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Chapter 3 Physical properties of 
the body fluids and 
the cell membrane

3.1  Body fluids
To begin our study of transport phenomena in biomedical engineering, we first must examine the 
physical properties of the fluids that are within the human body. Many of our engineering calcula-
tions or the development and design of new procedures, devices, or treatments will either involve or 
affect the fluids that are within the human body. Therefore, we will focus our initial attention on the 
types and characteristics of the fluids that reside within the body.

The body fluids can be classified into three types: extracellular, intracellular, and transcellular flu-
ids. As shown in Table 3.1, nearly 60% of the body weight for an average 70 kg male is comprised 
of these body fluids, resulting in a total fluid volume of about 40 L.

The largest fraction of the fluid volume, about 36% of the body weight, consists of intracellular 
fluid, which is the fluid contained within the body’s cells, e.g., the fluid found within red blood 
cells, muscle cells, and liver cells. Extracellular fluid consists of the interstitial fluid that comprises 
about 17% of the body weight and the blood plasma that comprises around 4% of the body weight. 
Interstitial fluid circulates within the spaces (interstitium) between cells. The interstitial fluid space 
represents about one-sixth of the body volume. The interstitial fluid is formed as a filtrate from the 
plasma portion of the blood that is within the capillaries. The capillaries are the smallest element 
of the cardiovascular system and represent the site where the exchange of vital substances occurs 
between the blood and the tissue surrounding the capillary. We shall see that the interstitial fluid 
composition is very similar to that of plasma.

The blood volume of a 70 kg male is 5 L, with 3 L consisting of plasma and the remaining 2 L rep-
resenting the volume of the cells in the blood, primarily the red blood cells. The 2 L of cells found 
in the blood are filled with intracellular fluid. The fraction of the blood volume due to the red blood 
cells is called the hematocrit. The red blood cell volume fraction is found by centrifuging a given 
volume of blood in order to find the “packed” red cell volume. Since a small amount of plasma is 
trapped between the packed red blood cells, the true hematocrit (H) is about 96% of this measured 
hematocrit (Hct). The true hematocrit is about 40% for a male and about 36% for a female. The 
transcellular fluids are those fluids found only within specialized compartments and include the 
cerebrospinal, intraocular, pleural, pericardial, synovial, sweat, and digestive fluids. Some of these 
compartments have membrane surfaces that are in proximity to one another and have a thin layer of 
lubricating fluid between them.
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Measurement of these fluid volumes can be achieved by using “tracer materials” that have the 
unique property of remaining in specific fluid compartments. The fluid volume of a specific 
compartment can then be found by adding a known mass of a tracer to a specific compart-
ment and, after an appropriate period of time for dispersal, measuring the concentration (mass/
volume) of the tracer in the fluid compartment. The compartment volume is then given by the 
ratio of the tracer mass that was added and the measured tracer concentration, i.e., mass/(mass/
volume) = volume.

Examples of tracers used to measure fluid volumes include radioactive water for measuring total 
body water and radioactive sodium, radioactive chloride, or inulin for measuring extracellular fluid 
volume. Tracers that bind strongly with plasma proteins may be used for measuring the plasma 
volume. Interstitial fluid volume may then be found by subtracting the plasma volume from the 
extracellular fluid volume. Subtraction of the extracellular fluid volume from the total body water 
provides the intracellular fluid volume.

3.2  Fluid compositions
The compositions of the body fluids are presented in Table 3.2 in terms of concentration in units of 
milliosmolar (mOsmole L−1 of solution or mOsM). The term osmole has been introduced to account 
for the effect of a dissociating solute in an aqueous solution. One osmole is therefore defined as 
1 mol of a nondissociating substance. Therefore, one mole of a dissociating substance such as NaCl 
is equivalent to 2 osmoles or a 1 molar (M) solution of NaCl is equivalent to a 2 osmolar (OsM) 
solution. However, one mole of glucose is the same as one osmole since glucose does not dissociate 
in solution. Osmolarity simply defines the number of osmoles per liter of solution.

Since the solutes listed in Table 3.2 do not dissociate, these concentrations are the same as milli-
molar (mmol L−1 or mM). Of particular interest is the fact that nearly 80% of the total osmolarity of 
the interstitial fluid and plasma is produced by sodium and chloride ions. As we discussed earlier, 
the interstitial fluid arises from filtration of plasma through the capillaries. We would therefore 
expect the composition of these two fluids to be very similar. This is shown in Table 3.2. We find 
this to be true with the exception that the protein concentration in the interstitial fluid is significantly 
smaller in comparison to its value in the plasma.

Table 3.1 Body Fluids

Fluid Fluid Volume (L) Body Weight (wt%)

Intracellular 25 36
Extracellular 15 21
Interstitial 12 17
Plasma 3 4
Transcellular — —
Total 40 57

Source: Data from Guyton, A.C., Textbook of Medical Physiology, 8th ed., W.B. 
Saunders Co., Philadelphia, PA, 1991, p. 275.
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3.3  Capillary plasma protein retention
The retention of proteins by the walls of the capillary during filtration of the plasma is readily 
explained by comparing the molecular sizes of typical plasma protein molecules to the size of the 
pores within the capillary wall. Figure 3.1 illustrates the relative size of various solutes as a function 
of their molecular weight. The wall of a capillary, illustrated in Figure 3.2, consists of a single layer 
of endothelial cells that are surrounded on their outside by a basement membrane. The basement 
membrane is a mat-like cellular support structure, or extracellular matrix, that consists primarily of a 
protein called type IV collagen, and is joined to the cells by the glycoprotein called laminin. The base-
ment membrane is about 50–100 nm thick. The total thickness of the capillary wall is about 0.5 μm.

As shown in Figure 3.2, there are several mechanisms that allow for the transport of solutes across 
the capillary wall. These include the intercellular cleft and pinocytotic vesicles and channels. The 
intercellular cleft is a thin slit or slit pore that is formed at the interface between adjacent endothelial 
cells. The size of the openings or pores in this slit is about 6–7 nm, just sufficient to retain plasma 
proteins such as albumin and other larger proteins.

Table 3.2 Osmolar Solutes Found in the Extracellular and Intracellular Fluids

Solute
Plasma 

(mOsm L−1)
Interstitial 
(mOsm L−1)

Intracellular 
(mOsm L−1)

Na+ 143 140 14
K+ 4.2 4.0 140
Ca2+ 1.3 1.2 0
Mg2+ 0.8 0.7 20
Cl− 108 108 4
HCO3

− 24 28.3 10
HPO4

−, H2PO4
− 2 2 11

SO4
− 0.5 0.5 1

Phosphocreatine 45
Carnosine 14
Amino acids 2 2 8
Creatine 0.2 0.2 9
Lactate 1.2 1.2 1.5
Adenosine triphosphate 5
Hexose monophosphate 3.7
Glucose 5.6 5.6
Protein 1.2 0.2 4
Urea 4 4 4
Others 4.8 3.9 11
 Total (mOsm L−1) 302.8 301.8 302.2
 Corrected osmolar activity (mOsm L−1) 282.5 281.3 281.3
Total osmotic pressure at 37°C (mmHg) 5450 5430 5430

Source: Data from Guyton, A.C., Textbook of Medical Physiology, 8th ed., W.B. Saunders Co., 
Philadelphia, PA, 1991, p. 277.
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The collective surface area of these openings represents less than 1/1000th of the total capillary sur-
face area for a typical nonfenestrated capillary.

