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ABSTRACT: Analysis of trace low molecular weight (LMW) proteins in serum using the label-free imaging ellipsometry (IE) 

immunosensor is still a challenge due to the lack of an effective signal amplification strategy and the serious non-specific adsorp-

tion. Herein we have developed a sandwich strategy-mediated IE (SSIE) immunosensor to enable the immunodetection of LMW 

protein biomarkers in serum samples. We have firstly found that the weak binding affinity and the insufficient surface amount den-

sity of the ligand are two important factors which hinder the detection of LMW proteins in serum using the IE immunosensor. Then 

we have deduced that the sandwich strategy can amplify the detection signal of IE and avoid the non-specific adsorption in serum. 

As a validation of the serological detection of LMW proteins, the SSIE immunosensor has been used to accomplish the quantitative 

detection of procalcitonin (PCT) in serum. Compared with other PCT analysis methodologies, the SSIE immunosensor enjoys the 

advantages of simplicity, rapidity, and sufficient sensitivity. Furthermore, we have proposed the criteria to predict the ability of the 

SSIE immunosensor for the detection of LMW protein biomarkers in serum, which can make the detection of LMW proteins smart 

and efficient. 

Antibiotic misuse is a worldwide public health issue. The 

inappropriate use of antibiotics not only aggravates the antibi-

otic resistance, but also makes severe side effects on human 

health 
1
. Thus, the accurate infection diagnosis before the anti-

biotic therapy is necessary in clinic. Procalcitonin (PCT), a 

polypeptide of 116 amino acids with the molecular weight of 

13 kDa, is an FDA approved blood infection marker for guid-

ing antibiotic therapy 
2
. In clinic, the antibiotic therapy is high-

ly recommended when PCT concentration in serum is over 0.5 

ng mL
-1

 
3
. In addition, the serum PCT level also plays an advi-

sory role in the sepsis diagnosis: over 2 ng mL
-1

 is suggestive 

of sepsis 
4
. Therefore, it is of great importance to achieve the 

quantitative detection of PCT in serum. 

Currently, several commercial kits 
5-7

 and many lab-

developed assays 
8-10

 have been used to detect PCT in serum. 

Some of them reach the impressive limit of detection (LOD). 

These methods mainly base on the introduction of labeling 

tags, which gives rise to high sensitivity but increases com-

plexity and cost. A label-free alternative is preferable to pro-

vide the simple and rapid serological detection of PCT. How-

ever, it is a challenge for label-free immunosensors to detect 

such low molecular weight (LMW) proteins with the molecu-

lar weight less than 25 kDa 
5
 as PCT in serum. The challenge 

comes from two aspects. On the one hand, the small parameter 

variation caused by the LMW proteins, for example the 

change of surface mass density, often approaches or even less 

than the resolution of the label-free immunosensors 
11,12

, which 

requires amplification strategies to enhance the immunosensor 

response to the LMW proteins. The other challenge is the non-

specific adsorption from the serum 
13,14

. Although many works 

have focused on developing anti-fouling immunosensor sub-

strates 
15

, the non-specific adsorption still haunts in practice 

and its interference cannot be eliminated completely in the 

serological detection 
13

. 

As a typical label-free immunosensor, the imaging ellip-

sometry (IE) immunosensor 
16

 transforms the recognition of 

the biomolecules into the ellipsometry signal in image. By 

combining the ellipsometry with the microscopy, IE enjoys 

both a large field of view up to several square centimeters and 

a high vertical spatial resolution better than 0.1 nm 
17

. There-
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fore, by sensitively visualizing the thickness change of the 

adsorption film that caused by the biomolecule interactions, 

the IE immunosensor with a microfluidic cell has the merits of 

simplicity, sensitivity, large throughput, and low sample con-

sumption. Currently, it has acquired several applications in the 

epidemic diagnosis 
17,18

. However, the detection of LMW pro-

teins using the IE immunosensor also faces the same problems 

as other label-free immunosensors. 

