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Abstract

:

Neonatal γ-immunoglobulin (IgG) Fc receptor (FcγRn) is a receptor that transports IgG across the intestinal mucosa, placenta, and mammary gland, ensuring the balance of IgG and albumin in the body. These functions of FcγRn depend on the intracellular signal transduction and activation caused by the combination of its extracellular domain and IgG Fc domain. Nevertheless, there are still no kinetic studies on this interaction. Consequently, in the present study, we successfully constructed the human FcγRn (hFcγRn) electrochemical receptor sensor. The signal amplification system formed by chitosan nanogold-hFcγRn protein and horseradish peroxidase was used to simulate the cell signal amplification system in vivo, and the kinetic effects between seven IgG and hFcγRn receptors from different species were quantitatively measured. The results showed that the interaction of these seven IgGs with hFcγRn was similar to the catalytic kinetics of enzyme and substrate, and there was a ligand-receptor saturation effect. The order of the interconnect allosteric constants (Ka), which is similar to the Michaelis constant (Km), was human IgG < bovine IgG < horse IgG < rabbit IgG < sheep IgG < donkey IgG < quail IgY. The results showed that hFcγRn had the strongest ability to transport human IgG, which was consistent with the evolution of the system. Therefore, our hFcγRn electrochemical receptor sensor can be used to measure and evaluate the interconnected allosteric network. It is also an essential parameter of the interaction between hFcγRn and different IgGs and, thus, provides a new detection and evaluation method for immunoemulsion, therapeutic monoclonal antibody therapy, heteroantibody treatment, and half-life research.
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1. Introduction


The neonatal immunoglobulin (IgG) Fc receptor (FcγRn) is composed of a heavy chain α-chain with a molecular weight of about 50 kD and a light chain β2-microglobulin (β2m) with a molecular weight of about 15 kD. Its structure is similar to the heterodimer receptor of the major histocompatibility complex (MHC) class I molecule [1], while its main function is to mediate the non-specific endocytosis of IgG from pregnant and lactating mothers, which is transported to the fetus via the placenta barrier or to infants via the breast barrier and intestinal wall barrier so that pregnant and lactating mothers can transmit humoral immunity to offspring [2,3,4], as well as resist congenital diseases such as hypoproteinemia [5,6]. In addition, FcγRn is also a single receptor for IgG and albumin [7,8]. It binds to IgG/albumin in a pH-dependent manner (at acidic pH (pH ≤ 6.5) with a nanomolar affinity at a neutral pH or higher (pH ≥ 7.0) not combined or released) [9,10,11,12], so that IgG/albumin is internalized into the acidic endosome membrane where FcγRn is located by nonspecific endocytosis, which is free from degradation due to dissociation from lysosomal fate (Figure 1), thus ensuring the long half-life of IgG and albumin in vivo [13,14,15].



The two functions of FcγRn are mainly achieved through the interaction of multiple amino acid residues (such as tryptophan 131, glutamate 116, isoleucine 11, etc.) in α1 and α2 domains with CH2-CH3 amino acid residues (such as isoleucine 253, histidine 310 and histidine 435) in IgG Fc domains [3,13]. When IgG is released into the blood, IgG continues to bind to Fc receptors (FcRs), because FcRs of IgG are widely expressed in macrophages, monocytes, neutrophils, basophils, natural killer (NK) cells and other immune cells [16]. Therefore, when the antigen binds to the Fab end of IgG, FcRs generate positive or negative intracellular signals regulating cell response [17]. Some of the effector cells internalize the soluble immune complex or cell-antibody complex through endocytosis, and other effector cells kill the target cells through antibody-dependent cell-mediated cytotoxicity (ADCC) [18], which has great potential in the treatment of many diseases and even tumors by using therapeutic monoclonal antibodies. For instance, vaccinating pregnant women with influenza vaccine reduces the probability of infants to suffering from influenza and mothers to suffering from respiratory diseases [19,20]. Fc-insulin-encapsulated nanoparticles are used to target the intestinal mucosal transport of wild-type mice so as to render the wild-type mice in a long-term hypoglycemic state [21,22]. Generally, the function of the therapeutic monoclonal antibody is primarily determined by the interaction between the Fc domain of the antibody and the FcRs [23]. Therefore, quantitative evaluation of this interaction is essential for solving the half-life of therapeutic monoclonal antibodies however, only a few studies addressed this issue thus far.



Because the heterologous IgG can be transmitted to the blood circulation of the body through the intestinal mucosa and can be combined with various leukocytes with Fc receptor in the blood, it provides a theoretical basis for the passive immune function of milk. Substantial evidence has shown that the milk of one kind of animal can provide immune protection for its own children, but also for other different kinds of animals [24,25]. The heterogeneous transfer of passive immunity provides an opportunity for the development of immune milk. It was found that drinking specific immune milk can prevent rheumatoid arthritis, cholera, and cardiovascular diseases. For example, the widespread use of cow’s immune milk is considered to be a potential means of slowing down the outbreak of avian influenza, severe acute respiratory syndrome (SARS), and other human respiratory diseases [26]. At present, many products on the market, especially infant milk powder, claim to be rich in IgG. Nevertheless, it remains unknown whether IgG from different mammals can be transported to the human body through human FcγRn and not be discharged out of the body as a heteroantibody participating in immune protection.



When hFcγRn is combined with different concentrations of ligand IgG, different signals are input to the body, which generate corresponding output signals in the body. This causal relationship reflects the dynamic process of signal amplification generated by the interaction of hFcγRn and IgG after extracellular binding and transmembrane [27,28]. Therefore, in this study, the hFcγRn electrochemical receptor sensor was constructed, and the signal amplification system was formed by chitosan-gold nanoparticle-hFcγRn protein and horseradish peroxidase (HRP). The response current generated by the binding of IgG with hFcγRn measured by the electrochemical workstation at different concentrations, was used to simulate the process of signal transmission in vivo. Quantitative research was performed on the recognition, interaction, and linkage allosteric dynamics between different kinds of IgG and hFcγRn, with the aim of furthering the research on immune milk, therapeutic monoclonal antibodies, heterologous antibody treatment, and half-life.




2. Result


2.1. Ultraviolet–Visible Light (UV-Vis) Scanning and TEM Characterization of Gold Nanosol


Due to the high conductivity, large specific surface area, and negative charge on the surface of gold nanoparticles (GNPs), which can rapidly adsorb the IgG antibody with the Fc domain [29,30] under electrostatic interaction, GNPs were prepared to provide the electrical signal amplification effect on hFcγRn protein. The color of GNPs after preparation was wine red. The ultraviolet-visible light spectrophotometer was used next to scan the whole wavelength of the newly prepared GNPs in the visible light range of 450–700 nm. The results are shown in Figure 2. Transmission electron microscopy (TEM) was used to further observe the GNPs. The results are shown in Figure 3.



