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PASSIVE TRANSPORT

Primary Disciplinary Field(s): Cell Biology, Physiology, Biophysics

1. Core Definition

Passive transport refers to the fundamental biological process by which molecules and ions move

across a biological membrane without the expenditure of metabolic energy, such as adenosine

triphosphate (ATP) hydrolysis, by the cell. This movement is intrinsically driven by the natural

tendency of systems to increase entropy and attain equilibrium. Consequently, substances

undergoing passive transport always move down their respective concentration gradient, or in the

case of charged particles, down their electrochemical gradient. This inherent directional movement,

powered solely by kinetic energy and the existing gradient differential, distinguishes it from active

transport, which necessitates an external energy source to push materials against a gradient. The

cell membrane acts as a selective barrier, dictating which substances utilize simple passage and

which require assistance from membrane-spanning transport proteins.

The driving force for all passive movement is the difference in free energy between the substance

on the two sides of the membrane. When a substance is present at unequal concentrations across

the membrane, there is potential energy stored in that gradient. As molecules move from the

region of higher concentration to the region of lower concentration, this potential energy is

released. This process continues until the substance reaches dynamic equilibrium, where the rate

of movement in one direction equals the rate of movement in the opposite direction, and the net

flux across the membrane is zero.

The core purpose of passive transport mechanisms is the maintenance of cellular homeostasis.

Cells rely on the continuous, uncontrolled influx of essential nutrients like oxygen and the

immediate efflux of metabolic wastes like carbon dioxide, processes that must occur rapidly and

efficiently without overburdening the cell's limited energy reserves. Furthermore, the precise

regulation of ion concentrations, which is critical for electrical signaling in excitable tissues,

fundamentally relies on establishing electrochemical gradients that then facilitate controlled

passive movement through specialized channels.

2. Underlying Thermodynamic Principles

The principles governing passive transport are rooted deeply in classical thermodynamics,

specifically the concept of free energy minimization and the increase of entropy (disorder).

According to the second law of thermodynamics, isolated systems tend toward a state of maximum

disorder. In the biological context, molecules distributed unevenly across a compartment represent

a state of low entropy and high potential energy. The spontaneous movement of these molecules

to equalize their distribution (diffusion) is thus an exergonic process, meaning it releases free
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energy and does not require external input. The overall change in Gibbs free energy (∆G) for

passive transport is always negative, confirming its thermodynamic favorability.

For uncharged molecules, the driving force is purely the concentration gradient, where movement

proceeds from high concentration (C1) to low concentration (C2). The rate of movement is

proportional to the steepness of this gradient. However, for charged species (ions), the

thermodynamic calculation must incorporate both the concentration difference and the electrical

potential difference across the membrane. This combined force is termed the electrochemical

gradient. The electrical component arises because biological membranes often maintain an

internal negative charge relative to the external environment (the resting membrane potential).

The direction and magnitude of the net passive flux of an ion are determined by how far its current

electrochemical potential is from its equilibrium potential. The equilibrium potential (often described

by the Nernst equation) is the membrane potential at which the electrical force exactly balances

the concentration force, resulting in zero net movement of that specific ion. Therefore, passive

transport occurs whenever the membrane potential is not equal to the ion's equilibrium potential,

driving the ion toward equilibrium.

3. Mechanisms of Passive Transport

Passive transport encompasses several distinct mechanisms, categorized primarily by whether the

substance crosses the lipid bilayer directly or requires assistance from integral membrane proteins.

The two primary modes derived from the source are simple diffusion and facilitated diffusion,

though osmosis is also critical.

Simple Diffusion is the most straightforward mechanism, involving the direct passage of

molecules through the lipid bilayer without the aid of membrane proteins. This mechanism is

restricted almost exclusively to small, nonpolar, or lipid-soluble molecules, such as oxygen (O2),

carbon dioxide (CO2), nitrogen, and steroids. The rate of simple diffusion is governed by Fick's

Law of Diffusion, meaning it is directly proportional to the concentration gradient, the surface area

of the membrane, and the lipid solubility of the molecule, and inversely proportional to the

membrane thickness and the size of the molecule. The cell membrane presents a hydrophobic

interior, making it highly impermeable to polar and charged substances, thus necessitating other

transport mechanisms for these compounds.

Facilitated Diffusion, conversely, requires the assistance of specific transmembrane proteins,

including carrier proteins and channel proteins. This mechanism is necessary for larger polar

molecules (like glucose and amino acids) and many ions that cannot traverse the hydrophobic core

of the bilayer efficiently, despite moving down their thermodynamic gradient. Unlike simple

diffusion, facilitated diffusion exhibits saturation kinetics; once all available transport proteins are

occupied or actively cycling, increasing the substrate concentration gradient will not further
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increase the rate of transport. This process also shows high specificity, as each transport protein is

designed to interact with a specific substrate or a small group of structurally related substrates.

A specialized and vital form of passive transport is Osmosis, which is the simple diffusion of water

across a selectively permeable membrane in response to solute concentration differences. Water

molecules move from a region of lower solute concentration (higher water potential) to a region of

higher solute concentration (lower water potential) until hydrostatic pressure or concentration

equalization is achieved. Osmosis is critical in maintaining cell volume, regulating turgor pressure

in plant cells, and ensuring proper fluid balance in animal tissues, particularly in the kidneys and

gastrointestinal tract.