In this work, we have introduced and improved a sand-

wich strategy into IE immunosensor to enhance the sensitivity 

of conventional IE immunosensor and then successfully em-

ployed this sandwich strategy-mediated (SSIE) immunosensor 

for detection of PCT in serum samples. In this sandwich strat-

egy, we employ detection antibody (dAb) to specifically rec-

ognize the LMW protein analyte and form the sandwich com-

plex. This complex can greatly enhance the signal of IE im-

munosensor and eliminate the influence of the non-specific 

adsorption effectively. Therefore, the sensitivity of the SSIE 

has been greatly improved and meets the requirement to detect 

trace LMW proteins in complex samples. Scheme 1 illustrates 

the superiority of the SSIE immunosensor. As an application, 

we have carried out the serological immunodetection of PCT 

and systemically evaluated its analytical performance. To the 

best of our knowledge, it is the first report to effectively solve 

the problem for the IE immunosensor to detect LMW proteins 

in serum. 

EXPERIMENTAL SECTION 

The IE immunosensor apparatus 

The IE immunosensor is mainly composed of a microflu-

idic microarray bioreactor and an imaging ellipsometer 
16,19

. 

The microfluidic bioreactor fabricates a patterned protein mi-

croarray. It owns 48 independent flow channels and the vol-

ume of each channel is about 200 nL, so the microfluidic bio-

reactor consumes only several µL of the analyte. The imaging 

ellipsometer can simultaneously capture the images of the 

fabricated protein microarray and visualize the thickness dis-

tribution of the protein layers in grayscale. The principle to 

detect protein interactions with the IE immunosensor is 

demonstrated in Figure S1 
18

.  

Materials, reagents, and clinical samples 

Polished silicon wafers from General Research Institute 

for Nonferrous Metals (Beijing, China) are used for the sub-

strate of the IE immunosensor. Monoclonal antibody to PCT 

as the capture antibody (cAb) is from Beijing Genstars Bio-

tech Co., Ltd. (Beijing, China). Recombinant human PCT 

protein is purchased from Abcam (Cambridge, UK). Anti-PCT 

antibody as the dAb is bought from Invitrogen (Waltham, US). 

3-aminopropyltriethoxysilane, glutaraldehyde (50% aqueous 

solution), human immunoglobulin (IgG), human serum albu-

min (HSA), C-reactive protein (CRP), carcinoembryonic anti-

gen (CEA) and blocking buffer are purchased from Sigma-

Aldrich (Missouri, USA). Phosphate buffered saline (PBS, pH 

7.4) and PBST (containing 0.05% Tween-20) are prepared in 

deionized water produced by a Millipore Milli-Q ion exchange 

apparatus. The negative serum as well as 12 patient serum 

samples with detailed clinical background and ELECSYS PCT 

assay detection results are collected in Beijing Friendship 

Hospital (Beijing, China). 

PCT detection procedure with the SSIE immunosensor 

The surface modification procedure of silicon wafers as 

the IE immunosensor substrates is referred to our previous 

work 
20,21

. To prepare the SSIE immunosensor, cAb is first 

immobilized on the modified silicon substrate covalently at 1 

µL min
-1

 for 10 min followed by washing with PBST. Then 

the blocking buffer is injected at 1 µL min
-1

 for 30 min to 

block the non-specific binding sites with the subsequent wash-

ing with PBST. For PCT detection by the SSIE immunosen-

sor, PCT analyte solution is injected to react with cAb specifi-

cally at 2 µL min
-1

 for 5 min and then rinsed with PBST for 1 

min. After that, dAb is delivered at 1 µL min
-1

 for 3 min fol-

lowed by washing with PBST for 1 min. 

Sensitivity, selectivity, and recovery study of PCT detec-

tion 

The sensitivity study includes establishing the calibration 

curve and evaluating LOD. The calibration curve is performed 

under the optimized condition to detect PCT standard samples 

from 0.125 to 128 ng mL
-1

. The calibration curve is obtained 

by assaying each concentration at least 6 times. The calcula-

tion of LOD is based on the calibration curve with S/N=3, 

where S and N are the PCT detection signal and the standard 

deviation of 20 independent blank control measurements, re-

spectively 
22

. On the selectivity study, IgG, HSA, CRP, and 

CEA solution at 100 ng mL
-1

 is mixed with 10 ng mL
-1

 PCT 

and then tested with the SSIE immunosensor, respectively. 

Twice diluted negative serum is taken as the blank control. 

