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A B S T R A C T   

3-Aminopropyltriethoxysilane (APTES) has been widely used in biosensing as a surface-modifying molecule that 
acts as a bridge. The orientation and structure of APTES at the interface are major factors that affect biosensing 
efficiency. IgG (immunoglobulin G) is the most used and one of the most abundant immune proteins in the 
serum. We not only used broadband sum frequency generation vibrational spectroscopy to compare the spectrum 
of APTES and 11-aminoundecyltriethoxysilane (AUTES) molecules modified on a Si (111) surface but also 
compared the number and sensitivity of IgG adhered on APTES and AUTES surfaces by the imaging ellipsometry 
biosensor. We first found that the terminal amino groups of the APTES molecule were disorderly arranged by 
Sum frequency vibration spectrum (SFVS). Then we compared the performance of IgG immobilization in APTES 
or AUTES surfaces by imaging ellipsometry biosensor (IEB). In IEB, the anti-IgG detection LOD (limit of detec-
tion) on the APTES-modified surface(51 ng/mL) was higher than that on the AUTES-modified surface(380 ng/ 
mL). We explored the relationship between the stability of aminosilane and the stability of biomolecules, and 
provided a reference for the selection of surface modification methods using aminosilane as a self-assembled 
membrane.   

1. Introduction 

With the development of fast and highly sensitive biosensors, the 
demand for attaching ligands to the surface of a variety of substrate 
materials is increasing [1–4]. Silicon has been widely used in biosensors 
as a substrate material [5,6]. However, silicon exposed to air sponta-
neously oxidizes to form a thin film of silicon dioxide, resulting in the 
complexity of uniformly fixing biomolecules (proteins, antibodies, etc.) 
on the silicon surface [7]. Therefore, a suitable silicon surface modifi-
cation technology is needed to carry out biomolecule immobilization, 
which is one of the key steps in producing high-quality biosensors. 

There are many surface modification methods on silicon surfaces, the 
most important of which is covalent fixation. The method of covalently 
fixing an organosilane self-assembling layer on a silicon surface [8] is a 
technology with great potential, and it has many advantages compared 

to other methods [5,6,9,10]. At present, it is generally believed that the 
self-assembly process of organosilane mainly includes the hydrolysis of 
silane groups and the formation of Si-O-Si bonds. First, the hydrolysis of 
the silane group results in the formation of reactive silanol groups. The 
hydrolyzed -Si-OH forms a hydrogen bond with the -OH on the Si sub-
strate and then forms a strong Si-O-Si bond through the dehydration 
process [11–15], which provides many applications for the development 
of biosensors [14]. In fact, the adhesion of the ligand to the silicon 
surface depends critically on the structure and orientation of the orga-
nosilane self-assembled monolayer with a top reactive group (e.g., an 
amino group), which is a bridge used to connect with the ligand 
[16–18]. Simultaneously, the stability of the organosilane layer is 
important because it undergoes a series of biological processes, so any 
changes in this layer will greatly affect the performance of the biosensor. 
Therefore, it is very important to choose an appropriate organosilane as 
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the substrate modification molecule. 
3-Aminopropyltriethoxysilane (APTES), a commonly used substrate 

modification molecule [19–23], is widely used to fix biomolecules on 
silicon surfaces [24–35]. Howarter et al. [36] studied the structure and 
morphology of APTES by atomic force microscopy by altering the re-
action temperature, solution concentration, and reaction time. Three 
basic APTES morphologies were observed: a smooth film, a smooth thick 
film, and a rough thick film. Using these variables, the morphology and 
composition of the film can be controlled. Gunda et al. [37] studied the 
effects of APTES solution concentration and silanization time on the 
formation of a silane layer by FTIR (Fourier Transform Infrared) and 
modified the existing method of using APTES to form silane on a silicon 
substrate to produce a thin and stable silane layer for uniformly fixing 
biomolecules. Majoul et al. [38] studied the specific bands associated 
with Si-Si-H and O-Si-H groups of the APTES layer modified on the 
surface of porous silicon by FTIR spectroscopy, indicating that the 
functionalization of APTES can be evaluated by tracking the gradual 
decrease of the IR (tunable infrared) absorption peak intensity of the 
Si-Si-H and O-Si-H bands. Chabal et al. [39] compared the stability of 
APTES and long-chain 11-aminoundecyltriethoxysilane (AUTES) in PBS 
buffer solution using ellipsometric bias, indicating that short-chain 
APTES is not stable enough for biosensing applications. In contrast, 
long-chain SAMs (self-assembled layers) show higher stability and can 
be reproducibly grafted. These findings are the basis for the reliable 
preparation and stable operation of biosensors. However, the mecha-
nism of more stable long-chain molecules is not explained microscopi-
cally. In addition, the structure of amino silane is the focus of the surface 
modification research field, but the relationship between the structure of 
amino silane and biomolecules has been ignored. This relationship not 
only determines the adsorption efficiency of biomolecular but also 
influenced the detection sensitivity of a biosensor. 

