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Abstract

:

An electrostatic potential well may be applied to trap and manipulate charged micro- and nanoparticles. An electrostatic potential well obtained from a certain charge distribution may be used to mimic the electrostatic interactions among biomolecules in live biosystems. In this study, we present a simulation study on the trapping performance of dipole clusters, which are arranged in 10 nm-sized, pentagon-shaped structures in a saline solution. The influence of electrostatic energy, entropy, and van der Waals interaction on the trapping performance of these nanostructures is then systematically calculated. The results show that the electrostatic potential well system demonstrated a moderate trapping capability, which could be enhanced using van der Waals interactions. The entropy significantly contributes to the trapping capability. This study offers some ideas for developing practical biomimetic electrostatic tweezers and nanorobots working in an ionic solution.
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1. Introduction


Micro-electro-mechanical systems (MEMSs) [1] and nano-electro-mechanical systems (NEMSs) [2,3,4] are the most extensively investigated devices at the micro- and nano-scales. Among them, many types of techniques, such as laser tweezers [5,6], optical electric potential wells [7,8,9], magnetic electric potential wells [10,11,12], dielectrophoresis traps [13,14,15], Paul traps [16,17], ion traps [18], and electric potential wells [19,20], have been developed in the previous few decades to trap and manipulate the micro- and nanoparticles. The electromagnetic fields and interactions were directly applied as the working forces in these mechanisms.



Recently, the development of electric potential wells and tweezers using electrostatic interactions has attracted considerable attention. For example, naturally formed three-dimensional (3D) dynamic electrostatic traps were observed via transmission electron microscopy (TEM) [21,22]. The interactions among neutral or charged nanoparticles in an ionic solution attracted attention in a recent study of soft materials [23,24]. Krishnan et al. constructed a fluidic device and observed the effective trapping of nanoparticles with electrostatic charges that were naturally distributed in nanosized pits and grooves [23]. At a much larger scale, a prototype device with a trap dimension of 30–50 μm was used to demonstrate the basic functions of trapping, releasing, and manipulating of charged microparticles in deionized water [25]. These studies represent solid steps towards realizing nanosized devices with the full functionality of electrostatic tweezers, which might demonstrate promising potential in nanoscience and bioscience applications. Ultimately, nanobiorobots, which can work in a much efficient manner than natural cells, may replace the blood cells in certain patients. However, the fabrication of nanodevices, such as electrostatic nanotweezers and nanobiological robots, remains a tough technical challenge [26,27,28,29]. However, the expectation exists that, in an ionic solution environment, complicated interactions other than electrostatic forces may occur at the nanoscale, e.g., thermal energy, van der Waals forces, and entropy may affect the interplay among nanoparticles.



Similar working mechanisms based on complicated interactions apart from electrostatic forces can be observed at the nanoscale in nature. Living cells contain many different types of biomacromolecules such as enzymes and proteins. Usually, a biomacromolecule often maintains its electric neutrality but it exhibits a non-uniform distribution of local charge [30,31], and a specific electric charge distribution can be observed around the macromolecular group or site, resulting in remarkably changed local electric fields at various sites in terms of the magnitude and direction on a single protein or enzyme [32,33,34]. Thus, this protein or enzyme may appear as active in an electrolyte solution in terms of biochemical reactions at the micro- and nano-scales [35,36]. Among the four fundamental forces of nature, i.e., nuclear force, weak nuclear force, electromagnetic force, and gravitational force, electromagnetic interactions dominate at the molecular and subcellular scales [37]. Therefore, various phenomena related to electromagnetic interactions such as the Coulomb electrostatic force, Lorenz force, and van de Waals interactions are among the basic physical mechanisms at play in micro-nanoscience and technology, as well as in biosciences. Due to the absence of complicating factors applied in current artificial electric potential wells (e.g., lasers, magnetic fields, and high frequency electric fields) in natural biosystems, electrostatic interactions, a type of electromagnetic interaction, play the most important role in biochemical reactions, such as protein folding [38], specific binding of antibodies and antigens [39,40], binding of a virus to certain proteins (e.g., the Covid-19 virus to Ace2) [41,42], and enzyme reactions [32,43].