The recovery study is carried out by the standard addition 

method in which PCT at different concentrations (0.5, 2, 4, 8, 

and 16 ng mL
-1

) are added to the twice diluted negative human 

serum samples. 

Clinical sample detection by the SSIE immunosensor 

12 PCT serum samples are collected from the people who 

may suffer bacterial infection in Beijing Friendship Hospital 

(China) in accordance with the rules of the local ethical com-

mittee. The serum samples are diluted twice with PBST and 

each sample is assayed at least 3 times. By correlation analysis 

and paired t-test, a double-blinded comparison of the results is 

accomplished between the SSIE immunosensor and the com-

mercial ELECSYS PCT assay. 

RESULTS AND DISCUSSION 

The IE immunosensor response to the ligand⋅⋅⋅⋅analyte in-

teraction 

To understand the limitations of the label-free IE im-

munosensor to detect the LMW proteins in serum, we have 

analyzed the factors influencing the response to the lig-

and⋅analyte interaction on the immunosensor substrate. Under 

the optimized azimuth settings of the polarizer and the analyz-

er (seeing the Supporting Information), the IE immunosensor 

responds approximately linearly to the thickness variation of 

the protein layer with a relative error less than 0.2% 
23

. Since 

the thickness of the protein layer is proportional to its surface 

mass density 
24

, the relationship between the IE immunosensor 

signal, ��, and the surface mass density of the protein layer, 

��, can be given by 

�� ∝ �� = �� ⋅ �#
1�  

where δγ and � are the surface amount density of the protein 

layer and the protein molecular weight, respectively. 

For the direct IE immunosensor, a typical interaction be-

tween the ligand and the analyte on the substrate follows
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3 

 

Scheme 1. The SSIE immunosensor for the detection of LMW proteins in serum. (A) The schematic of the label-free IE im-

munosensor with the typical conventional polarizer-compensator-sample-analyzer configuration. (B) The schematic of the SSIE 

immunosensor and its superiority to the direct IE immunosensor for the detection of LMW proteins in serum 
a
. 

a
 The capture antibody (cAb) is immobilized on the substrate and then followed by the blocking treatment. The injection of the se-

rum not only leads to the specific recognition between the cAb and the analyte, but also results in the non-specific adsorption. In the 

direct IE immunosensor, the non-specific adsorption brought by the serum is inevitable and might cause false-positive results. In 

the SSIE immunosensor, because the effective detection signal comes from dAb, its results are rarely affected by the non-specific 

adsorption. 

������ � ������� ⇌ ������ ⋅ �������.  Under the pseudo 

first order interaction assumption 
25

, the surface amount densi-

ty change caused by the interaction, ������� , can be expressed 

by (seeing the Supporting Information for the deduction) 

������� =

��!"��#�$ ⋅ %������ 

&' � %������ 
#
2�  

where 
��!"��#�$ , &' , and %������  are the initial surface 

amount density of the ligand before the interaction, the disso-

ciation equilibrium constant of the interaction, and the analyte 

concentration in the solution, respectively. 

By equations (1) and (2), the relationship between the 

signal or surface mass density change of the direct IE im-

munosensor caused by the formation of the ligand⋅analyte 

complex and the analyte concentration in solution is given by 

�#!) *� ∝ ������� =

��!"��#�$ ⋅ %������ 

&' � %������ 
⋅ ������� #
3�  

Besides ������� , equation (3) suggests that 
��!"��#�$ , 

&' , and %������  also exert significant impacts. For a given 

analyte at the specific concentration, 
��!"��#�$  and &'  are 

determinants of the improved ������� . 
��!"��#�$  stands for 
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the effective amount of the ligand that can bind specifically to 

the analyte. The higher 
��!"��#�$ implies more analyte can be 

recognized. However, too much ligand reduces its capability 

of recognizing the analyte because the spatial conformation 

change of the ligand diminishes the bioactivity and increases 

the steric hindrance on the immunosensor substrate. &'  re-

flects the binding affinity of the interaction. The small &' 

suggests the strong binding affinity between the ligand and the 

analyte. Thus, a low &' leads to an improved ������� , enhanc-

ing the LOD of the analyte. However, too strong binding affin-

ity also hinders the detection sensitivity because it blurs the 

distinctions among the analyte at the different concentrations. 

