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A B S T R A C T   

Glycated hemoglobin (HbA1c) has been widely explored as an important marker for monitoring and diagnosing 
diabetes. Due to the advantages of high selectivity, easy preparation, and convenient preservation of aptamers, 
research on glycated hemoglobin detection utilizing aptasensors has received much attention in recent years. 
However, factors such as the pH and the salt concentration of the solution and the structure of the aptamer could 
influence the interactions between HbA1c and the aptamer. In this study, the factors were evaluated using 
surface plasmon resonance (SPR). The results show that the pH and the salt concentration can greatly affect the 
formation of a complex between the aptamer and HbA1c. In the stereostructure of the aptamer, loop L1 may be 
an important motif for recognizing glycated hemoglobin. In addition, the best condition for detecting HbA1c was 
at pH 6, with a high sensitivity and a low limit of detection(LOD) (1.06 × 10− 3 RU

nM /2.55 nM). The results also 
demonstrated that the use of an SPR aptamer biosensor can be a sensitive technique to improve the accuracy and 
correctness of HbA1c measurement.   

1. Introduction 

Diabetes mellitus is one of the most common noncommunicable 
diseases in the world. Statistics show that there were approximately 382 
million people suffering from diabetes in 2013, and the number of dia
betes cases is growing fast and predicted to reach 592 million by 2035 
[1]. Diabetes can lead to blindness, leg amputations, nontraumatic foot 
disorders, acute complications and even death [2]. However, evidence 
has shown that early diagnosis and strict control of glucose levels can 
prevent or delay diabetes-related complications [3]. Increasing glucose 
levels are one of the criteria for diabetes diagnosis, but they are also 
affected by stress, exercise and many other factors. Compared with the 
glucose level, the glycated hemoglobin (HbA1c) content reflects the 
average concentration of glucose for the most recent 2–3 months, which 
is attributed to the life span of red blood cells of 100–120 days [4]. 
Therefore, for long-term glycemic control of diabetes and evaluation of 

related complications, the HbA1c ratio is an important clinical index. 
HbA1c measurement methods include high-performance liquid 

chromatography (HPLC), enzyme-linked immunosorbent assays (ELI
SAs), fluorescence sensing, chromatography and immunoturbidity as
says [5]. However, there are many disadvantages among these methods. 
The HPLC method has been used as the gold standard for HbA1c mea
surement, though large and expensive equipment is required. For 
immunoassay-based methods, antibodies are necessary, which are 
expensive and unstable for long-term storage. For fluorescence sensing, 
labeling may affect the adsorption behavior of proteins and probes. In 
recent years, an alternative method of detecting HbA1c has involved 
using HbA1c-specific aptamers. Aptamers are a class of oligonucleotide 
or peptide molecules that can discriminate target molecules on the basis 
of subtle structural differences. Compared with antibodies, aptamers 
have the advantages of customization, extremely accurate chemical 
synthesis, no batch variation, reproducibility, reversible denaturation 
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and long-term storage. Most importantly, aptamers are non
immunogenic [6], so it will be better to simulate their application in the 
human blood environment. 

HbA1c-specific aptamers were first prepared by Lin et al. They used 
systematic evolution of ligands by exponential enrichment (SELEX) 
through an in vitro process to obtain HbA1c aptamers. The specificity 
and affinity of the aptamers were computed, along with the dissociation 
constant for HbA1c, which was Kd = 7.3 ± 2.2 nM [7]. However, Kimoto 
et al. [8] reported that too much tedious modification of DNA and the 
test substance can affect the affinity and original shape of the aptamer. 
Therefore, using the original aptamer with few modifications to catch 
the target is the best way to maintain high affinity for detection. 