As shown in Figure 2, the configured GNPs reached the maximum absorption peak at 521 nm. The average particle size of GNPs corresponding to the absorption value was about 15–20 nm. As shown in Figure 3, the sphere diameter of GNPs was about 20 nm, and its shape was a regular sphere, with uniform particle size and no obvious agglomeration. Because the particle size of GNPs in the UV-Vis scan and TEM scan was basically the same, and GNPs were in favorable condition, the GNPs were successfully configured in this experiment.




2.2. Electrochemical Characterization of the Assembly Process of hFcγRn Electrochemical Receptor Sensor


Using a 1 × 10−3 mol/L K3Fe (CN)6 solution (containing 0.20 mol/L KNO3) as the test bottom solution, the whole electrode assembly process was characterized by cyclic voltammetry with a scanning rate of 50 mV/s and a scanning range of −0.1 to 0.6 v. The characterization results are shown in Figure 4. Curves a and b show that the peak current value of curve b was much smaller compared to curve A. This was because the formed chitosan (chit) film blocked the electron transfer to the electrode surface, which proved that the chit film was successfully assembled. As shown in curve b and c, the redox peak current of curve c was much higher than that of curve b. This was because the GNPs of gold particles with a diameter of 1–100 nm had high electron density, specific surface area, and dielectric properties [29,30], which provided them with have excellent electron transfer ability and accelerated electron migration, thus indicating that the GNPs were successfully assembled. As shown in curve c and d, the redox peak current of curve d was smaller than that of curve c, because hFcγRn protein increased the resistance and blocked the electron transfer, which indicated that the hFcγRn protein was successfully assembled. As displayed in curves d and e, the redox peak current of curve e was larger than that of curve d. This was because the ability to promote electron transfer of thionine (thi) was stronger than that of chit, which indicated the successful assembly of the thi-chit complex. As demonstrated in curves e and f, the redox peak current of curve e was much smaller than that of curve f. This was because after HRP-GNPs were assembled, the redox ability of HRP significantly increased, which indicated that HRP-GNPs were successfully assembled. As shown in curve f and g, the redox peak current of curve f was much higher than that of curve g, which was because hFcγRn protein again prevented the electron transfer again, indicating that the second layer of hFcγRn protein was successfully assembled. As displayed in curves g and h, the redox peak current of curve g was lower than that of curve h. This was because bovine serum albumin (BSA) blocked the non-specific sites on the electrode surface, indicating that BSA incorporation was successful. In conclusion, the double gold-nanoparticles modified hFcγRn electrochemical receptor sensor was successfully assembled.




2.3. Optimization of Determination Conditions of hFcγRn Electrochemical Receptor Sensor


2.3.1. Determination of Constant Voltage


The sensor parameters of hFcγRn were measured using the time–current method. Since the binding of hFcγRn to its ligand IgG changes the signal, which could be evaluated by the change in response current determined by electrochemical workstation [27], and since the change of this combination process takes a specific time, we used time–current method to measure the sensing parameters. We used ultrapure water as the blank control (to eliminate the interference of impurities. The change rate of steady-state current before and after the combination of 1 × 10−8 mol/L human IgG solution and hFcγRn with respect to the voltage was used to measure the effect of different voltages on the electrochemical response of the sensor. As shown in Figure 5, when the voltage was −0.38 V, the change value of response current was the largest; thus, −0.38 V was selected as the constant voltage of the electrochemical receptor sensor of hFcγRn to measure different IgG solutions.




2.3.2. Determination of Data Collection Time


The stable current change rate of 1 × 10−8 mol/L human IgG solution under different binding time with respect to the different binding time was used to determine the time when the stable current value was stable after the combination of hFcγRn and IgG. Furthermore, the data collection time after ligand–receptor interaction was determined. As shown in Figure 6, the change rate of the signal current of the electrode after 20 s basically remained unchanged. Therefore, the time that could stabilize the current value for 20 s was the data collection time when the hFcγRn electrochemical receptor sensor interacted with different IgG solutions.





2.4. The effect of IgG on hFcγRn Receptor


2.4.1. The Interaction between IgG and FcγRn Receptor


The electrode was assembled using the method outlined in Section 4.3.3. The minimum detection value of each IgG was determined using the method outlined in Section 4.5, and the response current of seven IgGs was tested to determine their concentration range. The logarithm value of IgG concentration with respect to the change rate of response current was determined, as shown in Figure 7.



As demonstrated in Figure 7, the change rate of response current of different kinds of IgG in a certain concentration range showed a favorable linear relationship with the increase of in IgG concentration, as follows: bovine IgG ranged from 10−22 to 10−20 mol/L, goat IgG ranged from 10−21 to 10−19 mol/L, human IgG ranged from 10−23 to 10−21 mol/L, and rabbit IgG ranged from 10−21 to 10−18 mol/L, horse IgG ranged from 10−22 to 10−20 mol/L, donkey IgG ranged from 10−21 to 10−19 mol/L, and quail IgY ranged from 10−19 to 10−17 mol/L. Therefore, we could detect the current change rate of different kinds of IgG in a smaller concentration range corresponding to different IgGs.




2.4.2. Kinetic Interaction Curve of IgG and FcγRn Receptor


The range of IgG detection concentration, which had a good linear relationship with FcγRn, was further subdivided. The concentration of IgG measured with respect to the change rate of current was determined. At the same time, we used origin 9.0 software to perform the hyperbolic fitting for each curve, as shown in Figure 8.



As shown in Figure 8, at a lower concentration, the change rate of current increased with the increase of in ligand concentration, indicating that hFcγRn was not saturated at this time. When the concentration reached a certain level, the change rate of current was very low or even constant with the continuous increase of ligand concentration, which indicated that hFcγRn reached saturation. The R2 of the curve of the current change rate of the seven IgGs was measured in the corresponding concentration range beyond 95%, which showed that the action of the seven IgGs and hFcγRn conformed to the hyperbolic law.



