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Scientific laws are sometimes vague, sometimes precise. Scientific laws are often residues of revolutions, that once gave us new knowledge of the world around and within us. Scientific laws are usually studied early in our careers before we have refereed grants and papers, before critical skills are learned. It is easy to use scientific laws uncritically that have been learned when we are young, even if the laws have been overtaken by newer knowledge.
I write to discuss two scientific laws: conservation of charge, and conservation of mass. Both seem precise laws of science—not vague residues of previous revolutions—and in historical context certainly were precise laws. Both laws are so widely used they might be called foundations of their fields, chemistry and physics. Chemistry uses mass conservation in the form of the law of mass action to describe chemical reactions and binding. Physics uses conservation of charge almost everywhere, including in the form of Kirchoff’s current law that says the flow of charge is continuous, without loss. Electrical engineering—and circuit analysis and design of digital devices—make continual use of Kirchoff’s laws. Without Kirchoff’s laws, we would not have integrated circuits or digital devices. We would not have computers, smart phones, and the video devices that have remade our world 
Biological systems involve both chemical reactions and charge and so must deal with both the law of mass action and the continuity of current. Biological systems are always embedded in ionic solutions, and nearly always involve chemical reactants and enzymes with electrical charge. Substrates of reactions catalyzed by enzymes are usually charged and are always embedded in solutions containing the ‘bio-ions’ Na+, K+, Ca2+, and Cl−. But we face a problem when we try to apply both laws. Conservation of matter does not imply conservation of charge.
The laws conflict. Charge does not appear in the law of mass action so charge cannot be conserved by the law of mass action (when used as it usually is, with rate constants that are constant, or even when rate ‘constants’ are functions that depend only on local conditions). In my view, the law of mass action must be extended before it can deal with the ions and charges nearly always present in biological systems.
The reasons for the conflict of laws are both historical and logical. Historically, the law of mass action was developed with perfect gases in mind, in which infinitely dilute uncharged atoms are the chemical reactants. Charge does not appear as a variable in such equations. Logically, flow of charge cannot be continuous—without loss—if charge does not appear as a variable at all. A law cannot enforce a condition on a variable that does not appear in the law. The reality is that charge is not conserved by the law of mass action.
Sequences of Reactions. Biochemical reactions occur almost always in sequence in one dimension (Fig.1). Conservation of charge implies that the current flowing through these schemes is identical in each reaction in the sequence: the flow of charge is continuous without loss. Interruptions in current flow in one place must be able to interrupt a chemical reaction somewhere else, even if those places are far apart. Otherwise, flow of charge is not continuous. “Completing the circuit” is a necessity familiar to all who have wired up a circuit, even if they do not explicitly know of Kirchoff’s current law. 
Completing the circuit is not necessary in sequences of chemical reactions. The law of mass action does not guarantee continuity of charge movement because chemical reaction reactions in sequence are independent of each other. The rate constants of one reaction in Fig. 1 are independent of those in another. The flow of mass in one reaction of a sequence is independent of flows in other reactions. If those masses are charged, flow of charge cannot be continuous. Kirchoff’s current law is violated. 
Fig. 1

Current Flow is Not the Same in Sequential Reactions


	 

	 



The law of mass action needs to be extended so current flow in sequential reactions are equal, so interrupting current flow in one reaction in the sequence will stop current flow in all of them. We turn to a discussion of charge movement and then will return to see how the law of mass action could be revised so currents in a sequence of reactions are always equal.
Charge is an abstraction that is conserved. Physicists teach that conservation of charge is universally true, exact from very small to very large scales and very small times to very large times.[footnoteRef:1]† Even the Casmir effect of quantum physics [3] is seen as a property of Maxwell’s equations by some [1]What physicists often do not teach clearly is that charge is an abstract idea. Many students believe that charge is always carried by particles and so conservation of mass (of charged particles) implies conservation of charge. This is not true. [1: †  Even the Casmir effect of quantum physics [3] is seen as a property of Maxwell’s equations by some [1].] 