As a result, it is of great importance to choose a ligand with 

adequate &'  and then optimize 
��!"��#�$  for a better detec-

tion performance. 

In the IE immunosensors, the antibody is commonly used 

as the ligand to detect the analytes. Thus, we need to choose 

the antibody with the optimized &' and 
��!"��#�$. In our pre-

vious study, 
��!"��#�$ of the saturated antibody layer is less 

than 4 pM cm
-2

 
20

. For the LMW analyte at the concentration 

of 0.5 ng mL
-1

, the cut-off value of PCT for bacterial infection 

diagnosis in clinic, Figure 1A gives the relationship among the 

ideal ������� , ������� , and typical &' according to equation 

(3). Since the thickness resolution of our IE immunosensor 

achieves 0.1 nm 
18

, the corresponding surface mass density 

resolution of a protein layer is better than 0.012 µg cm
-2

 
24

. As 

demonstrated in Figure 1A, �������  is improved with the in-

crease of the binding affinity (the decrease of &') or the mo-

lecular weight increase of the analyte. For the antibodies with 

&' at 10 nM and 1 nM, �������  remains less than the IE im-

munosensor resolution, indicating the protein analytes cannot 

be detected with the direct IE immunosensor. For the antibod-

ies with higher affinity, &'  approaching 100 pM or less, 

�������   exceeds the IE immunosensor resolution. However, it 

is still a challenge to detect LMW protein analytes by the di-

rect IE immunosensor in practice because of the lack of the 

antibodies with such high binding affinity. The available &' of 

the commercial antibodies is about several nM 
26

. In that case, 

an amplification strategy is needed for the detection of the 

LMW protein analytes. 

The design of the SSIE immunosensor to detect LMW pro-

teins in serum 

As a simple and effective amplification strategy, the 

sandwich strategy is usually adopted to amplify the immuno-

detection response to the LMW protein over 5 kDa, since it 

requires the analyte with multiple epitopes to bind with two 

antibodies simultaneously 
27

. The general process of the sand-

wich strategy has three steps: the cAb is first immobilized onto 

the substrate covalently, then the analyte is introduced to bind 

with the cAb specifically and finally dAb is added to form the 

cAb⋅analyte⋅dAb sandwich complex. 

The surface mass density of the sandwich strategy, 

�,��#-!*. , is the sum of the analyte surface mass density, 

������� , and the dAb surface mass density, �#/0 . Similar to 

equation (3), the relationship between the surface mass density 

of the sandwich strategy and the analyte concentration in solu-

tion is given by (seeing the Supporting Information for the 

deduction) 

�,��#-!*. =

�*/0�$ ⋅ %������ 

&' � %������ 
⋅ ������� �


�*/0�$
&'1

%#/0
� 1

⋅ %������ 

&' � %������ 
⋅ �#/0#
4�

 

where &'  and &'1  are the dissociation equilibrium constants 

of the interaction between cAb and the analyte, and the inter-

action between dAb and the analyte, respectively. 
�*/0�$  is 

the initial surface amount density of cAb on the immunosensor 

substrate. As dAb concentration, %#/0, can be several magni-

tudes larger than &'1, making &'1/%#/0 � 1 ≈ 1, the equation 

(4) can be approximately expressed by 

�,��#-!*. ∝ �,��#-!*. ≈

�*/0�$ ⋅ %������ 

&' � %������ 
⋅ 
������� ��#/0�#
5� 

Equation (5) demonstrates that the sandwich strategy 

translates the detection of the LMW analyte into the large ana-

lyte⋅dAb complex. Figure 1B gives relationship among the 

ideal �,��#-!*., ������� , and typical &' for the LMW protein 

analyte at 0.5 ng mL
-1

. Not only is �,��#-!*. obviously larger 

than ������� , but the binding affinity requirement of the anti-

bodies decreases nearly 2 magnitudes. For the antibodies with 

&'  around 1 nM, �,��#-!*.  is beyond the IE immunosensor 

resolution. Since these antibodies are easily obtained by com-

mercial products, the sandwich strategy is a simple method to 

detect LMW protein analytes in practice. 