According to the receptor-ligand binding, the kinetics equation was as follows:


   [ R ]  +  [ L ]   ⇌     k 2         k 1       [  RL  ]  →  Electrochemical   signal   change   



(1)




When the receptor was saturated, the Equation (2) was obtained:


  K a =    k 2     k 1    =    [ R ]   [ L ]     [  R L  ]     



(2)







When [RT] is the initial concentration of the acceptor, then [R] = [RT] − [RL]. When [LT] is the total ligand concentration, then [L] = [LT] − [RL]. [L] = [LT] − [RL] and [R] = [RT] − [RL] are substituted into Equation (2) to yield:


[RL]2 − [RL]{[RT] + [LT] + Ka} + [RT][LT] = 0



(3)







The above equation is a hyperbolic unary quadratic equation with [RL] as a variable. When [RT] and Ka are fixed, [RL] alters in accordance with the change of [LT]. It rapidly increased in the early stage, and gradually plateaued in the middle and late stages. It was shown that the interaction between the receptor and the ligand had a ligand saturation process, whereby Euation (3) shows the saturation equation of receptor-ligand interaction. This process was similar to the substrate saturation effect of the interaction between the enzyme and the substrate, and the substrate saturation effect was a sign of the catalytic kinetics of the enzyme.



Upon modification of Equation (3), Equation (4) was obtained:


   1   [  R L  ]    =  1   [  R T  ]    +    K a     [  R T  ]     1   [ L ]     



(4)







The above equation is a double reciprocal equation with 1/[RL] as the dependent variable and 1/[L] as the independent variable. The figure of this double reciprocal equation is a straight line. The slope of the line is Kd/[RT], the intercept at the x-axis is −1/Kd, and the intercept at the y-axis is 1/[RT]. Therefore, this study could be used to evaluate the interaction kinetics of hFcγRn with ligand IgG by using the constant (Ka) similar to the Michaelis constant (Km) in this equation. In this study, this constant (Ka) is called the interconnected allosteric constant.




2.4.3. Linkage Allosteric Constant of the Interaction between IgG and hFcγRn Receptor


According to the above derivation, based on Figure 8, the Lineweaver-Burk method (also called the double reciprocal method) was used to draw a double reciprocal curve (Figure 9) of seven IgGs within a certain concentration range. The abscissa of the graph was the reciprocal of the subdivided seven IgG concentrations, and the ordinate was the reciprocal of the corresponding current change rate. It could be seen from Figure 9 that the value of the linear regression equation, the correlation coefficient (R2), and the interconnected allosteric constants (Ka) generated by the interaction of IgG with hFcγRn in a certain concentration range are listed in Table 1.



The interconnected allosteric constants (Ka) and the Michaelis constant (Km) are similar. The value of Ka is similar to that of Km, which is defined as the ligand concentration when the receptor saturation effect is half reached because the Km value of an enzymatic reaction is negatively related to its catalytic effect. Therefore, a smaller Ka value denotes stronger interconnected allosteric dynamics between the ligand and receptor. As shown in Table 1, the order of Ka after the interaction of seven IgGs and hFcγRn was human IgG < bovine IgG < horse IgG < rabbit IgG < sheep IgG < donkey IgG < quail IgY. Obviously, the Ka value produced by the interaction between human IgG and hFcγRn was the lowest, which indicated that human FcγRn has the strongest ability to operate human IgG. After the interaction of quail IgY and hFcγRn, the Ka value of quail was the largest, which indicated that human FcγRn has the weakest ability with respect to quail IgY operation. The result of the Ka value was basically consistent with that of system evolution, which shows that the result of this experiment was reliable.





2.5. Determination of Specificity, Stability, and Reproducibility of hFcγRn Electrochemical Receptor Sensor


2.5.1. Specificity of hFcγRn Electrochemical Receptor Sensor


The response current of 10−23 to 10−20 mol/L human IgG solution and 10−19 mol/L human IgG solution containing the same volume of three kinds of interferences (the concentrations of IgA, IgM, and IgE solution were all 10−6 mol/L) was measured using the hFcγRn electrochemical receptor sensor. According to the change rate of the response current, it could be judged whether the interference had an effect on the combination of IgG and hFcγRn. As shown in Figure 10, when these four kinds of interferences were added to the 10−19 mol/L human IgG solution, the change rate of response current after stabilization did not decrease significantly, which suggested that the hFcγRn electrochemical receptor sensor had high specificity.




2.5.2. Stability of hFcγRn Electrochemical Receptor Sensor


The hFcγRn receptor sensor was continuously measured in 1 × 10−8 mol/L human IgG solution 10 times. The relative standard deviation (RSD) of the current change rate was 6.48%, which showed that the stability of the sensor was favorable. The batch of hFcγRn receptor sensors was stored in phosphate-buffered saline (PBS) solution at 4 °C, and the same concentration of human IgG solution was measured every day. The results are shown in Figure 11, where the change rate of response current sharply decreased from the ninth day. This process showed that the hFcγRn electrochemical receptor sensor could be stored in PBS buffer at 4 °C for at least nine days.




2.5.3. Reproducibility of hFcγRn Electrochemical Receptor Sensor


One of the five batches of receptor sensors prepared in this experiment was taken out, and the same batch of receptor sensors was taken as a group, while the same concentration of IgG solution was detected in each group. As shown in Table 2, the RSD of the response current change rate (ΔI/%) was 4.91%, which indicated that the reproducibility of the receptor sensor was good.






3. Discussion


Over recent years, many methods were proposed to determine the interaction between IgG or Fc fusion protein and FcγRn (as shown in Table 3). The binding affinity between the extracellular domain of FcγRn and the IgG Fc domain is usually used to show the interaction. Yet, the function of cells in the body to transport IgG across the placenta or intestinal mucosa through hFcγRn not only depends on the affinity after binding but also on the signal transduction and the cascade amplification dynamics of the signal after binding, i.e., the interconnected allosteric effect [27,28]. Therefore, it is necessary to develop a method to detect the dynamics of FcγRn and IgG in vivo. In this study, the hFcγRn electrochemical receptor sensor was successfully prepared. The current change caused by the combination of IgG and hFcγRn was measured by the signal amplification system formed by chitosan nanogold–hFcγRn protein and horseradish peroxidase, which achieved the determination of the kinetic parameters of the interaction between IgG and hFcγRn. Because the sensor simulates the cell membrane adsorption process of the hFcγRn receptor in vivo, and because the peroxidase signal amplification system simulates the cell signal amplification system in vivo, the measurement results of this method are closer to the results of the intracellular signal transmission process after the action of ligand–receptor in vivo.