Charge in one physical system is quite different from charge in another. Charge flow is not simply the physical movement of particles of definite mass and charge. Current is not just the movement of ions or electrons.
The essential idea is that charge flow is continuous (without loss) no matter what the physical nature of the charge. 
	Fig. 2 tries to show the abstract nature of charge flow in a concrete way. Here we study time varying currents in a sequence of devices. 
Let’s start with the ionic conductor, shown as a cylinder containing Na+Cl−. Here current flow (at a frequency say of 1 Hz) is indeed almost entirely the physical movement of charged particles, of ions, say sodium and chloride ions in the example shown. 
Now, let’s move to a vacuum capacitor, in which the space between the two plates is completely empty of matter (as it would be in outer space for example). The current flow through this capacitor is just as real as the movement of ions in the cylinder of Na+Cl− even though no mass moves at all. The displacement current between the plates of the capacitor is a property of the electric field itself, as explained in textbooks of electricity and magnetism (e.g., [2, 4]). This current induces a magnetic field just as current carried by ions produces a magnetic field. Indeed, without displacement current in a vacuum, Maxwell’s equations cannot account for the propagation of sunlight through the vacuum of space. With displacement current, light propagation is a solution of the equations, and in fact the speed of propagation of light can be computed from measurements of electrical and magnetic constants, entirely independent of measurements on light itself.

Fig. 2
	Charge Is Abstract, with Different Physics In Different Systems

	[image: ]




