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Abstract

:

Protein is an important component of all the cells and tissues of the human body and is the material basis of life. Its content, sequence, and spatial structure have a great impact on proteomics and human biology. It can reflect the important information of normal or pathophysiological processes and promote the development of new diagnoses and treatment methods. However, the current techniques of proteomics for protein analysis are limited by chemical modifications, large sample sizes, or cumbersome operations. Solving this problem requires overcoming huge challenges. Nanopore single molecule detection technology overcomes this shortcoming. As a new sensing technology, it has the advantages of no labeling, high sensitivity, fast detection speed, real-time monitoring, and simple operation. It is widely used in gene sequencing, detection of peptides and proteins, markers and microorganisms, and other biomolecules and metal ions. Therefore, based on the advantages of novel nanopore single-molecule detection technology, its application to protein sequence detection and structure recognition has also been proposed and developed. In this paper, the application of nanopore single-molecule detection technology in protein detection in recent years is reviewed, and its development prospect is investigated.
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1. Introduction


The nanopore single-molecule detection technology was originated from the invention of Kurt counter and the recording technology of single-channel current. The single-molecule analysis method was developed in 1996, which is a new sensing detection technology with the advantages of high sensitivity and versatility [1]. Nanopores are mainly divided into two kinds: biological nanopores [2,3,4,5,6] and solid-state nanopores [7,8,9,10]. Biological nanopores are also called transmembrane protein channels [11,12]. The transmembrane protein channels include α-hemolysin (α-HL) [13], Mycobacterium smegmatis porin A (MspA) [14,15], aerolysin (AeL) [16], bacteriophage phi29 motor (phi29) [17], cytolysin A (ClyA) [18] etc., which contain channels of different spatial dimensions. The advantages of the biological nanopores are their well-defined and highly reproducible nanopore size and structure, and the modifiable amino acid residues. However, insertion errors of the biological nanopores are usually caused. The lipid bilayer, the support of biological pores, is not stable enough and is difficult and time-consuming to set up as well. Thus, various solid-state nanopores have been fabricated to solve these deficiencies of the biological nanopores. Various membrane materials are used for solid-state nanopores fabrication [19], such as silicon nitride (Si3N4) [20], silicon dioxide (SiO2) [21], aluminum oxide (Al2O3) [22], graphene [23], and boron nitride (BN) [24] etc. Solid-state nanopores have many advantages, such as chemical, thermal, and mechanical stability, size adjustability, and integration. However, the solid-state nanopore sizes and structures are not reproducible enough due to the limitation of fabrication techniques. The solid-state nanopores have a lower signal-noise ratio (higher noise) than that of biological nanopores. The principle of the nanopore-based technology is that an electric field is applied to both sides of the nanopores in the buffer solution. An ionic current signal is generated when electrolyte ions move through the pore. The ionic current blockage is observed and measured when the pore is blocked by an analyte. The physical and chemical properties of the molecule such as molecular structures, size, chirality, and net charges, can be calculated by analyzing the ionic current blockades. So far, this technique has been widely used in the fields of gene sequencing [25,26,27,28,29], polypeptide secondary structure [30,31] and protein structure [13,32,33,34,35,36,37] or aggregation state detection [38,39,40], drug screening [41,42,43], molecular interaction [44,45,46], virus recognition [47], and metal ion detection [48,49,50,51].



Proteins are the expression of the genetic code and play an important role in living organisms, controlling the structure and shape of organisms; participating in redox reaction, neuronal transmission, electron transport in cells, enzyme catalysis; and involved in intercellular transport and the recognition and binding of gene expression antigens. The common methods were used for protein secondary structure evaluation, such as X-ray crystallography [52], nuclear magnetic resonance (NMR) [53], Ultrasensitive fluorescence microscope [54], circular dichroism (CD) [55], infrared spectroscopy (IR) [56] and atomic force microscope (AFM) [57], etc. They cannot obtain the dynamic information of protein in real-time. Super-sensitive fluorescence microscopy and atomic force microscopy can detect protein interaction and structure information. However, these methods require chemical modification of the detected molecules, or require large and complex instruments. These instruments tend to be expensive and cumbersome, which may damage the properties of the proteins themselves, and complex experimental procedures may bring more uncertainty. Compared with traditional methods, the nanopore technology has significant potential in the detection sensitivity timeliness and equipment operation convenience, etc. In this paper, the nanopore single-molecule detection technology application in protein detection was summarized. We mainly discuss the latest progress of nanopore technology in protein detection, as the following aspects: (1) Detection of conformational changes in protein space; (2) Protein–protein interaction detection; and (3) Protein–DNA interaction detection. It is expected to provide technical reference for promoting the development of gene therapy technology and precision medicine plan in the future and triggering a new revolution in medicine.




2. Detection of Conformational Changes in Protein Space


The spatial conformation or size of a protein has a close influence on its function. The characteristic shift signal is generated when the substance passes through the nanopore, which can reflect the relevant information such as the size and shape of the charge and amino acid sequence of the molecule. The folding of linear polypeptides into three-dimensional structures is a critical step in the formation of proteins. Misfolding may lead to irreversible biological consequences, such as disease. Up to now, many researchers have been studying diseases caused by protein misfolding. For example, the formation of amyloid fibrils associated with Alzheimer’s disease (AD) by peptide misfolding and aggregation [58,59]; Parkinson’s disease (PD) associated with Lewy bodies composed of α-synuclein [60,61]; and Extensive Transmissible Spongiform Encephalopathy (TSEs) caused by foreign or their own genetic mutations, causing human normal type C prion protein (PrPc) to misfold into type SC prion protein (PrPsc) [62,63]. However, the dynamics of protein folding and unfolding are complex and difficult to study. The emergence of nanopore technology has laid an important research foundation for solving this problem. Nanopore technology is characterized by ultra-sensitive, label-free, and high throughput. The folding/unfolding process of a single protein with different structures can be dynamically observed simultaneously. The folding and unfolding mechanisms of individual proteins can be better understood by the duration of the feature and blockade current.



2.1. Characterization of Protein Folding/Unfolding


In living organisms, the folding of a specific sequence of amino acids into a three-dimensional structure is a key process that produces specific functions of proteins and determines their conformations [64]. A protein is a folded polymer with a complex free energy structure, including many transition and conformational substrates [65]. Folding is a complex distribution process that directs proteins to their lowest and most stable natural state [66,67,68,69]. Through computer simulation, Freedman et al. found that in the nanopore translocation experiment, highly charged BSA molecules may undergo partial denaturation under the action of voltage when entering the nanopore [70]. Then, a nanopore detection method for protein folding/unfolding structure was proposed [71]. That is to say, under an electric field greater than 106 V/m, the protein folding/unfolding detection method was controlled by changing the applied voltage, as shown in Figure 1. Different characteristic blocking current and resident time will be generated when the three substances to be measured pass through the nanopore at different voltages. These data and the change of Gibbs free energy could be used to show that the unfolding of the protein was not direct as the denaturant urea, but gradually unfolding with the increase of voltage. By comparing the conformational changes of two kinds of mutated and unstable proteins, it proved that voltage affects the stability of protein structure. It was further demonstrated that nanopores can distinguish the folded and unfolded conformations of proteins. Fologea et al. used protein bovine serum albumin (BSA) as a model to discuss the current block and the amplitude and duration associated with the protein unfolding process, using the method to identify the fold of bovine serum albumin (BSA) and the folding conformation [72]. They used denaturant guanidine hydrochloride, urea, and sodium dodecyl sulfate (SDS) and dithiothreitol (DTT) in different temperatures on fat protein denaturation. The occupied or excluded volume of the denatured protein molecule in the nanopore depended on the conformation or shape of the protein.