Coincidentally, Guangchang Pang et al. [32] also studied the interaction between different IgGs and hFcγRn, and the types of IgG they used were basically consistent with the ones used in the present study. Although their research results also proved that heteroantibodies could enter the body through hFcγRn located on the surface of intestinal mucosa to transport from the lumen to the blood flow, and then through the blood to the innate immune cells containing FcγRs to exert immune protection, their results were based on the binding affinity of the extracellular domain of FcγRn to the IgG Fc domain. This study was based on the analysis of the allosteric dynamics produced in the cells after binding. Moreover, the results of Guangchang Pang et al. [32] showed that hFcγRn had the strongest affinity for rabbit IgG, while the results of this study showed that hFcγRn had the most potent kinetic transport effect on human IgG. Obviously, there was a big difference between the two results, with our results being closer to the system evolution. This further shows the reliability of the hFcγRn electrochemical receptor sensor. It provides a quantitative detection method for prolonging the half-life of IgG dissociation from lysosomal degradation, related to the therapeutic monoclonal antibody action on the body. Furthermore, the transport function of hFcγRn to bovine IgG is second only to that of human IgG, followed by horse IgG, rabbit IgG, sheep IgG, and donkey IgG, which provides a new detection and evaluation method for the absorption of heteroantibodies added to immune milk by the human body and the treatment of heteroantibodies.



In this study, the kinetic parameters of hFcγRn to quail IgY were also determined. Numerous studies addressed IgY [37,38,39,40], because IgY is closer to the functional characteristics of IgG [37], and the research cost of IgY antibody is low, while the damage to animals is small [38,39]. However, there are few studies on the transfer of IgY through hFcγRn to the body and its immunoprotection. In this study, the parameters of the interconnected allosteric dynamics between quail IgY and human hFcγRn interaction were quantitatively evaluated. However, compared with the ability of hFcγRn to transport mammalian IgG in vivo, hFcγRn had the weakest ability to transport quail IgY, which provides a reference for the development of quail immune egg products, as well as a new detection and evaluation method for the development of more immune egg products and the research of IgY antibodies.



The hFcγRn electrochemical receptor sensor that was successfully prepared in this study had strong specificity, high sensitivity (up to 10−11 pM), good stability (stable storage for nine days), strong reproducibility (RSD of the response current change rate was 4.91%), and short detection time (the detection time from the detection of current value to the stability in the optimal binding time of 20 s was the detection time of this experiment, i.e., about 100 s), which further explains the feasibility of this study. Nevertheless, the present study had some shortcomings. Since the real combination of hFcγRn and IgG occurs in vivo, new methods are needed for improved evaluation and detection of the interaction between hFcγRn and different kinds of IgG.




4. Materials and Methods


4.1. Reagent


The goat IgG, horse IgG, human IgG, bovine IgG, and rabbit IgG were purchased from Beijing boas Biotechnology Co., Ltd. (Beijing, China) Donkey IgG was purchased from Southern Biotechnology Co., Ltd. (Nanchang, China), whereas quail IgY was purchased from alpha diagnostic Co., Ltd. (San Antonio, TX, USA) The molecular weight of IgG was 150 kDa. The recombinant heterodimer of human FCGRT/B2M was purchased from Sino biological company. (Beijing, China) Human FcγRn had a molecular weight of 43.5 kDa.




4.2. Equipment


The UV-1800 ultraviolet–visible light spectrophotometer was purchased from Shimadzu Instrument Equipment Co., Ltd. (Tokyo, Japan) The transmission electron microscope (Philips TECNAI G2F20 company), CHI660E electrochemical workstation, working glassy carbon electrode (Φ = 3 mm), reference Ag/AgCl electrode, counter platinum wire electrode was all purchased from Shanghai Chenhua Instrument Co., Ltd. (Shanghai, China) The ultrasonic cleaner was obtained from Kunshan ultrasonic equipment Co., Ltd. (Kunshan, China), while the electric blast drying oven was purchased from Shanghai Yiheng Science Equipment Co., Ltd. (Shanghai, China). An ultrapure water preparation machine was used Millipore Milli-Q pure water system. (Shanghai Yarong Biochemical Equipment and Apparatus Co., Ltd., Shanghai, China)




4.3. Preparation of hFcγRn Double-Layer Nanogold Electrochemical Receptor Sensor


4.3.1. Preparation and Characterization of Gold Nanoparticle Sol


Firstly, the triangular flask, volumetric flask, and other glassware needed in the preparation process were cleaned and dried. Then, on the basis of the Frens preparation method [41], the gold nanoparticle sol was prepared by the reduction of chloroauric acid with sodium citrate. Then, 100 mL of 0.01 g/100 mL chloroauric acid solution was taken out and put into a triangular flask, while 4 mL of 1 g/100 mL sodium citrate solution was added and mixed well. The pH value of the preparation solution was adjusted to 7.0 with K2CO3 and Na2CO3 solutions, after which the lowest point of the concave liquid surface of the preparation solution was marked on the triangular flask. Next, the preparation solution was put in the microwave oven and heated for 15–18 min under low fire until the solution turned a bright wine red color, after which the heating was stopped. Upon removal, it was cooled at room temperature, ultrapure water was added to the scribe line, and the nanogold sol was obtained. It was stored in the dark at 4 °C. The UV-Vis spectrophotometer was used to scan the newly prepared nano gold in the visible light range of 450–700 nm. According to the relationship between the wavelength of the maximum light absorption peak and the diameter of gold nanoparticles in the nanogold sol, the size of the particles was preliminarily characterized by consulting the data. The shape, size, and dispersion of gold nanoparticles was further characterized by transmission electron microscopy (TEM).




4.3.2. Pretreatment and Characterization of Glassy Carbon Electrode


A proper amount of aluminum powder (α-Al2O3) was placed on the suede, a small amount of ultrapure water was dropped, and the glassy carbon electrode on the suede was polished using an eight-shape approach. The polished electrode was placed in the ultrasonic water bath for 30 s, after which it was repeatedly washed at least three times with ultrapure water. The cleaned electrode was placed in 1 mol/L H2SO4 solution and scanned with cyclic voltammetry to activate the electrode. The scanning range was −1 to 1.0 V, while the scanning rate was 100 mV/s. The activated electrode was placed in 1 × 10−3 mol/L K3Fe(CN)6 (containing 0.2 mol/L KNO3) solution. The electrode pretreatment effect was characterized by cyclic voltammetry at a scan rate of 50 mV/s and a scan range of −0.1 to 0.6 V. The electrode could be used only when the peak potential difference of the cyclic voltammetry curve of the pretreated glassy carbon electrode was less than 80 mV. If not, the above steps were repeated to reprocess the electrode. The electrode was taken out after scanning. It was washed with ultrapure water and put in a nitrogen environment to dry for subsequent use.