Recently, several researchers have investigated the roles of electrostatic energy and entropy or van der Waals force in the interactions among nanostructures such as the binding of nanoparticles or nanowires, protein folding, and flow viscosity in nanofluids [44,45,46]. However, the collective impact of these factors on the binding and release among biomolecules have been rarely reported. For example, Luca et al. simulated the pH-mediated interplay of electrostatic forces, van der Waals interactions, and entropy in the binding and release between a polymeric carrier and protein drugs [47], which demonstrated that the trapping/binding properties of a nanoscale electrostatic well may be complemented by other entropic forces, and mediated by van der Waals interactions and pH. The biochemical processes induced by the electrostatic interactions and the effects of entropy and van der Waals forces, should be understood for fabricating nanodevices.



Constructing a nanodevice at the subcellular scale and observing the activities of biomacromolecules within a living cell is difficult. In this study, using computational simulations based on a simple pentagon nanostructure model we examine the electric potential distribution of certain arrangements of discrete charges to demonstrate the basic concept by which a nanoscale electrostatic well could be formed in a saline solution. Furthermore, we discuss the trapping performance of the electrostatic well under the interplay of electrostatic energy and local entropy, van der Waals interactions, and the change of trapping performance with the distance and angle. This work attempts to mimic and simulate the electrostatic interactions occurring among biomolecules in live biosystems to assess the effects of various factors, including the entropy and van der Waals interactions.




2. Materials and Methods


To mimic the electrostatic characteristics of biomacromolecules such as enzymes and proteins in living cells, we considered the following processes as the basic elements in our simulation model: (1) Electric neutrality was maintained but we considered a non-uniform distribution of local charges, and (2) we considered a simplified electric dipole consisting of a pair of charges with opposite signs.



One electric dipole exhibited a polarized electric nature, but it was insufficient to create a local electrostatic potential well. In this model, a similar electrical distribution of biological molecules is assumed, i.e., individual molecules are electrically neutral, whereas local groups are always charged based on the unbalanced charge distribution. During the simulation, dipole clusters, each of which comprised five identical electric dipoles, were set with different construction patterns to mimic the local electrostatic potential distribution and other physical properties of various functionalized biomacromolecules. Although the considered model is simple, we believe it will present certain basic flavours of how local charge distribution, entropy, and van der Waals interactions contribute to the electrostatic potential. In our study, we considered the feasibility and stability of forming an electrostatic potential well at the nanoscale.



Using COMSOL 5.4, 3D electrostatic potential distributions resulting from clusters of nanodipoles with different construction patterns were simulated under the only physical condition of the electrostatic field module (ES). The home-made program was primarily used in MATLAB 2014a to simulate and calculate the changes of electrostatic energy, entropic contribution, van der Waals interaction, and their comprehensive impact on the trapping performance of electrical potential wells, characterized as free energy here. The complete simulation environment was set in a solution of 0.15 mol/L NaCl in water, i.e., the same as the saline solution present in a live biosystem. In each particular construction pattern, more specific settings of geometrical and electrical parameters in simulations were presented right in front of the corresponding results.




3. Results and Discussion


3.1. Charge Distribution in the Electrostatic Potential


To set up a comparison framework for the simulated results, we first verified the characteristics of an electrostatic potential well formed by continuous charge distribution in a double-ring shape. Note that such a continuous distribution of electric charges does not appear in nature. The diameters of the inner and outer rings were 4.0 and 8.0 nm, respectively, and the width of the rings was 2.0 nm. Then, two types of charge distributions were applied to this structure. For the first configuration, the inner and outer rings were charged with the same charge, 100-unit charges, but opposite signs: Positive for outer ring and negative for inner ring. Thus, the whole system was electrically neutral. For the second configuration, the two rings demonstrated the same geometric shape as the first arrangement; however, they were oppositely charged with the same density in which the inner ring exhibited a quantity of 100 electrons. The electrostatic potentials obtained from the specific charge distribution in the 0.15 mol/L NaCl solution are graphically shown in Figure 1a,b.



Figure 1 shows that the depth of the potential well of the first configuration (the same charge quantity) is deeper than that of the second configuration (the same charge density). This provides a clue for designing electrostatic wells with a limited number of discrete charges: The first charge configuration could result in a considerably effective trapping/binding performance, and maintain electrically neutral meanwhile, which is considered to be quite similar to the actual situation in case of proteins or enzymes.