For the clinical analysis, the non-specific adsorption in 

serum causes the false-positive signal, so we have analyzed 

the non-specific adsorption influence from the serum in the 

sandwich strategy. With the addition of the serum, the specific 

binding between cAb and the analyte can increase the IE im-

munosensor signal, but the non-specific adsorption also in-

volves in the process. On the contrary, the subsequent intro-

duction of dAb amplifies the IE immunosensor signal but suf-

fers little from the non-specific adsorption. By equation (3) 

and (5), the ratio between the IE immunosensor signal of dAb 

and that of the sandwich strategy can be estimated by 

�#/0 ∝ �#/0 ≈

�*/0�$ ⋅ %������ 

&'6
� %������ 

⋅ �#/0

�#/0

�,��#-!*.

=
�#/0

�,��#-!*.

≈
�#/0

�#/0 �������� 

�#/0

��	
=

�#/0

������� 
≈

�#/0

������� 

#
6�  

For PCT detection by the sandwich strategy, �#/0 is 92% 

of �,��#-!*., but �#/0 is hardly influenced by the non-specific 

adsorption. We improve the sandwich strategy by taking �#/0 

as the response instead of �,��#-!*.  to form the SSIE im-

munosensor. The signal of the SSIE immunosensor is still 

large enough for PCT detection and suffers little from the non-

specific adsorption of the serum. As the cut-off value of PCT 

in serum is 0.5 ng mL
-1

 for the bacterial infection, we have 

calculated the surface mass density change of PCT at the cut-

off concentration by the direct IE immunosensor and the SSIE 

immunosensor. In the direct IE immunosensor, PCT detection 

can only be accomplished by the antibody with &' less than 

100 pM, while it can be realized in SSIE immunosensor by the 

antibody with &' at the magnitude of 1 nM. Therefore, SSIE 

immunosensor can amplify the signal of PCT and eliminate 

the uncontrollable non-specific adsorption from the serum, 

further improving the serological detection of PCT. 
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Figure 1. The surface mass density change caused by different 

molecular weight analytes at the concentration of 0.5 ng mL
-1

 

on the saturated antibody adsorption substrate. (A) The direct 

IE immunosensor. (B) The SSIE immunosensor. 

 

Sensitivity, selectivity, and recovery study on PCT detec-

tion 

We have optimized the cAb binding affinity, cAb con-

centration, and dAb detection time (Figure S2, S3 and S4). By 

equation (6), the binding affinity between cAb and PCT is the 

essential for the SSIE immunosensor signal. Among a series of 

commercial PCT antibodies from different companies, we 

have evaluated their binding affinity and chosen the antibody 

with the highest binding affinity as the cAb for PCT detection 

(Table S1 and Figure S2). Besides the binding affinity, the 

surface amount density of cAb also plays a key role in the 

SSIE immunosensor signal, so we have optimized the cAb 

concentration at 100 µg mL
-1

 (Figure S3). The dAb detection 

time has been optimized at 3 min (Figure S4). The sensitivity, 

selectivity, and recovery studies have been operated at the 

optimized conditions. 

The sensitivity study is based on the establishment and 

analysis of the calibration curve. Figure 2A is the typical gray-

scale image of the SSIE immunosensor for PCT quantitative 

detection from 0.125 to 128 mg mL
-1

. The SSIE immunosen-

sor signal increases with the PCT concentration increasing. By 

equation (6), the calibration curve of the SSIE immunosensor 

is deduced as �#/0 = 51.820 ⋅ %;<=/
21.341 � %;<=�	
>
? =

0.997� in Figure 2B. As described in the Supporting Infor-

mation, LOD is acquired as low as 0.081 ng mL
-1

 and the de-

tection of PCT ranges from 0.125 to 128 ng mL
-1

. Since the 

cut-off value of PCT concentration in serum is 0.5 ng mL
-1

 

and 2 ng mL
-1

 for the antibiotic therapy and the sepsis in clin-

ic, respectively, the PCT detection by the SSIE immunosensor 

meets the clinical requirements in sensitivity. 