An imaging ellipsometry biosensor (IEB) is a kind of optical 
biosensor that transforms the interaction of ligand and target into the 
optical signal (grayscale) in an image [40]. On the one hand, by 
combining ellipsometry with an imaging system (microscopy and a 
charge-coupled device (CCD)), IEB is capable of visualizing the variation 
in thickness of the sensing surface with a large field of view to several 
square centimeters and a high vertical spatial resolution better than 0.1 
nm [41]. On the other hand, by introducing a microfluidic system, IEB 
has the advantage of detecting biomolecules with high throughput, 
sensitivity, specificity, and low sample consumption [42]. IEB has been 
applied to image and quantify various analytes, such as antibodies, 
pathogenic viruses, disease biomarkers, and bacteria [43]. Various co-
valent immobilization modification methods have been utilized in IEB to 
capture ligands [44]. However, the surface modification method needs 
to be optimized so that the surface can capture more ligands to improve 
the sensing signal. 

Sum frequency vibration spectrum (SFVS) is a technique that pro-
vides molecular interface information by measuring the second-order 
nonlinear polarizability of a sample. For example, the orientation, 
arrangement, conformation, and kinetic parameters [45–49] of surface 
molecules can be obtained by the second-order nonlinear polarizability. 
To date, various interfaces have been analyzed by SFVS, such as simple 
molecular interfaces (water or ethyl alcohol), organic film interfaces 
(organic metal), macromolecule interfaces, and colloidal particle in-
terfaces. In their research of aminosilane, Khuat et al. [50] for the first 
time used a nonlinear second-order surface SFVS instead of a linear IR 
spectrum to characterize the structure of APTES modified on a Si (111) 
substrate. However, the spectral resolution was low, and no obvious 
symmetrical dependence of the spectrum on the rotation angle was 
observed. 

In this work, we not only used broadband SFVS to study the 
arrangement and terminal amino group orientation of APTES and 
AUTES molecules modified on Si (111) substrates but also investigated 
their performance in protein immobilization on surfaces by IEB. We 
obtained the Si (111) -APTES/AUTES spectrum via different 

polarization combinations and rotation angles. The results showed that 
the alignment and orientation of the amino groups in AUTES are more 
orderly than those in APTES. Moreover, the number and sensitivity of a 
protein (IgG) adhered on APTES or AUTES-modified surfaces were 
detected by IEB. Although the number of proteins adhered on the 
AUTES-modified surface was greater than that on the APTES-modified 
surface, the sensitivity of proteins on the APTES-modified surface was 
more than on the AUTES-modified surface. This study not only 
explained the reason for the stability of aminosilane from the micro-
scopic view (the number of groups) but also provided a reference in the 
field of biosensing surface in surface modification from the macroscopic 
consequence (the number of adsorbed protein). 

2. Experimental details 

2.1. Materials and reagents 

Polished silicon wafers from General Research Institute for Nonfer-
rous Metals (Beijing, China) were used for the substrate of the IEB. 3- 
Aminopropyltriethoxysilane (APTES), glutaraldehyde (GLU), human 
immunoglobulin (IgG) from serum, anti-Human IgG antibody (anti-IgG), 
bovine serum albumin (BSA) and Phosphate buffered saline (containing 
0.05% Tween-20, pH 7.4, PBST) were purchased from Sigma-Aldrich. 
The 11-Aminoundecyltriethoxysilane (AUTES) was purchased from 
Alfa Aesar. Ultrapure water was obtained from a MILLI-Q® EQ 7000 
Ultrapure Water Purification System (18.2 mΩ at 25 ◦C) and used to 
prepare all the solutions. 