Surface plasmon resonance (SPR) is a surface-sensitive optical 
technique that is used for the determination of analytes. This approach 
can detect the thickness of films adsorbed onto the sensor surface and 
interactions between biomolecules such as antigen-antibody or protein- 
DNA interactions. In comparison with traditional detection methods 
such as X-ray, HPLC, High Performance Liquid Chromatography-Mass 
Spe (HPLC-MS), etc. SPR technique not only is a label-free and rapid 
detection method but also allows kinetic parameter measurements (of 
association and dissociation processes), concentration measurements 
and real-time molecule detection [9]. More importantly, the SPR tech
nique is an excellent detection method for real-time on-line analysis of 
molecular dynamics. Therefore, an increasing number of researchers 
have recently begun to use SPR to study the structure of aptamers to 
capture target analytes. He et al. used SPR to observe anti-recombinant 
human erythropoietin α aptamers with different sequences [10]. By 
designing different stem and loop designs, the aptamer with the best 
affinity was found, which confirmed that the structure of the aptamer 
affects its affinity with the test substance. Wang, S. et al. [11] achieved 
better conformational folding and better accessibility to small molecules 
for aptamers by designing a more uniform graft base, which validated 
that the electrostatic force around the pre-interfering aptamer can pro
mote the formation of a better structural shape (in terms of spatial 
structure) so that the aptamer can grasp the object to be detected. 
Wochner et al. [12] designed an aptamer with different secondary 
structures based on the original aptamer through mfold and identified a 
high affinity daunomycin aptamer with strong resistance to environ
mental interference through SPR, which put forward the view that the 
factors affecting the affinity between the aptamer and the detection 
object, in addition to the structure of the aptamer, are also affected by 
the environmental pH and the electrostatic shielding of sodium salts. 

Many studies have used aptamers to specifically capture glycated 
hemoglobin. Among the published articles, there are two effective 
HbA1c aptamers [13,14], the most cited of which was reported by 
Chang et al. in 2015. However, these works have not explored the 
concrete reason for the interaction between aptamers and target pro
teins [7,15–18]. In addition, these studies use the sandwich method with 
a long incubation time to obtain experimental data, which prevents 
samples from being quickly detected in medical applications within the 
validity period. To the best our knowledge, this is the first study to 
investigate the interaction between an aptamer and HbA1c by using 
SPR, in which the interaction is changed by the pH and the salt con
centration of the buffer as well as the structure of the aptamer. Beside, 
SPR technique is a direct detection method without any incubation 
which can provide a valuable reference for fast detect HbA1c in medical 
diagnosis. 

2. Materials and method 

2.1. Reagents 

DNA sequences were purchased from Sangon Biotech. Ltd. 
(Shanghai, China). Bovine albumin (BSA) was purchased from Sigma- 
Aldrich Company Ltd. (USA). Glycated hemoglobin was purchased 
from ProSpec-Tany TechnoGene Ltd. (Ness Ziona Israel). 8-Thiooctanoic 

acid (MOA) was purchased from Sigma-Aldrich Company Ltd. (USA). N- 
Hydroxysulfosuccinimide sodium salt (sulfo-NHS), 1-(3-dimethylami
nopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 6-mercapto
hexan-1-ol (MCH) were purchased from Aladdin Chemistry Co. Ltd. 
(Shanghai, China). Sodium dodecyl sulfate (SDS) was obtained from 
Beijing Biotopped Science & Technology Co. Ltd. (Beijing, China). Ab
solute ethyl alcohol, Na2HPO4⋅12H2O, NaH2PO4⋅2H2O and NaCl were 
purchased from Beijing Chemical Works (Beijing, China). 2-Morpholi
noethanesulfonic acid (MES) was purchased from Shanghai Macklin 
Biochemical Co. Ltd. (Shanghai, China). Deionized water obtained from 
a Millipore Direct-Q 5UV water purification system was used in all ex
periments. Matching oil series E (1.520) was purchased from Cargill 
Dow LLC. (USA). According to the study of HbA1c [19], the experi
mental environment was set to a pH of 6.96, at the isoelectric point of 
HbA1c, a pH of 7.4, above the isoelectric point of HbA1c, and a pH of 6, 
below the isoelectric point of HbA1c, forming an environment that 
makes the protein uncharged, negatively charged and positively 
charged, respectively. Four kinds of binding buffers were used in this 
study: (1) 0.1 M phosphate buffer (PB) with sodium chloride (137 mM) 
at pH 7.4. (2) 0.1 M PB without sodium chloride at pH 7.4. (3) 0.1 M PB 
without sodium chloride at pH 6. (4) 0.1 M PB without sodium chloride 
at pH 6.96. 