If we move along to the dielectric capacitor in Fig. 2 (filled with real material for example polystyrene), current flow is more complex, and involves the effect of an applied electric field on the spatial distribution of the electric charge intrinsic to the dielectric. (‘Intrinsic’ here means the distribution of charge present when there is no applied electric field.) 
Electric fields applied to dielectrics are strong enough to reorient asymmetrical molecules and distort the distribution of electrons inside molecules and atoms. Charges only move a small amount—–reminiscent of the ocean tides on the earth created by the moon’s gravitational field—but those small movements of charge produce large effects because the electric field is so strong. Intrinsic charges do not move from plate to plate in a real capacitor. The current that flows from plate to plate and within the dielectric is a displacement current: the sum of the vacuum displacement current and the material displacement current produced by the distortion of intrinsic charges. Calculating this material displacement current involves the solution of a nonequilibrium time dependent version of the Schrödinger equation, a difficult task. Such difficulties are avoided by approximating the solution by an ideal dielectric with properties independent of field strength and independent of time. (The approximation is satisfactory over a wide range of electric field strength in most materials. The approximation is poor when time is considered. For example, most solutions of ions in water, have effective dielectric coefficients that change—after a step electric field is applied—from about 2 to about 80 as time moves from at 10‑15 sec to say 10‑3 sec. This is not a small effect.
The physical nature of displacement current is very different indeed from the movement of ions in water and from the vacuum displacement current carried by the change (with time) of the electric field. The ionic conductor, the vacuum capacitor and the dielectric capacitor have different forms of charge and charge movement through it. 
Charge is an abstraction with different physical meaning in different devices. In each of these devices, charge is indeed an abstraction with different physical meaning and description (following different ‘laws’). Charge always flows without loss in each device. That abstract property of charge movement is always true, but the ‘laws’ describing current as a function(al) of time and potential (for example) depend on the physical nature of the charge and its movement with a different relationship between current, voltage, and time in each case, a different ‘constitutive’ equation. The different constitutive equations describe the cardinal fact that interrupting current flow in one reaction (of a sequence of reactions) will interrupt current flow in every other reaction (in that sequence) even one reaction occurs on the atomic scale (scale = 100 Å picometers) and is meters away from the interruption.
Vacuum tubes. Moving to the next device in Fig. 2, we consider charge movement in a vacuum tube (‘valve’ in English English). Here current is indeed carried by a stream of isolated charged particles, electrons with a definite mass and charge, moving through a vacuum, interacting only through their electric fields, for our intents and purposes. At 1 Hz, essentially all the current is carried this way. The current voltage relation is not a straight line, despite the simple physics of conduction, because the electric fields within the tube are different at small and large potentials, creating rectification, of considerable historical interest, because it allowed the early detection of radio waves in people’s homes in the 1930’s.
Vacuum tube diodes had certain difficulties and were quickly replaced with semiconductor diodes, the next device in Fig. 2. Here current is carried by quasi-particles, called holes and ‘electrons’. I use quotation marks because these semi-electrons, as I like to call them, are not isolated particles but rather a convenient mathematical simplification allowing current voltage relations to be described by Poisson drift diffusion equations often called PNP (for Poisson Nernst Planck) in biophysics and nanotechnology. Here charge carriers are really quite strange from a physical point of view. They do not exist in a certain physical sense, but are mathematical representations, more or less the second derivative of a Fermi surface, I believe, defined to allow easy analysis. Much of the success of our semiconductor, digital, and video technology is due to the accuracy of the PNP equations. They describe the characteristics of semiconductor devices as their current voltage relations change drastically (with voltage, for example). Nonlinear behavior as varied as this is not described easily or at all in fact in most areas of physics and chemistry. The descriptive power of PNP is so important that the intrinsic physical properties of semiconductor devices are scaled (as the size of the device is decreased in successive iterations of Moore’s law, by factors of a billion or so over 50 years) so PNP remains a good description. This adjustment of physical properties is done even though the brute speed of the resulting devices is decreased. Evidently, it most important for the designers (and marketplace) that a robust equation describes behavior over a range of conditions. Evolutionary selection in biology also seems to choose robustness over efficiency in many cases. 
Our next device is a resistor, which in some ways is the easiest to describe, because it follows Ohm’s law with a resistance independent of potential over a wide range (practically speaking 10-5 volts to say 100 volts, values of resistance from 10-1 ohm to 108 or 109 ohms). The wide range of validity of Ohm’s law is an enormous help in circuit design. Despite this simplicity, the actual current carrier in a carbon resistor, for example, is unclear. No one cares. The device works nearly perfectly. The carrier of charge does not matter. All that matters is the constitutive law describe the relation of current, voltage and time.
A similar situation applies to the wires we have ignored up to now. The current carrier in a wire are delocalized electrons in the simple case of a single solid conductor of metal, but of course the wires we actually use are usually mutlistranded, TWISTED. Twisting is important. Without twisting the wires do not allow connection to the internet.
Here we see the importance of the time variable. Up to now we have considered voltages of varying over a second or so, sinusoids of 1 Hz. But circuits we use every day must work on time scales of 10-9 sec or faster, frequencies > 109 Hz. At those frequencies, currents flow outside wires, guided by the conductor, but outside the conductor itself {Joffe, 2010 #25161}, and the twisting is a crucial property.
Physical nature of current depends on time scale. The physical nature of current depends on the time scale, and differs at different times as much as it differs in different devices. Again, charge movement is an abstraction, different at different times in one device, and different in different devices.
Charge Movement in Batteries. Batteries are present in Fig. 2 both as an isolated device and at the interface between wires and Na+Cl− solution in the conducting tube we started with. I fear to describe the flow of charge in these systems because it is so very complex, different in different devices, and its interaction with surface charges is also subtle and important. It is enough to say that current flow through electrochemical systems is carried by a wide range of charge carriers and those are different in different devices and change nature dramatically with time and frequency. At short times—not so short compared to those important in computers—at 10-6 sec or 106 Hz current from wire into the Na+Cl− solution is entirely displacement current lagging behind voltage by some 90 degrees (in the sinusoidal case) but on the lower frequencies characteristic of biological systems (say 100 Hz) the current is carried by a complex combination of Ag+ and Cl− ions.
	We conclude from Fig. 2, that charge is indeed an abstraction with different physical meaning in different systems and at different times. No one knows—at least I do not know anyone who knows—why or even how this abstraction can be so perfectly conserved under all conditions. But charge is conserved, current does flow continuously without loss in a sequence of reactions and theories and simulations that do account for that are not likely to be generally useful. Of course, parameters can often be chosen so a theory or simulation describes a system in one set of conditions, even if the theory or simulation is quite incomplete. However, such theories and simulations are not likely to be useful under a range of conditions. By leaving out something important, those theories or simulations leave out an energy term that is almost certain to vary with conditions. Devices designed from such theories or simulations are unlikely to be robust. Biological systems analyzed with such theories or simulations are unlikely to be very realistic since biological systems almost always work in a range of ionic concentrations, in mixtures in which Ca2+ concentration has important practical effects, often turning systems on or off. Simulations and theories in biology must be calibrated to be sure they actually work in the conditions the biological system functions.
How can the law of mass action be improved? The question arises how can the law of mass action be improved so it conserves charge? To deal with that we must be more specific and mathematical, but I confine the discussion here to the simplest cases, that illustrate the essential points using high school algebra.
	Eq. 1 shows the reactions we analyze written as differential equations below in eq. -


[bookmark: ZEqnNum132210]		







