

  applsci-12-03836




applsci-12-03836







Appl. Sci. 2022, 12(8), 3836; doi:10.3390/app12083836




Article



Creating a Novel Mathematical Model of the Kv10.1 Ion Channel and Controlling Channel Activity with Nanoelectromechanical Systems



Jasmina Lozanović Šajić 1,2,*, Sonja Langthaler 1 and Christian Baumgartner 1[image: Orcid]





1



Institute of Health Care Engineering with European Testing Center for Medical Devices, Graz University of Technology, A-8010 Graz, Austria






2



Innovation Center of the Faculty of Mechanical Engineering, University of Belgrade, 11000 Belgrade, Serbia









*



Correspondence: j.lozanovicsajic@tugraz.at







Academic Editors: Luis Gracia and Carlos Perez-Vidal



Received: 14 March 2022 / Accepted: 8 April 2022 / Published: 11 April 2022



Abstract

:

Featured Application


Nanoelectromechanical systems and nanorobots can be used to treat cancers associated with the Kv10.1 voltage-gated ion channel activity. The Kv10.1 model was developed by applying the control engineering theory. Nanoelectromechanical systems play the role of a PID regulator.




Abstract


The use of nanoelectromechanical systems or nanorobots offers a new concept for sensing and controlling subcellular structures, such as ion channels. We present here a novel method for mathematical modeling of ion channels based on control system theory and system identification. We investigated the use of nanoelectromechanical devices to control the activity of ion channels, particularly the activity of the voltage-gated ion channel Kv10.1, an important channel in cancer development and progression. A mathematical model of the dynamic behavior of the selected ion channel Kv10.1 in the Laplace (s) domain was developed, which is given in the representation of a transfer function. In addition, we addressed the possibilities of controlling ion channel activity by nanoelectromechanical devices and nanorobots and finally presented a control algorithm for the Kv10.1 as a control object. A use case demonstrates the potential of a Kv10.1 controlled nanorobot for cancer treatment at a single-cell level.
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1. Introduction


Nanoelectromechanical systems, nanomachines, and nanorobots represent a challenging and future-orientated research area in biomedical engineering. A nanoelectromechanical system (NEMS) is a device that combines electrical and mechanical system behavior at the nanoscale level. The NEMS has electromechanical parts that have been developed on the nanoscale level, such as sensors, actuators, controllers, and drives [1]. Nanorobots are nanoelectromechanical or nanomechatronic systems, which are innovative devices expected to have revolutionary applications in health care, cancer therapy, monitoring, and drug delivery [2]. These nanoelectromechanical systems and nanorobots represent miniaturizations of microelectromechanical systems and microrobots that travel in the human body and can be used in applications to monitor, interact, and control processes at a cellular level. In particular, these robotic applications involve sensing, control, actuation and propulsion, communications, interfacing, programming and coordination at macro, micro, and nano-levels [2].



In the field of biomedical engineering and medicine, microelectromechanical/nanoelectromechanical systems (MEMS/NEMS) are also called bioMEMS/bioNEMS [3], with almost unlimited practical applications, e.g., in surgery, drug delivery, or gene therapy [4,5,6,7,8]. Figure 1 shows a schematic nanoscale comparison of different items in nature, adapted based on material published in [3,9].



In this work, we chose a voltage-gated potassium ion channel as an example of a biological system at a nanoscale. Ion channels are membrane proteins the size of about 4 nm that enable the passive transport of ions through the cell membrane [10,11]. Based on the scale depicted in Figure 1, we assumed that the dynamic behavior of the ion channel could be measured and controlled with MEMS/NEMS and/or nanorobots. Depending on the gating mechanism, three main types of ion channels are classified as: voltage-gated, receptor/ligand-gated, and second messenger gated channels [12]. Cells usually express a variety of ion channel types, e.g., there are more than 300 different ion channels in an inner ear cell alone [13].



We here selected a single channel from a voltage-gated ion channel family representing the biological system. Voltage-gated ion channels open (activate) and close depending on the cell membrane potential. Subtypes of voltage-gated ion channels (Nav, Cav, Kv, CLC, and Hv) are specifically selective for sodium (Na+), calcium (Ca2+), potassium (K+), chloride (Cl−), and proton (H+) channels. Voltage-gated potassium channels are referred to as the giant subtype and denoted as Kv. These Kv channels encode more than 100 human genes [14]. Potassium channels represent the most complex class of voltage-gated channels [15] and are found in basically all types of mammalian cells, such as cells in the nervous, muscular, and immune systems, among others [15,16,17,18].