2.2. Apparatus and detection principles of IEB 

The IEB is composed of an imaging ellipsometry system and a 
microfluidic microarray bioreactor. In the imaging ellipsometry section, 
the configuration of the light path is based on the standard ellipsometry 
configuration of the polarizer-compensator-sample-analyzer (PCSA). 
The specific light path composition is shown in Fig. 1(a). The light beam 
from the Xe lamp is extended and collimated toward the polarizer. 
Beyond the polarizer, the linearly polarized light beam passes through a 
compensator (quarter wave plate) and impinges on the sensing surface. 
After reflection, the light beam passes through a second polarizer, called 
the analyzer, and strikes the CCD. 

As we demonstrated in our previous work [44] and schematically 
illustrated in Fig. 1, under optimized conditions the grayscale response 
correlated approximately linearly to the surface mass density variation 
of the protein layer with a relative error of less than 0.2%. The rela-
tionship between the IEB signal, δI, and the surface mass density of the 
protein layer, δΓ, can be given by [44] 

Fig. 1. The IEB for the detection of protein. (a) Schematic of IEB with the 
typical conventional PCSA. (b) The bioreaction process on the sensing surface 
and the procedure of the detection of protein by IEB. 
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δI∝δΓ = δγ⋅M (1)  

where δγ and M are the surface amount density of the protein layer and 
the protein molecular weight, respectively. Therefore, the different 
grayscales represent the different surface mass densities of different 
protein layers. As shown in Fig. 1(b), the ligand adsorbs on the SAMs by 
covalent interactions, and the target adsorbs on the ligand by affinity 
interactions, which increases the surface mass density. The increasing 
surface mass density would show in an increasing grayscale. As a result, 
surface adsorption can be deduced by grayscale. All the imaging 
ellipsometry experiments were performed at an incidence angle of 75◦

with a xenon lamp and a red optical filter. 
As shown in Fig. 2, the microfluidic microarray bioreactor makes up 

of 24 polydimethylsiloxanes (PDMS) rectangle well arrays (Fig. 2(a)), 
polymethyl methacrylate, 48 microtubes (Fig. 2(b)), and a peristaltic 
pump. The peristaltic pump delivers the sample solution to the biore-
actor. Each well of the PDMS plate has an area of 1 mm × 3 mm, a depth 
of 3 mm, resulting in a cell volume of 9 μL. Each well is connected 
through two 1-mm holes to two ends of 0.8 mm inner diameter, 1 mm 
outer diameter microtubes for performing the experiments. Twenty-four 
reaction cells are formed by inserting a modified Si plate. The sample 
solutions that are allowed to flow into the array of 24 independent re-
action cells react with the modified Si surfaces of these cells as described 
in Section 2.6 

2.3. Spectroscopic ellipsometry 

The aminosilane layer thickness was estimated by spectroscopic 
ellipsometry (SE, J.A. Woollam Co. RC2-D, USA) using different incident 
angles (55◦, 60◦, 65◦, 70◦, 75◦). Three irradiation sources were used: a 
30 W deuterium lamp, a 20 W quartz tungsten halogen lamp, and a 75 W 
Xenon lamp in the spectral range of 193–1000 nm. 

Thickness and MSE of the base self-assembled layer, of the ligand 
added layer, and of the target adsorbed layer on it were obtained from 
SE data fitting using CopleteEASE® software. The SE data analysis 
process begins by building two films layered optical model which cor-
responds to the nominal sample structure as shown in Fig. 3. In this 
experiment, silicon dioxide layer is film 1 and aminosilane layer is the 
film 2. Each layer is parameterized by thickness and optical constants. 
Optical constants describe how light interacts with and propagates 
through the layer. Using the Si with thermal oxide model and standard 
textbook thin film equations (Snell’s law and Fresnel equations), the 
software can calculate “generated” or simulated SE data. If the model is a 
good representation of the sample, the model-generated SE data will be 
in good agreement with the SE data measured on the sample. 