[bookmark: _Hlk406744603]Flux  is a ‘unidirectional flux’ defined by where we use activity in moles/liter  of ions of concentration . Unidirectional fluxes can be measured by tracers—usually isotopes—flowing into a concentration (of tracer) of zero. Note that the activity of  depends on the concentration of all the other ions in a significant way in tge nonideal solutions almost always present in biological applications. (Ionic mixtures or solutions involving Ca2+ are almost always nonideal.) Changes in the concentration of  would change activity of  and the flow of . Flux coupling of this sort is an inevitable property of nonideal solutions. The ‘driving force’ for flow through a channel, or for enzymatic activity, depends on the concentration of many species simply because of the nonideality of bulk solution, independent of biological or chemical properties of the channel or enzyme. Some properties usually attributed to allosteric interactions and conformation changes of the protein channel or enzyme are likely to arise in the bulk of nonideal solutions.

	The law of mass action states that the flux  can be computed two ways 

[bookmark: ZEqnNum515952]	 	

allowing the definition of a rate constant  

		



The units used for unidirectional flux  are (moles/liter)/(sec) = moles/(liter sec); for net current  units are (cou/liter)/sec = cou/(liter sec) and for rate constants units are  

Rate equations equivalent to the chemical reaction  can be written in terms of flux, 


[bookmark: ZEqnNum122875]	 	




Rate equations equivalent to eq.  also can be written in terms of net currents like [footnoteRef:2]† using the charge on each reactant  and  [2: † Note that unidirectional currents are not defined or used in this paper. Upper case subscripts are used only for currents to emphasize the distinction between net currents and unidirectional fluxes (lower case subscripts).] 

	

[bookmark: ZEqnNum899824]		

[bookmark: _Hlk406840082]It is clear that in general, Kirchoff’s current law is violated:

 
[bookmark: _GoBack]Only under very special circumstances can the law of mass action have continuity of current (without loss). The reader may hope that the amount of charge involved is too small to matter,Only under very special circumstances can the law of mass action conserve charge.
Size of discontinuity of current flow. but he/she can easily show that not to be the case. The difference in current shown in eq.  is the discontinuity of current, the violation of Kirchoff’s law of continuity of current flow.

[bookmark: ZEqnNum886007]		
We can estimate the significance of the error by considering reduced cases. 
If all concentrations are set equal to one, 

[bookmark: _Hlk405011581]	 	

If we also set all charges equal to one, along with concentrations equal to one, 

	 	
So in this special case, the difference in rate constants determines the imbalance of current, the violation of Kirchoff’s current law. 
	Alternatively, we can set all rate constants and all concentrations equal to one, 

		

Asymmetry of parameters produces discontinuity of current, and thus violates conservation of charge. If charges flow for one second, the charge imbalance is of the order of , a huge amount of charge, about 1 coulomb! 







[bookmark: _Hlk405022330]To estimate the effect on electrical potential V, we need to know the size of the system. Imagine a spherical capacitor of radius R. Its capacitance is  or numerically   where  is the relative dielectric coefficient, about 80 in water solutions at longish times (say > 10-5 sec). One coulomb of charge produces a voltage in this spherical capacitor of  in volts, i.e., a 1 nm capacitor of  produces nearly  volts, i.e., about 1017 volts for a dielectric coefficient of 100. A capacitor of 1 meter radius with —capacitance 111 picofarads—produces nearly 1010 volts. 

Of course, these calculations are for current that flows a long period of time (1 second). If current flowed on a biological time scale, for 1 msec in a structure 1 nm in radius, the electrical potential would be much less, ‘only’  volts. Potentials of this size are destructive and incompatible with life or even laboratory experiments.
Molecules and even systems of molecular biology are often some 1-5 nanometer size so small voltages— e.g., 0.2 volts—destroy membranes and membrane proteins. Membranes breakdown when electrical potentials are 10 million to a billion times smaller than those just calculated. Potentials of this size in fact destroy molecules in general, not just membranes, ionizing them into their constituent atoms. Even atoms are destroyed at these potentials, ionizing into plasmas of electrons and nuclei. 
There may be special conditions in which the discontinuity of current flow of eq.  may not be important, but in general the failure of the law of mass action to conserve charge is likely to have noticeable effects.  
	
























NOTES: practical consequences, in models involving multiple pathways of current, flowing in parallel across a membrane limited cell or organelle, Kirchoff’s current law will itself INDEPENDENT OF MECHANISTIC DETAILS force correlations of fluxes that have been used to characterize transporters for many years (Hodgkin, 1951).
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