The folded protein had a larger repulsive volume in the nanopore, so its unfurled form impedes more ionic current flow and produces larger current blocking amplitude. Protein in the nanopore also depended on the residence time in the state of protein folding through the relative current decline amplitude ΔIb/I0, to characterize unfolding protein. The conformations of the BSA molecule in the solid nanopore were measured in folded and fully unfolded parts, as shown in Figure 2. Also, Oukhaled et al. studied the folding and stability of different proteins by combining nanopore and electrical detection [73]. The results showed that the fully developed protein only caused a short blocking current, and its frequency increased with the increase of denaturant concentration or temperature, showing an S-shaped denaturation curve.



The partially folded protein was blocked in the nanopore for a long time, but the duration was gradually decreased with the increase of denaturing agent concentration. Rodriguez-Larrea and Bayley used biological nanopores to simulate how folded proteins moved inside and outside the cell using narrow transmembrane (phospholipid bilayer) pores [74], as shown in Figure 3. Since proteins must be unrolled during the process of movement, the team labeled the protein substrate with oligonucleotides and drove thioredoxin through the nanopore in a four-step translocation mechanism. First, DNA tags were trapped by the nanopore. Second, the oligonucleotides were pulled through the pore, causing the C terminus of thioredoxin near the pore entrance to unfold locally. Third, the rest of the protein unfolded spontaneously. Finally, the developed peptide diffused through the nanopore to the receptor compartment. This study was different from the mechanism that the protein gradually unfolded through the pore produced in the denaturation experiment of solid nanopores in solution. The following year, this team showed that protein co-translocation was related to the sequence of peptide terminus entry in vivo [75]. When thioredoxin was pulled from the N terminal, some molecules unwrapped rapidly, while others from the C terminal were 100 times slower. This rapid and highly sensitive characterization of protein structure was expected to provide an effective reference for us to understand the unfolding mechanism of biological proteins and the application and modification of protein detection by nanopore technology.




2.2. Characterization of Protein Size and Shape Aggregation


The three-dimensional structure of proteins plays an important role in the protein dynamics of human biological systems. Until now, characterizing and quantifying the shape of proteins at the single molecular level has been a challenge. Nanopore, as a novel single-molecule sensor, is expected to be used as a novel protein fingerprint recognition method for single protein fingerprint recognition. Fologea et al. compared BSA with larger protein fibrinogen to investigate the effect of protein size and structure on blocking signals [76]. With average current blocking amplitude ΔIb, shift time td, and integral area of block Aecd, they estimated the relative charge and size of protein molecules. This nanopore technology could measure the properties of individual protein molecules sequentially and determined the distribution of these properties in real-time under natural conditions. It was also shown that solid nanopores could be used to characterize unknown proteins with known charge conformations and the size of labeled proteins. Sha et al. characterized and distinguished spherical and non-spherical proteins by kinetic binding experiments of detecting proteins in solid-state nanopores [77]. In addition, they differentiated the long shape of BSA and spherical Con. A by relative block current (ΔIb/I0). At low voltages, the two proteins had only one blocking current, while at voltages greater than 300 mV, the non-spherical protein BSA had two obvious blocking currents. It was found that when the voltage was higher than a certain threshold, the non-spherical protein BSA showed two orientations through the pore instead of unrolling the protein molecule, thus generating a two-stage blocking current. For spherical protein Con. A, the average cross-sectional area of the protein was not changed under high and low voltages so that its cross pore orientation was not affected, and the ionic current was not affected. This point was also verified by the experiment step. Giamblanco et al. explored the potential of nanopores in detecting protein aggregation [78]. Three model proteins (mutated lactoglobulin, lysozyme, and bovine serum albumin) were selected because of their different morphologies (protofilaments or spheres) during the early stages of aggregation. Also, the nanopores were modified with polyethylene glycol (PEG). The results showed that the modified nanopores could effectively prevent the non-specific adsorption of protein aggregation, prolong their service life, and clearly distinguished the aggregation morphology of protein, as shown in Figure 4. Wei et al. observed reversible binding and de-binding of proteins to receptors in real-time, and interaction parameters were statistically analyzed from single molecular binding events [79].



To demonstrate the generality of this approach, the His-labeled proteins were detected and the rodent immunoglobulin G (IgG) antibody subclasses were distinguished. Yusko et al. used nanopore to determine the approximate shape volumic-charge rotational diffusion coefficient and the dipole moment of a single protein in real-time [80]. Thus, a theory was developed to quantitatively understand the regulation of ionic current resulting from the rotational dynamics of a single protein as it passes through an electric field in a nanopore. The results indicated that they could be used to identify, characterize, and quantify proteins and protein complexes, and those had potential implications for biomarker detection of structural biology proteomics and routine protein analysis.




2.3. Characterization of Induced Protein Conformational Changes


The charge and structure of proteins were easily affected by some ions or ligands at pH value, so they can play corresponding biological functions by changing their conformation. Saharia et al. studied the response of human serum transferrin (hSTf) to pH and voltage by using silicon nitride nanopores [81], shown in the Figure 5. At pH > PI, hSTf mainly existed in the form of pure folded (holo) rich in Fe(III). At pH < PI, it mainly existed in the form of leaflet opening (apo) without Fe(III). The translocation of hSTf was similar to that of electrophoresis; when the voltage increased, the kinesin gradually unfolded. Because when proteins broke down under high pressure, pores inside them were exposed, resulting in smaller molecules. The results showed that the nanopore could distinguish the hSTf in the form of holo and apo in the mixed solution (pH 8) and could analyze the folding and unfolding of proteins in a certain pH value and applied voltage range. HSTf was responsible for transporting insoluble iron to cells, which was very important for iron homeostasis in the human body. These nanopore-based methods have the potential to detect the abnormal presence of specific proteins and to study the structural and kinetic properties of proteins, which have great application prospects in clinical detection.



Waduge et al. found a close correlation between the blocking current distribution shape and protein fluctuations through molecular dynamics simulations [32]. They also studied the conformational change of calmodulin from a calcium-free structure to a calcium-carrying structure by using a nanopore composed of silicon nitride and HfO2. After characterizing calmodulin without calcium, they added CaCl2 to the sample pool and observed significant changes in residence time and blocking current, which might be related to changes in calmodulin configuration. Hu et al. also used molecular dynamics (MD) simulation to study the translocation of calmodulin silicon nitride nanopores [82]. Calmodulin was first fixed in the nanopore, and the two types of calmodulin had obvious blocking ion current. Then, in the translocation simulation, appropriate voltage and similar pore sizes were selected for the proteins, and it was easy to find that there was a significant difference in temporal resolution between the two states of calmodulin.