Each ion channel exhibits a specific dynamic behavior with different physiological and pharmacological properties [15]. In particular, aberrant expression and functionality of various Kv channels in cancer cells have been associated with tumor development and progression. The voltage-gated Kv10.1 potassium channel, encoded by the gene KCNH1 (subfamily H member 1, known as EAG1 or Ether-à-go-go 1), is implicated in various cellular processes, including, for example, cell proliferation [15].



An analysis of Kv channel expression in human cancer cells [18] revealed an up-regulation of Kv10.1 in a variety of tumors and can be found in blood, bone, brain, breast, stomach, colon, cervix cancer, and prostate cancers cells, thus providing a novel biomarker candidate and potential oncological target for cancer [5,19,20].



For single-channel modeling, we finally selected the Kv10.1 ion channel, as it represents a significant ion channel in cancer development and progression. The Kv10.1 model is based on control system theory, which is similarly based on the modeling concept of the Kv1.1 voltage-gated channel recently presented in [21].




2. Methods


For mathematical modeling of voltage-gated ion channels, the method of system identification known from control engineering was used. We considered the voltage-gated ion channel Kv10.1 as a system, object, or process in accordance with the control system theory. Kv10.1 was treated as a separate object (or system/process) within a space that can interact or connect with other elements. If a system is interpreted as a combination of elements that act together and perform specific objectives [22], then a single ion channel can be considered as a system or, in more precise terms, as an object in a control loop. As such, the channel can achieve the desired dynamics under nominal conditions and display acceptable behaviors under random conditions that deviate from the maximum prescribed boundary conditions.



System identification is a scientific methodology that is used to develop mathematical models of a dynamical system. This method is based on observed or measured data of the system [23]. A block diagram of a general system (G(s)) represents a transfer function with a complex variable s in the Laplace domain, specified with an input c(t), output r(t), measured disturbances dc(t), and unmeasured disturbances d(t) (Figure 2a). An illustration of a voltage-gated ion channel as a system is shown in Figure 2b. The block diagram of the system shows its unilateral property, where system inputs and outputs, in general, are vectors. If there are multiple inputs and multiple outputs, then the system is called a MIMO system. In the case of a single input and a single output, however, the control system is called a SISO system. For example, if a voltage-gated ion channel has a voltage stimulus as input and a measured current as output, we assume that it can be described as a SISO system.



Furthermore, we assume that the voltage-gated ion channel Kv10.1 is a linear time-invariant system based on the experimental results given in the following sections. A linear time-invariant system is defined by


    a n   r   ( n )     ( t )  +  a  n − 1    r   (  n − 1  )     ( t )  + … +  a 1   r ˙   ( t )  +  a 0  r  ( t )  =     b 0  c  ( t )  +  b 1   c ˙   ( t )  + … +  b  n − 1    c   (  n − 1  )     ( t )  +  b n   c   ( n )     ( t )  ,       n ≥ m .   



(1)




where r(t) is the system’s output and c(t) is the system’s input. The transfer function, G(s), is defined as the ratio of the left Laplace-transformed output and the left Laplace-transformed input under zero initial conditions, where s is a complex variable in the Laplace (S) domain.


   G  ( s )  =   ℒ  {  r  ( t )   }    ℒ  {  c  ( t )   }    =   R  ( s )    C  ( s )    =    b 0  +  b 1  s + … +  b  n − 1    s  n − 1   +  b n   s n     a n   s n  +  a  n − 1    s  n − 1   + … +  a 1   y ˙   ( t )  +  a 0  y  ( t )    =    =     ∑  0 m   b m   s m      ∑  0    n    a n   s n      



(2)







The application of the transfer function concept makes it possible to represent the system’s dynamics in the form of algebraic equations. If the highest power of s in the denominator of a transfer function is equal to n, the system is called an nth-order system [22]. The transfer function of a system is thus a mathematical model of this system. If the system’s transfer function is unknown, we can estimate it based on known inputs and measured outputs for the system. This resulting transfer function provides a complete description of the system’s dynamic behavior [22,24,25].