 

Figure 2. The sensitivity study of the SSIE immunosensor and 

the direct IE immunosensor for PCT detection. (A) The typical 

grayscale image of the SSIE immunosensor to establish the 

calibration curve for PCT quantitative detection. For each 

concentration three parallel data are recorded. (B) The calibra-

tion curve for PCT detection by the direct IE immunosensor 

and the SSIE immunosensor. (C) The comparison of PCT de-

tection between the direct IE immunosensor and the SSIE 

immunosensor. 

In order to evaluate the amplification efficiency of the 

SSIE immunosensor, we have compared the LOD and the 

sensitivity with those of the direct IE immunosensor (Figure 

2B and 2C). The LOD of the SSIE immunosensor is 0.081 ng 

mL
-1

, while that of the direct IE immunosensor is 0.973 ng 
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mL
-1

 according to its calibration curve �#!) *� = 4.865 ⋅

%;<=/
23.282 � %;<=	�	
>
? = 0.998� . Thus, the SSIE im-

munosensor improves the LOD about 12.0 times. On the other 

hand, by equation (6), the SSIE immunosensor signal should 

be as about �#/0 �;<= ≈ 11.5⁄  times as that of the direct IE 

immunosensor. For the PCT concentration over 0.973 ng mL
-1

 

as the LOD of the direct IE immunosensor, the ratio is in good 

agreement with the deduction. For PCT concentrations ranging 

from 0.125 to 128 ng mL
-1

, the signal change of SSIE im-

munosensor achieves about 42.93 grayscale, while that of the 

direct IE immunosensor responses to 3.97 grayscale, indicat-

ing that the SSIE immunosensor has better sensitivity. The 

results present the SSIE immunosensor can amplify PCT de-

tection effectively and obtain the improved analytical perfor-

mance. 

Selectivity study can evaluate the anti-interference per-

formance. We have chosen four proteins: IgG, HSA, CRP, and 

CEA as the interferents. IgG and HSA are the main protein 

fractions in serum. Like PCT, CRP is also one of the inflam-

matory markers in serum. CEA, as a common-used tumor 

marker in serum, has nearly the same molecular weight as 

PCT. Besides these four protein interferents, we have em-

ployed a negative human serum sample (tested and diagnosed 

by the hospital) as the blank control. In the selectivity test, 

PCT concentration is 10 ng mL
-1

, while the concentration of 

these interferents is 100 ng mL
-1

. As shown in Figure 3, the 

SSIE immunosensor signal of 10 ng mL
-1

 PCT with inter-

ferents is the same as that of 10 ng mL
-1

 PCT without inter-

ferents. For the samples with the interferents only, the SSIE 

immunosensor signal is similar to that of the blank control. 

The results demonstrate that the PCT detection by the SSIE 

immunosensor holds good selectivity. 

 

Figure 3. The selectivity study for the SSIE immunosensor. IgG, 

HSA, CRP, and CEA are used as the interferents to evaluate the 

selectivity, while the negative human serum is used as the blank 

control. The concentration of PCT is 10 ng mL-1, while the con-

centrations of IgG, HSA, CRP, and CEA are 100 ng mL-1, respec-

tively. 

Recovery study can estimate the accuracy and the repro-

ducibility. Following the standard addition method, we have 

added PCT standard samples into the negative serum to form a 

series of PCT solutions at the concentrations of 0.5, 2, 4, 8, 

and 16 ng mL
-1

. As listed in Table 1, the recovery rates range 

from 99.62% to 103.07% with coefficients of variation (CV) 

below 15%. The results show that the PCT detection by the 

SSIE immunosensor has good accuracy and reproducibility. 

 

Table 1. Recovery study of the SSIE immunosensor in nega-

tive human serum (N=5) 

Added PCT 

(ng mL-1) 

Found PCT 

(ng mL-1) 
Recovery (%) CV (%) 

0.5 0.52 103.07 9.34 

2 2.03 101.44 2.23 

4 3.99 99.84 1.14 

8 8.02 100.29 1.20 

16 15.94 99.62 0.93 

 

Evaluating the non-specific adsorption of the SSIE im-

munosensor and clinical sample analysis 

Human serum contains a large variety of proteins at a 

high concentration from 60 to 80 mg mL
-1

 
15,28

. These proteins 

cause the non-specific adsorption and change the surface mass 

density of the protein layer on the immunosensor substrate 

significantly, further resulting in the signal increase of the IE 

immunosensor and the incorrect clinical diagnosis. We have 

evaluated the SSIE immunosensor capability of preventing 

non-specific adsorption by using the negative serum in Figure 

4A. Although the SSIE immunosensor is thoroughly blocked 

by the blocking buffer, with the addition of the negative se-

rum, the significant increase of the immunosensor signal sug-

gests the considerable non-specific adsorption. On the contra-

ry, with the subsequent addition of dAb, the stable signal 

demonstrates that little non-specific adsorption is involved. 