4.3.3. Assembly Method of hFcγRn Electrochemical Receptor Sensor


Six microliters of 0.5% chitosan solution was taken out (dissolved chit with 1% acetic acid solution) and was dropped onto the surface of the glassy carbon electrode. Then, it was dried in a drying oven at 37 °C for 30 min. After the chitosan of the electrode core formed a film, the electrode was taken out and was placed on a super clean workbench to cool to room temperature. The cooled electrode was immersed in 0.5 mol/L NaOH solution for 5 min, rinsed with ultrapure water, and put in ultrapure water for 0.5 h. After drying the above electrodes, they were placed in the pre-prepared nanogold sol and self-assembled at 4 °C for 24 h. The electrode was taken out and washed with ultrapure water several times, after which 10 μL of hFcγRn protein solution was added to the surface of the electrode, and the self-assembly of the electrode was continued at 4 °C for 24 h. After the electrode was taken out, it was washed with ultrapure water and dried. Next, 5 μL of Corydalis chitosan complex (2.5 mL of 2% chitosan solution (2 g of chitosan solution in 100 mL of 1% volume ratio acetic acid solution) + 320 μL of 10% glutaraldehyde solution + 200 μL of 0.01 M Corydalis solution + 2% acetic acid solution) was dropped in the center of the glassy carbon electrode and dried at room temperature. The surface of the electrode was cleaned with ultrapure water and dried, after which the electrode was placed in the solution of nanogold horseradish peroxidase (1 mL of nanogold mixed with 1 mL of 2.0 g/L HRP, which was left to stand in the refrigerator at 4 °C for 12 h) for self-assembly at 4 °C for 24 h. The surface of the electrode was washed with ultrapure water, and then the electrode was placed in hFcγRn protein solution at 4 °C for self-assembly for 24 h. The electrode was taken out and washed with ultrapure water, then soaked in BSA solution at 37 °C (0.5 g/100 mL) for 1 h in order to block the non-specific sites. After sealing, it was taken out, washed with Tris-buffered saline (TBS) solution, and naturally dried to obtain two layers of nanogold-modified hFcγRn electrochemical receptor sensors. The sensor was stored in PBS buffer at 4 °C. The relevant assembly process is shown in Figure 12.





4.4. Determination of Different Kinds of IgG Using hFcγRn Double-Layer Nanogold Electrochemical Receptor Sensor


In this experiment, the working electrode, the reference electrode, and the counter electrode three-electrode system was used for determination. The working electrode was the assembled hFcγRn electrochemical receptor electrode, the reference electrode was the Ag/AgCl electrode, and the counter electrode was a platinum wire electrode. Ultrapure water was used as a blank control. the response currents of different IgGs interacting with hFcγRn receptors were measured using the amperometric I-T method under the optimal voltage.



The electrode reaction of the measurement process is based on a series of redox reactions produced by 8 mmol/L H2O2 in the test substrate and HRP and Thi (the determination of the H2O2 concentration refers to the previous work of the research group [42,43]). the specific reaction process is as follows:


HRP + H2O2→HRP(ox) + H2O



(5)






HRP(ox) + 2e− + 2H+→HRP + H2O



(6)






HRP(ox) + Thi(red)→HRP + Thi(ox)



(7)






Thi(ox) + 2e− + 2H+→Thi(red)



(8)







In equations, HRP(ox) represents the oxidized horseradish peroxidase, and Thi(red) and Thi (ox) represent the reduced and oxidized thionine respectively. During detection, a double substrate reaction (H2O2 and thionine) actually occurs on the electrode, where reaction (7) and reaction (6) proceed simultaneously, thereby accelerating the conversion of HRP(ox) to HRP. The response current of the prepared electrode should theoretically be the sum of the current of reaction (8) and the current of reaction (6).



When the FcγRn receptor binds to its ligand-IgG, the FcγRn-IgG complex formed on the electrode surface could hinder the electron transfer due to the change of steric hindrance, which in turn causes a weak electrical signal change. This change in electrical signal can be transmitted to the electrochemical workstation through the signal amplification system, allowing us to determine the change in steric hindrance based on the change in current. Therefore, in this study, the change rate of the response current before and after the binding of IgG to FcγRn can be used as the detection index of IgG concentration. The calculation formula was as follows:


  Δ I / % =    I 1  −  I 2     I 1    × 100  



(9)




where I1 and I2 represent the steady-state current value of ligand IgG at the same time point before and after measurement.



Ligands transmit environmental signals through cell membrane surface receptors. When the receptor of FcγRn binds to its ligand (IgG), even if there are multiple interferences, it can recognize micro IgG [27,28]. Yet, this binding is a molecular recognition process, which mainly relies on intermolecular forces such as hydrogen bonds, van der Waals forces, and ionic bonds. Because the recognized FcγRn can be saturated by the ligand IgG, and IgG with different concentrations has different molecular numbers, the interaction strength differs [27]. There are numerous articles that used the electrochemical biosensor of the receptor assembly signal amplification system to measure the response current generated after ligand binding to the receptor to simulate the interaction of receptor–ligand binding in vivo [44,45]. Therefore, in this experiment, the current range of different concentrations of IgG solution interacting with hFcγRn was used to determine the concentration range of IgG solution. This range was subdivided to obtain the kinetic curves of the interaction between different IgGs and hFcγRn. Finally, the interaction between hFcγRn and different types of IgG was evaluated through the kinetic curve of the interaction between different IgGs and hFcγRn, and the interconnected allosteric constant (Ka) of hFcγRn was calculated using the double reciprocal method.




4.5. Data Analysis


The Original 9.0 software was used to analyze and process the current change data measured by the sensor. The lowest concentration of ligand IgG that could be detected was taken as the limit of detection (LOD), and the concentration of the electrical signal that responded to the current was three times higher than the standard deviation of the blank control signal (signal-to-noise ratio (S/N) = 3).





5. Conclusions


In this study, an FcγRn electrochemical receptor sensor was constructed. The signal amplification system formed by chitosan–gold nano–hFcγRn protein and horseradish peroxidase mimics the in vivo cell signal amplification system. The interaction of different kinds of IgG and hFcγRn was tested. Among the measurement results, human FcγRn showed the strongest ability to operate human IgG, which confirmed the successful preparation of this sensor. Furthermore, the detection method was simple, specific, sensitive, stable, reproducible, and with a short detection time. This provided a new detection and evaluation method for immunomilk, monoclonal antibody therapy, heteroantibody therapy, and extended half-life research. To the best of our knowledge, this is the first study on the development of the FcγRn electrochemical receptor sensor.