2.2. SPR testing equipment 

To more intuitively observe the adsorption behavior and kinetic 
relationship between aptamers and analytes, we use the most repre
sentative SPR instrument as the detection device. The self-developed 
SPR machine consisted of a temperature control component, mechani
cal motion detection component, microchannels, and host computer 
parts. The mechanical motion detection part mainly consisted of two 
mechanical arms that can move together, which are separately mounted 
on a 650 nm laser with a P polarizer and a photodetector. The movement 
of the robot arm is driven by a precision turntable so that the robot arm 
can be precisely controlled. The temperature control part is controlled 
by PWM waves to adjust the thermoelectric coolers, which maintain a 
stable temperature ±0.03 ◦C. The main body of the microchannel part is 
made of stainless steel. Due to its good thermal conductivity, oxidation 
resistance, and structural strength, this part can serve as a temperature- 
control medium while facilitating sample trace transfers, and it does not 
clog easily. Finally, the main function of the host computer is to set the 
rotation angle of the robot arm and collect the light intensity signal and 
process the collected signal to obtain the entire SPR curve. We added 
acceleration and deceleration processes in the control algorithm to drive 
the motors, which greatly increase the accuracy of our control of the 
robotic arm to ensure that the best resonance angle is obtained. In 
addition, we chose the main control chip STM32ZET6 for stable data 
acquisition and fast data transmission, which integrated a high-precision 
analog-to-digital converter and operating frequency. The home-made 
SPR system [20] has a refractive index resolution of 2.46 × 10− 6 

refractive index units (RIUs) and a wide dynamic range of 40◦–72◦, 
providing valid experimental data for research work. 

2.3. Simulation and selection of aptamers 

‘mfold’ is simulation software for predicting the secondary structure 
of single-stranded nucleic acids. Through this simulation software, re
searchers can quickly and freely obtain the secondary structure of ssDNA 
designed by themselves under the conditions that they set [21]. There
fore, we can observe the changes in aptamer structure under different 
parameters, and these conditions are known and controllable. 

In this study, the glycated hemoglobin aptamer [7], which has been 
cited many times, is used as the original chain. The aptamer sequences is 
showed as Table 1. Through the simulation, we obtained a stable sec
ondary structure under experimental conditions. As shown in Fig. S1(a), 
we divided three loops from this basis (L1, L2, and L3) and designed 
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three other aptamers (Fig. S1(b)–(d)) to investigate the effect of DNA 
structure on the specific binding of target proteins. To facilitate grafting, 
we purchased aptamers that modified the amino group at the 3′ end of 
the synthetic DNA. 

2.4. Sensor modification and characterization 

For HbA1c detection, we need to modify the sensor with aptamers. 
Fig. 1 is the scheme of the sensor modification process. The sensor chip 

Table 1 
Glycated hemoglobin aptamer base sequences.  