Next, we designed a special pentagon nanostructure with five dipoles as a simple but representative example of a local charge distribution resembling that in biomacromolecules. As shown in Figure 1c, this structure can be considered as a pentagram consisting of 10 charged nanospheres, five positively charged and five negatively charged, where each sphere exhibits an absolute charge of Q = 20 e. Note that each nanosphere exhibits a diameter of 4.0 nm. The distance from the center of the pentagon to the center of each outer nanosphere was defined as D (highlighted in yellow in Figure 1c), where each of the five inner nanospheres were located at a distance of D/2 to the center. As the whole nanostructure was electrically neutral, it can be considered as a cluster of five dipoles, as marked by the dashed ovals. The lower diagram in Figure 1c shows a typical distribution of the electrostatic potential of the pentagon nanostructure with D = 8.0 nm.




3.2. Effect of the Energy on the Trapping Performance of Nanoscale Electric Potential Trapping Wells in a Saline Solution


At the nanometer scale, the thermodynamic effects, van der Waals interactions, and screen effects play non-negligible roles in the trapping performance of electric potential wells. Considering that 0.15 mol/L NaCl solutions could be approximately simplified as an implicit solvent because of the lower valence of Na+ and Cl−, our numerical calculation was based on the nonlinear Poisson–Boltzmann equation [48]:


  ∇ φ =  e   ε 0   ε w      ∑  i   z i   c  i 0   exp   −    z i  e φ    k B  T     ,  



(1)




where  φ  is the potential,    ε 0    is the vacuum permittivity,    ε w    is the relative dielectric constant of water (considered as 80 in this study),    k B    is the Boltzmann constant, kBT is the thermal quantum energy at temperature T, and    z i    is the charge number of the individual ions, i.e., zi = 1 for Na+ and zi = −1 for Cl− [49]. In the saline solution, the concentrations of Na+ and Cl− were considerably higher than those of H+ and OH−; thus, the latter was considered to be negligible. Therefore, the net charge density in the solution was   ρ = e    c  N  a +    −  c  C  l −       . At locations far away from the nanostructure, the potential of the bulk solution was considered to be 0. The ion concentration    c  i 0     was then set to be a constant (0.15 mol/L) for both Na+ and Cl−, and    ρ ∞  = 0  . The ion concentration near the nanostructure,    c i   , was then calculated from a Boltzmann distribution    c i    x , y , z   =  c  i 0   e x p   −    z i  e φ    k B  T      . For each nanosphere, the charges were assumed to be uniformly distributed with a density of    ρ  n s    , which resulted into    ∇ 2  φ = −    ρ  n s      ε 0   ε w      within the nanosphere.



The equilibrium state of a trapping well system is assumed to correspond to the minimum free energy. The change of the Helmholtz free energy, ΔF, for the whole system is   Δ F =  U  e l   − T Δ S  , which comprises an electrostatic energy term (   U  e l   =  1 2  ∫ ρ φ d V  ) and an entropy contribution (−TΔS) [50,51], where   ψ =   e φ    k B  T     and:


  Δ S =  k B  ∫     ∑  i   c 0     z i  ψ   e x p   −  z i  ψ   + e x p   −  z i  ψ   − 1     d V .  



(2)







The values of Uel, −TΔS, and ΔF of the whole system were reported to be very sensitive to D. At smaller D values, e.g., D = 7.2 nm, Uel, −TΔS, and ΔF were calculated to be 177.0, 35.8, and 231.3 kBT, respectively. When D increased from 7.2 to 10.4 nm, Uel increases but both ΔF and −TΔS decreased. The scenarios corresponding to the abovementioned values of D is plotted in Figure 2a, which shows that at D > 8 nm, the charging rate of all three terms reduced. Therefore, in the following calculations, we fix D at 8.0 nm to study the remaining properties of the system.



Then, we examined the trapping performance of the pentagon nanostructure. Figure 2b shows the calculated energy depth for 3 m diameter trapping nanospheres with a uniform charge of +20 e. As shown in Figure 1c, the pentagon nanostructure is located at the center of the X-Y plane, and the particle is located at (0, 0, z). At z = 0, Uel, −TΔS, and ΔF were calculated to be 203.3, 39.1, and 242.4 kBT, respectively. When z increased, Uel decreased; however, −TΔS increased, and ΔF continued to increase. The best-fitting curve for ΔF shown in blue clearly shows an effective energy well, where the trapping depth is ~0.65 kBT when z lies between (−4, + 4 nm); thus, a localized shallow trap can be characterized.