Chae et al. effectively detected the complex conformational changes of protein–protein interaction (PPI) by using solid nanopore [83], which was a novel and versatile drug screening method for various PPIs. To effectively detect the conformational change induced by PPIs, they designed the fusion protein MLP (MDM2-p53TAD), in which MDM2-p53TAD was linked by 16 amino acids. The spherical conformation of MLP was characterized by unimodal translocation events, while the dumbbell conformation of Nutlin-3 binding MLP was characterized by bimodal signals. With the increase of Nutlin-3 concentration, the ratio of bimodal and unimodal signals increased from 9.3% to 23.0%. The migration dynamics of the two different MLP conformations under different applied voltages were analyzed. Further analysis of the fractional current in the bimodal signal peak to explore the structure of the protein complex was designed. This nanopore sensing method could be widely used in the screening of PPIs inhibitors and the study of protein conformation. In the following 2 years, they further examined drug-induced conformational changes in the p53-Mdm2 protein complex using nanopore [84]. A p53 peptide was designed to link MDM2 complex protein, which was linked by six amino acids. By inhibiting the interaction between the p53 peptide and MDM2, it changed from a spherical structure to a dumbbell structure. In NMR experiments, no significant crossover was observed after the addition of Nutlin-3. However, with the addition of Nutlin-3, the nanopore experiment clearly showed a bimodal signal. The bimodal fraction observed in the unimodal signal increased from 8.77% to 22.03%, while the concentration of Nutlin-3 increased from 1 to 10 times the molar ratio. From the nanopore data, the residence time of Nutlin-3 binding protein in the extended form was estimated, which was longer than that in the spherical form (two times). Finally, the hydrodynamic diameters of the local peaks of the bimodal signals were calculated and compared with the results of X-ray crystallography. This method demonstrated the feasibility of nanopore detection to verify protein conformational changes at the single molecular level by inhibiting protein–protein interactions. It is hoped that this method can be applied to the development of a drug screening platform for detecting conformational changes induced by PPIs. In conclusion, some progress has been made in protein characterization and protein conformation detection by solid-state nanopores, which provides a basis for disease research and drug screening.





3. Detection of Protein-Protein Interactions


Gene determines the protein, and the interaction between proteins determines the main function, so the interactions between proteins are the basis of cell life activities. The study of protein interactions looks at their corresponding biological functions, such as molecular linkage, affinity, binding kinetics, and binding-induced folding kinetics. Also, the identification of protein-conjugated conjugates plays an important role in the field of biological sciences, such as qualitative and quantitative analytical tests and diagnostics for a variety of different biological species. Therefore, it is of great significance to study the antigen–antibody and ligand–receptor interaction by using nanopore detection technology.



In 2006, Uram et al. used submicron pores for the first time to detect characterization and quantification of the binding of polyclonal antibodies to intact paramecium chlorella virus (PBCV-1) particles [85]. This method could detect the formation of viral aggregates quickly and without labeling and without fixing or modifying antibodies or viruses. The maximum number of antibodies that could bind to the individual virus particles is approximately 4200. This method presented some challenges in detecting small numbers of antibodies or other molecules. Based on this study, in 2013, Freedman et al. used solid-state nanopores to detect HIV envelope glycoprotein gp120, antibody gp120, and its antibody coupling complex and related other complexes [86]. The results showed that the probability density of the monomer and dimer of gp120 antibody had a bimodal signal, and there were univalent and polyvalent binding states between gp120 and the dimer of gp120 antibody, and the univalent binding states were dominant. Also, the team added bovine serum protein (BSA) and fetal bovine serum (FBS) interferers to the gp120 antigen-antibody complex to verify that the interferers did not bind to the antibodies, and the binding signal could be isolated from the background. This study demonstrates that unlabeled nanopore detection can be used to qualitatively detect antibodies and their antigen-conjugated complexes, providing a new method for other antibody detection and drug screening design.



In 2016, Kwak et al. used solid-state nanopore to study the interaction between the anti-cancer therapeutic p53 transactivation domain (p53TAD), MDM2, and its inhibitory effect on Nutlin-3, a small-molecule MDM2 antagonist [87]. When p53TAD and MDM2 were detected separately, it was found that the two proteins had opposite charges in the neutral buffer and formed a complex with negative charges, which could prevent MDM2 translocation. However, translocation signals appeared when Nutlin-3 was added, because Nutlin-3 destroyed the MDM2-GST-p53TAD complex and re-released MDM2. In summary, the results indicate that solid-state nanopore detection technology can establish a platform for target protein–protein interaction drug target screening based on the advantages of the unlabeled ultra-sensitive and low detection limit. High-throughput detection of transient protein–protein interactions is a challenging experiment.



In 2019, Avinash and Kumar used biological nanopores to monitor protein–protein interactions in real-time [88], as shown in Figure 6. In complex molecules containing FBS, the binding and release of protein ligands to receptors could be clearly distinguished using this nanopore technique. In the same year, Chuah et al. used silicon nitride nanopores to detect prostate-specific antibody (anti-PSA)-modified nanoparticles and PSA captured by this magnetic bead modifier [3]. In a free magnetic field, the nanoparticle trapped the analyte and PSA with diffusing. If the PSA molecule was trapped by a magnetic bead, it could not be removed when the magnetic field was reversed, but unbound PSA magnetic nanoparticles could be removed, which could avoid false signals. When the array nanopores were blocked, it could be seen that the blocking current was longer. The concentration of PSA was measured with whole blood samples and the detection limit was the flying-Moore level. This study breaks the conventional detection techniques, replaces diffusion with active capture, eliminates false signals, improves specificity and detection limit, and provides important basic research for quantitative detection of various proteins or nucleic acids.




4. Detection of Protein-DNA Interactions


The interaction of proteins with specific DNA sequences is critical in the control of gene expression and the regulation of replication. The monomolecular approach provides an excellent ability to uncover the mechanisms and dynamics of these interactions. As biological macromolecules, protein and DNA play an important role in the structure and function changes of living organisms due to their mutual reactions.



In 2009, Dekker’s team reported the force spectrum analysis of RecA protein wrapped DNA molecules by solid nanopores with optical tweezers, as well as the translocation analysis of solid nanopores [89,90], as shown in Figure 7. The experimental results showed that the translocation blockade time was three orders of magnitude, and the blocking value had two different regions. It was believed that the large blocking value was caused by the RecA-dsDNA translocation, and this result was confirmed by the optical tweezers system. Also, different applied voltages were applied to distinguish different translocations: At voltages below 150 mV, the rate of translocation events increased with increasing voltages; however, the translocation rate remained the same when the voltage was higher than 150 mV. The research has potential in basic science and genome screening. In 2010, the team further examined both RecA-DNA and bare DNA using solid-state nanopore translocations that produce significantly different current blocking signals, in which the RecA-DNA strand consists of 5 RecA proteins bound to 15 base pairs of DNA [91]. These results demonstrate that it is possible to use solid-state nanopores to read information along with DNA at high resolution, a step towards genomic screening.



In 2011, Spiering et al. studied the dynamics of translocation of single protein molecules attached to double-stranded DNA using nanopore force spectroscopy [92]. By modeling and measurement, it was found that the different asymmetry and delay force signals depended on the elasticity of protein charge DNA and its counterion screening. The model results were in good agreement with the measured force curves. The force had a linear relationship with the applied voltage and showed a small blocking phenomenon in the violent random movement back and forth. Ledden et al. studied the translocation time of DNA and protein molecules in solid nanopores [93]. The results showed that the translocation of biopolymers through nanopores depended on the properties of the polymer, including its conformational state size, conformational charge, and charge distribution. The natural state of protein and DNA translocations approximately followed simple one-dimensional biased diffusion of charged particles. Due to the polypeptide’s heterogeneous charge sequence, the undeveloped proteins were subjected to sequence-specific coupled electrophoresis and thermal activation processes. In 2012, Raillon et al. used solid-state nanopore sensing technology to detect a single Escherichia coli RNAP-DNA transcription complex and a single Escherichia coli RNAP enzyme to study the interaction between a single protein and nucleic acid [94]. These two types of molecular translocations and naked DNA translocations were distinguished and identified according to their specific conductance translocation characteristics. This provides a new perspective for the study of the transcriptional process at the single molecular level. In 2014, Meervelt and Soskine used biological nanopores to detect two isomer binding configurations in protein–aptamer complexes [95]. In 2016, Kong et al. designed DNA vectors as a new method for specific protein detection based on nanopores [96]. In the system (which used the standard biotin-streptavidin and digoxin anti-digoxin binding systems), the target protein molecule bonded to a defined location on the DNA strand, causing a secondary transient current drop when the DNA was translocated. DNA was incubated with different concentrations of target proteins before detection, and the results showed that protein concentrations could be quantified within the nanoscale concentration range. This study demonstrates the potential of a new quantitative and specific protein assay protocol using DNA carrier methods. In 2017, Sze et al. used aptamer-modified DNA carriers to screen monomolecular composite nanoporous proteins in human serum [97].