A transfer function can be determined experimentally based on measured input and output signals if a mathematical model cannot be developed using physical correlations and equations. Therefore, the process of developing a model from measured input and output data is known as system identification [23,26]. The main elements in the system identification process cycle are experimental design, the experiment itself, data preprocessing, fitting the model to the data, testing the model structure, validating and auditing the model [26].



The process of system identification has been greatly simplified due to the availability of modern software tools, such as MATLAB or LabVIEW. In this work, we used the System Identification toolbox provided by MATLAB [27,28]. This toolbox includes tools to identify a modeling approach and to define the model structure properties. Measured data can be imported as time-domain or frequency-domain data, and functions for preprocessing, representing, filtering, and estimating the model can be applied. Furthermore, a model can be estimated as a transfer function, a state-space, process, polynomial, or nonlinear model by the System Identification toolbox.




3. Results


We considered experimental patch-clamp data [15] from CHO (Chinese hamster ovary) host cells, stably expressing rat Kv10.1 channels, which exhibit a highly comparable electrophysiological behavior to human Kv10.1 channels [29]. The data provided comprises voltage-clamp measurements at three different temperature levels of 15, 25, and 35 °C. The dynamic behavior of the voltage-gated ion channels displays three main characteristics: activation, deactivation, and inactivation (Figure 3). In the case of the depolarization of the cell membrane, the Kv channel transits from the resting (closed) to the active (open) state. During prolonged depolarization, Kv channels switch to an inactivated state [30]. Figure 3 shows the whole-cell current response to applied voltage-step protocols for the determination of the activation, deactivation, and inactivation characteristics of the channel. In developing the dynamic behavior of the system, the three different stimulus signals, as shown in Figure 3, were used to provoke these activities. In addition, these activation, deactivation, and inactivation characteristics could also be stimulated alternatively by ramp, action potential (AP), and recovery protocols [15].



For model development, the dynamic behavior of Kv10.1 was considered at a temperature of 25 °C, which corresponds to standard experimental conditions in in vitro electrophysiological studies. The activation or opening is stimulated with appropriate depolarizing input voltage step functions. Nevertheless, the Kv10.1 response corresponds to the transient response of the system. Based on the experimentally measured response to given stimuli, we concluded that Kv10.1 behaves as a first-order system. We assumed all initial conditions as equal to zero and at a nominal voltage of 70 mV. It was possible to obtain an average model based on averaged data for all cells, as given in [21] for the Kv1.1 voltage-gated ion channel. We also considered a randomly chosen active cell with high-quality recording data from the database available via Channelpedia, a web-based freely accessible information management network and electrophysiology data repository [15]. The chosen cell ID is 9514 at 25 °C, and the host cell is CHO_FT; the species is rat. Input and output experimental data from patch-clamp measurements are given in Figure 3.



Figure 4 shows the activation voltage step protocol to determine the opening or activation of the ion channel and the measured macroscopic ion current as input and output for system identification. We assumed a nominal operating point at an input voltage of 70 mV, based on the experimental design and input functions for inactivation and deactivation. Input-output data from the patch-clamp experiments for the nominal operating point are shown in Figure 5a. Time-domain experimental data were imported into the System Identification toolbox in MATLAB. The data were not preprocessed and, based on the measured output signal and input step signals, we adopted a first-order linear time-invariant system. A comparison between measured and simulated model output is shown in Figure 5b.



The transfer function was estimated with one pole and null zeros in the continuous-time domain, the i/o delay was fixed to zero, and we set the initial condition to zero. The initialization method implies that the algorithm is used to initialize the numerator and denominator. Algorithms applicable only for estimating continuous-time transfer functions using time-domain data are the instrument variable (IV), state variable filters (SVF), generalized Poisson moment functions (GPMF), subspace state-space estimation (N4SID), and a combination of all of the preceding (ALL) approaches [27,28]. We chose to use the initialization method ALL. This method of systems modeling is known as black-box modeling.



The estimated transfer function model for the assumed nominal step input of 70 mV and measured output macroscopic current in nA is given by


  G  ( s )  =   3.687   s + 21.22    



(3)




where units of the transfer function G(s) are ratio units of output (s)—the output macroscopic current (nA), and units of input (s)—the input voltage step (mV).