2.4. Detection principles of SFVS 

SFVS is based on the generating frequency of light. As shown in Fig. 4 
(a), when a fixed-frequency beam of visible light and an infrared light 

act together at the molecular interface coincident with time and space, a 
frequency of light (harmony frequency signal) is generated. The har-
monic frequency signal is enhanced when the interface produces reso-
nance that results from a matched IR frequency and interfacial molecule 
vibration level. It is then detected by a spectrometer (SpectraPro HRS- 
500) and CCD (Andor). Therefore, the structure of molecules on the 
interface can be determined by adjusting the spectrum of infrared light 
frequency changes or vibrations. The Nd: YAG (Neodymium-doped 
Yttrium Aluminium Garnet; Nd: Y3Al5O12) laser device (5.6 W power, 31 
fs pulse width, and 1 kHz repetition frequency) is divided into two 
beams. One is 800 nm visible light (10 mW). The other is the adjustable 
infrared light range of 1000–4000 cm− 1 produced by the OPA (optical 
parametric amplification) and DFG (digital function generator) systems. 
The specific light path diagram has been detailed in Liu et al. article 
[51]. 

The defined axis system in the SFVS is shown in Fig. 4(b). In the 
laboratory-fixed axis system (X, Y, Z), the Z-axis is the surface normal, 
and the X-Z plane is the incident plane of Vis (visible light) and IR 
(infrared light). The incident angles of Vis and IR are 45◦ and 55◦, 
respectively. The Si-(111) is placed on a rotating platform. SFVS is 
generated by the coincidence of Vis and IR on the surface of the Si-(111) 
substrate. SFVS, Vis, and IR are P-, P- and P-polarization (PPP) or S-, S- 
and P-polarization (SSP) combinations, respectively. The azimuth is 
defined as the angle between the [110] crystal orientation of the Si-(111) 
substrate and the incident plane. In the experiment, samples were 
rotated at 30◦ intervals within an azimuth range from 0◦ to 360◦, and the 
spectra of Si-(111) and Si-(111) –sample surfaces were collected at 
different azimuths. 

The SFVS fitting results were found using equations. The fitting 
equations are as follows: 

ISF(ωIR) =
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(2)  

where an, ωn, and τn are the amplitude, angular frequency, and band-
width of the n-th Gaussian function, respectively, and Av, ωv, and Γv are 
the amplitude, angular frequency, and bandwidth of the Lorentzian 
function for a vibrational mode, v, respectively. ϕv represents the phase 
difference between the resonance response and the non-resonance 
response. Assuming that the non-resonance response is constant, it can 
be expressed as ANR. 

2.5. Silicon surface modification 

All silicon surfaces were cleaned in piranha solution (H2SO4/H2O2 =

3:1, v/v) for 30 min, and then washed with deionized water several 
times. According to the different solvents required in next experiments, 
the silicon surface is treated as follows. 

2.5.1. Ethanol treatment 
After being washed with ethanol three times, the silicon surfaces 

were immersed in an ethanol solution of APTES (15:1, v: v) or AUTES 
(15:1, v: v) with densely packed amino groups for 2 h. After rinsing in 

Fig. 2. Schematic of the (a) microarray with 24 cells, (b) microfluidic micro-
array bioreactor. 

Fig. 3. Schematic representation of a layered optical model with 2 films, 
parameterized by thicknesses tl and t2, and optical constants refractive index (n) 
& reflectivity (k). 
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ethanol, the surfaces were incubated in PBS of GLU (10:1, v: v) solution 
for 1 h. The silicon surfaces were stored at 4 ◦C after rinsing with PBS. 

2.5.2. Toluene treatment 
The silicon surface was washed with toluene three times and 

immersed in a toluene solution of APTES (50:1, v: v) or AUTES (50:1, v: 
v) for 24 h. After rinsing in toluene, the surfaces were blown dry with 
nitrogen. 

2.5.3. Temperature treatment 
Surfaces were heated in Electro- a thermostatic blast oven (DHG- 

9053A) at 100 ◦C for 1 h. 