Sequence number Sequences 

Aptamer0 5′-GGC AGG AAG ACA AAC ACA TCG TCG CGG CCT TAG GAG GGG CGG ACG GGG GGG GGC GTT GGT CTG TGG TGC TGT-3′

Aptamer1 5′-GGC ACG CAG ACA AAC ACA TCG TCG CGG CCTTAG GAG GGG CGG ACG GGG GGG GGC GTT GGT CTG TG TGC TGT-3′

Aptamer2 5′-GGC AGG AAG ACA AAC ACA TCG TCG CGG CCT TAG GAG GGG CGG ACG ATG T GTT GGT CTG TGG TGC TGT-3′

Aptamer3 5′-GGC AGG AAG ACA AAC ACA TCG TCG CGG CCT TAG GGC GGA CGG GGG GGG GCG TTG GTC TGT GGT GCT GT-3′

Fig. 1. Scheme of the sensor modification process.  
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was first washed with absolute ethanol and exposed to UV light for 30 
min. The sensor chip was immersed in 10 mM MCH and 2 mM MOA 
(5:1) for 3 h at 25 ◦C. We chose the mixed membrane of MOA and MCH 
because of the similar length of the two mercapto chains. In this way, 
when forming a self-assembled monomolecular layer dominated by 
hydrogen bonds between MOA and MCH, the layer will be relatively 
uniform, and long-chain molecules are less prone to clumping. In 
addition, the length of MOA with –COOH is slightly longer than that of 
MCH with –OH, which is convenient for grafting with DNA modified 
evenly with amino groups for reasonable distribution [22]. After rinsing 
with absolute ethyl alcohol, the solution was incubated in 1 μM DNA 
solution with 5 mM EDC and 5 mM NHS dissolved in 0.1 M MES (pH =
5.5) for 1 h [20]. Finally, the sensor chip was washed with deionized 
water, dried with nitrogen and stored at 6 ◦C. 

To observe and characterize the sulfhydryl groups and DNA on the 
modified gold film, we performed water contact angle measurements 
and X-ray photoelectron spectroscopy (XPS) at different stages to ensure 
that successful modification occurred at each stage. 

2.5. Antifouling performance test 

The sensor chip’s specificity to a given analyte has a crucial effect on 
the experimental measurements. However, depending on the surface 
properties, nonspecific adsorption of proteins may be caused by 
hydrogen bonding, electrostatic, charge-transfer, and hydrophobic in
teractions [23]. The BSA protein contains hydrophobic, hydrophilic, 
cationic and anionic regions and is suitable for checking the specificity 
of the probe [24–26]. Therefore, the current experiment used 147 nM 
HbA1c as a control group and two BSA concentrations (149 nM and 149 
mM) to evaluate the nonspecific adsorption of the sensor. 

2.6. SPR measurement 

To observe the binding phenomenon of HbA1c and aptamer and 
analyze the kinetic parameters between them, SPR was used to test the 
adsorption of HbA1c at different concentrations (294 nM, 220 nM, 147 
nM, and 73 nM) in different buffer environments (0.1 M PB/pH = 7.4, 
0.1 M PB/pH = 6.96, 0.1 M PB/pH = 6, and 0.1 M PB+137 mM NaCl/ 
pH = 7.4). All experiments were based on the self-developed SPR setup. 
The experiment temperature was set at 25 ◦C, consistent with the tem
perature conditions simulated by mfold. 

First, the sensor chip was placed in the instrument, and the buffer 
solution was injected at a flow rate of 50 μl/min for 1 h. After obtaining a 
stable test baseline, the HbA1c solution was flowed for 30 min to obtain 
the adsorption curve, and then, the buffer solution was further flowed 
for 30 min to obtain a desorption curve. It is necessary to rinse the 
pipeline with 0.1% SDS for 60 min and deionized water for 120 min after 
finishing the work. 

2.7. Kinetic calculations 

The research theory used in this research is Langmuir isotherm 
adsorption model theory. In the binding process, HbA1c, aptamer and 
conjugate were regarded as analyte A, ligand B, and complex AB, 
respectively. The experimental data were fitted with a 1:1 interaction 
model, and the whole process can be expressed by Equation (1). 

[A] + [B] = [AB] (1) 

Affinity interactions between A and B were defined by the associa
tion rate constant ka and dissociation rate constant kd, and they have the 
following relationship [4]. 

ka ⋅ [A]⋅[B] = kd⋅[AB] (2) 

The equilibrium association constant KD =
kd
ka

, and the affinity con
stant KA =

1
kD

. 

During the association period, [AB] has the following relational 
expression. 

d[AB]
dt

= ka⋅[B]⋅[A] − kd⋅[AB] (3) 

During the reaction at time t, [B] = [B]0- [AB], where [B]0 is the 
initial ligand concentration. Then, Equation (3) was converted to 
Equation (4). 

d[AB]
dt

= ka⋅[A]⋅([B]0 − [AB]) − kd⋅[AB] (4) 

Equation (4) is solved to yield equation (5). 