We can obtain the probability density distribution from the energy terms using the general correlation   f  z  ∝ exp   −   F  z     k B  T      , as shown in Figure 2c. In the trapping well, the charged target nanoparticle is supposed to experience a force, T, towards the center, which can be determined by   T  z  = −   d F  z    d z    . Moreover, in the vicinity of z = 0, the system can be considered as a harmonic oscillator [28]. This configuration results in a second-order free energy,    F   2    ≈ 0.18  z 2     k B  T /   nm  2     , and an elastic coefficient of   1.5 ×   10   − 3      N  / m  . The data for    F   2      are then plotted in Figure 2c.



Under this condition, the absolute value of −TΔS was always reported to be larger than that of Uel. This is attributed to a strong shielding effect because of a high numerical density of ions in the system, where the Debye length resulting from a charge screen effect was in the order of 1 nm. This led to a weakened effective electrostatic field at locations a few nanometers away from the pentagon nanostructure [48]. Furthermore, the large number of ions in the solution resulted in a larger reduction of entropy because the random distribution of ions in the bulk solution turned into a relatively regular distribution near the pentagon nanostructure.



The Van der Waals interaction is another important factor that may affect the performance of the trapping well [27]. To calculate the influence of the van der Waals effect, the 4 nm diameter nanospheres and the target nanoparticle were assumed to be composed of a material with a known dielectric constant. Here, two fixed materials were used to obtain the results: Silicon and an organic material. The additional van der Waals energy was then calculated using Hamaker’s equation [52]:


    r ;    R 1  ,    R 2    = −  A 6      2  R 1   R 2     r 2  −   (  R 1  +  R 2  )  2    +   2  R 1   R 2    r −   (  R 1  −  R 2  )  2    + ln      r 2  −   (  R 1  +  R 2  )  2     r 2  −   (  R 1  −  R 2  )  2        ,  



(3)




where r is the distance between the two spheres, and    R 1    and    R 2    are the respective radii of the two spheres. The Hamaker constant, A, for silicon and the organic material were set at   0.85 ×   10   − 20      J    and   0.4 ×   10   − 20        J   , respectively [24]. The effect of the van der Waals interaction was reported to be negligible when z was ≥4 nm. However, when z approached 0, the effect became stronger, and it enhanced the depth of the trap. This effect was reported to be sensitive to the materials chosen for the trap and particle. The system composed of Si demonstrated a deeper trapping depth than that composed of the organic material. The results are plotted in Figure 2d, which indicate that different choices of device materials and different compositions of the target nanoparticles may result in a remarkable change in the trapping performance of artificial electrostatics nanotraps.



The trapping depth shown in Figure 2d ranges from 1 to 1.5 kBT, depending on the choice of the construction material. This result may lead to a moderate trapping performance. Moreover, certain fluctuations in the surrounding environment, such as the Brownian motion induced by thermal energy, may cause the trapping effect to be unstable. Another effect to be mentioned is the Stern layer at the solid-liquid interface, which was not included in the present simulations for simplification, but which may weaken the performance of the trap [27].



Clearly, the electric potential distribution resulting from groups of biomacromolecules could be dramatically influenced by different charge distributions. To mimic the phase change of biomacromolecules, we simulated the electric potential distributions from eight cases where each cluster of five dipoles demonstrated the same geometric shape (Figure 1c) but a different charge polarity orientation, as shown in Figure 3a. Figure 3b shows the corresponding potential distributions along the plane of the pentagon nanostructure. This simulated result provides a reference basis for the local charge design of nanorobots.




3.3. Trapping Capacity between Two-Pentagon Nanostructures


Understanding the electrical interaction among the above pentagon nanostructures is interesting, e.g., whether they are capable of trapping each other. However, it is hard to discuss, due to various combinations between these eight nanostructures. Here, only a simple configuration was selected for our calculations to obtain a flavor of the energy terms of a two-pentagon system.