Thus, by taking the signal change caused by the addition of 

dAb as the response, the SSIE immunosensor presents good 

ability to avoid the non-specific adsorption in serum. 

After twice dilution with the PBST buffer, 12 human se-

rum samples have been tested by the SSIE immunosensor. The 

results are compared with those of the commercial ELECSYS 

PCT assay in Figure 4B. By correlation analysis and paired t-

test, the SSIE immunosensor is proved to have good agree-

ment with the commercial method. To further prove the neces-

sity and advantage of the SSIE immunosensor which takes 

�#/0 as the detection signal, we also have tested the same se-

rum samples by the sandwich strategy with the IE im-

munosensor. The signal increase of the sandwich strategy 

(�,��#-!*.) comes from the recognition of PCT (�;<=), the non-

specific adsorption from serum (�, )CD) and the amplification 

of dAb (�#/0). The clinical analysis results can be divided into 

these three aspects in Figure 4C. �, )CD accounts for a signifi-

cant proportion of �,��#-!*. , so the non-specific adsorption 

cannot be negligible. Besides, the large variety of  �, )CD 

shows that the non-specific adsorption in serum samples is 

different from one another. Because �,��#-!*. includes �, )CD, 

it can be foreseen that the sandwich strategy would be suffered 

seriously from the non-specific adsorption. Likewise, we have 

compared the detection results of the sandwich strategy with 

the commercial method by correlation analysis and paired t-

test. In Figure S5, the statistical analysis shows a significant 

difference between the sandwich strategy and the commercial 

method, indicating that the non-specific adsorption results in a 

rather poor detection accuracy. Since the SSIE immunosensor 

can eliminate influence of the non-specific adsorption effec-

Page 6 of 17

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

tively, it is a reliable and accurate method for the detection of 

PCT in clinical diagnosis. 

 

Figure 4. Evaluating the effect of non-specific adsorption to the 

SSIE immunosensor in clinical sample analysis. (A) Evaluation of 

the non-specific adsorption of the SSIE immunosensor from the 

negative serum. cAb is immobilized on the column a, b, and c, 

and then followed by the blocking treatment. Twice-diluted nega-

tive serum is added to the column b and c. dAb is subsequently 

delivered to the column c. The average signals of the column a, b, 

and c are 100.08 ± 0.10, 105.25 ± 0.07, and 105.33 ± 0.09, respec-

tively. (B) The comparison between the SSIE immunosensor and 

the commercial ELECSYS PCT assay for PCT detection in 12 

human serum samples. **Correlation is significant at the 0.01 

level (2-tailed). (C) Analysis of PCT detection results of 12 hu-

man serum samples by sandwich strategy with the IE immunosen-

sor. The signal of the sandwich strategy (�,��#-!*.) is divided into 

the recognition of PCT (�;<=), the non-specific adsorption from 

serum (�, )CD) and the amplification of dAb (�#/0). 

Comparison between the SSIE immunosensor and the cur-

rent immunoassays for PCT detection 

As PCT is a highly specific biomarker for bacterial infec-

tion and sepsis, its detection has attracted a lot of interest from 

the in-vitro diagnostics industry and the academic. Currently, 

commercial kits 
5-7

 mainly depend on the original raw material 

from BRAHMS GmbH (Henningsdorf, Germany). Taking the 

ELECSYS PCT assay for example, it has good detection sen-

sitivity at 0.060 ng mL
-1

 with short measurement time about 

18 min. However, all these commercial assays are based on 

the labelling technique, which brings high sensitivity but in-

creases complexity and cost. Compared with the commercial 

immunoassays, many lab-developed methods 
8-10

 have been 

applied for PCT detection and obtained overwhelming LOD 

up to the magnitude of pg mL
-1

 by introducing complicated 

label tags, customized antibodies or even novel nanomaterials. 