2.6. Procedure of protein adsorption by the microfluidic microarray 
bioreactor 

All biomolecules were delivered by a microfluidic microarray 
bioreactor in IEB. The specific parameters were set as follows: IgG was 
first covalently immobilized on the modified silicon substrate at 0.5 μL/ 
min for 15 min, followed by washing with PBST. Then, blocking buffer 
BSA was injected at 0.5 μL/min for 15 min to block the nonspecific 
binding sites that did not immobilize the IgG on the surface, followed by 
washing with PBST. After that, anti-IgG was delivered at 0.5 μL/min for 
15 min, followed by PBST for 5 min. The area of the reaction cell is 1 
mm × 3 mm. The thickness of PDMS micropore arrays is 3 mm. 

2.7. Sensitivity 

The sensitivity study included establishing the calibration curve and 
evaluating the LOD. The calibration curve was performed to detect anti- 
IgG samples from 10 ng/mL to 1 μg/mL. The calibration curve was 
obtained by assaying each concentration at least 3 times. According to 
the International Union of Pure and Applied Chemistry definition, the 
LOD of the sensing signal is equal to 3S/ε, where S is the blank standard 
deviation (n = 15) and ε is the slope of the calibration curve. 

3. Results and discussion 

3.1. Thicknesses of AUTES and APTES modified on Si surfaces 

To explore the relationship between the carbon chain length of 

aminosilane and the protein molecule, it is necessary to confirm the 
topography of aminosilane immobilized on the surface. We selected 
three parameters to reflect the topography of aminosilane on the sur-
face: thickness, altitude distribution, and orientation. The SE and SFVS 
were, respectively used to quantify the thickness, altitude distribution, 
and orientation. 

First, the saturation adsorption concentrations of AUTES and APTES 
were determined. Considering that the saturated adsorption concen-
tration of APTES had been verified in previous work [14], we only just 
investigated the saturated adsorption concentration of AUTES. Silicon 
surface-modified APTES ethanol and AUTES ethanol were detected by 
SE. As shown in Table 1, the thickness of AUTES was 1.797±0.004 nm, 
and the thickness of APTES was 0.527±0.048 nm. Actually, the AUTES 
molecule has a longer carbon chain length than APTES, which means 
AUTES has a higher surface mass density than APTES when there is the 
same number of aminosilanes on the surface. Considering that the 
detection area has the same dimension, more surface mass density is 
reflected in a greater thickness. Therefore, the thickness of AUTES 
modified on the surface is larger than the thickness of APTES. This result 
is consistent with the theory. 

3.2. Structure and amino orientation of AUTES and APTES modified on 
Si surfaces 

Then, surface-modified AUTES and APTES were analyzed by SFVS. 
The C–H and N–H stretching frequency regions of APTES and AUTES 
are shown in Fig. 5. As shown in Fig. 5, four peaks were observed at 
2851, 2875,2924, and 2964 cm− 1. These peaks were from the -CH2- 
symmetric vibration (CH2ss), the -CH3 symmetric vibration (CH3ss), the 
-CH3 Fermi resonance (CH3FR) and the -CH3 asymmetric vibration 

Fig. 4. SFVS simple light path and coordinate system. (a) Simplified schematic diagram of the SFVS device, (b) definition of the laboratory coordinate system and 
sample surface coordinate system. The azimuth (ϕ) is defined as the angle between the [110] crystal orientation of the Si-(111) substrate and the incident surface. 

Table 1 
SE results of the silicon surface modified in APTES/AUTES.  

Type of film Ψ (Psi,◦) Δ (Delta,◦) Thickness 
(nm) 

MSE 

Si (after washing with 
H2O2 &H2SO4) 

5.120 
±0.010 

12.640 
±0.020 

– – 

APTES 1.933 
±0.048 

50.255 
±0.691 

0.527 
±0.003 

3.421 

AUTES 2.694 
±0.046 

50.857 
±0.474 

1.797 
±0.004 

3.811  
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(CH3as). These results indicated that not all ethoxy groups in APTES had 
been hydrolyzed in the reaction of modifying APTES to the silicon sur-
face. As shown in Fig. 5(b), the SFVS spectrum in the N–H stretching 
frequency region of Si-(111) -APTES was fitted. There was no apparent 
amino vibration peak in the spectrum. However, since the amino mol-
ecules were buried by the upper molecules or because of the disorder of 
the amino orientation, a broad envelope appeared in the spectrum of the 
PPP polarization. 