The model, Equation (3), is written in a general form of a first-order system in the Laplace domain by


  G  ( s )  =  K  T s + 1    



(4)




where K is the gain with K = 0.1738 and T the time constant, T = 0.0471. The system’s gain is the ratio between the input signal and the steady-state value of the output.




4. Discussion


4.1. System Analysis


The mathematical model of the system is given by Equations (3) and (4) in the Laplace domain. The unit step response of the system is shown in Figure 6. Besides the gain and time constant, other essential characteristics of the system are the rise time, transient time, settling time, and steady-state. These system characteristics are calculated from the transfer function or are found by plotting the step response in MATLAB.



In Figure 6, the rise time is 0.104 s, the transient time is 0.184 s, and the final value corresponds to a gain of 0.174 nA; thus, the system does not have an overshoot. Experimental output data and the mathematical model indicate that stability is enforced. The same conclusion was drawn by conducting a pole location analysis. The model has one pole with a negative real part, and the system was determined to be stable [22,24,25].



The model in the Laplace domain corresponds to the differential equation under the assumption that all initial conditions are zero [22]. The inverse Laplace transformation gives a solution of a differential equation in the time domain, and the system described with the solution to Equation (4) in the time domain is


  g  ( t )  = 0.1738  (  1 −  e   t  0.0471      )  h  ( t )   



(5)




where g(t) corresponds to G(s), representing the unit step response of the system G(s) (see Figure 6) when all initial conditions are equal to zero, and h(t) is the input function, which corresponds to the unit step or Heaviside function h(t).



We simulated outputs of the model using Equation (4) with inactivation and deactivation stimuli. The compared results of the measured outputs and simulated outputs are shown in Figure 7. The model satisfies the dynamic behavior of the Kv10.1 voltage-gated ion channel based on the adopted assumptions.



Since different cellular mechanisms can affect the opening behavior of ion channels, we believe that time-dependent transfer functions can be used to provide a more accurate description of the dynamic characteristics of ion channels. This hypothesis is supported by the fact that all mathematical systems are non-stationary and that the mathematical origin of non-stationarity can be proved [31].




4.2. Control Algorithm


The model (Equation (3)) is stable, observable, and controllable because the rank of the controllability and observability matrix is equal to n, where n = 1, and the system is a first-order system [22,24,25]. We considered a classical control algorithm for the Kv10.1 model. The controller is designed using the Sisotool in MATLAB. We chose an automated tuning method for a PID compensator in a feedback loop, the tuning method is a robust time response, and the controller type is PID. The controller is given by


  C  ( s )  = 316.85  (    1 + 0.0026 s  s   )   



(6)







The unit step response of the controlled Kv10.1 voltage-gated ion channel in a closed-loop, also called a feedback loop, is shown in Figure 8. The Kv10.1 in the feedback loop displays a rise time of 0.043 s, a peak amplitude of 1.06 nA, an overshoot of 6.08%, a transient time of 0.149 s, and a final value of 1 nA. The controlled model has a faster rise time and transient response, and the final value corresponds to the desired value.



The feedback control system with the Kv10.1 model, G(s), and controller C(s) in a loop was implemented in Simulink (Figure 9a). A sine waveform with unit amplitude and frequency of 1 Hz was chosen as a simulation input. The simulated output is shown in Figure 9b. Nevertheless, using this approach of ion channel modeling, the ion channel could be simulated as a single system or a system in a control loop with any randomly chosen input, enabling the obtained output to be analyzed.



Microelectromechanical (MEMS) devices and nanoelectromechanical (NEMS) devices can be designed as MEMS PID controllers and NEMS PID controllers. In a clinical context, nanorobots are already used for the mechanical opening of a cell membrane [32], microscopic surgical procedures, drug delivery, gene therapy, or selective destruction of cancer cells [4]. Therefore, our vision is that free-floating and guided nanorobots could have promising applications in cancer detection and therapy. Research has shown that the up-regulation of the selected channel Kv10.1 can promote cell proliferation and thus tumor development in different organs and human body systems [18], whereas the downregulation of Kv10.1 could potentially have the opposite effect, providing a potential oncological target. However, since the same ion channels are also expressed in normal, healthy cells, albeit to minor expression levels, one of the biggest challenges is to specifically block or manipulate them only in cancer cells. Nanorobots could be programmed to target certain cell clusters, tissues or organs (e.g., prostate, stomach, or breast) and specifically control the activity of selected ion channels in cancer cells without affecting the same channels expressed in surrounding healthy cells or other tissues and thus impairing their function. A controlled down-regulation of the ion channel current in specific cells only would also allow for a systemic application, such as the use of traveling nanorobots for the treatment of cancer in various regions of the body or targeted tissues and cell clusters, as shown in Figure 10, for example.