The plasma proteins are generally larger than the capillary slit pores. Although ellipsoidally shaped 
proteins, e.g., the clotting protein fibrinogen, may have a minor axis that is smaller than that of the 
capillary slit pore, the streaming effect caused by the fluid motion within the capillary orients the 
major axis of the proteins parallel to the flow axis and prevents their entry into the slit pore. This 
streaming effect is shown in Figure 3.3. Therefore, the smaller substances found in the plasma, such 
as ions, glucose, and metabolic waste products, will readily pass through the slit pores of the capil-
lary wall, whereas the plasma proteins will be retained in the lumen of the capillary. The composi-
tion of the plasma and interstitial fluid should therefore only differ in their protein content. This is 
shown in Table 3.2.
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Figure 3.1 Approximate diameter of molecules as a function of their molecular weight.
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Figure 3.2 Cross section of a capillary.
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3.4  Osmotic pressure
Retention of proteins in the plasma in comparison to the interstitial fluid creates an osmotic pres-
sure between the plasma and the interstitial fluid. We discussed the thermodynamics of osmosis in 
Section 2.6.3.5. Since the plasma proteins are the only constituent of the plasma that do not readily 
pass through the capillary wall, it is the plasma proteins that are responsible for the formation of 
the osmotic pressure between the interstitial and plasma fluids. The osmotic pressure created by 
these proteins is given the special name of colloid osmotic pressure or oncotic pressure. For human 
plasma, the colloid osmotic pressure is about 28 mmHg, with 19 mmHg caused by the plasma 
proteins and 9 mmHg caused by the cations within the plasma that are also retained through elec-
trostatic interaction with the negative surface charges of these proteins (see Gibbs-Donnan Effect in 
Section 2.6.3.13).

The colloid osmotic pressure is actually quite small in comparison to the osmotic pressure that 
develops when a cell is placed in pure water. In this case, it is assumed that all of the species pres-
ent within the intracellular fluid are retained by the cell membrane. As shown in Table 3.2, the total 
osmotic pressure of the intracellular fluid in this case would be 5430 mmHg at 37°C.

3.4.1  Osmolarity
Recognizing that it is the number of retained solute molecules that contributes to the osmotic 
pressure, we must be careful to make the distinction between a retained substance that dissociates 
and one that does not dissociate. The term “retained” means that the solute cannot move across 
the membrane that separates the solutions of interest. For example, compounds such as NaCl are 
strong electrolytes. In water, they completely dissociate to form two ions, i.e., Na+ and Cl−. For 
CaCl2, we end up with three ions or entities, i.e., Ca2+ and two Cl−. Each ion or entity formed 
will exert its own osmotic pressure. It is important to note that the charge of the ion has no effect 
(assuming an ideal solution) on the osmotic pressure, so a sodium ion with a charge of +1 is equiva-
lent to a calcium ion of charge +2. Substances such as glucose do not dissociate and their osmotic 
pressure is based on their nondissociated concentration only.

Endothelial cell

Intercellular cleft or pore

Protein
Blood flow

Figure 3.3 Orientation of ellipsoidal shaped proteins by streaming prevents their entry into the 
capillary pores.
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If a cell is placed within a solution that has a lower concentration of solutes or osmolarity, then the 
cell is in a hypotonic solution, and establishment of osmotic equilibrium requires the osmosis of 
water into the cell. This influx of water into the cell results in the swelling of the cell and a subse-
quent decrease in its osmolarity. On the other hand, if the cell is placed in a solution with a higher 
concentration of solutes or osmolarity, i.e., hypertonic, then osmotic equilibrium requires osmosis or 
diffusion of water out of the cell, concentrating the intracellular solution and resulting in shrinkage 
of the cell. An isotonic solution is a fluid that has the same osmolarity of the cell. When cells are 
placed in an isotonic solution, there is neither swelling nor shrinkage of the cell. A 0.9 wt% solution 
of sodium chloride or a 5 wt% solution of glucose is just about isotonic with respect to a cell.

3.4.2  Calculating the osmotic pressure
Recall from our discussion in Chapter 2 on osmosis that for the special case where the solvent and 
solute form an ideal solution, the osmotic pressure given by Equation 2.147 may be written as

 
P = =RT

V
x RTC

solute
L solute

A
solute

 
(3.1)

Here, xsolute
A  represents the mole fraction of the nondissociating solute in the solution, which is region 

A in Figure 2.5. Recall that since the solute mole fraction is generally quite small, we may approxi-
mate this as x V Csolute

A
solvent
L

solute= , where Csolute is the concentration of the solute in gmoles per liter of 
solution and Vsolvent

L  is the molar volume of the solvent. This ideal dilute solution osmotic pressure, 
described by Equation 3.1, is also known as van’t Hoff’s law.

If the solution contains N ideal nondissociating solutes, then the total osmotic pressure of the solu-
tion will be the summation of the osmotic pressure generated by each solute or entity according to 
Equation 3.1:

 
P =

=
åRT C
i

N

solutei

1  
(3.2)

For physiological solutions, it is convenient to work in terms of milliosmoles (mOsm) or millios-
molar (mOsM). At a physiological temperature of 37°C, Equation 3.2 may be written as follows to 
give the osmotic pressure in mmHg when the solute concentration of each nondissociating species 
is expressed in mOsM:

 
p =

=
å19 33

1

. Csolute

i

N

i

 
(3.3)

As we discussed in Chapter 2, remember that osmotic pressure is not determined on the basis of the 
mass of the solute in the solution, but rather on the number of entities that are formed by a given 
solute. Each nondiffusing entity in the solution contributes the same amount to the osmotic pressure 
regardless its size. The following example shows how to apply Equation 3.2 in a situation with many 
species that dissociate in water.

AQ2
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Example 3.1

MoviPrep® is a low-volume colonoscopy prep that is used to provide a clear view of the entire 
colon, allowing your doctor to detect abnormal growths during the colonoscopy procedure. 
Each liter of a MoviPrep solution contains in millimoles the components shown in the follow-
ing table.

PEG 3350 (polyethylene glycol, does not dissociate) 29.6
NaCl 45.6
Na2SO4 52.8
KCl 14.2
NaAscorbate (C6H7O6Na) 29.8

At 37°C, what is the osmotic pressure of this solution in mmHg?

Solution

The salt components will completely dissociate in the aqueous solution that is formed. We 
can do a dissociation balance on each entity to find its concentration in the final solution. 
The PEG 3350 does not dissociate so its concentration in the solution is 29.6 mM.

 Na mOsM+ = + ´ + =45 6 2 52 8 29 8 181. . .  

 Cl mOsM- = + =45 6 14 2 59 8. . .  

 SO mOsM4
2 52 8 52 8- = =. .  

 K mOsM+ = =14 2 14 2. .  

 Ascorbate mOsM- = =29 8 29 8. .  

The osmotic pressure of the MoviPrep solution can then be calculated in mmHg using 
Equation 3.3 provided the concentrations are expressed in mOsM.

 P = + + + + +( ) =19 33 29 6 181 59 8 52 8 14 2 29 8 7098. . . . . . mmHg 

3.4.3  Other factors that may affect the osmotic pressure
The previous discussion assumed the mixture of solutes formed an ideal solution. However, the 
osmotic pressure should take into account the various secondary solute interactions that occur within 
the solution due to their charge, size, shape, and other effects. These effects will either increase or 
decrease the osmotic activity of a particular solute and results in the corrected osmolar activity 
shown in Table 3.2. We see in Table 3.2 that the ratio of the corrected osmolar concentration to the 
total osmolar concentration is about 0.93 for each of the body fluids. This value of 0.93 represents 
the overall average activity coefficient. In most cases, it is conventional practice to disregard the 
calculation of solute activity coefficients and calculate the osmotic pressure on the basis of solute 
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concentration only, as just discussed. Since we will primarily be concerned with differences in the 
osmotic pressure and the generation of fluid flow across a membrane due to a difference in osmotic 
pressure, this constant of 0.93 will become absorbed in other constants that generally need to be 
determined by experiment.

3.5  Filtration flow across a membrane
Recall that in general, a flow of something is proportional to a driving force and inversely propor-
tional to the flow resistance or proportional to the flow conductance. The flow of fluid across the 
capillary wall, or, for that matter, any porous semipermeable membrane, is driven then by a differ-
ence in pressure across the membrane, which is the driving force. This pressure difference arises 
not only from hydrodynamic effects but also from the difference in osmotic pressure between the 
fluids separated by the membrane. The properties of the fluid as well as the physical nature of the 
membrane produce the resistance to this flow.