The SFVS spectra in the C–H and N–H stretching frequency regions 
of the Si (111) -AUTES spectrum at ϕ = 60◦ are shown in Fig. 5(c) and 
(d). As shown in Fig. 5(c), four peaks were observed at 2846, 2875, 2930 
and 2960 cm− 1. These peaks represent the CH2ss, CH3ss, Fermi resonance 
CH3FR, and CH3as, respectively. These results indicated that the unhy-
drolyzed ethoxy chains in AUTES are arranged in a more orderly 
manner. This may be induced by the strong van der Waals force of the 
undecyl chain in AUTES. In addition, the N–H stretching frequency 
region of Si-(111) -AUTES is shown in Fig. 5(d). The peak at 3319 cm− 1 

is related to the -NH2 symmetrical stretching vibration peak (NH2ss). 
This indicates that some ethoxy groups were also not hydrolyzed during 
the reaction of modifying AUTES to the Si (111) surface. 

In conclusion, the structure of AUTES was more ordered than that of 
APTES. On the one hand, the anti-symmetric vibrational peak of -CH3 
was redshifted by 4 cm− 1, which indicated that the unhydrolyzed ethoxy 
chains in AUTES were more orderly than those in APTES because of the 
strong van der Waals force of the undecyl chain among AUTES. On the 
other hand, the -NH2 in AUTES had a vibration peak which suggested 
that the amino group in AUTES was more likely to be exposed on the 
surface than the amino in APTES. 

3.3. The effects of solution and temperature in APTES immobilization 

Ref. [52] showed that by curing the sample at room temperature or 
high temperature (100 ◦C) for a period of time, the upper molecules of 
the sample can be removed. Therefore, we heated the samples in 
DHG-9053A at 100 ◦C for 1 h before performing the SE measurement. As 
shown in Table 2, the thickness of APTES after heating was thinner than 
that at room temperature both in the ethanol solution or the methyl-
benzene solution. The thickness of the APTES in methylbenzene solution 
before and after heating was 4.44 nm and 2.17 nm, respectively. The 
thickness of the APTES layer in ethanol solution before and after heating 
was 1.61 nm and 1.29 nm, respectively. The thickness of the APTES 
monolayer obtained by the calculation was approximately 1.05 nm, so 
the hypothesis that the upper molecules buried the amino group can be 
ruled out. Therefore, it is concluded that no obvious amino group was 
observed because of the terminal amino group alignment disorder. In 
biosensors, the disorder of the terminal amino groups of APTES does not 
guarantee the connection of ligands, which will greatly reduce the 
binding efficiency of ligands and target molecules. 

Fig. 5. SFVS spectra in the C–H and N–H stretching frequency regions of Si-(111) -APTES/AUTES at ϕ = 60◦ under PPP (red triangle) and SSP (blue diamond) 
polarizations. The solid line is the fitting result. (a) C–H region, Si-(111)-APTES, (b) N–H region, Si-(111)-APTES, (c) C–H region, Si-(111)-AUTES, (d) N–H 
region, Si-(111)-AUTES. 

Table 2 
SE results of the silicon surface modified in APTES in different conditions.  

Layer Solvent Indoor 
temperature 

Heating in 100 ◦C 
for 1h 

Si modified with 
APTES 

Methylbenzene 4.44±0.3 nm 2.17±0.3 nm 
Ethyl alcohol 1.61±0.3 nm 1.29±0.3 nm  
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3.4. The enhancement number of IGG by GLU 

In fact, aminosilane usually combines with GLU to adsorb proteins 
(ligands) on silicon surfaces. GLU can enhance protein adsorption on the 
aminosilane-modified surface. In this section, the surface modified with 
APTES and the surface modified with APTES+ GLU and IgG adsorbed at 
three different concentrations detected by IEB. 