4.3. Potential Use Case for Treating Breast Cancer Using a Kv10.1 Controlled Nanorobot


Our hypothesis for the use of swimming nanorobots is to control ion-channel activity to specifically target cancer cells in breast tumors. We know that Kv10.1 channels in the nervous system contribute to the control of neuronal excitability. However, since activation requires strong depolarization, a single action potential would not be sufficient for activation [33]. In contrast, cancer cells are usually depolarized so that the channels are predominantly open, providing a potential target for pinpoint destruction by nanorobots. For example, overexpression of Kv10.1 channels is significantly up-regulated in invasive breast carcinoma, whereas healthy breast tissue shows hardly any expression or activity of the Kv10.1 channel [30,33,34,35,36]. Floating nanorobots applied via the blood circulation can be guided to the targeted sites and measure and control the Kv10.1 channel activity of the cells in the area of interest. Since nanorobots act as sensors and actuators, if the sensor interface detects an altered behavior of Kv10.1 channel activity, as is the case in breast cancer cells, the channels could be controlled accordingly by the Kv10.1 feedback control system of the robot (see Figure 9 and Figure 10). Alternatively, after detecting a cancer cell based on aberrant or abnormal channel activity, such MEMS/NEMS-based nanorobot devices may also act as a nano-scalpel that mechanically destroys the targeted cell.



Further examples of possible applications are discussed in [34,37,38,39]. However, although the practical implementation of this use case has not been performed and validated, this work demonstrates a potential new, forward-looking direction for cancer detection and therapy.





5. Conclusions


In this work, voltage-gated ion channels were modeled as control objects or systems by applying the control system theory and a system identification method. The Kv10.1 voltage-gated ion channel exhibits dynamic behavior as a first-order dynamic system. We presented a classical control algorithm and described how this algorithm could theoretically be used to control the response of the Kv10.1 voltage-gated ion channel. Other control algorithms, such as robust control or fuzzy control, could also be used. Research has shown that controlling the Kv10.1 ion channel under up-regulated conditions plays a vital role in cancer prevention and treatment. Nanoelectromechanical systems, such as nanorobots, could be used in the treatment of cancer as they are able to travel through the blood vessel system to the target cells and bind to the ion channels. The robot’s control unit can then be activated based on the implemented control algorithm, and the desired ion channel regulation can be performed to treat channel activity by the down or upregulation of the targeted channels.



It is, therefore, expected that such models, which could also describe the activity of multiple ion channels and their interactions, e.g., described by a MIMO system, will enable the use of nanoelectromechanical systems and nanorobots, as demonstrated for the Kv10.1 voltage-gated ion channel, and for other ion channel families, with the goal of establishing new tools for cancer detection and treatment at the single-cell level.
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Figure 1. Scales in nature, ranging from micro-systems to nano-systems. 
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Figure 2. Block diagram of a system (a); illustrated voltage-gated ion channel as a system (b). 
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Figure 3. Dynamic behavior of the voltage-gated ion channel Kv10.1. Created with BioRender. 
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Figure 4. Input: activation voltage step protocol (above); output: measured macroscopic ion-current (below) for system identification. 
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Figure 5. Input-output data for nominal operating point at 70 mV (a); output: macroscopic ion current (b) used for system identification. 
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Figure 6. Unit step response of the system G(s) with confidence region. 
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Figure 7. Measured and simulated output macroscopic current for the inactivation and deactivation input stimuli (grey lines). Input stimulus inactivation: measured output (a), simulated output (b); input stimulus deactivation: measured output (c), simulated output (d). 
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Figure 8. Unit step response of the Kv10.1 model in a control loop. 
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Figure 9. Simulink Kv10.1 model in a control loop (a); simulated output for sine input (b). 
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Figure 10. Illustration of possible application of Kv10.1-controlled nanorobots in breast cancer detection and treatment. The cancerous area will be reached by the nanorobots through the blood vessel system. Created with BioRender. 
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