Figure 3.4 shows the hydrodynamic and osmotic pressures in the capillary and the surrounding 
interstitial fluid. In this case the capillary wall acts like a semipermeable membrane. The subscript 
C refers to the capillary space and the subscript IF refers to the interstitial fluid space that surrounds 
the capillary. The arrows indicate for each pressure the corresponding direction of fluid flow induced 
by that pressure. We can write that the volumetric fluid transfer rate (Q) across the capillary mem-
brane is directly proportional to the effective pressure drop DP( ) across the capillary membrane, as 
given by

 Q L S P P L SP C IF C IF P= -( ) - -( )éë ùû =P P DP (3.4)

In Equation 3.4
S is the total circumferential surface area of the capillary membrane, or the total membrane sur-

face area
LP is the hydraulic conductance or hydraulic permeability, which is inversely related to the flow 

resistance of the capillary membrane

PIF

ΠIF

Capillary

ΠC  

PC 

Figure 3.4 Forces acting to cause a flow of fluid across the capillary wall. Arrows indicate the 
direction of flow induced by each pressure.
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The hydraulic conductance is usually best determined by experiment, although a model for its pre-
diction is shown in Section 3.5.1. Also remember that Equation 3.4 applies not only to the capil-
lary membrane, but to any semipermeable membrane. However, the subscripts C and IF should be 
changed to reflect the situation being considered. For example, the high-pressure side of the mem-
brane can be denoted as A and the low-pressure side of the membrane as B. In this case Equation 3.4 
becomes Q = LPS[(PA − PB) − (ΠA − ΠB)].

For the capillary membrane, Renkin (1977) reports values for LP as low as 3 × 10−14 m2 s kg−1 for the 
tight junctions between the endothelial cells found in the capillaries of the rabbit brain, 5 × 10−12 m2 s 
kg−1 for nonfenestrated or continuous capillaries, and as high as 1.5 × 10−9 m2 s kg−1 for the capillaries 
in the glomeruli of the kidney. In the synthetic membranes used, e.g., in a hemodialyzer, LP is usu-
ally expressed in common engineering units and is on the order of 3 mL h−1 m−2 mmHg−1. For silicon 
nanopore membranes, LP can be as high as 130 mL h−1 m−2 mmHg−1 (Song et al., 2016).

It is important to note that Equation 3.4 carries a sign sense with it in terms of the direction of the 
filtration flow, Q. For example, the first difference term in the brackets of Equation 3.4 represents 
the difference between the hydrodynamic pressure of the capillary (PC) and the interstitial fluid (PIF). 
When this term is positive, fluid will leave the capillary. When this term is negative, fluid will flow 
from the interstitial fluid into the capillary. The second difference term within the brackets repre-
sents the difference in the osmotic pressure between the capillary (ΠC) and the interstitial fluid (ΠIF). 
When this parenthetical term is positive, there will be an osmotic flow of water from the interstitial 
fluid into the capillary, whereas if this difference is less than zero, there will be an osmotic flow of 
water out of the capillary. If the entire term in brackets in Equation 3.4 is positive, then there is a net 
flow of fluid from the capillary into the interstitium. If the bracketed term is negative, then there will 
be a net flow of fluid from the interstitium into the capillary. If the bracketed term in Equation 3.4 is 
zero, then there is no filtration flow and we have that (PC − PIF) = (ΠC − ΠIF).

Equation 3.4 represents the filtration flow across the capillary membrane. It can also be used to 
describe the flow across any semipermeable membrane regardless of whether or not it is of biologi-
cal or synthetic origin. We will find, e.g., that this equation applies to the dialysis membranes used 
in the artificial kidney as well in a variety of other membrane-based medical devices.

3.5.1  Predicting the hydraulic conductance
We can also develop a model for describing how the hydraulic conductance (LP), or the resistance to 
fluid flow across the membrane, depends on the membrane pore geometry and the physical properties 
of the filtrate fluid. First, we model the porous structure of the membrane as a series of parallel cylindri-
cal pores. We will show in Chapter 4 that Poiseuille’s equation (Equation 4.10) provides a relationship 
between flow (Q) and the pressure drop (P0 − PL) in a cylindrical tube or in this case a cylindrical pore:

 
Q

R P P

L
L

pore

=
-( )p

m

4
0

8  
(3.5)

where
μ is the viscosity (a measure of the flow resistance) of the fluid
R is the radius of the cylindrical tube or pore
Lpore is the length of the tube or pore
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Equation 3.5 provides the flow rate across a single pore in the capillary wall or in a semipermeable 
membrane. If we have a total of N pores in a membrane of total surface area S, then we can equate 
Equation 3.5 for N pores to Equation 3.4 and obtain the result shown here:

 
Q L S N

L
P= =

æ

è
ç

ö

ø
÷D DP

R
P

p
mt

4

8  
(3.6)

where we have replaced (P0 − PL) in Poiseuille’s equation with the effective pressure drop DP. The 
pore length, i.e., Lpore, is usually longer than the thickness of the capillary wall or membrane (L) 
since the pores are not straight but tortuous. Hence, we replaced Lpore in Equation 3.5 with the prod-
uct of the tortuosity (τ) and the capillary wall or membrane thickness, L. The tortuosity is a correc-
tion factor that accounts for pores that are longer than the thickness of the membrane.

The total cross-sectional area of the pores, i.e., AP, is equal to NπR2. Substituting this into Equation 3.6 
allows us to solve for the hydraulic conductance as shown here:
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(3.7)

Equation 3.7 provides a model that allows one to understand the factors that affect the hydraulic 
conductance. We see that the hydraulic conductance is directly proportional to the porosity (ε) of 
the capillary wall, i.e., (AP/S), and inversely proportional to the flow resistance of the fluid, i.e., its 
viscosity (μ), and the thickness of the capillary wall or membrane L( ). In addition, the hydraulic 
conductance is directly proportional to the square of the pore radius.

Example 3.2

Calculate the filtration flow rate (cm3 s−1) of a pure fluid across a 100 cm2 membrane. Assume 
the viscosity (μ) of the fluid is 1.8 cP. The porosity of the membrane is 40% and the thickness of 
the membrane is 500 μm. The pores run straight through the membrane and these pores have a 
radius of 0.225 μm. The pressure drop applied across the membrane is 75 psi. (From Chapter 4 
we have for the viscosity that 1 cP = 0.001 N s m−2 = 0.001 Pa s.)

Solution

To find the filtration flow rate, we will use Equations 3.4 and 3.7. Since there are no retained 
solutes, there are no osmotic effects and the effective pressure drop across the membrane is 
equal to the applied pressure drop of 75 psi. From the information about the membrane, we 
first calculate the value of the hydraulic conductance as shown here:

 

A
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Now substituting these values in Equation 3.7

 
L
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and from Equation 3.4
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3.5.1.1 Rectangular pores If the pores in the membrane are not circular, but rectangular slits, a 
similar approach as previously discussed can be used to calculate the hydraulic conductance. For 
flow in the rectangular space formed between two large parallel plates of length L (in the flow direc-
tion) and width W, it is shown in Problem 4.25 that the volumetric flow rate (Q) is given by

 
Q WH

P P

L
L=

-( )2
3

3 0

m  
(3.8)

where the plates are separated by a distance of 2H, and H ≪ L and W. Equation 3.8 gives the flow 
rate through a single rectangular pore. Assuming we have a total of N pores in the membrane of total 
surface area S, then we can equate Equations 3.4 and 3.8 to obtain
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Once again we have replaced (P0 − PL) in Equation 3.8 with the effective pressure drop DP. The 
actual pore length is also equal to tL to account for pores that are not straight but tortuous. The total 
cross-sectional area of the slit pores, i.e., AP, is equal to N × 2HW. Using this result to eliminate N 
in Equation 3.9 gives the hydraulic conductance for slit pores

 
L

A
S

H
L

H
L

P
P= æ

è
ç

ö
ø
÷ =

2 2

3 3mt
e

mt  
(3.10)

Comparing the hydraulic conductance for a slit pore (i.e., Equation 3.10) to that for a cylindrical pore 
(i.e., Equation 3.7) with the slit pore half-thickness (H) equal to the cylindrical pore radius (R), we see 
that the slit pore, with everything else being the same, has a hydraulic conductance 2.67 times that of 
the cylindrical pore. This explains why we oftentimes see rectangular openings in many filtration situ-
ations. For example, in nature we see this in the capillary membrane with the slit pores or intercellular 
cleft formed between the endothelial cells that line the capillary or in the baleen plates of certain whales 
that trap their food by filtering the ocean water. We also see this in storm sewer drain covers and in the 
colander found in your kitchen. Rectangular openings maintain the desired size exclusion for filtra-
tion without impeding the flow of the fluid. Membranes based on rectangular slit pores are therefore 
receiving considerable attention for the next generation of a variety of membrane medical devices and 
artificial organs (Fissell et al., 2009, 2013; Kanani et al., 2010; Song et al., 2016).
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3.6  Net capillary filtration rate
We can use Equation 3.4 to estimate the net capillary filtration rate for the human body. To perform 
this calculation, we will first need to define nominal values for the properties of the capillaries that 
are in the body. These properties are summarized in Table 3.3 (Note: these are gauge pressures or 
relative to atmospheric pressure of 760 mmHg). The capillary lumen lies within a circumferential 
ring of several endothelial cells, as shown earlier in Figure 3.2. Note that capillaries are very small 
having diameters of about 8–10 μm and lengths that are less than 1 mm. The residence time of blood 
in a capillary is also only on the order of 1 s. Each capillary can only supply nutrients and remove 
waste products from a very small volume of tissue that surrounds each capillary.