First, three concentrations of IgG were prepared (1 μg/mL, 10 μg/mL 
and 100 μg/mL) in PBS. Then, IgG was delivered to the sensing surfaces 
modified with APTES or APTES+GLU by a bioreactor. Finally, the sur-
faces were placed on a IEB sample substrate and detected by IEB. As 
shown in Fig. 6, the lift Y-axis is the IEB signal of IgG layer. The right Y- 
axis is the variation signal of IgG layer ((Layer IgG - LayerAPTES+GLU) / 
LayerAPTES+GLU). The grayscale of IgG adhered on surface modified with 
APTES+GLU (red) had a higher grayscale than the surface modified with 
APTES (blue). Furthermore, the variation of IgG layer in APTES+GLU 
surface was twice or more than APTES surface (10 μg/mL or 100 μg/ 
mL). But the variation of IgG layer is the same when the IgG concen-
tration is 5 μg/mL. As shown in the Eq.. (1), a higher variation of IEB 
signal indicated a higher surface mass density. Therefore, the surface- 
modified APTES +GLU immobilized more IgG than the surface- 
modified APTES alone. GLU plays a role in increasing the number of 
IgG on aminosilane surfaces. 

In fact, IgG is composed of many kinds of amino acids. There were 
two major kinds of chemical groups in the amino acid sequence: the 
carboxy group and the amino group. In particular, amino acid residues 
had more amino groups than carboxyl groups. Therefore, the surface 
modified with aldehyde groups (APTES+GLU) would adhere more IgG 
than amino groups (APTES). In other words, the number of IgG adhered 
on the sensing surface would be improved if the aldehyde group (GLU) 
was attached to the aminosilane molecule (APTES or AUTES). In all 
subsequent experiments, if there is no special mention, the surface co-
valent modifications are called APTES+GLU-modified surface and 
AUTES+GLU-modified surface. 

3.5. The number of ligands adsorbed on the APTES and AUTES-modified 
surfaces 

Although the structure of APTES and AUTES had discussed in Sec-
tion 3.1. But it is unknown the relationship between the structure of 
aminosilane and adhered proteins. Therefore, APTES and AUTES sur-
faces adhered protein (IgG) were characterized by the IEB and SE, 
respectively. 

Firstly, six concentrations of IgG (1 μg/mL, 2.5 μg/mL, 5 μg/mL, 10 

μg/mL, 50 μg/mL, and 100 μg/mL) were detected by IEB. As shown in 
Fig. 7(a), the IEB signal variation of APTES+GLU surface was signifi-
cantly higher than AUTES+GLU surface. As shown in Eq. (1), a higher 
variation of IEB signal indicated a higher surface mass density. There-
fore, it can be assumed that the AUTES+GLU surface immobilized more 
IgG than the APTES+GLU surface between 1 μg/mL-100 μg/mL of IgG. 
In addition, it can be seen the IEB signal variation basically remains 
stable when the concentration of IgG ≥50 μg/mL. Considering signal 
maximization and saving the reagent consumption, 50 μg/mL IgG as 
ligand was used in next subsequent experiments. Then, the thickness of 
50 μg/mL IgG adhered on AUTES/APTES+GLU surfaces was estimated 
by SE. As shown in Fig. 7(b), the thickness of IgG on AUTES+GLU was 
1.430±0.03. But it’s on APTES+GLU was 1.62±0.05. These results 
suggested that surface-modified AUTES would adhere to more proteins 
than surface-modified APTES. According to the inference of Section 3.2, 
the amino group in AUTES was more likely exposed on the surface than 
the amino in APTES. As a result, more sites on the surface-modified 
AUTES were provided to bind protein than surface-modified APTES. 

3.6. Sensitivity of target detection on APTES and AUTES-modified 
surfaces 

In biosensor applications, target detection is the goal. However, the 
binding amount of the target depends on the sensitivity of the ligands. 
Therefore, it is necessary to compare the sensitivity of proteins (ligands) 
adhered to the APTES and AUTES surfaces. The sensitivity of the ligand 
is manifested in the degree of sensitivity interaction; that is, the number 
of antibodies is regarded as the ligand sensitivity parameter. The ligand 
in this experiment was still IgG. Therefore, the amount of anti-IgG bound 
IgG was considered the parameter of sensitivity. 