Celaya and Perales-Calvo developed a nanopore method to distinguish naked DNA from DNA–protein complexes [98], which tests the inhibitory effect of small molecules on complex formation and the mechanism of action and facilitates the development of transcription factor binding inhibitors. In 2019, Kaur et al. detected the binding RNA polymerase (RNAP) on 48.5 kbp (16.5 μm) λDNA using silicon nitride-based nanopore [99]. To prevent RNAP from separating from λDNA molecules in the nanopore at high electric fields, the team used formaldehyde to cross-link RNAP proteins to λ-DNA. The binding efficiency and binding position of RNAP on λ DNA were estimated by analyzing the duration and amplitude of current blocking signals of translocation events and secondary translocation events. This is shown in Figure 8. The results showed that a single RNAP binding site was indistinguishable from the nanopore itself; the binding efficiency of RNAP/λDNA was about 42% under the experimental condition of 6 to 1; the binding sites of RNAP were mainly at 3.51 ± 0.53 μm, most likely corresponding to the strong promoter regions at 3.48 μm and 4.43 μm (38 kbp and 35.6 kbp) on λDNA. The work provides a new perspective and complexity for studying the binding of the transcription factor RNAP at different locations on very long DNA molecules. In 2020, Chau et al. enhanced the detection of DNA and protein by using macromolecule aggregation in solid-state nanopores [13]. In conclusion, nanopore detection technology provides an important basis for the development of gene sequencing drug screening inhibitors and the application of medical diagnosis.




5. Conclusions and Outlook


Nanopore detection technology is a new type of nanoscale electrical sensor that has many advantages such as fast, unlabeled, and high sensitivity. In this paper, the applications of this technique are reviewed in the fields of conformational changes in protein space, protein–protein interactions, and protein–DNA interactions, and provide major opportunities for biological and disease research. It plays an important role in promoting the development of gene therapy technology in medical diagnosis and future precision medicine plans and triggering a new revolution in medicine.



Although the application of this technology is promising, difficulties still need to be overcome to achieve better progress and breakthroughs. How to improve the temporal and spatial resolution of the analyte through the nanopore so that it can be more controlled and more realistic to reflect the properties of the protein, is an important topic of interest. To improve the temporal resolution, it can slow down the analyte translocation speed or increase the collected data bandwidth, but at the same time, it will introduce more noise signals. To reduce the noise signals, it is necessary to improve the amplifier selection requirements or improve the nanopore. To improve the spatial resolution, it is necessary to improve the reproducibility of hole making and select the appropriate aperture size and thickness. However, when the thickness becomes very thin, there is a risk of rupture. Obtaining instantaneous spatial conformational changes of individual proteins remains a huge challenge. Although it has been reported that 2D or 3D self-assembled DNA structures have great potential to improve the performance of nanopore detection, a lot of research work is still needed to better combine DNA-assembled nanostructures with nanopores. Alternatively, fluorescence imaging technology can be combined with nanopore current signals to realize photoelectric joint detection, and the instantaneous state of proteins in nanopores can be revealed by the kinetic or physical parameters obtained. Also, if the nanopore detection technology is to be commercialized or productized, it needs to be industrialized, and the size, shape, structure, and surface characteristics of the nanopore should be strictly unified. In conclusion, nanopore detection technology is a promising biosensor with great room for improvement in the field of biology and medicine and has immeasurable application value. Also, if combined with other detection techniques, it is more conducive to the identification of proteins and the realization of high-throughput protein sequencing, which will bring revolutionary changes to proteomics research.







Author Contributions


Conceptualization, X.Z., Y.Y. and D.W.; methodology, X.Z.; software, X.Z. and W.M.; validation, X.Z., Y.X., Q.L., W.M., D.Z., Y.Y. and D.W.; formal analysis: X.Z.; investigation, Q.M., Y.Y., L.W.; resources, D.W.; data curation, X.Z., Q.L., L.W.; writing—original draft preparation, X.Z.; writing—review and editing, Y.Y. and D.W.; visualization, Q.M.; supervision, Y.Y. and D.W.; project administration, D.W.; funding acquisition, D.W. All authors have read and agreed to the published version of the manuscript.




Funding


We acknowledge the support from an equipment research project of the Chinese Academy of Sciences (grant no. Y52A100K10), the National Nature Science Foundation of China (grant no. 61471336) and the Joint-Scholar of West-Light Foundation of the Chinese Academy of Sciences awarded to Deqiang Wang.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ishijima, A.; Kojima, H.; Higuchi, H.; Harada, Y.; Funatsu, T.; Yanagida, T. Multiple- and single-molecule analysis of the actomyosin motor by nanometer-piconewton manipulation with a microneedle: Unitary steps and forces. Biophys. J. 1996, 70, 383–400. [Google Scholar] [CrossRef]

	



Spitaleri, A.; Garoli, D.; Schütte, M.; Lehrach, H.; Rocchia, W.; De Angelis, F. Adaptive nanopores: A bioinspired label-free approach for protein sequencing and identification. Nano Res. 2020, 14, 328–333. [Google Scholar] [CrossRef]

	



Thakur, A.K.; Movileanu, L. Real-time measurement of protein-protein interactions at single-molecule resolution using a biological nanopore. Nat. Biotechnol. 2018, 37, 96–104. [Google Scholar] [CrossRef]

	



Restrepo-Pérez, L.; Huang, G.; Bohländer, P.R.; Worp, N.; Eelkema, R.; Maglia, G.; Joo, C.; Dekker, C. Correction to resolving chemical modifications to a single amino acid within a peptide using a biological nanopore. ACS Nano 2020, 13, 2021. [Google Scholar] [CrossRef]

	



Howorka, S.; Siwy, Z.S. Reading amino acids in a nanopore. Nat. Biotechnol. 2020, 38, 159–160. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Wang, Y.; Liu, Y.; Wang, H.; Li, W.; Tang, P.; Weng, T.; Zhou, S.; Liang, L.; Yuan, J.; et al. Reduction chemistry-assisted nanopore determination method for immunoglobulin isotypes. Nanoscale 2020, 12, 19711–19718. [Google Scholar] [CrossRef]

	



Tian, H.; Xie, W.; He, S.; Zhou, D.; Fang, S.; Liang, L.; Wang, D. Investigation of the adsorption behavior of BSA with tethered lipid layer-modified solid-state nanopores in a wide pH range. RSC Adv. 2019, 9, 15431–15436. [Google Scholar] [CrossRef]

	



Ren, R.; Wang, X.; Cai, S.; Zhang, Y.; Korchev, Y.; Ivanov, A.P.; Edel, J.B. Back cover: Selective sensing of proteins using aptamer functionalized nanopore extended field-effect transistors (small methods 11/2020). Small Methods 2020, 4, 2070044. [Google Scholar] [CrossRef]

	



Tang, J.; Wu, J.; Zhu, R.; Wang, Z.; Zhao, C.; Tang, P.; Xie, W.; Wang, D.; Liang, L. Reversible photo-regulation on the folding/unfolding of telomere G-quadruplexes with solid-state nanopores. Analyst 2021, 146, 655–663. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Zhang, B.; Liang, L.; Wang, S.; Zhang, L.; Wang, L.; Cui, H.L.; Zhou, Y.; Wang, D. A solid-state nanopore-based single-molecule approach for label-free characterization of plant polysaccharides. Plant. Commun. 2021, 2, 100106. [Google Scholar] [CrossRef]