There are also three types of capillaries. They are referred to as continuous, fenestrated, and discon-
tinuous. The continuous capillaries are found in the muscle, skin, lungs, fat, the nervous system, and 
in connective tissue. Fenestrated capillaries are much more permeable to water and small solutes 
in comparison to continuous capillaries. Hence, fenestrated capillaries have a very high hydraulic 
conductance in comparison to continuous capillaries. The fenestrated capillaries are found in tis-
sues that are involved in the exchange of fluid or solutes such as hormones. For example, within 
the kidney they are found in the glomerulus and allow for a high filtration rate of the plasma. The 
endothelium of these capillaries is perforated by numerous small holes called fenestrae. The fenes-
trae are sometimes covered by a thin membrane that provides selectivity with regard to the size of 
solutes that are allowed to pass through. Discontinuous capillaries have large endothelial cell gaps 
that readily allow the passage of proteins and even red blood cells.

At the arterial end of the capillary, the capillary pressure is about 30 mmHg, and at the venous end 
of the capillary, the pressure is about 10 mmHg. The mean capillary pressure is considered to be 
about 17.3 mmHg and its bias to the lower end is based on the larger volume of the venous side of 
the capillaries in comparison to the arterial side of the capillaries. The interstitial fluid pressure has 
surprisingly been found to be subatmospheric and the accepted value is −3 mmHg. As mentioned 
before, the colloid osmotic pressure for human plasma is 28 mmHg and the value for the interstitial 
fluid is about 8 mmHg.

Table 3.3 Capillary Characteristics

Property Value

Inside diameter (Dc) 10 μm
Length (L) 0.1 cm
Wall thickness (tm) 0.5 μm
Average blood velocity (V) 0.05 cm s−1

Pore fraction 0.001
Wall pore diameter (dp) 6–7 nm
Inlet pressure 30 mmHg
Outlet pressure 10 mmHg
Mean pressure (PC) 17.3 mmHg
Colloid osmotic pressure (ΠP) 28 mmHg
Interstitial fluid pressure (PIF) −3 mmHg
Interstitial fluid colloid osmotic pressure (ΠIF) 8 mmHg
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At the arterial end of the capillary, we can calculate the flow rate of fluid across the capillary wall 
by using Equation 3.4. Therefore, Q/LPS = [(30 −− 3) − (28 − 8)] = 13 mmHg, which is positive, 
indicating that there is a net flow of fluid from the capillary into the interstitium. At the venous end 
of the capillary, Q/LPS = [(10 −− 3) − (28 − 8)] = −7 mmHg, which is less than zero, indicating a net 
reabsorption of fluid from the interstitium back into the capillary.

This flow of fluid out of the capillary at the arterial end, and its reabsorption at the venous end, is 
called Starling flow, after E.H. Starling who first described it over a hundred years ago. Equation 3.4 
is also known as the Starling equation. If we base the filtration rate on the mean capillary pressure, 
then Q/LPS = [(17.3 −− 3) − (28 − 8)] = 0.3 mmHg. Hence, on average, there is a slight imbalance 
in pressure resulting in more filtration of fluid out of the capillary than is reabsorbed.

Approximately 90% of the fluid that leaves at the arterial end of the capillary is reabsorbed at the 
venous end. However, the 10% that is not reabsorbed by the capillary collects within the interstitium 
and enters the lymphatic system where it is then returned to the cardiovascular system. The amount 
of this net filtration of fluid from the circulation for the human body can be estimated as illustrated 
in the following example.

Example 3.3

Calculate the normal rate of net filtration for the human body. Assume the capillaries have a 
total surface area of 500 m2, that the tortuosity of the slit pores (τ) is equal to 2, and that the 
slit pore surface area is 1/1000th of the total capillary surface area.

Solution

We model the porous structure of the capillary wall as a series of parallel rectangular slit pores 
with a thickness of 7 nm. Plasma filtrate may be considered to be a Newtonian fluid with a 
viscosity of 1.2 centipoise (cP). The mean net filtration pressure, or the effective pressure drop 
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Table 3.4 Physical Constants Used to Describe the Electrical Properties of the Cell Membrane

Basic Electrical Properties Units

Charge Coulomb (C), charge carried by 6.2 × 1018 univalent ions
Electric potential Volt (V), potential caused by separation of charges
Current Ampere (A), flow of charge, C s−1

Capacitance Farad (F), amount of charge needed on either side of a membrane to produce 
a given potential, C/V

Conductance Siemens (S), ability of a membrane to conduct a flow of charge, A/V

Electrical Properties of Cells Typical Values
Membrane potential −20 to −200 mV
Membrane capacitance ~0.01 pF μm−2 of cell membrane surface area
Conductance of a single ion channel 1–150 pS
Number of specific ion channels ~75 μm−2 of cell membrane surface area

Other Relationships
milli (m) = 10−3, micro (μ) = 10−6 nano (n) = 10−9, pico (p) = 10−12

Source: Data from Alberts, B. et al., Molecular Biology of the Cell, 2nd ed., Garland Publishing, Inc., New York, 1989, p. 1067.
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for the capillary, was just calculated previously to be 0.3 mmHg. Using Equation 3.10, we can 
calculate the hydraulic conductance and then the net filtration rate:
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Note that this prediction of LP is consistent with the values reported by Renkin (1977) for the 
hydraulic conductance of continuous capillaries:
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We find that the total net filtration rate due to the pressure imbalance at the capillaries for the human 
body is on the order of several mL min−1.

3.6.1  A comparison of the blood flow into the capillary 
with the capillary filtration flow rate

We see in the previous example that some of the blood plasma that enters the capillary will be 
filtered across the capillary wall by the combined effect of the hydrodynamic and oncotic pressure 
differences that exist between the capillary and the surrounding interstitial fluid. This perfusion of 
plasma across the capillary wall is also known as plasmapheresis. In the following example we will 
compare the capillary filtration rate to the flow rate of the blood entering the capillary.

Example 3.4

Calculate the filtration flow rate of plasma across the capillary wall and compare this to the 
flow rate of blood entering the capillary.

Solution

Using the capillary properties provided in Table 3.3 and the value of the hydraulic conduc-
tance, i.e., LP, from Example 3.3, we can then calculate the filtration rate for a capillary using 
Equation 3.4. Note that the hydraulic conductance of 3.40 × 10−12 m2 s kg−1 found in Example 3.3 
is equal to 1.63 cm3 h−1 m−2 mmHg−1:
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We can compare this value of the plasma filtration flow rate across the capillary wall to the 
total flow rate of blood entering the capillary, i.e., Q / D Vcapillary c= ( )p 4 2 :
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We find for the special case of a capillary that the volumetric flow rate of blood entering the capil-
lary (Qcapillary) is significantly higher than the filtration flow of plasma (Qfiltration) across the capillary 
wall. We may therefore assume that the blood flow, i.e., Qcapillary, is constant along the length of the 
capillary.