[AB]
[B]0

=
[A]

[A] + kd
ka

⋅[1 − e− (ka[A]+kd)t] (5)  

ks is defined as the apparent reaction rate constant and has the 
expression shown in Equation (6). 

ks = ka⋅[A] + kd (6) 

In the SPR system, the response value R has a linear relationship with 
AB, and [AB] can be replaced by R. After completing the saturation 
experiment, [AB] = [B]0, and the maximum response value Rmax is 
obtained (Rmax = [B]0). Then, Equation (7) evolves from Equation (4). 

R
Rmax

=
ka⋅[A]

ka⋅[A] + kd
[1 − e− (ka[A]+kd)t (7)  

Rmax ⋅ka ⋅[A]
ka⋅[A]+kd 

is replaced by Re, 

R=Re[1 − e− ks ⋅t] (8) 

The data of the SPR adsorption curves at different concentrations of 
A are fitted with Equation (8) to obtain the ks values of the corre
sponding concentrations [20]. 

{

ks1 = ka[A]1 + kd
ks2 = ka[A]2 + kd
ksi = ka[A]i + kd

(9)  

where i is the analyte concentration. 
Finally, the fitting line is made according to [A] with different con

centrations and ks corresponding to [A] to obtain the slope ka, the 
intercept kd, and KA. 

3. Results and discussion 

3.1. Characterization of successful sensor modification 

To understand the surface characteristics of every modification 
process, we used the water contact angle and XPS to verify the successful 
grafting on the Au surface (Fig. 2). For the freshly plated film, we 
measured a bare gold contact angle of 55.5 ± 2◦ [27]. The contact angle 
of bare Au after UV cleaning was barely detectable (almost 0◦). After 
forming the MOA-MCH mixed self-assembled monolayer (SAM), the 
contact angle changed from 0◦ to 23 ± 2◦. This change was attributed to 
the hydroxyl and carboxyl functional groups, which are more hydro
philic than the bare Au surface [28]. Interestingly, the contact angle 
decreased to 13 ± 2◦ after DNA immobilization. This increase in hy
drophilicity was due to the hydrophilic nature of phosphoric acid, 
indicating the successful immobilization of DNA onto the mixed 
SAM/Au [29]. 

As shown in Fig. 3, only the element gold was present on the chip 
without surface modification. The core-level spectra of the MOA/MCH 
stage are presented in Fig. S2. The C1s spectrum (Fig. S2(a)) shows that 
the peaks at 284.8 eV, 286.4 eV, and 289.1 eV should be attributed to 
C–C, C–OH and O––C–OH, respectively. Three distinct peaks at 531, 
532.3 and 533.3 eV in the O1s spectrum (Fig. S2(b)) represent the 
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presence of C––O, C–OH and O–C–O, respectively. This result is due to 
the exposed –COOH and –OH groups of MOA and MCH, respectively. 
The high binding energy peak at 162.5 eV and low binding energy peak 
at 166.5 eV were attributed to Au–S and –SO3, respectively (Fig. S2(c)). 
This result showed that most of the MOA/MCH molecules were bonded 
to Au by Au–S linkages, and only a small amount of S was oxidized. 

In the MOA/MCH/aptamer stage, the spectrum of N1s (Fig. S3(b) 
shows that amines (C–NH2) and amides (O = C–NH) appear at 400 eV 
and 401.5 eV, respectively. These peaks are observed because the amino 
group on the DNA and the carboxyl group at the end of MOA are 
dehydrated and condense to form an amide, and the DNA is rich in ni
trogen bases and grafted onto the SAM. The P2p spectrum (Fig. S3(d)) 
showed that the P element peak appeared at 133.4 eV, which was caused 
by DNA containing phosphate backbones (see Table 1). 