	



Thakur, A.K.; Movileanu, L. Single-molecule protein detection in a biofluid using a quantitative nanopore sensor. ACS Sens. 2019, 4, 2320–2326. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, Y.; Chen, X.; Guan, X.; Wang, L. Analysis with biological nanopore: On-pore, off-pore strategies and application in biological fluids. Talanta 2021, 223, 121684. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, S.; Wang, L.; Chen, X.; Guan, X. Label-free nanopore single-molecule measurement of trypsin activity. ACS Sens. 2016, 1, 607–613. [Google Scholar] [CrossRef]

	



Wang, Y.; Guan, X.; Zhang, S.; Liu, Y.; Wang, S.; Fan, P.; Du, X.; Yan, S.; Zhang, P.; Chen, H.-Y.; et al. Structural-profiling of low molecular weight RNAs by nanopore trapping/translocation using Mycobacterium smegmatis porin A. Nat. Commun. 2021, 12, 3368. [Google Scholar] [CrossRef] [PubMed]

	



Gundlach, J.H. Mycobacterium smegmatis porin A (MspA) nanopore–based DNA sequencing using phage DNA polymerase and blocking oligomers. Sci. Exch. 2012, 5, 375. [Google Scholar] [CrossRef]

	



Ouldali, H.; Sarthak, K.; Ensslen, T.; Piguet, F.; Manivet, P.; Pelta, J.; Behrends, J.C.; Aksimentiev, A.; Oukhaled, A. Electrical recognition of the twenty proteinogenic amino acids using an aerolysin nanopore. Nat. Biotechnol. 2019, 38, 176–181. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Haque, F.; Rychahou, P.G.; Evers, B.M.; Guo, P. Engineered nanopore of Phi29 DNA-packaging motor for real-time detection of single colon cancer specific antibody in serum. ACS Nano 2013, 7, 9814–9822. [Google Scholar] [CrossRef]

	



Biesemans, A.; Soskine, M.; Maglia, G. A protein rotaxane controls the translocation of proteins across a ClyA nanopore. Nano Lett. 2015, 15, 6076–6081. [Google Scholar] [CrossRef] [PubMed]

	



Xue, L.; Yamazaki, H.; Ren, R.; Wanunu, M.; Ivanov, A.P.; Edel, J.B. Solid-state nanopore sensors. Nat. Rev. Mater. 2020, 5, 931–951. [Google Scholar] [CrossRef]

	



Wu, L.; Wu, H.; Liu, L.; Ye, X.; Liu, Q. Fabrication and characterization of solid nanopores with silicon nitride membranes by focus ion beam. Acta Biophys. Sin. 2013, 29, 203. [Google Scholar] [CrossRef]

	



Yen, P.; Wang, C.; Hwang, G.-J.; Chou, Y.C. Gate effects on DNA translocation through silicon dioxide nanopore. Rev. Sci. Instrum. 2012, 83, 13770–13773. [Google Scholar] [CrossRef]

	



Lee, K.H.; Huang, Y.P.; Wong, C.C. Nanotip fabrication by anodic aluminum oxide templating. Electrochim. Acta 2011, 56, 2394–2398. [Google Scholar] [CrossRef]

	



Zhang, Z.-Y.; Deng, Y.-S.; Tian, H.-B.; Yan, H.; Cui, H.-L.; Wang, D.-Q. Noise analysis of monolayer graphene nanopores. Int. J. Mol. Sci. 2018, 19, 2639. [Google Scholar] [CrossRef]

	



Zhou, Z.; Hu, Y.; Wang, H.; Xu, Z.; Wang, W.; Bai, X.; Shan, X.; Lu, X. DNA translocation through hydrophilic nanopore in hexagonal boron nitride. Sci. Rep. 2013, 3, 3287. [Google Scholar] [CrossRef]

	



Shi, J.; Hou, J.; Fang, Y. Recent advances in nanopore-based nucleic acid analysis and sequencing. Microchim. Acta 2015, 183, 925–939. [Google Scholar] [CrossRef]

	



Cao, C.; Li, M.-Y.; Cirauqui, N.; Wang, Y.-Q.; Dal Peraro, M.; Tian, H.; Long, Y.-T. Mapping the sensing spots of aerolysin for single oligonucleotides analysis. Nat. Commun. 2018, 9, 2823. [Google Scholar] [CrossRef] [PubMed]

	



Rauf, S.; Zhang, L.; Ali, A.; Ahmad, J.; Liu, Y.; Li, J. Nanopore-based, label-free, and real-time monitoring assay for DNA methyltransferase activity and inhibition. Anal. Chem. 2017, 89, 13252–13260. [Google Scholar] [CrossRef]

	



Cao, C.; Ying, Y.-L.; Hu, Z.-L.; Liao, D.-F.; Tian, H.; Long, Y.-T. Discrimination of oligonucleotides of different lengths with a wild-type aerolysin nanopore. Nat. Nanotechnol. 2016, 11, 713–718. [Google Scholar] [CrossRef] [PubMed]

	



Haque, F.; Li, J.; Wu, H.C.; Liang, X.J.; Guo, P. Solid-state and biological nanopore for real-time sensing of single chemical and sequencing of DNA. Nano Today 2013, 8, 56–74. [Google Scholar] [CrossRef]

	



Kennedy, E.; Dong, Z.; Tennant, C.; Timp, G. Reading the primary structure of a protein with 0.07 nm 3 resolution using a subnanometre-diameter pore. Nat. Nanotechnol. 2016, 11, 968–976. [Google Scholar] [CrossRef]

	



Larimi, M.G.; Mayse, L.A.; Movileanu, L. Interactions of a polypeptide with a protein nanopore under crowding conditions. ACS Nano 2019, 13, 4469–4477. [Google Scholar] [CrossRef]

	



Waduge, P.; Hu, R.; Bandarkar, P.; Yamazaki, H.; Cressiot, B.; Zhao, Q.; Whitford, P.C.; Wanunu, M. Nanopore-Based Measurements of protein size, fluctuations, and conformational changes. ACS Nano 2017, 11, 5706–5716. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Yao, X.F.; Wang, H.Y. Protein detection through single molecule nanopore. Chin. J. Anal. Chem. 2018, 46, e1838–e1846. [Google Scholar] [CrossRef]

	



Chau, C.C.; Radford, S.E.; Hewitt, E.W.; Actis, P. Macromolecular crowding enhances the detection of DNA and proteins by a solid-state nanopore. Nano Lett. 2020, 20, 5553–5561. [Google Scholar] [CrossRef]

	



Oukhaled, A.; Cressiot, B.; Bacri, L.; Pastoriza-Gallego, M.; Betton, J.-M.; Bourhis, E.; Jede, R.; Gierak, J.; Auvray, L.; Pelta, J. Dynamics of completely unfolded and native proteins through solid-state nanopores as a function of electric driving force. ACS Nano 2011, 5, 3628–3638. [Google Scholar] [CrossRef]

	



Steinbock, L.J.; Krishnan, S.; Bulushev, R.D.; Borgeaud, S.; Blokesch, M.; Feletti, L.; Radenovic, A. Probing the size of proteins with glass nanopores. Nanoscale 2014, 6, 14380–14387. [Google Scholar] [CrossRef]

	



Heiranian, A.B.; Mohammad, F.; Min, K.; Aluru, N.R. Antibody subclass detection using graphene nanopores. J. Phys. Chem. Lett. 2017, 8, 1670–1676. [Google Scholar] [CrossRef]

	



Movileanu, L. Interrogating single proteins through nanopores: Challenges and opportunities. Trends Biotechnol. 2009, 27, 333–341. [Google Scholar] [CrossRef]