3.7  Lymphatic system
We must now address where this total net filtration of fluid from the capillaries ultimately goes. It 
clearly cannot continue to collect within the interstitium since this would lead to edema or excess 
fluid (swelling) within the tissues of the body.

Two types of edema can occur. The first type involves excess extracellular fluid and is caused either 
by too much filtration of fluid from the capillaries as just discussed, a failure to drain this excess fluid 
from the interstitium, or retention of salt and water as a result of impaired kidney function. Edema 
can also be caused by intracellular accumulation of fluid as a result of cellular metabolic problems or 
inflammation. In these cases either the sodium ion pumps are impaired (see Section 3.10) or the cell 
membrane permeability to sodium is increased. In either case, the excess sodium in the cell causes 
osmosis of water into the cell.

The lymphatic system is an accessory flow or circulatory system in the body that drains excess 
fluid from the interstitial spaces and returns it to the blood. The lymphatics consist of a system 
of lymphatic capillaries and ducts that empty into the venous system at the junctures of the left 
and right internal jugular and subclavian veins. The lymphatic system is also responsible for the 
removal of large proteins and other substances that cannot be reabsorbed into the capillary from 
the interstitial space. Like the capillaries of the vascular system, the lymphatic capillaries are also 
formed by endothelial cells. However, the lymphatic endothelial cells have much larger intercellu-
lar junctions and the cells overlap in such a manner to form a valve-like structure. Interstitial fluid 
can force the valve open to flow into the lymphatic capillary; however, backflow out of lymphatic 
fluid from the lymphatic capillary is prevented.

3.8  Solute transport across the capillary endothelium
Lipid-soluble substances such as oxygen and carbon dioxide can diffuse directly through the 
endothelial cells that line the capillary wall without the use of the intercellular cleft slit pores. 
Accordingly, their rate of transfer across the capillary wall is significantly higher than water-soluble, 
but lipid-insoluble substances, such as sodium ions, chloride ions, and glucose, for which the cell 
membrane of the endothelial cell is essentially impermeable. The transport of these latter substances 
across the capillary wall is through the use of the capillary intercellular cleft slit pores.
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In addition to the slit pores, there are two other pathways that can provide an additional route for the 
transport of large lipid-insoluble solutes, such as proteins, across the endothelium of the capillary 
wall. These pathways are called pinocytosis and receptor-mediated transcytosis (Lauffenburger and 
Linderman, 1993).

Pinocytosis is not solute specific and, as shown in Figure 3.5, involves the ingestion by the cell of the 
surrounding extracellular fluid and its associated solutes. A small portion of the cell’s plasma mem-
brane forms a pocket containing the extracellular fluid. This pocket grows in size and finally pinches 
off to form the intracellular pinocytotic vesicles. This ingestion of extracellular material by the cell 
is also known as endocytosis. The pinocytotic vesicles are either processed and their contents used 
internally, or they migrate through the cell and reattach to the cell membrane on the opposite side, 
where they release their contents to the surrounding milieu. This release of material from the pino-
cytotic vesicle is known as exocytosis. Because of its nonspecific nature, pinocytosis is usually not 
a significant solute transport mechanism.

However, receptor-mediated transcytosis can provide for significant transport of specific solutes 
across the capillary endothelium. This process is also shown in Figure 3.5. The solute, referred 
to as a ligand, first binds with complementary receptors that are located on the surface of the cell 
membrane. Unlike the nonspecific process of pinocytosis, receptor-mediated transcytosis can 
concentrate a particular ligand by many orders of magnitude. This solute-concentrating mecha-
nism by the cell-surface receptors is responsible for the significant transport rates that can be 
achieved by this process. The ligand-receptor complexes are then endocytosed forming trans-
cytotic vesicles. These vesicles are either processed internally or they can move through the cell 
and reattach themselves to the opposite side of the cell. The transcytotic vesicle then releases its 
contents by exocytosis.

The importance of receptor-mediated transcytosis of large lipid-insoluble solutes is provided by the 
following example. In vitro studies of insulin transport across vascular endothelial cells have shown 
that 80% of the insulin was transported by receptor-mediated processes. The remaining 20% was 
transported either through the slit pores between the endothelial cells or by nonspecific pinocytosis 
(Hachiya et al., 1988).

O2, CO2Ions, glucose Endothelial cell

Pinocytosis

Receptor- 
mediated 

transcytosis

Diffusion through 
intercellular cleft 

Ligand bound to receptor

Figure 3.5 Mechanisms for solute transport across the capillary endothelium.
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3.9  The cell membrane
The cell membrane, illustrated in Figure 3.6, is composed mainly of a lipid bilayer. Lipid molecules are 
insoluble in water, but readily dissolve in organic solvents such as benzene. Three classes of lipids are 
found in cellular membranes. These are phospholipids, cholesterol, and glycolipids. The lipid bilayer 
results because the lipid molecule has a head and tail configuration, as shown in Figure 3.6. The head of 
the lipid molecule is polar and thus hydrophilic, whereas the tail of the lipid molecule is nonpolar and 
hydrophobic (typically derived from a fatty acid). Such molecules are also called amphipathic because 
the molecule has both hydrophilic and hydrophobic properties. The term lipid bilayer indicates their 
tendency to form bimolecular sheets when surrounded on all sides by an aqueous environment, as is 
the case for a cell membrane. Thus, the hydrophilic heads of the lipid molecules face into the aqueous 
environment, and the hydrophobic tails are sandwiched between the heads of the lipid molecules.

The lipid bilayer forms the basic structure of the cell membrane. However, other molecules such as 
proteins are scattered throughout the lipid bilayer of the cell membrane and serve many important 
functions. For example, special proteins allow for the transport of specific molecules across the cell 
membrane. Other proteins have catalytic activity and mediate chemical reactions that occur within 
the cell membrane. These proteins are known as enzymes. Still other proteins provide structural sup-
port to the cell or provide connections to surrounding cells or other extracellular materials. Some 
proteins found in the cell membrane act as receptors to extracellular substances or chemical signals 
and, through transduction of these signals, control intracellular events. Other proteins present foreign 
materials to the immune system or identify the cell as self.

Protein molecules associated with the cell membrane can be classified into two broad categories. The 
transmembrane proteins are also amphipathic and extend through the lipid bilayer. They typically 
have hydrophobic regions that may travel across the membrane several times, and hydrophilic ends 
that are exposed to water on either side of the membrane. Integral membrane proteins are transmem-
brane proteins that are held tightly within the cell membrane through chemical linkages with other 
components of the cell membrane. Integral proteins have major functions related to the transport of 
water-soluble but lipid-insoluble substances across the cell membrane. The peripheral membrane 
proteins are not located within the plasma membrane but associate on either side of the membrane 
with transmembrane or integral proteins. Peripheral proteins mostly function as enzymes.

Peripheral
protein

Carbohydrate

Integral protein

Lipid bilayer

Cytoplasm

Figure 3.6 Cell membrane structure.
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For the most part, the cell membrane is impermeable to polar or other water-soluble molecules. 
Hence, large neutral polar molecules, like glucose, have very low cell membrane permeabilities. 
Charged molecules and ions such as H+, Na+, K+, and Cl−, also have very low permeabilities. 
Hydrophobic molecules, such as oxygen and nitrogen, readily dissolve in the lipid bilayer and show 
very high permeabilities. Smaller neutral polar molecules such as CO2, urea, and water, are able to 
permeate the lipid bilayer because of their much smaller size and neutral charge.

The transport of essential water-soluble molecules across the cell membrane is achieved through the use 
of special transmembrane proteins that have a high specificity for a certain type or class of molecules. 
These membrane transport proteins come in two basic types: carrier proteins and channel proteins. The 
carrier proteins bind to the solute and then undergo a change in shape or conformation (ding to dong; 
see Figure 3.7), which allows the solute to traverse the cell membrane. The carrier protein, therefore, 
changes between two shapes, alternately presenting the solute-binding site to either side of the mem-
brane. Channel proteins actually form water-filled pores that penetrate across the cell membrane. Solutes 
that cross the cell membrane by either carrier or channel proteins are said to be passively transported.