Assuming that the theoretical grafting value is 100%, each grafted 
DNA molecule has approximately 70 phosphate groups (P), and one 
DNA molecule corresponds to 6 thiol groups (MCH: MOA = 5:1). 
Therefore, according to the element content in Table 2, we can roughly 
calculate the grafting rate of DNA as 5%. The above data demonstrate 
that the SAM and DNA are successfully immobilized on the gold surface. 

3.2. Antifouling performance 

BSA is very easy to adhere to the surface of the material and can be 
used as a contaminant to conduct antifouling performance experiments 
[30]. Fig. 4 shows the response curves for the three samples. BSA (149 
nM) was used to test the sensor’s antifouling performance, and it was 
found that the SPR signal value was almost unchanged. BSA (149 mM) 
was used to verify the antifouling properties at physiological environ
mental concentrations, and the results increased to 0.015 RU. The 
response value of 147 nM HbA1c is more than 10 times that of 149 nM 

BSA. This finding showed that the recognition layer had good anti
fouling performance. Otherwise, compared with 0.085 RU of the control 
group (147 nM HbA1c), the results showed that the sensor has high 
specificity. The above data show that the aptamer identification layer 
has high antifouling performance and specificity. 

3.3. The results of SPR measurements 

The experimental tests used four types of buffers and aptamers. To 
facilitate comparison of the results under different conditions, all 
experimental response plots are divided, as shown in Figs. 5 and 6, 
Figs. S4 and S5. Fig. 5 shows the response of aptamer0 in different buffer 
environments. Under the conditions of pH = 6/0.1 M PB, pH = 6.96/0.1 
M PB, pH = 7.4/0.1 M PB and pH = 7.4/0.1 M PB + 137 mM, the 
sensitivity and LOD are 1.06 × 10− 3RU

nM /2.55 nM, 3.885 × 10− 4 RU
nM/6.95 

nM, 5.763 × 10− 4 RU
nM/4.68 nM and 7.4 × 10− 5 RU

nM/36.48 nM, respec
tively. The results show that pH 6/0.1 M PB is the best detection con
dition and the linear range is 73 nM–294 nM. Under this condition, the 
coefficient of determination is higher than 0.98. Compared with the 
condition of pH = 7.4/0.1 M PB + 137 mM, the sensitivity of the pH 6/ 
0.1 M PB condition is increased by 2 orders of magnitude; in terms of 
LOD, it is decreased by one order of magnitude. This result shows that 
changes in the pH and the salt concentration can greatly affect the forces 
between the aptamer and HbA1c. The results show that the optimal test 
environment is inconsistent with that of many current studies [7,15,18, 
31–33], which indicates that more than one factor can influence the 
interaction between aptamer0 and HbA1C. 

In Fig. S4, the adsorption characteristics of aptamers with different 
structures and HbA1c in the same buffer (pH = 7.4/0.1 M PB) are shown. 
Under the conditions of aptamer0, aptamer1, aptamer2 and aptamer3, 

Fig. 2. Contact angle measurement of (a) bare Au, (b) bare Au after UV exposure, (c) Au/MOA/MCH SAM, and (d) Au/MOA/MCH/aptamer.  
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the sensitivity and LOD are 5.763 × 10− 4 RU
nM/4.68 nM, 5.38 × 10− 4 

RU
nM/5.02 nM, 1.834 × 10− 4 RU

nM/14.72 nM and 1.154 × 10− 4 RU
nM/23.35 nM, 

respectively. The results show that aptamer0 is the optimal detection 
condition. Compared with that of the aptamer3 conditions, the sensi
tivity of aptamer0 is increased by 4 times; in terms of LOD, it is 
decreased by one order of magnitude. This result illustrates that 

differences in the structure of the aptamer will affect its interaction with 
HbA1c. 