In this simple case, the two pentagons were parallel to each other along the X-Y plane with one center located at (0, 0, 0) and the other at (0, 0, z0). We considered z0 = 5 nm, and the latter pentagon was rotated at angle (θ) in the X-Y plane compared to the other pentagon. For such a five-fold rotational symmetry, the energy terms of F(θ) were calculated from θ = 0° to θ = 72° for each of the eight different configurations (Figure 4a).



As shown in Figure 4b,d, two sets of typical results exist for the configurations of Case 1 and Case 8 as shown in Figure 3a, respectively. In Case 1, the system was stable at θ = 36°; however, in Case 8, the stable location was located at θ = 0°. For both cases, the angle-dependent probability density distribution, f(θ), and torque, τ(θ), are shown in Figure 4c,e, respectively. Researchers reported that the van der Waals interactions could influence the stability of the two-pentagon systems. The contributions of the van der Waals interaction for each case are presented by a dashed green line in Figure 4b,d, respectively, where constant A was considered as   0.4 ×   10   − 20      J   . In this condition, the van der Waals interaction enhanced the angular stability in Case 1 but weakened it in Case 8.



For all different configurations of the two-pentagon combinations, researchers reported that the total system energy was always lowered by 10 kBT, which was more than the sum of energy when the two pentagons were located far away (i.e., at infinity) from each other. This indicates an aggregation trend of these nanostructures. Moreover, as expected, the results demonstrate that because of the same size and geometric shape, the charge distribution of neutral nanostructures can influence the interactions between them.



Our work demonstrates that the distance z and relative angle θ influence the energy changes of these factors, and hence the final trapping performance of a nanoscale potential well. Understanding the comprehensive impact of various factors, including the electrostatic Coulomb potential, entropy, van der Waals interactions, and hydrogen bonding, on the trapping, binding, and releasing between nanostructures will be very helpful for guiding the development of nanorobot preparation, protein design, macromolecular detection, as well as other related fields.





4. Conclusions


Using our simplified model, we briefly studied the contributions of electrostatic energy, change of entropy, and van der Waals interactions on the trapping performance of a 10 nm, pentagon-shaped nanotrap (i.e., an electric potential well) for a charged nanoparticle in a saline solution. Our semiquantitative results demonstrate that under certain configurations, the system exhibited a moderate trapping effect with a well depth of 1.0–1.5 kBT. Compared to the thermal quantum energy, kBT, such a trap was very unstable. However, van der Waals interactions between the trap and the target particle were reported to enhance the trapping capability. The contribution of the entropy term was reported to play a remarkable mediation role in the trapping performance. Although the considered model was somewhat simple, the results of this work offer certain ideas for designing and constructing artificial micro- and nano-electrostatic potential tweezers, and in particular, for constructing and operating nanorobots working in the wet environment of a biosystem. These results may shed some light on understanding the working mechanisms of biomacromolecules such as antibodies, enzymes, and ion channels.
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Figure 1. Electric potential distributions were generated by different charge distributions at the nanoscale. (a) Continuous charge distribution in a double-ring structure, where the inner ring (negative charged) and outer ring (positive charged) exhibit the same charge quantity of 100 charges. (b) Continuous charge distribution of the same double-ring structure, where both rings exhibit the charge density but opposite sign: Positive for outer ring and negative for inner ring. (c) Discrete charge distribution of five dipoles arranged in a nano-pentagon shape. 
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Figure 2. Dependence of the electrostatic energy, entropic contribution, and free energy on the other related factors for the nanoscale pentagon electric potential well in the saline solution. (a) Relation between the energy change and the diameter, D, along the z = 0 plane. (b) Dependence of the energy change at varied heights, z, above the structure plane. (c) Probability density as a function of the height, z. (d) The influence of different materials on the energy change. 
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Figure 3. (a) Eight different charge distribution cases on the pentagon-shaped dipole arrangement. (b) Simulated results of the corresponding electrostatic potential distributions. 
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Figure 4. Energy change between two relative pentagon nanostructures as a function of the rotation angle, θ. (a) Dependence of the free energy on θ for the eight different cases shown in Figure 3a. In (b,c), the calculated results of the energy change and probability density as a function of the rotation angle in Case 1 are shown, whereas in (d,e), the corresponding values for Case 8 are presented. 
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