, the results showed that the determined

adhesive forces were linear with the molar ratios of 16-mercapto

hexadecanoic acid, or more precisely, the amount of free

antigen molecules on the surfaces of protein layers. At low

molar ratio of 16-mercapto hexadecanoic acid, the adhesive

force was very close to rupture force which required to separate

single antigen-antibody pair, while at high molar ratio of 16-

mercapto hexadecanoic acid, multiple interactions may

occur. Taken together, these results suggested that using the

presented method, protein molecules can be successfully bound

to mixed thiols modified gold substrates with good reprodu-

cibility and adjustability. Therefore, this mixed thiols based

method may provide a well suitable approach for protein

immobilization and further a scaffold for single molecule

detection.
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