From the above measurement data, it can be concluded that the 
change in pH has a higher impact on aptamers and HbA1c. This result is 
likely because the combination of aptamers and analytes is promoted 
and the aptamer structure forms better binding sites on a three- 

Fig. 3. XPS spectra of the sensor in different processes: (a) Au, (b) carbon, (C) oxygen, (d) sulfur, (e) nitrogen, (f) phosphorus line, where the black, red and blue lines 
represent the stages of bare Au, Au/mixed SAM and Au/mixed SAM/aptamer, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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dimensional structure at pH = 6. Under the condition of pH = 6, the 
aptamer is negatively charged and glycated hemoglobin is positively 
charged. The interaction between the two is promoted by electrostatic 
attraction, which makes the response signal larger. 

3.4. SPR kinetic parameters 

In Langmuir isotherm adsorption model, the interaction process of 
HbA1c and aptamer was divided into association and disassociation 
phases, and the obtained kinetic parameters for the phases are listed in 
Table 3. 

Combining the response diagrams and kinetic parameter results of 
four concentrations of the test substance under different conditions, we 
obtain that aptamer1 possesses a maximum ka (8.78 × 104 M− 1 s− 1) at 
pH = 7.4/0.1 M PB, which is due to truncation of the L1 loop on the 
aptamer. Comparing all the experimental conditions and kinetic data, 
we screened out the conditions that gave the maximum KA: pH = 6 and 
0.1 M PB. The data showed that under the condition of pH = 6/0.1 M PB, 
there is a strong binding behavior between HbA1c and aptamer. 

3.5. Analysis of the interaction between aptamer and glycated hemoglobin 

3.5.1. Effect of electrostatic force 
It is generally believed that any changes or chemical reactions that 

occur in independent systems always proceed in the direction of 
decreasing enthalpy (ΔH <0) and increasing entropy (ΔS> 0). There
fore, the process of binding aptamers and proteins into complexes is 
spontaneous, which can be explained by the Gibbs free energy formula, 
ΔG = ΔH-ΔS × T, and ΔG is a negative number. 

When the protein is positively charged and the DNA is negatively 
charged, the process of electrostatic adsorption leading to the binding of 
the two reactants is actually an exothermic reaction [34]. This reaction 

Table 2 
XPS results of elemental percentages.  

Modification process Au4f (Atomic %) S2p (Atomic %) C1s (Atomic %) O1s (Atomic %) N1s (Atomic %) P2p (Atomic %) 

Bare Au 100 0 0 0 0 0 
Au/mixed SAM 53.71 5.06 34.36 6.87 0 0 
Au/mixed SAM/aptamer 35.23 4.52 37.43 11.33 9 2.49  

Fig. 4. SPR response of the aptasensor with BSA and HbA1c.  

Fig. 5. SPR measurement results of 4 different HbA1c concentrations(aptamer0): (a) 0.1 M PB, pH = 6, (b) 0.1 M PB, pH = 6.96,(c) 0.1 M PB+137 mM NaCl, pH =
7.4, and (d) 0.1 M PB, pH = 7.4. 
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will have a large enthalpy reduction [35], and the entropy value (ΔS) 
will increase slightly at the same time (the heat released will increase the 
disorder). From an independent system perspective, it is a spontaneous 
reaction dominated by electrostatic forces. 

Therefore, in the binding environment at pH = 6, the kinetic pa
rameters are mainly manifested in a decrease in kd, which is 0.25 times 
that at pH = 7.4. This result is because the formed complex is not easily 
dissociated due to electrostatic adsorption. In addition, under the con
ditions of pH = 7.4 with salt (137 mM NaCl), kd is also reduced, and its 
value is 0.5 times that of the condition without salt. This outcome is 
likely because the added salt ions coat the protein, which weakens the 
electrostatic repulsion effects [36], thereby slowing the dissociation rate 
of the complex. 

3.5.2. Effect of hydrophobic forces 
When the protein appears uncharged, the electrostatic force is almost 

zero, so the main force of HbA1c binding to the aptamer becomes the 
hydrophobic force. Some studies have shown that hydrophobic in
teractions are important interactions between proteins and aptamers 
[37–41]. 