	



Movileanu, L.; Howorka, S.; Braha, O.; Bayley, H. Detecting protein analytes that modulate transmembrane movement of a polymer chain within a single protein pore. Nat. Biotechnol. 2000, 18, 1091–1095. [Google Scholar] [CrossRef] [PubMed]

	



Niedzwiecki, D.J.; Lanci, C.J.; Shemer, G.; Cheng, P.S.; Saven, J.G.; Drndić, M. Observing changes in the structure and oligomerization state of a helical protein dimer using solid-state nanopores. ACS Nano 2015, 9, 8907–8915. [Google Scholar] [CrossRef] [PubMed]

	



Tavassoly, O.; Kakish, J.; Nokhrin, S.; Dmitriev, O.; Lee, J.S. The use of nanopore analysis for discovering drugs which bind to α-synuclein for treatment of Parkinson’s disease. Eur. J. Med. Chem. 2014, 88, 42–54. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Chen, Y.; Fu, Y.; Ying, C.; Feng, Y.; Huang, Q.; Wang, C.; Pei, D.-S.; Wang, D. Monitoring tetracycline through a solid-state nanopore sensor. Sci. Rep. 2016, 6, 27959. [Google Scholar] [CrossRef]

	



Runtuwene, L.R.; Tuda, J.S.B.; Mongan, A.E.; Makalowski, W.; Frith, M.C.; Imwong, M.; Srisutham, S.; Thi, L.A.N.; Tuan, N.N.; Eshita, Y.; et al. Nanopore sequencing of drug-resistance-associated genes in malaria parasites, Plasmodium falciparum. Sci. Rep. 2018, 8, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Plesa, C.; Ruitenberg, J.W.; Witteveen, M.J.; Dekker, C. Detection of individual proteins bound along dna using solid-state nanopores. Nano Lett. 2015, 15, 3153–3158. [Google Scholar] [CrossRef]

	



Japrung, D.; Bahrami, A.; Nadzeyka, A.; Peto, L.; Bauerdick, S.; Edel, J.B.; Albrecht, T. SSB Binding to single-stranded DNA Probed using solid-state nanopore sensors. J. Phys. Chem. B 2014, 118, 11605–11612. [Google Scholar] [CrossRef]

	



Han, A.; Creus, M.; Schürmann, G.; Linder, V.; Ward, T.R.; De Rooij, N.F.; Staufer, U. Label-Free detection of single protein molecules and protein−protein interactions using synthetic nanopores. Anal. Chem. 2008, 80, 4651–4658. [Google Scholar] [CrossRef] [PubMed]

	



Darvish, A.; Lee, J.S.; Peng, B.; Saharia, J.; VenkatKalyana Sundaram, R.; Goyal, G.; Bandara, N.; Ahn, C.W.; Kim, J.; Dutta, P.; et al. Back cover: Mechanical characterization of HIV-1 with a solid-state nanopore sensor. Electrophoresis 2019, 40, 597–828. [Google Scholar] [CrossRef] [PubMed]

	



Roozbahani, G.M.; Chen, X.; Zhang, Y.; Juarez, O.; Li, D.; Guan, X. Computation-assisted Nanopore detection of thorium ions. Anal. Chem. 2018, 90, 5938–5944. [Google Scholar] [CrossRef]

	



Wang, G.; Zhao, Q.; Kang, X.; Guan, X. Probing mercury(II)–DNA Interactions by nanopore stochastic sensing. J. Phys. Chem. B 2013, 117, 4763–4769. [Google Scholar] [CrossRef]

	



Wen, S.; Zeng, T.; Liu, L.; Zhao, K.; Zhao, Y.; Liu, X.; Wu, H.-C. Highly sensitive and selective DNA-based detection of mercury(II) with α-hemolysin nanopore. J. Am. Chem. Soc. 2011, 133, 18312–18317. [Google Scholar] [CrossRef]

	



Yang, C.; Liu, L.; Zeng, T.; Yang, D.; Yao, Z.; Zhao, Y.; Wu, H.-C. Highly sensitive simultaneous detection of lead(II) and barium(II) with G-quadruplex DNA in α-hemolysin nanopore. Anal. Chem. 2013, 85, 7302–7307. [Google Scholar] [CrossRef] [PubMed]

	



Takaya, D.; Niwa, H.; Mikuni, J.; Nakamura, K.; Handa, N.; Tanaka, A.; Yokoyama, S.; Honma, T. Protein ligand interaction analysis against new CaMKK2 inhibitors by use of X-ray crystallography and the fragment molecular orbital (FMO) method. J. Mol. Graph. Model. 2020, 99, 107599. [Google Scholar] [CrossRef]

	



Kemmink, J.; Darby, N.J.; Creighton, T.E.; Dijkstra, K.; Scheek, R.M. Nuclear magnetic resonance characterization of the N-terminal thioredoxin-like domain of protein disulfide isomerase. Protein Sci. 1995, 4, 2587–2593. [Google Scholar] [CrossRef] [PubMed]

	



Whitmore, L.; Wallace, B.A. Protein secondary structure analyses from circular dichroism spectroscopy: Methods and reference databases. Biopolymers 2008, 89, 392–400. [Google Scholar] [CrossRef]

	



VD Dos Santos, A.C.; Heydenreich, R.; Derntl, C.; Mach-Aigner, A.R.; Mach, R.L.; Ramer, G.; Lendl, B. Nanoscale Infrared spectroscopy and chemometrics enable detection of intracellular protein distribution. Anal. Chem. 2020, 92, 15719–15725. [Google Scholar] [CrossRef]

	



Ikai, A.; Afrin, R.; Sekiguchi, H. Pulling and pushing protein molecules by AFM. Curr. Nanosci. 2007, 3, 17–29. [Google Scholar] [CrossRef]

	



Zhao, J. Studying the physics of charged macromolecules by single molecule fluorescence spectroscopy. J. Chem. Phys. 2020, 153, 170903. [Google Scholar] [CrossRef] [PubMed]

	



Fezoui, Y.; Teplow, D.B. Kinetic studies of amyloid β-protein fibril assembly: Differential effects of α-helix stabilization. J. Biol. Chem. 2002, 277, 36948–36954. [Google Scholar] [CrossRef]

	



Schnabel, J. Protein folding: The dark side of proteins. Nature 2010, 464, 828–829. [Google Scholar] [CrossRef]

	



Trojanowski, J.Q.; Lee, V.M.Y. Parkinson’s disease and related synucleinopathies are a new class of nervous system amyloidoses. Neurotoxicology 2002, 23, 457–460. [Google Scholar] [CrossRef]

	



Chandra, S.; Gallardo, G.; Fernández-Chacón, R.; Schlüter, O.M.; Südhof, T.C. Alpha-synuclein cooperates with CSPalpha in preventing neurodegeneration. Cell 2005, 123, 383–396. [Google Scholar] [CrossRef]

	



Tyler, K.L. Creutzfeldt–Jakob disease. N. Engl. J. Med. 2003, 348, 681–682. [Google Scholar] [CrossRef]

	



Cobb, N.J.; Surewicz, W.K. Prion Diseases and their biochemical mechanisms. Biochemistry 2009, 48, 2574–2585. [Google Scholar] [CrossRef]

	



Gething, M.-J.; Sambrook, J. Protein folding in the cell. Nature 1992, 355, 33–45. [Google Scholar] [CrossRef]

	



Tsai, C.J.; Kumar, S.; Ma, B.; Nussinov, R. Folding funnels, binding funnels, and protein function. Protein Sci. 1999, 8, 1181–1190. [Google Scholar] [CrossRef]

	