4. Key Components and Structures

The components central to facilitated passive transport are the highly specialized integral

membrane proteins that create specific pathways across the hydrophobic barrier. These proteins

fall into two major functional classes: channels and carriers. Both classes harness the

electrochemical gradient but achieve transport through fundamentally different mechanisms.

Channel proteins, often referred to as ion channels, form continuous, hydrophilic pores through

the membrane. They allow specific ions (e.g., Na+, K+, Cl-) to pass very rapidly, sometimes at

rates approaching the limit of free diffusion. These channels are often highly regulated, acting as

molecular gates that can open or close in response to various stimuli, such as voltage changes

(voltage-gated channels), ligand binding (ligand-gated channels), or mechanical stress

(mechanosensitive channels). Their speed is crucial for processes demanding swift response, such

as the propagation of action potentials in neurons and muscle cells. The structure includes a

selectivity filter, a narrow region that ensures only ions of the appropriate size and charge

configuration can pass.

Carrier proteins, or permeases, do not form a continuous pore. Instead, they operate more like

revolving doors. They bind the solute on one side of the membrane, undergo a specific

conformational change, and then release the solute on the other side. Because they require a

physical change in structure for each transport cycle, carrier proteins transport substrates

significantly slower than ion channels. Examples include the GLUT family of transporters

responsible for glucose uptake in many cell types. While channels primarily move ions, carriers

handle a broader range of molecules, including sugars, amino acids, and nucleosides. The

specificity and saturation kinetics are defining characteristics of carrier-mediated transport.

The lipid bilayer itself serves as the foundational component, setting the stage for passive transport

by determining permeability. Its hydrophobic core ensures that virtually all large or charged

molecules must rely on the assistance of the aforementioned protein structures. This selective

permeability is fundamental to cellular integrity and function, allowing the cell to maintain internal
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environments vastly different from the external milieu while still enabling necessary exchange.

5. Biological Significance

Passive transport is indispensable for fundamental cellular activities, acting as the primary route for

the exchange of common gases and essential nutrients, and playing a critical role in cellular

signaling. Without these energy-independent mechanisms, cells would exhaust their ATP reserves

simply attempting to move necessary molecules across the membrane.

One of the most significant roles of passive transport is in respiration and metabolism. Oxygen

must rapidly diffuse into cells to fuel mitochondrial respiration, and carbon dioxide, the resulting

waste product, must rapidly diffuse out. Since both are small, nonpolar gases, simple diffusion

across the vast surface area of the cell membrane or the alveolar sacs in the lungs provides an

extremely efficient, high-volume transport system that requires no biological intervention other than

maintaining the concentration gradient through metabolic consumption and blood flow.

In excitable cells, such as neurons and muscle cells, passive ion movement is the basis of

electrical activity. The creation of the resting membrane potential relies heavily on the passive

leakage of potassium ions (K+) out of the cell through non-gated channels. Furthermore, the rapid

depolarization and repolarization that constitute an action potential are achieved by the rapid,

passive influx of sodium (Na+) and subsequent efflux of potassium (K+) through voltage-gated

channels opening sequentially, driven entirely by pre-established electrochemical gradients. This

passive flow facilitates rapid, long-distance signal transmission vital for neurological function.

6. Comparison to Active Transport

Passive transport stands in direct opposition to Active Transport regarding energy requirements

and directionality. The distinction is not merely academic; it defines the cell's ability to create and

maintain non-equilibrium conditions essential for life.

The key difference lies in the gradient: passive transport moves substances down their

concentration or electrochemical gradient, resulting in a net decrease in free energy

(spontaneous). Active transport, conversely, moves substances against their gradient (uphill),

requiring an input of metabolic energy, typically supplied by ATP hydrolysis (primary active

transport, e.g., the Na+/K+ pump) or by coupling the transport to the movement of a second

molecule down its gradient (secondary active transport). Because active transport requires energy,

it can establish and maintain steep gradients--a high concentration of potassium inside the cell and

a high concentration of sodium outside the cell--far from equilibrium.

This relationship is symbiotic. Active transport systems (pumps) expend energy to establish the

steep electrochemical gradients for ions like Na+, K+, and H+. These resultant gradients then
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become the potential energy source that drives various passive transport mechanisms, including

the flow of ions through channels during signaling events, and also powers secondary active

transport mechanisms (cotransport/countertransport) that utilize the passively moving ion to drag

another molecule against its gradient. For instance, the steep sodium gradient created by the

Na+/K+ pump is used to passively drive sodium back into the cell via a carrier protein,

simultaneously transporting glucose against its own gradient.

While simple passive diffusion is unlimited by the number of transporters, facilitated diffusion and

active transport share the characteristic of being saturable, reflecting their reliance on a finite

number of protein structures embedded in the membrane. However, only active transport systems

are directly dependent on the cell's metabolic state; if ATP production ceases, active transport

stops, while passive transport continues until gradients dissipate.

Further Reading
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