Figure 3.7 illustrates the passive transport of solutes through the cell membrane by either carrier 
proteins or channel proteins. Carrier proteins can transport only a single solute across the mem-
brane, a process called uniport, or there can be transport of two different solutes, called coupled 
transport. The passive transport of glucose into a cell by glucose transporters is an example of a 
uniport. In coupled transport, the transfer of one solute occurs in combination with the transport of 
another solute. This coupled transport of the two solutes can occur with both solutes transported in 
the same direction, symport, or in opposite directions, antiport. An example of coupled transport is 
the sodium ion gradient–driven symport of glucose and sodium ions.

In general, the driving force for the passive transport of these solutes is due to the combined effect 
of their concentration gradient and the electrical potential difference that exists across the mem-
brane. Neutral molecules diffuse from regions of high concentration to regions of low concentration. 
However, if the molecule carries an electrical charge, then both the concentration gradient and the 
electrical potential difference, or voltage gradient, across the cell membrane will affect the trans-
port of the molecule. The electrochemical gradient is the term used to describe the combined effect 
of charge and solute concentration on the transport of a molecule. The voltage gradient for a cell 
membrane is such that the inside of the cell membrane is negative in comparison to the outside. This 
membrane potential (VM) for cells at rest is about −90 mV, which means that the potential inside the 
cell is 90 mV lower than the potential outside the cell.
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Figure 3.7 Membrane transport proteins. Carrier protein exists in two conformational states, “Ding” 
and “Dong”.
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The flow of charged molecules through channels in the cell membrane is responsible for the creation 
of the membrane potential. For example, the higher concentration of potassium ions within the cell 
relative to the surroundings will tend to cause a leakage of these ions out of the cell through the 
potassium ion leak channels. The loss of these positive ions will make the interior of the cell nega-
tive in charge. This creates an electric field that is called the membrane potential. The growth of this 
membrane potential with continued loss of potassium ions will reach a point where the negative 
charge created within the cell begins to retard the loss of the positively charged potassium ions due 
to the difference in potassium concentration. When these two forces balance each other, there is no 
net flow of the ion, and the ion is at equilibrium. This balance or equilibrium of the concentration 
and voltage gradients for an ion is known as the Nernst equilibrium membrane potential for that ion. 
Recall from Chapter 2 that the following equation (Equation 2.228), known as the Nernst equation, 
can be used to calculate the Nernst equilibrium membrane potential for a particular ion:
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(3.11)

In this equation
R represents the gas constant (1.987 cal g mol−1 K−1)
T is the temperature in kelvin
z is the charge on the ion
F is Faraday’s constant (2.3 × 104 cal V−1 g mol−1)

At 25°C, for a univalent ion, ∣RT/zF∣ is equal to 25.68 mV, whereas at 37°C the value is 26.71 mV.

Considering potassium ions, the intracellular concentration from Table 3.2 is 140 mOsM and the 
interstitial concentration is 4 mOsM. Therefore, the Nernst equilibrium membrane potential calcu-
lated from Equation 3.11 for this ion is equal to about −95 mV. Since this value is less than zero, this 
indicates that there are more negative charges within the cell than outside the cell. When this calcu-
lation is done for Cl− ions, the equilibrium membrane potential is about −90 mV. Since these Nernst 
equilibrium membrane potentials for K+ and Cl− ions are pretty close to the resting membrane poten-
tial of −90 mV, these ions are at equilibrium and their net transport across the cell membrane is zero.

However, when we calculate the Nernst equilibrium membrane potential for Na+ and Ca+ using 
the values given in Table 3.2,* we find values of about 60 and 250 mV, respectively, for these ions. 
These Nernst equilibrium membrane potentials for Na+ and Ca+ are far different from the actual 
resting membrane potential (VM) of about −90 mV, and we conclude that these ions are not at 
equilibrium. So we see that for a resting cell, the large concentration gradients for K+ and Cl− ions 
between the inside and outside of the cell are balanced by the electrical potential difference across 
the cell membrane. However, for Na+ and Ca+, their large concentration gradients are not balanced 
by the resting cell membrane potential and these ions exist in a nonequilibrium state and will cross 
the cell membrane into the cell.

The net driving force for the transport of an ion due to the combined effect of the concentration 
gradient and the resting membrane potential, i.e., the electrochemical gradient, is proportional to the 
difference between the actual membrane potential, VM, and the ion’s Nernst equilibrium potential, V. 

* Here we have set the interior Ca ion concentration at 0.0001 mOsM since the table value is 0.
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If the quantity (VM − V) is greater than zero, then the ion will be transported out of the cell through 
either the channel protein pores or by membrane carrier proteins. However, if this quantity is less 
than zero, then the ion will be transported into the cell.

We shall soon see in Section 3.10 that the cell must expend cellular energy in order to maintain these 
large nonequilibrium sodium and calcium ion gradients, thereby maintaining its resting membrane 
potential.

3.9.1  Action potentials
In nerve and muscle cells, the resting membrane potential can change very rapidly. This rapid change in 
the membrane potential is called an action potential and provides for the conduction of a nerve signal 
from neuron to neuron or the contraction of a muscle fiber. Any stimulus to the cell that raises the mem-
brane potential above a threshold value will lead to the generation of a self-propagating action potential. 
It is also important to note that the action potential is an all or nothing response. The development of 
an action potential is dependent on the presence of voltage-gated sodium and potassium channels. The 
voltage-gated sodium channels only open or become active when the membrane potential is less nega-
tive than during the resting state. They typically begin to open when the membrane potential is about 
−65 mV. These sodium gates remain open for only a few tenths of a millisecond after which time they 
close or become inactive. The voltage-gated sodium channels remain in this inactive or closed state until 
the membrane potential has returned to near its resting value. The voltage-gated potassium channels also 
open when the membrane potential becomes less negative than during the resting state; however, unlike 
the sodium channels, they open more slowly and become fully opened only after the sodium channels 
have closed. The potassium channels then remain open until the membrane potential has returned to 
near its resting potential. Figure 3.8 illustrates the events during the generation of an action potential.
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Figure 3.8 Action potential.
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The first stage of an action potential is a rapid depolarization of the cell membrane. The cell mem-
brane becomes very permeable to sodium ions because of the opening of the voltage-gated sodium 
channels. This rapid influx of sodium ions, carrying a positive charge, increases the membrane 
potential in the positive direction and, in some cases, can result in a positive membrane potential 
(overshoot) for a brief period of time. This depolarization phase may last only a few tenths of a mil-
lisecond. Following the depolarization of the membrane, the sodium channels close and the potas-
sium channels, which are now fully opened, allow for the rapid loss of positively charged potassium 
ions from the cell, thus reestablishing within milliseconds the normal negative resting potential of 
the cell membrane (repolarization). However, for a brief period of time following an action poten-
tial, the sodium channels remain inactive and they cannot open again, regardless of external stimula-
tion, for several milliseconds. This is known as the refractory period.

The transport of ions across the cell membrane generates a current (i), that is given by the product, 
g(VM − V). The proportionality constant for the transport of an ion (g) due to its electrochemical 
gradient is referred to as the membrane conductance (g), which is the inverse of the membrane 
resistance. This current, or flow of charge, can be related to the flow of the ions themselves using the 
definitions summarized in Table 3.3. The following example illustrates the calculation of the flow of 
ions through a membrane channel.

Example 3.5

Calculate the flow of sodium ions through the voltage-gated sodium channels in a cell mem-
brane during depolarization. Assuming the cell membrane has a surface area of 1 μm2, how 
long would it take to change the membrane potential by 100 mV? Assume the equilibrium 
membrane potential for sodium ions is 62 mV (see Table 3.2 and Equation 3.11), that the 
threshold membrane potential for the sodium channels is −65 mV, and that at the peak of the 
action potential the membrane potential is 35 mV. In addition, the membrane conductance for 
the Na ions is 4 × 10−12 S channel−1.