In the case of the isoelectric point (pH = 6.96), the total surface area 
of the protein after binding to the aptamer is smaller than the surface 
area when it is not bound, resulting in a portion of the water molecules 

that encapsulate the protein and the aptamer becoming free water. This 
situation leads to an increase in the overall disorder, so ΔS is positive 
[42]. Compared to the pH = 6 condition, at pH = 6.96, the kinetic 
parameter ka is slightly smaller, kd is slightly larger, and KA is smaller. 

3.5.3. Effect of aptamer structure changes 
Stems and loops on the aptamer structure can affect the affinity of the 

aptamer for binding to the analyte, which has been widely demonstrated 
[36,43–51]. Many studies have used a method of intercepting the 
stem-loop structure to determine which part of the aptamer plays a key 
role. The aptamers used in this study were found to have three charac
teristic loops by mfold simulation of the secondary structure, and 
aptamer structures lacking each characteristic loop were designed and 
simulated according to the principle of base complementary pairing. We 
used three designed aptamers (Fig. S1) for comparison with the proto
type to determine which loop had the greatest effect on the affinity of the 
aptamer for HbA1c. Compared with those of the control group aptamer0 
(pH = 7.4/0.1 M PB), the sensitivity and LOD of aptamer 1 are on the 
same order of magnitude, and ka and kd are increased by 1 order of 
magnitude; the sensitivity of aptamer2 is decreased by 70%, the LOD is 
increased by 1 order of magnitude, ka is reduced by 50% and kd is 
reduced by approximately 25%; and the sensitivity of aptamer 3 is 
reduced by 80%, the LOD is increased by 1 order of magnitude, ka is 
reduced by 60%, and kd is reduced by approximately 25%. In terms of 
kinetic parameters, L1 may play an important role in accurately iden
tifying HbA1c, which is mainly reflected by aptamer 1, which lacks the 
L1 loop, increasing the association rate and dissociation rate of the 
complex at the same time; L2 and L3 on the aptamer assist in adsorbing 
HbA1c, which is reflected in a large decrease in ka and a small decrease 
in kd. In view of the changes in ka and kd, it is concluded that among the 
three loops, L1 may be important to identify HbA1c. 

4. Conclusion 

The pH and the salt concentration can greatly affect the formation of 
a complex between an aptamer and HbA1c. In addition, loop L1 on the 
structure of the aptamer may be an important structure to recognize 
glycated hemoglobin. Furthermore, the interaction between the aptamer 
and HbA1c includes electrostatic and hydrophobic forces. The sponta
neous reaction of the complex can be attributed to enthalpy-entropy 
compensation. Moreover, the best condition for detecting HbA1c was 
pH 6, with a high sensitivity and a low LOD. This work has demonstrated 
that SPR analysis can successfully detect and quantify the binding of 
HbA1c to an aptamer monolayer by specific interactions. This method
ology may prove to be useful in clinical diagnosis and could serve as an 
aptamer assay for HbA1c binding ability. 
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Fig. 6. Calibration lines of condition aptamer0/pH = 6/0.1 M PB for detection 
of HbA1c. 

Table 3 
Kinetic parameters for the affinity interaction between HbA1c and aptamer in 
different buffers.  

Aptamer Solution pH ka (M− 1 

s− 1) 
kd (s− 1) KA (M− 1) 

aptamer0 0.1 M PB 7.4 8.78 × 104 7.80 ×
10− 4 

1.12 ×
107 

aptamer0 0.1 M PB 6.96 1.91 × 103 8.68 ×
10− 4 

2.20 ×
106 

aptamer0 0.1 M PB 6 2.61 × 103 1.89 ×
10− 4 

1.38 ×
107 

aptamer0 0.1 M PB+137 mM 
NaCl 

7.4 2.67 × 103 4.67 ×
10− 4 

5.71 ×
106 

aptamer1 0.1 M PB 7.4 1.72 × 104 2.87 ×
10− 3 

5.99 ×
106 

aptamer2 0.1 M PB 7.4 4.26 × 103 5.24 ×
10− 4 

8.13 ×
106 

aptamer3 0.1 M PB 7.4 3.53 × 103 5.31 ×
10− 4 

6.60 ×
106  
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