In this part of the experiment, IgG (50 μg/mL) was used as a ligand, 
and five concentrations of anti-IgG (10 ng/mL, 50 ng/mL, 100 ng/mL, 
500 ng/mL, and 1 μg/mL) were employed as targets. To avoid nonspe-
cific adsorption, BSA (3 mg/mL) was used as a blocking buffer to block 
sites on the surface without IgG. First, the non-specific adsorption on 
APTES/AUTES-modified surfaces had been compared by IEB. As shown 
in Fig. 8, the grayscale of anti-IgG (negative) in APTES-modified surface 
was 1.53. But IgG on AUTES-modified surface had 2.38 grayscale. 
Theoretically, the lower non-specific signal had the higher positive 
signal of the specific signal. Therefore, the AUTES-modified surface has 
a higher positive signal rate than the APTES-modified surface. 

The detection sensitivity of anti-IgG on APTES and AUTES-modified 
surfaces based on IEB was also analyzed. As shown in Fig. 9, the gray-
scale values of APTES (blue circles) were higher than the grayscale 
values of AUTES (red squares) surface at each concentration. As per Eq. 
(1), the surface mass density is directly proportional to the grayscale. 
Therefore, the number of anti-IgG on APTES was greater than that on 
AUTES. In addition, the slope of the calibration curve in APTES (0.0127 
±0.0008) was higher than the slope in AUTES (0.004175±0.00028). 
According to the LOD definition in the section “Sensitivity”, the anti-IgG 
LOD on the AUTES-modified and APTES-modified surfaces were 380 ng/ 
mL and 51 ng/mL, respectively. For anti-IgG concentrations ranging 
from 10 to 1000 ng/mL, the signal change of the APTES-modified sur-
face reached about 13.4 grayscale and 4.32 grayscale for the AUTES- 
modified surface. The results show that the APTES-modified surface 
can detect anti-IgG effectively and obtain better analytical performance 
than the AUTES-modified surface. As the AUTES molecular arrangement 
is more orderly, more ligands can bound to it. However, once the 
number of ligands exceeds saturation, the ligand molecules overlap, 
covering specific sites, and resulting in decreased sensitivity [53]. 
Therefore, the surface sensitivity binding ability of AUTES-modified 
surfaces is lower than APTES-modified ones. 

4. Conclusions 

In this study, we not only used broadband SFVS to study the 
Fig. 6. The IEB signal (grayscale) or the IEB signal variation of IgG on APTES/ 
APTES+GLU surfaces. 
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arrangement and terminal amino group orientation of APTES and 
AUTES molecules modified on Si (111) substrates but also investigated 
their performance in protein immobilization on the surface by IEB. The 
Si-(111) substrates were modified with APTES or AUTES. We analyzed 
and compared the alignment and orientation of the terminal amino 
groups in the two substrate-modified molecules. The results showed that 
the surface of silicon modified with AUTES was effective for regulating 
ligand orientation compared with that of APTES. However the IgG that 
adhered to APTES had more sensitivity. The APTES-modified surface 
had a higher LOD for the detection of anti-IgG than the AUTES-modified 
surface. Overall, the APTES-modified surface was more appropriate for 
application as a biosensor surface aminosilane modification molecule 
than AUTES. This work explored the relationship between the stability 
of aminosilane and the stability of biomolecules and provided a refer-
ence for the selection of surface modification methods using aminosilane 
as a self-assembled membrane. 
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Fig. 7. Comparison of ligands surface mass density and thickness on the APTES and AUTES-modified surfaces. (a)The IEB signal variation at the concentration of 1 
μg/mL, 2.5 μg/mL, 5 μg/mL, 10 μg/mL, 50 μg/mL, and 100 μg/mL IgG on APTES+GLU or AUTES+GLU-modified surfaces. (b)The thickness of different molecular 
film layer on APTES or AUTES modified surfaces. 

Fig. 8. The non-specific adsorption of anti-IgG(negative) detected by IEB.  

Fig. 9. The calibration curve for Anti-IgG detection on APTES or AUTES- 
modified surface by the IEB. 
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