Solution

Since the membrane potential rapidly changes during depolarization from the threshold value of 
−65 mV to the peak value of 35 mV, assume for calculation of the sodium ion flow that the “aver-
age” membrane potential during this phase is −15 mV. The flow or current of sodium ions may 
then be calculated from the following equation:
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This flow of sodium ions into the cell is also equivalent to a current of −23 pA μm−2. The 
flow of sodium ions transfers charge across the membrane, thereby changing the membrane 
potential. We can relate this change in charge and membrane  potential to the membrane 
capacitance by the following relationship, Cmembrane = iNat/ΔVM. Recall from Table 3.3 that 
the membrane capacitance is about .01 pF μm−2. For the calculated sodium ion current and 
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the 100 mV change in the membrane potential, we can then solve for the time required to 
achieve this change in membrane potential:
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This example shows that the membrane potential is rapidly depolarized during the initial 
phase of the action potential.

3.10  Ion pumps maintain nonequilibrium state of the cell
Cells also have the ability to “pump” certain solutes against their electrochemical gradient. This 
process is known as active transport and involves the use of special carrier proteins. Since this is an 
“uphill” process, active transport requires the expenditure of cellular energy.

As discussed earlier, the large concentration gradient and the favorable electrical field of the cell’s 
resting membrane potential will tend to drive the transport of sodium and calcium ions across the 
cell membrane and into the cell. There will also be some leakage of potassium and chloride ions 
out of the cell. However, as we have discussed, proper functioning of the cell requires that these 
concentration differences be maintained in order to preserve the cell’s resting membrane potential. 
Substances cannot diffuse against their own electrochemical gradient without the expenditure of 
energy. Therefore, to compensate for the loss of potassium ions by leakage through the cell mem-
brane, the cell must have a “pump” mechanism to shuttle potassium ions from the external envi-
ronment back into the cell. Similarly, sodium ions leak into the cell and the cell needs a “pump” 
to remove these ions. This process of shuttling substances across the cell membrane against their 
electrochemical gradient and at the expense of cellular energy is called active transport.

The energy for active transport is provided by the cellular energy storage molecule called adenosine 
triphosphate (ATP). ATP is a nucleotide consisting of three components: a base called adenine, a 
ribose sugar, and a triphosphate group. Through the action of the enzyme ATPase, a molecule of 
ATP can be converted into a molecule of ADP (adenosine diphosphate) and a free high-energy 
phosphate bond that can cause conformational changes in special cell membrane carrier proteins.

The best example of active transport is the sodium-potassium pump present in all cells. The Na-K 
pump transports sodium ions out of the cell and at the same time transfers potassium ions into the cell. 
Figure 3.9 illustrates the essential features of the Na-K pump. The carrier protein protrudes through 
both sides of the cell membrane. Within the cell, the carrier protein has three receptor sites for binding 
sodium ions and also has ATPase activity. On the outside of the cell membrane, the carrier protein has 
two receptor sites for binding potassium ions. When these ions are bound to their respective receptor 
sites, the ATPase then becomes activated liberating the high-energy phosphate bond (Pi) from ATP. 
The energy in the phosphate bond causes a shape or conformational change in the carrier protein that 
allows for passage of the sodium and potassium ions. The Na-K ATPase pump is electrogenic, i.e., 
removing a net positive charge from the cell equivalent to about −4 mV. Similar active transport car-
rier proteins are also available to transfer other ions such as Cl−, Ca2+, Mg2+, and HCO3

−. The only 
difference in the carrier proteins would be their preference for a specific ion.
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Active transport of a solute can also be driven by ion gradients, a process referred to as second-
ary active transport. For example, the higher concentration of sodium ions outside of the cell can 
lead to a conformational change in a carrier protein that favors the symport of another solute. 
The other solute is therefore pumped into the cell against its own electrochemical gradient. The 
sodium ion gradient that drives this pump is maintained by the Na-K ATPase pump discussed 
earlier. Sodium ion antiports are also used to control intracellular pH. In this case, the removal 
of excess hydrogen ions generated by acid-forming reactions within the cell is coupled with the 
influx of sodium ions.

Problems
3.1 Derive Equation 3.3.
3.2 A membrane has pure water on one side and a protein solution on the other side. The mem-

brane has pores equivalent in size to a spherical molecule with a molecular weight of 100,000. 
The protein solution consists of albumin (40 g L−1; MW = 69,000), globulins (70 g L−1; 
MW = 150,000), and fibrinogen (60 g L−1; MW = 340,000). Assuming that the proteins form 
an ideal solution, what is the osmotic pressure of the protein solution? What would be the 
osmotic pressure of the protein solution if the membrane was completely impermeable to the 
proteins?

3.3 Explain why osmotic pressure is based on the molar concentration of the solute and not the 
solute mass concentration?

3.4 Explain the difference between a mole and an osmole. Cite some examples.
3.5 You are concentrating a solution containing a polypeptide of modest molecular weight by pres-

sure filtration through a membrane. The solute concentration on the feed side of the membrane 
is 0.10 M and the temperature is 25°C. The applied pressure on the feed side of the membrane 
is 6 atm (gauge) and the pressure on the opposite side of the membrane is 0 atm (gauge). If the 
polypeptide solute is completely rejected by the membrane, what is the “effective” pressure 
drop across the membrane? If the hydraulic conductance of the membrane is 3 mL h−1 m−2 
mmHg−1, what is the filtration rate? Assume the membrane has a total surface area of 1 m2.

Lipid bilayer

Cytoplasm

K+ binding site

Na+ binding site

3-Na+ ions

2-K+ ions

ATP

ADP + Pi

Figure 3.9 The sodium-potassium pump.
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3.6 The following clean water flow rates were reported for a particular series of ultrafiltration 
membranes.

Nominal Molecular 
Weight Cutoff (NMWCO)

Clean Water Flow Flux 
(mL min−1 cm−2 at 50 psi)

10,000 0.90
30,000 3.00

100,000 8.00

  From these data, calculate the hydraulic conductance for each case (LP). Assuming the mem-
branes have similar porosity and thickness, what is the relationship between the value of LP 
and the NMWCO? Hint: Base your analysis on Equation 3.7 and assume that the NMWCO 
is for a spherical molecule having the same size as the pores in the membrane. Show that the 
radius of a spherical molecule is proportional to the molecular weight to the 1/3 power as 
given by Equation 5.41.

3.7 Perform a literature search and write a short paper on the biomedical applications of liposomes.
3.8 Look up in a biochemistry text the chemical structures of collagen, laminin, cholesterol, and 

the various lipids found in the cell membrane.
3.9 Search the literature and write a short paper on the biomedical applications of osmotic pumps.
3.10 How many potassium ions must a cell lose in order to produce a membrane potential of 

−95 mV for potassium? How does this compare to the number of potassium ions within the 
cell?

3.11 Consider a membrane that is permeable to Ca2+ ions. On one side of the membrane the Ca2+ 
concentration is 100 mM and on the other side of the membrane the Ca2+ concentration is 
1 mM. The electrical potential of the high-concentration side of the membrane relative to the 
low-concentration side of the membrane is +10 mV. How much reversible work is required 
to move each mole of Ca2+ from the low-concentration side of the membrane to the high-
concentration side of the membrane? What is the equilibrium membrane potential?