Onuchic, J.N.; Luthey-Schulten, Z.; Wolynes, P.G. Theory of protein folding: The energy landscape perspective. Annu. Rev. Phys. Chem. 1997, 48, 545–600. [Google Scholar] [CrossRef] [PubMed]

	



Mello, C.C.; Barrick, D. An experimentally determined protein folding energy landscape. Proc. Natl. Acad. Sci. USA 2004, 101, 14102–14107. [Google Scholar] [CrossRef] [PubMed]

	



Iwaoka, M.; Wedemeyer, W.J.; Scheraga, H.A. Conformational unfolding studies of three-disulfide mutants of bovine pancreatic ribonuclease a and the coupling of proline isomerization to disulfide redox reactions. Biochemistry 1999, 38, 2805–2815. [Google Scholar] [CrossRef] [PubMed]

	



Lucent, D.; Vishal, V.; Pande, V.S. Protein folding under confinement: A role for solvent. Proc. Natl. Acad. Sci. USA 2007, 104, 10430–10434. [Google Scholar] [CrossRef] [PubMed]

	



Freedman, K.J.; Jürgens, M.; Prabhu, A.; Ahn, C.W.; Jemth, P.; Edel, J.B.; Kim, M.J. Chemical, thermal, and electric field induced unfolding of single protein molecules studied using nanopores. Anal. Chem. 2011, 83, 5137–5144. [Google Scholar] [CrossRef]

	



Freedman, K.J.; Haq, S.R.; Edel, J.B.; Jemth, P.; Kim, M.J. Single molecule unfolding and stretching of protein domains inside a solid-state nanopore by electric field. Sci. Rep. 2013, 3, 1638. [Google Scholar] [CrossRef]

	



Li, J.; Fologea, D.; Rollings, R.; Ledden, B. Characterization of protein unfolding with solid-state nanopores. Protein Pept. Lett. 2014, 21, 256–265. [Google Scholar] [CrossRef]

	



Oukhaled, A.; Pastoriza-Gallego, M.; Bacri, L.; Mathé, J.; Auvray, L.; Pelta, J. Protein unfolding through nanopores. Protein Pept. Lett. 2014, 21, 266–274. [Google Scholar] [CrossRef]

	



Rodriguez-Larrea, D.; Bayley, H. Multistep protein unfolding during nanopore translocation. Nat. Nanotechnol. 2013, 8, 288–295. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Larrea, D.; Bayley, H. Protein co-translocational unfolding depends on the direction of pulling. Nat. Commun. 2014, 5, 1–7. [Google Scholar] [CrossRef]

	



Fologea, D.; Ledden, B.; McNabb, D.S.; Li, J. Electrical characterization of protein molecules by a solid-state nanopore. Appl. Phys. Lett. 2007, 91, 539011–539013. [Google Scholar] [CrossRef] [PubMed]

	



Sha, J.; Si, W.; Xu, B.; Zhang, S.; Li, K.; Lin, K.; Shi, H.; Chen, Y. Identification of spherical and nonspherical proteins by a solid-state nanopore. Anal. Chem. 2018, 90, 13826–13831. [Google Scholar] [CrossRef]

	



Giamblanco, N.; Coglitore, D.; Janot, J.M.; Coulon, P.E.; Charlot, B.; Balme, S. Detection of protein aggregate morphology through single antifouling nanopore. Sens. Actuators B Chem. 2018, 260, 736–745. [Google Scholar] [CrossRef]

	



Wei, R.; Tampé, R.; Rant, U. Stochastic Sensing of Proteins with Receptor-Modified Solid-State Nanopores. Nat. Nanotechnol. 2012, 7, 257–263. [Google Scholar] [CrossRef] [PubMed]

	



Yusko, E.C.; Bruhn, B.R.; Eggenberger, O.M.; Houghtaling, J.; Rollings, R.C.; Walsh, N.C.; Nandivada, S.; Pindrus, M.; Hall, A.R.; Sept, D.; et al. Real-time shape approximation and fingerprinting of single proteins using a nanopore. Nat. Nanotechnol. 2016, 12, 360–367. [Google Scholar] [CrossRef]

	



Saharia, J.; Bandara, Y.M.N.D.Y.; Goyal, G.; Lee, J.S.; Karawdeniya, B.I.; Kim, M.J. Molecular-level profiling of human serum transferrin protein through assessment of nanopore-based electrical and chemical responsiveness. ACS Nano 2019, 13, 4246–4254. [Google Scholar] [CrossRef]

	



Hu, G.; Fu, J.; Qiao, Y.; Meng, H.; Wang, Z.; Tu, J.; Lu, Z. Molecular dynamics discrimination of the conformational states of calmodulin through solid-state nanopores. Phys. Chem. Chem. Phys. 2020, 22, 19188–19194. [Google Scholar] [CrossRef] [PubMed]

	



Chae, H.; Kwak, D.-K.; Lee, M.-K.; Chi, S.-W.; Kim, K.-B. Solid-state nanopore analysis on conformation change of p53TAD-MDM2 fusion protein induced by protein-protein interaction. Nanoscale 2018, 10, 17227–17235. [Google Scholar] [CrossRef]

	



Chae, H.; Kwak, D.-K.; Lee, M.-K.; Chi, S.-W.; Kim, K.-B. Nanopore analysis on the drug-induced conformation change of a p53-linker-mouse double minute 2 protein complex. J. Nanosci. Nanotechnol. 2019, 20, 15–23. [Google Scholar] [CrossRef] [PubMed]

	



Uram, J.D.; Ke, K.; Hunt, A.J.; Mayer, M. Submicrometer pore-based characterization and quantification of antibody-virus interactions. Small 2006, 2, 967–972. [Google Scholar] [CrossRef]

	



Freedman, K.J.; Bastian, A.R.; Chaiken, I.; Kim, M.J. Solid-state nanopore detection of protein complexes: Applications in healthcare and protein kinetics. Small 2013, 9, 750–759. [Google Scholar] [CrossRef] [PubMed]

	



Kwak, D.-K.; Chae, H.; Lee, M.-K.; Ha, J.-H.; Goyal, G.; Kim, M.J.; Kim, K.-B.; Chi, S.-W. Probing the small-molecule inhibition of an anticancer therapeutic protein-protein interaction using a solid-state nanopore. Angew. Chem. Int. Ed. 2016, 55, 5713–5717. [Google Scholar] [CrossRef]

	



Chuah, K.; Wu, Y.; Vivekchand, S.R.C.; Gaus, K.; Reece, P.J.; Micolich, A.P.; Gooding, J.J. Nanopore blockade sensors for ultrasensitive detection of proteins in complex biological samples. Nat. Commun. 2019, 10, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Hall, A.R.; Van Dorp, S.; Lemay, S.G.; Dekker, C. Electrophoretic force on a protein-coated dna molecule in a solid-state nanopore. Nano Lett. 2009, 9, 4441–4445. [Google Scholar] [CrossRef]

	



Smeets, R.M.M.; Kowalczyk, S.W.; Hall, A.R.; Dekker, N.H.; Dekker, C. Translocation of RecA-coated double-stranded DNA through solid-state nanopores. Nano Lett. 2009, 9, 3089–3095. [Google Scholar] [CrossRef]

	



Kowalczyk, S.W.; Hall, A.R.; Dekker, C. Detection of local protein structures along DNA using solid-state nanopores. Nano Lett. 2010, 10, 324–328. [Google Scholar] [CrossRef]

	



Spiering, A.; Getfert, S.; Sischka, A.; Reimann, P.; Anselmetti, D. Nanopore translocation dynamics of a single DNA-bound protein. Nano Lett. 2011, 11, 2978–2982. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, L.; Rollings, R.; Talaga, D.S.; Li, J. The Translocation Time of DNA and Protein Molecules in Solid-State Nanopores. Available online: https://www.researchgate.net/publication/253087222_The_translocation_time_of_DNA_and_protein_molecules_in_solid-state_nanopores (accessed on 16 July 2021).