Author Contributions


G.P. conceptualized and designed the experiments. D.P. performed the experiments and wrote the paper. D.L. supervised the whole research project. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the National Natural Science Foundation of China (31671857, 31901782).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Simister, N.E.; Mostov, K.E. An Fc receptor structurally related to MHC class I antigens. Nature 1989, 337, 184–187. [Google Scholar] [CrossRef]

	



Le, D.K.; Taylor, S.; Allen, L.; Gorringe, A.; Heath, P.T.; Kampmann, B.; Hesseling, A.C.; Jones, C.E. Placental transfer of anti-group B Streptococcus immunoglobulin G antibody subclasses from HIV-infected and uninfected women to their uninfected infants. Aids 2016, 30, 471–475. [Google Scholar]

	



Rath, T.; Kuo, T.T.; Baker, K.; Qiao, S.W.; Kobayashi, K.; Yoshida, M.; Blumberg, R.S. The Immunologic Functions of the Neonatal Fc Receptor for IgG. J. Clin. Immunol. 2013, 33, 9–17. [Google Scholar] [CrossRef]

	



Veronesi, M.C.; Dall”Ara, P.; Gloria, A.; Servida, F.; Sala, E.; Robbe, D. IgG, IgA, and lysozyme in Martina Franca donkey jennies and their foals. Theriogenology 2014, 81, 825–831. [Google Scholar] [CrossRef]

	



Roopenian, D.C.; Christianson, G.J.; Sproule, T.J.; Brown, A.C.; Akilesh, S.; Jung, N.; Petkova, S.; Avanessian, L.; Choi, E.Y.; Shaffer, D.J.; et al. The MHC Class I-Like IgG Receptor Controls Perinatal IgG Transport, IgG Homeostasis, and Fate of IgG-Fc-Coupled Drugs. Nat. Rev. Immunol. 2003, 170, 3528–3533. [Google Scholar] [CrossRef] [PubMed]

	



Bryan, S.; Andrea, K.; Rocio, L.G.; Dixon, K.L.; Louis, C.; Catley, M.C.; Paul, A.; Lena, E.D.; Helene, F.; Kevin, G.; et al. Generation and characterization of a high affinity anti-human FcRn antibody, rozanolixizumab, and the effects of different molecular formats on the reduction of plasma IgG concentration. Mabs 2018, 10, 1111–1130. [Google Scholar]

	



Anderson, C.; Kim, J. Surmounting an Impasse of FcRn Structure. Structure 2013, 21, 1907–1908. [Google Scholar] [CrossRef]

	



Sand, K.M.K.; Dalhus, B.; Christianson, G.J.; Bern, M.; Foss, S.; Cameron, J.; Roopenian, D.C.; Sandlie, I.; Andersen, J.T. Dissection of the Neonatal Fc Receptor (FcRn)-Albumin Interface Using Mutagenesis and Anti-FcRn Albumin-blocking Antibodies. J. Biol. Chem. 2014, 289, 17228–17239. [Google Scholar] [CrossRef] [PubMed]

	



Tzaban, S.; Massol, R.H.; Yen, E.; Hamman, W.; Frank, S.R.; Lapierre, L.A.; Hansen, S.H.; Goldenring, J.R.; Blumberg, R.S.; Lencer, W.I. The recycling and transcytotic pathways for IgG transport by FcRn are distinct and display an inherent polarity. J. Cell Biol. 2009, 185, 673–684. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhury, C.; Mehnaz, S.; Robinson, J.M.; Hayton, W.L.; Pearl, D.K.; Roopenian, D.C.; Anderson, C.L. The Major Histocompatibility Complex-related Fc Receptor for IgG (FcRn) Binds Albumin and Prolongs Its Lifespan. J. Exp. Med. 2003, 197, 315–322. [Google Scholar] [CrossRef]

	



Schmidt, M.M.; Townson, S.A.; Andreucci, A.J.; King, B.M.; Schirmer, E.B.; Murillo, A.J.; Dombrowski, C.; Tisdale, A.W.; Lowden, P.A.; Masci, A.L.; et al. Crystal Structure of an HSA/FcRn Complex Reveals Recycling by Competitive Mimicry of HSA Ligands at a pH-Dependent Hydrophobic Interface. Structure 2013, 21, 1966–1978. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Balthasar, J.P. Development and Evaluation of a Physiologically Based Pharmacokinetic Model for Predicting the Effects of Anti-FcRn Therapy on the Disposition of Endogenous IgG in Humans. J. Pharm. Sci. 2019, 108, 714–724. [Google Scholar] [CrossRef]

	



Roopenian, D.C.; Akilesh, S. FcRn: The neonatal Fc receptor comes of age. Nat. Rev. Immunol. 2007, 7, 715–725. [Google Scholar] [CrossRef] [PubMed]

	



Nezlin, R. Circulating non-immune IgG complexes in health and disease. Immunol. Lett. 2009, 122, 141–144. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.; Liu, T.; Pang, G. Intercellular wireless communication network between mother and fetus in rat pregnancy-a study on directed and weighted network. Reprod. Biol. Endocrin. 2019. [Google Scholar] [CrossRef]

	



Albanesi, M.; Daëron, M. The interactions of therapeutic antibodies with Fc receptors. Immunol. Lett. 2012, 143, 20–27. [Google Scholar] [CrossRef]

	



Simister, N.E.; Rees, A.R. Isolation and characterization of an Fc receptor from neonatal rat small intestine. Eur. J. Immunol. 1985, 15, 733–738. [Google Scholar] [CrossRef]

	



Dall’Ozzo, S.; Tartas, S.; Paintaud, G.; Cartron, G.; Colombat, P.; Bardos, P.; Watier, H.; Thibault, G. Rituximab-Dependent Cytotoxicity by Natural Killer Cells: Influence of FCGR3A Polymorphism on the Concentration-Effect Relationship. Cancer Res. 2004, 64, 4664–4669. [Google Scholar] [CrossRef]

	



Healy, C.M.; Rench, M.A.; Montesinos, D.P.; Ng, N.; Swaim, L.S. Knowledge and attitiudes of pregnant women and their providers towards recommendations for immunization during pregnancy. Vaccine 2015, 33, 5445–5451. [Google Scholar] [CrossRef]

	



McCarthy, M. Vaccinating pregnant women against flu reduces newborns’ risk of infection, study finds. BMJ 2016, 353, i2469. [Google Scholar] [CrossRef]

	