These materials make the detection high-cost, time-consuming 

and labor-intensive. 

We have overviewed the analytical performance of the 

SSIE immunosensor as well as these current methods for PCT 

detection in terms of the LOD, the detection range, the meas-

urement time, and the sample consumption in Table 2. Com-

pared with the current methods, the SSIE immunosensor not 

only meets the clinical requirements with the accessible com-

mercial antibodies, but also has advantages in short measure-

ment time and small sample consumption. 

The capability of the SSIE immunosensor for the detection 

of LMW protein biomarkers in serum 

To evaluate universality of the SSIE immunosensor as a 

general protocol for the serological detection of LMW pro-

teins, we have deduced the relationship among &' of cAb, the 

molecular weight, and the concentration of the analyte. The 

contour lines in Figure 5 indicate the detection performance of 

the SSIE immunosensor using cAb with typical &'  values 

from 0.1 to 10 nM. The surface mass density at the lines is 

0.012 µg cm
-2

, the SSIE immunosensor resolution. A point at 

the right area of the line means that its surface mass density 

exceeds the immunosensor resolution and is detectable with 

the corresponding cAb. Thus, for a protein biomarker with the 

given cut-off value and the molecular weight, we can deter-

mine whether it can be detected by the SSIE immunosensor 

according to Figure 5, which is a smart protocol that can great-

ly improve the detection efficacy. We have remarked several 

common-used biomarkers for bacterial infection, cardiovascu-

lar disease, and oncogenesis 
29-31

 in Figure 5. It demonstrates 

that the SSIE immunosensor has the capability of detecting 

most of the LMW protein biomarkers in serum, greatly broad-

ening the applications of the conventional IE immunosensor. 
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Table 2. The comparison of the analytical performance between the SSIE immunosensor and the current methods for PCT de-

tection 

Name/Method 
LOD 

(ng mL
-1

) 

Detection 

Range 

(ng mL
-1

) 

Measurement 

Time 

Sample Con-

sumption 

(µL) 

Reference 

Kryptor (Brahms) 0.060 0.020-50 19 min 100 5 

ADVIA Centaur CP 

(Brahms/Siemens) 
0.050 0.020-75 26 min 100 6 

ELECSYS 

(Brahms/Roche) 
0.060 0.020-100 18 min 30 7 

MIS 0.044 0.025-128 <2 h 50 10 

Electrochemical immu-

noassay 
0.001 0.010-350 >8 h 50 8 

Total Internal Reflection 0.040 0.025-10 9 min 50 9 

The SSIE immunosensor 0.081 0.125-128 10 min 10 This work 

 

 

Figure 5. The contour map for the detection of biomarkers by the 

SSIE immunosensor. X-axis and Y-axis are the concentration and 

the molecular weight of the analyte, respectively. The contour line 

demonstrates the change of the surface mass density at 0.012 µg 

cm-2 using cAb with typical  &'. Common-used biomarkers such 

as CEA, glutathione S transferases Pi (GSTPi), heart-type fatty 

acid binding protein (H-FABP), insulin-like growth factor 1 (IGF-

1), interleukin 6 (IL-6), myoglobin (MYO), PCT, and prolactin 

(PRL) are marked in the contour map. 

CONCLUSION 

In summary, we have systematically analyzed the factors 

that affect the signal of the IE immunosensor and constructed 

the SSIE immunosensor for the detection of LWM proteins. 

With the SSIE immunosensor, we have accomplished the sero-

logical detection of PCT with good analytical performance. 

This straightforward SSIE immunosensor can not only amplify 

the response to LMW proteins but avoid the non-specific ad-

sorption from the serum, promoting the IE immunosensor as 

an excellent label-free platform for detecting trace LMW pro-

tein biomarkers for clinical purpose. Furthermore, the SSIE 

immunosensor is a smart protocol that owns a predicative abil-

ity, which can greatly improve detection efficiency and reduce 

cost. We will focus on developing a portable and completely 

automatic IE immunosensor in the future work. 
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