	



Raillon, C.; Cousin, P.; Traversi, F.; Garcia-Cordero, E.; Hernandez, N.; Radenovic, A. Nanopore detection of single molecule RNAP–DNA transcription complex. Nano Lett. 2012, 12, 1157–1164. [Google Scholar] [CrossRef]

	



Van Meervelt, V.; Soskine, M.; Maglia, G. Detection of two isomeric binding configurations in a protein–aptamer complex with a biological nanopore. ACS Nano 2014, 8, 12826–12835. [Google Scholar] [CrossRef] [PubMed]

	



Kong, J.; Bell, N.; Keyser, U. Quantifying protein concentration using designed DNA carriers and solid-state nanopores. Nano Lett. 2016, 16, 3557–3562. [Google Scholar] [CrossRef]

	



Sze, J.Y.Y.; Ivanov, A.P.; Cass, A.E.G.; Edel, J.B. Single molecule multiplexed nanopore protein screening in human serum using aptamer modified DNA carriers. Nat. Commun. 2017, 8, 1552. [Google Scholar] [CrossRef] [PubMed]

	



Celaya, G.; Perales-Calvo, J.; Muga, A.; Moro, F.; Rodriguez-Larrea, D. Label-free, multiplexed, single-molecule analysis of protein-DNA complexes with nanopores. ACS Nano 2017, 11, 5815–5825. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, H.; Nandivada, S.; Acharjee, M.C.; McNabb, D.S.; Li, J. Estimating RNA polymerase protein binding sites on λ DNA using solid-state nanopores. ACS Sens. 2019, 4, 100–109. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 11 01942 g001 550] 





Figure 1. (a) Schematic showing the expected protein states with the principal sensing element, a 15-nm solid-state nanopore, drilled in a 50-nm-thick silicon nitride membrane. (b) Crystal structure for the SAP97 PDZ2 domain. The Protein Data Bank (PDB) CODE: 2X7Z. (c) Finite element simulations showing the electric field plotted as a function of distance from pore center; pore dimensions: 15 nm diameter, 50 nm thick membrane. This was performed over the range of 200–800 mV in which the effects on protein folding are investigated [71]. Copyright © 2013, Macmillan Publishers Limited. All rights reserved. 
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Figure 2. (a) Schematic diagram of a nanopore experiment setup. (b) A TEM image of a ~16 nm pore used for BSA measurement. (c) Several recorded BSA current blockage events in partially denatured conditions (SDS + DTT + 45 °C at pH 7 and 1 M KCl) measured with the nanopore shown in b. (d) Illustration of one of the possible conformations of a BSA protein at native state (PDB, 3v03). (e) Possible partially denatured form of BSA. (f) Completely unfolded form of a BSA molecule [72]. Copyright © 2013, Macmillan Publishers Limited. All rights reserved. 
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Figure 3. Interaction of V5-C109-oligo (dC)30 with the αHL pore. (a) The pore is inserted in a lipid bilayer from the cis compartment and a potential is applied to cause an ionic current to flow through the pore. (b) Current trace at +140 mV in 2 M KCl in the absence of V5-C109-oligo (dC)30. (c) Current trace at +140 mV in 2 M KCl with V5-C109-oligo (dC)30 (0.4 µM, cis). (d,e) Level 1: V5-C109-oligo (dC)30 is in solution and the pore is unoccupied. Level 2: The oligonucleotide threads into the pore and pulls on the protein. Level 3: the pulling force causes partial unfolding, allowing the oligonucleotide to traverse the pore and the unfolded segment of the polypeptide to enter. Level 4: The remainder of the polypeptide unfolds spontaneously, diffuses through the pore, and leaves through the trans entrance [74]. Copyright © 2013, Macmillan Publishers Limited. All rights reserved. 
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Figure 4. (a) Illustration of protein aggregate detection using a nanopore. (b) Map of events recorded for β lactoglobulin (red), lysozyme (gray), and BSA (blue) aggregate [78]. Copyright © 2018 Elsevier B.V. All rights reserved. 
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Figure 5. (a) Typical setup used for nanopore experiments in buffered (10 mM HEPES) 2 M KCl with low pass filtering at 10 kHz and data acquisition at 200 kHz. The hSTf (250 nM) protein molecules are driven across a ~20 nm diameter nanopore by an applied transmembrane potential. The voltage bias (100−800 mV) is applied to the trans chamber, and the analyte is added to the cis chamber. (b) Representative 2 s current traces, from top to bottom, for pH 10, pH 8, pH 6, pH 4, and pH 2 at +800 mV applied voltage. All traces were obtained using the same ~20 nm diameter pore. (c) UV−vis spectra of a ~25 μM hSTf solution at pH 10 (green), pH 8 (black), pH 6 (red), pH 4 (blue), and pH 2 (brown) [81]. Copyright © 2019, American Chemical Society. 
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Figure 6. Measuring high-affinity PPIs using a nanopore sensor. A protein pore-based nanostructure for the real-time sampling of transient PPIs is shown in (a). The single-polypeptide chain protein comprises a t-FhuA protein pore scaffold, a flexible (GGS)2 tether, a barnase (Bn) protein receptor, and an O peptide adapter. The schematic model was created in PyMol using the PDB files ID: 1BY3 (FhuA) and 1BRS (Bn-Bs). Stochastic sensing of transient PPIs using a single OBn(GGS)2t-FhuA protein is shown in (b,c). The protein nanostructure maintains a basal open-state conductance (b). When added to the cis side, the Bs protein–ligand is expected to produce current transitions between two conductance substates [3] Copyright © 2018 Nat Biotechnol. 
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Figure 7. (a) Schematic of the experiment, showing a bead-conjugated molecule electrophoretically captured in a nanopore [89]. (b) Representation of the RecA-dsDNA filament, where RecA proteins bind along the entire length of dsDNA [89]. (c) Schematic of the experiment, showing the nanopore between two liquid compartments. We apply an electric field across the nanopore and measure the resulting current. Molecules are added to a single liquid compartment and translocate through the nanopore toward the positively biased electrode [90]. (d) Current recording of a 31.1 nm diameter nanopore at 120 mV before and after the addition of bare λ-DNA or 5 kbp dsDNA/RecA filaments to the negatively biased electrode. Time and current scales as well as the addition of the molecule are indicated. Clear current spikes from the baseline appear upon the addition of the molecules, with much larger current blockades for the RecA-dsDNA filaments as compared to the bare dsDNA [90]. Copyright © 2009, American Chemical Society. 
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Figure 8. (a) Schematics of silicon nitride nanopore immersed in 1 M KCl salt solution with a mixture of λ-DNA and RNAP. (b) Trace of current blockage events recorded from a λ DNA and RNAP mixture. The side panel shows a TEM image of 20.42 nm by 23.73 nm size nanopore used in this experiment and an example of current blockage event recorded. (c) 3D representation of E. coli RNAP-DNA complex (3IYD pdb file). Two α subunits are shown in blue; subunits β and β′ are in dark green and light green, respectively; ω is in yellow; σ70 factor is shown in white; and purple reflects DNA strand. (d) Schematics of RNAP bound on five possible positions on a 16.5 μm (48,502 bp) long λ DNA and below that a predicted current blockage event from a λ-DNA*RNAP complex. The current blockage level due to DNA and RNAP is estimated by ionic volume exclusion caused by DNA and RNAP through a nanopore of given dimensions [99]. Copyright © 2009, American Chemical Society. 
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