Fonte, P.; Araújo, F.; Silva, C.; Pereira, C.; Reis, S.; Santos, H.A.; Sarmento, B. Polymer-based nanoparticles for oral insulin delivery: Revisited approaches. Biotechnol. Adv. 2015, 33, 1342–1354. [Google Scholar] [CrossRef] [PubMed]

	



Chouhan, R.; Goswami, S.; Bajpai, A.K. Chapter 15–Recent advancements in oral delivery of insulin: From challenges to solutions. Nanostruct. Oral Med. 2017, 435–465. [Google Scholar] [CrossRef]

	



Barnhart, B.C.; Quigley, M. The role of Fc-FcγR interactions in the antitumor activity of therapeutic antibodies. Immunol. Cell Biol. 2016, 95, 340–346. [Google Scholar] [CrossRef]

	



Perre, P.V.D. Transfer of antibody via mother’s milk. Vaccine 2003, 21, 3374–3376. [Google Scholar] [CrossRef]

	



Wen, Y.; He, Q.; Ding, J.; Wang, H.; Hou, Q.; Zheng, Y.; Li, C.; Ma, Y.; Zhang, H.; Kwok, L.Y. Cow, yak, and camel milk diets differentially modulated the systemic immunity and fecal microbiota of rats. Sci. Bull. 2017, 62, 405–414. [Google Scholar] [CrossRef]

	



Hurley, W.L.; Theil, P.K. Perspectives on Immunoglobulins in Colostrum and Milk. Nutrients 2011, 3, 442–474. [Google Scholar] [CrossRef]

	



Guryanov, I.; Fiorucci, S.; Tennikova, T. Receptor-ligand interactions: Advanced biomedical applications. Mat. Sci. Eng. C Mater. 2016, 68, 890–903. [Google Scholar] [CrossRef] [PubMed]

	



Du, L.; Wu, C.; Lu, F.; Liu, Q.; Huang, L.; Wang, P. Recent Advances in Olfactory Receptor Biosensors and Cell Signaling Cascade Amplification Systems. Sensormate 2018, 30, 67–87. [Google Scholar]

	



Zhang, Y.; Wang, G.; Yang, L.; Wang, F.; Liu, A. Recent advances in gold nanostructures based biosensing and bioimaging. Coordin. Chem. Rev. 2018, 370, 1–21. [Google Scholar] [CrossRef]

	



Xiang, Y.; Liu, H.; Yang, J.; Shi, Z.; Tan, Y.; Jin, J.; Wang, R.; Zhang, S.; Wang, J. Biochar decorated with gold nanoparticles for electrochemical sensing application. Electrochim. Acta 2018, 261, 464–473. [Google Scholar] [CrossRef]

	



Pollastrini, J.; Dillon, T.M.; Bondarenko, P.; Chou, R.Y.T. Field flow fractionation for assessing neonatal Fc receptor and Fcγ receptor binding to monoclonal antibodies in solution. Anal. Biochem. 2011, 414, 88–98. [Google Scholar] [CrossRef] [PubMed]

	



Pang, G.; Qiao, D.; Chen, Q.; Hu, Z.; Xie, J. Heterogeneous IgG interacts with FcRn and its transport across gastrointestinal barrier. Food Agric. Immunol. 2015, 26, 371–380. [Google Scholar] [CrossRef]

	



Mathur, A.; Arora, T.; Liu, L.; Zeineddini, C.Z.; Mukku, V. Qualification of a homogeneous cell-based neonatal Fc receptor (FcRn) binding assay and its application to studies on Fc functionality of IgG-based therapeutics. J. Immunol. Methods 2013, 390, 81–91. [Google Scholar] [CrossRef]

	



Taccioli, A.B.; Blum, A.; Xu, A.; Sosic, Z.; Bergelson, S.; Feschenko, M. Effect of protein aggregates on characterization of FcRn binding of Fc-fusion therapeutics. Mol. Immunol. 2015, 67, 616–624. [Google Scholar] [CrossRef]

	



Wu, Q.; Lee, H.Y.; Wong, P.Y.; Jiang, J.; Santoro, H.G. Development and applications of AlphaScreen-based FcRn binding assay to characterize monoclonal antibodies. J. Immunol. Methods 2015, 420, 31–37. [Google Scholar] [CrossRef]

	



Cooper, P.R.; Ciambrone, G.J.; Kliwinski, C.M.; Maze, E.; Johnson, L.; Li, Q.; Feng, Y.; Hornby, P.J. Efflux of monoclonal antibodies from rat brain by neonatal Fc receptor, FcRn. Brain Res. 2013, 1534, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Aveskogh, M.; Hellman, L. Evidence for an early appearance of modern post-switch isotypes in mammalian evolution; cloning of IgE, IgG and IgA from the marsupial Monodelphis domestica. Eur. J. Immunol. 1998, 28, 2738–2750. [Google Scholar] [CrossRef]

	



Cova, L. DNA-designed avian IgY antibodies: Novel tools for research, diagnostics and therapy. J. Clin. Virol. 2006, 34, S70–S74. [Google Scholar] [CrossRef]

	



Leiva, C.L.; Gallardo, M.J.; Casanova, N.; Terzolo, H.; Chacana, P. IgY-technology (egg yolk antibodies) in human medicine: A review of patents and clinical trial. Int. Immunopharmacol. 2020, 81, 106269. [Google Scholar] [CrossRef]

	



Amina, S.; Sonia, A.B.; Fatima, L.D. Development of a new approach of immunotherapy against scorpion envenoming: Avian IgYs an alternative to equine IgGs. Int. Immunopharmacol. 2018, 61, 256–265. [Google Scholar]

	



Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions. Nat. Phys. Sci. 1973, 241, 20–22. [Google Scholar] [CrossRef]

	



Kang, X.; Pang, G.; Liang, X.Y.; Wang, M.; Liu, J.; Zhu, W.M. Study on a hydrogen peroxide biosensor based on horseradish peroxidase/GNPs-thionine/chitosan. Electrochim Acta 2011, 62, 327–334. [Google Scholar] [CrossRef]

	



Lu, D.; Xu, Q.; Pang, G. A bombykol electrochemical receptor sensor and its kinetics. Bioelectrochemistry 2019, 128, 263–273. [Google Scholar] [CrossRef] [PubMed]

	



Wei, L.; Qiao, L.; Pang, G.; Xie, J. A kinetic study of bitter taste receptor sensing using immobilized porcine taste bud tissues. Biosens. Bioelectron. 2017, 92, 74–80. [Google Scholar] [CrossRef]

	



Xu, Q.; Lu, D.; Pang, G. Study on Bombykol Receptor Self-Assembly and Universality of G Protein Cellular Signal Amplification System. ACS Sens. 2019, 4, 257–264. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are not available from the authors.