3.12 The cell membrane is permeable to many different ions. Therefore, the equilibrium membrane 
potential for the case of multiple ions will depend not only on the concentrations of the ions 
within and outside the cell, but also on the permeability (P) of the cell membrane to each ion. 
The Goldman equation may be used to calculate the equilibrium membrane potential for the 
case of multiple ions. For example, considering Na+ and K+ ions, the Goldman equation may 
be written as
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  For a cell at rest, PNa is much smaller than PK, typically PNa is about 0.01PK. Calculate the equi-
librium membrane potential for a cell under these conditions. During the depolarization phase 
of an action potential, the sodium ion permeability increases dramatically due to the opening 
of the voltage-gated sodium ion channels. Under these conditions, PK is about 0.5PNa. Under 
these conditions, recalculate the value of the equilibrium membrane potential.
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3.13  Composite membranes are often used in membrane filtration and in hemodialysis (Clark and 
Gao, 2002). One of these membranes is used to provide structural support and can be tens or 
even hundreds of microns in thickness. This structural membrane is usually microporous to 
minimize its flow resistance and will therefore have pore diameters on the order of a micron. 
Attached to this structural membrane is a much thinner permselective membrane skin on the 
order of a micron in thickness that will have pores whose diameter is defined in terms of their 
nominal molecular weight cutoff (NMWCO; see Equation 5.41 which can be used to relate the 
molecular radius of a solute to its molecular weight). Hence, solutes whose molecular weight 
is less than the NMWCO of the selective membrane will travel across the membrane through 
the pores, whereas those solutes whose molecular weights are larger than the NMWCO will 
not cross the permselective membrane. Since the filtration flow rate, Qi (see Equation 3.4, 
where LP and DP are, respectively, the hydraulic conductance and the effective pressure drop 
across the ith membrane), through each membrane layer i has to be the same, show that the 
overall hydraulic conductance for three membranes that are stacked together is given by the 
following equation. Note that in this equation, LPi  is the hydraulic conductance for the ith 
membrane, as calculated by Equation 3.7 or 3.10, or as found by independent filtration flow 
measurements for that particular membrane:
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3.14 Consider a composite membrane that is being used to filter plasma from blood. Plasma has a 
viscosity of 1.2 cP. The composite membrane consists of a microporous spongy-like material 
that provides structural support. This membrane is 25 μm thick and has pores that are 2 μm 
in diameter. These pores are also tortuous and have a tortuosity (i.e., τ) of 1.67. The porosity 
of this membrane (i.e., AP/S) is also equal to 0.60. Attached to this microporous membrane 
is a thin permselective skin 3.23 μm thick, that has a NMWCO of 1000. The pores in this 
membrane skin are therefore about 0.00015 μm in diameter. The tortuosity of the pores in the 
membrane skin is also equal to 1.67 and the porosity of the membrane skin is equal to 0.60. 
Use the formula found in Problem 3.13 to predict the overall hydraulic conductance for this 
composite membrane. Find the total filtration flow rate (mL h−1) across this composite mem-
brane assuming the total surface area of the membrane is 1 m2 and that the overall effective 
pressure drop across the composite membrane is 160 mmHg.

3.15 Consider a solution of glucose on one side of a membrane that is impermeable to the trans-
port of glucose. The temperature of the glucose solution is 20°C. What pressure must be 
applied on the glucose side of the membrane to stop the flow of water into the glucose 
solution? Assume the glucose concentration is 1 mg mL−1 and that the molecular weight of 
glucose is 180 g mol−1.

3.16 A hollow fiber membrane cartridge is being evaluated for use in an aquapheresis system. In 
one experiment using blood, a cartridge with a surface area of 1.5 m2 had a filtration flow 
across the hollow fiber membranes of 1000 mL h−1. The average pressure of the blood flowing 
inside the tubes of the hollow fiber membranes was 120 mmHg and the suction pressure on 
the filtrate side of the hollow fibers averaged –150 mmHg. Assuming that the plasma proteins 
were totally retained on the blood side of the hollow fiber membrane, estimate the hydraulic 
conductance of these membranes in mL h−1 m−2 mmHg−1.
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3.17 An aqueous solution (A) with an osmotic pressure of 5 atm is separated by a membrane from 
an aqueous solution (B) with an osmotic pressure of 2 atm. Both solutions are at a total pres-
sure of 1 atm. The solutes in these two solutions cannot pass through the membrane. Which 
way will the water flow, from (A) to (B) or from (B) to (A)? By how much must the hydrody-
namic pressure be increased to stop the osmotic flow of water and on which solution, (A) or 
(B), must this pressure increase be applied?

3.18 The nephron is the functional unit of the kidney. Fluid enters the space within Bowman’s 
capsule through filtration across the glomerular capillaries. The walls of these capillaries 
will allow small ions and other solutes to pass from the plasma phase of the blood to the 
filtrate in Bowman’s capsule. However, proteins are too big to cross the capillary and these 
are retained within the capillaries. Estimate the total glomerular filtration rate (GFR) if 
the average glomerular pressure is 60 mmHg and the pressure within the Bowman’s cap-
sule that collects the filtrate is 20 mmHg. The osmotic pressure of the retained plasma 
proteins is 25.6 mmHg. The value of LpS for the glomerular capillaries is about 8.7 mL 
min−1 mmHg−1.

3.19 The hydraulic conductance for pure water of a porous membrane (LP) was found to be 
0.1350 cm mmHg−1 h−1. The porosity (ε) of the membrane was found to be 0.52 and the 
thickness (tm) of the membrane was 32 μm. Assuming the pores in this membrane are rect-
angular slits and that they run straight through the membrane (i.e., τ = 1), estimate the size 
of the slit opening (i.e., 2H) in microns. Water under these conditions has a viscosity (μ) of 
0.0008 Pa s.

3.20 A membrane has a porosity (ε) of 0.60, a thickness (L) of 45 μm, and the pores in this mem-
branes are tortuous with a radius of 0.05 μm and tortuosity (τ) of 1.3. Estimate the hydraulic 
conductance (LP) of this membrane for plasma. Your answer for LP should be in units of 
cm mmHg−1 h−1. You can assume that plasma has a viscosity (μ) of 0.0012 Pa s.

3.21 Estimate the filtrate flux (mL cm−2 min−1) at 20°C for the filtration of a protein solution across 
a membrane that is impermeable to the protein. The hydraulic conductance of this membrane 
is equal to 0.01 mL cm−2 psi−1 min−1. The hydrodynamic pressure drop applied across the 
membrane is equal to 15 psi and the protein concentration in the solution being filtered is 
equal to 22 g per 100 mL. The molecular weight of the protein is 69,000 g mol−1.

3.22 A drug delivery catheter consists of a cylindrical needle whose wall contains very small 
pores allowing the drug solution to leave the needle into the surrounding tissue. The hydrau-
lic conductance of the needle wall is 10−5 cm2 s g−1. The needle has a length of 2 cm and 
the diameter of the needle is 200 μm. The sharp end of the needle is closed off so that any 
flow of drug solution into the needle must flow out through the porous wall of the needle. 
The drug solution has a viscosity of 1 cP. If the pressure driving the drug solution into the 
needle is 5 mmHg, how long will it take in seconds for this catheter to deliver 100 μL of the 
drug solution into the surrounding tissue? Assume that the pressure is constant at 5 mmHg 
(gauge) within the 2 cm length of the needle and that the pressure in the surrounding tissue 
is 0 mmHg (gauge). Also assume that the pores in the needle wall are of such a size that no 
solutes are retained.

3.23 Estimate the hydraulic conductance (cm3 dyne−1 s−1) of a dialysis membrane for water. The 
radius of the pores in the membrane through which water is filtered is 2.3 nm, the porosity of 
the dialysis membrane is 0.4 and the total length of a pore is 150 μm. Assume the viscosity of 
water is 1 cP.
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3.24 Estimate the hydraulic conductance, in mL (h m2 mmHg)−1, of a silicon nanopore membrane. 
Assume the pores are rectangular slits and run straight through the membrane. The slit height 
(2H) is 7 nm and the slit width is 2 μm. The thickness of the nanopore membrane is 300 nm 
and the porosity of the membrane is 0.0002. The fluid being filtered is human plasma with a 
viscosity of 1.2 cP and a density of 1.02 g cm−3.

3.25 The hydraulic conductance of a 2 μm thick silicon nanopore membrane was found to be 
1200 mL h−1 m−2 mmHg−1 for human plasma having a viscosity of 1.2 cP and a density of 
1.02 g cm−3. If the pores in this membrane run straight through the membrane, estimate the 
diameter of the membrane pores in nanometers (nm). The porosity of the membrane is 40%.
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Author Queries

[AQ1] Both “mOsm L−1” and “mOsM” have been used in the chapter. Please clarify whether 
one form can be made consistent throughout.

[AQ2] Both “Π” and “π” have been used. Please check.

[AQ3] Please check if “NaAscorbate” should be changed to “Na ascorbate”.

[AQ4] Please provide in-text citation for Table 3.4.

[AQ5] Please check if the source line of Table 3.4 is okay.

[AQ6] Please check whether −− 3 should be changed to −(− 3).

[AQ7] Please check if leading decimal zero can be inserted to maintain consistency.

[AQ8] In the below equation “760 mmkg” has been changed to “760 mmHg”. Please check 
if okay.

[AQ9] Both “electrical potential” and “electric potential” have been used in the text. Please 
check if one form should be made consistent.
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