[image: Molecules 25 03206 g001 550] 





Figure 1. Fc receptor (FcγRn)-mediated immunoglobulin G (IgG) transfer in the human body. FcγRn in intracellular vesicles allows IgG to enter the cell through non-specific liquid endocytosis, and then internalizes in an acidic environment where the endosome of FcγRn is bound to FcγRn. After that, under the action of physiological pH, FcγRn transports IgG out of the cells and reaches the innate immune cells containing FcγRS to play out the immune role through the blood. 
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Figure 2. Ultraviolet–Visible Light (UV-Vis) scan images of gold nanoparticles (GNPs). 
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Figure 3. TEM representation images of GNPs (145,000×). 
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Figure 4. Assembly process of cyclic voltammetry curve of hFcγRn electrochemical receptor sensor. (A) (a~d): (a) Bare electrode (glassy carbon electrode (GCE)). (b) Chitosan (chit–GCE). (c) GNPs–chit–GCE. (d) hFcγRn protein–GNPs–chit–GCE. (B) (e~h): (e) Thionine (thi)–chit–hFcγRn protein–GNPs–chit–GCE. (f) Horseradish peroxidase (HRP) –GNPs–thi–chit–hFcγRn protein–GNPs–chit–GCE. (g) hFcγRn protein–HRP–GNPs–thi–chit–hFcγRn protein–GNPs–chit–GCE. (h) Bovine serum albumin (BSA)–hFcγRn protein–HRP–GNPs–thi–chit–hFcγRn protein–GNPs–chit–GCE. 
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Figure 5. The effect of different potentials on the response of hFcγRn receptor biosensors. The detection potentials were −0.2 V, −0.23 V, −0.26 V, −0.29 V, −0.32 V, −0.35 V, −0.38 V, −0.41 V, −0.44 V, and −0.47 V. 
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Figure 6. The effect of different binding times on the response of hFcγRn receptor biosensors. The detection times were 4 s, 8 s, 12 s, 16 s, 20 s, 24 s, 28 s, 32 s, 36 s, and 40 s. 
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Figure 7. The current change rate of seven IgGs in the detection range. Bovine IgG (A), goat IgG (B), human IgG (C), rabbit IgG (D), horse IgG (E), donkey IgG (F), and quail IgY (G). All data show the mean ± SD of three measurements. 
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Figure 8. The current change curve and corresponding fitting curve of seven IgGs detected in a certain concentration range. (A) Bovine IgG 10−22 to 10−20 mol/L, (B) sheep IgG 10−21 to 10−19 mol/L, (C) human IgG 10−23 to 10−21 mol/L, (D) rabbit IgG 10−21 to 10−18 mol/L, (E) horse IgG 10−22 to 10−20 mol/L, (F) donkey IgG 10−21 to 10−19 mol/L, and (G) quail IgY 10−19 to 10−17 mol/L. 
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Figure 9. Double reciprocal curve of seven IgGs detected in a certain concentration range. (A) Bovine IgG 10−22 to 10−20 mol/L, (B) sheep IgG 10−21 to 10−19 mol/L, (C) human IgG 10−23 to 10−21 mol/L, (D) rabbit IgG 10−21 to 10−18 mol/L, (E) horse IgG 10−22 to 10−20 mol/L, (F) donkey IgG 10−21 to 10−19 mol/L, and (G) quail IgY 10−19 to 10−17 mol/L. 
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Figure 10. The change rate of response current of hFcγRn electrochemical receptor sensor to IgG, IgA + IgG, IgM + IgG, and IgE + IgG. The concentration range of IgA in IgG solution was 10−23 to 10−20 mol/L, and the concentrations of IgA, IgM, and IgE in the same volume were 10−6 mol/L. 
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Figure 11. Inspection of sensor stability. 
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Figure 12. Preparation of hFcγRn receptor sensor. 
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Table 1. Linear regression equation, R2 and Ka of seven IgGs in a certain concentration range after interaction with hFcγRn.
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	Types of IgG
	Linear Regression Equation
	R2
	Ka/(mol/L)





	Bovine IgG
	    1   Δ I / %    = 0.0193 ×   10   − 22    1 C  + 0.0121   
	0.98
	1.59 × 10−22



	Sheep IgG
	    1   Δ I / %    = 0.0267 ×   10   − 21    1 C  + 0.0123   
	0.99
	2.17 × 10−21



	Human IgG
	    1   Δ I / %    = 0.0139 ×   10   − 23    1 C  + 0.0133   
	0.95
	1.02 × 10−23



	Rabbit IgG
	    1   Δ I / %    = 0.0139 ×   10   − 23    1 C  + 0.0133   
	0.96
	2.29 × 10−21



	Horse IgG
	    1   Δ I / %    = 0.0148 ×   10   − 22    1 C  + 0.0123   
	0.96
	1.20 × 10−22



	Donkey IgG
	    1   Δ I / %    = 0.0143 ×   10   − 21    1 C  + 0.0126   
	0.96
	1.14 × 10−21



	Quail IgY
	    1   Δ I / %    = 0.0131 ×   10   − 19    1 C  + 0.0153   
	0.95
	8.61 × 10−20
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Table 2. Experimental results of sensor reproducibility.
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	Numbers of Sensor
	Response Current (I2, μA)
	Blank Current (I1, μA)
	ΔI (%)





	1
	5.99
	8.83
	32.14



	2
	7.15
	10.50
	31.95



	3
	6.69
	9.85
	32.08



	4
	7.46
	11.59
	35.62



	5
	5.79
	8.50
	31.93







1 The response current (I2) and blank current (I1) of each group were the average ± SD of three detections in the group. 2 ΔI (%) was calculated using Equation (5).
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Table 3. The detection method of interaction between IgG or Fc fusion protein and FcγRn.
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	Detection Methods
	Time
	Sensitivity
	References





	Asymmetrical flow field flow fractionation (AF4)
	30 min
	0.1 μM
	[31]



	Surface plasmon resonance (SPR)
	30 min
	10 pM
	[32]



	Flow cytometer
	6 h
	4.6 μg·mL−1
	[33]



	Biolayer interferometry (BLI)
	11 min
	4 nM
	[34]



	AlphaScreen
	1 h
	1.88 μM
	[34,35]



	Enzyme-linked immunosorbent assay (ELISA)
	30 min
	0.4 ng·mL−1
	[36]



	hFcyRn electrochemical receptor sensor
	100 s
	10−11 pM
	This study
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