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1. Introduction 

Drugs play a central role in modern medicine ( 1 ) .  The total global pharmaceutical 
market in 2002 was more than $400 billion, and the annual growth rate of the global 
market has been more than 10%. The large market size allows big pharmaceutical com- 
panies to invest heavily in research and development (R&D). In 2002 alone, the com- 
bined R&D budget of Pfizer, Pharmacia, Merck, Eli Lilly, and Bristol-Myers Squibb 
was more than $16 billion, Despite an ever-increasing R&D budget, development of 
new drugs has been slow, and the number of new drugs introduced has become smaller 
than the number of drugs that went off patent protection. The real cost of developing a 
new drug is not well established, but it is generally agreed to be about $800 million. One 
of the reasons for such a high cost is that many drug candidates are abandoned owing to 
their unfavorable physicochemical and biochemical properties. It is also becoming more 
and more difficult to develop new drugs due to the increasing difficulty of reaching 
their intended targets. One of the ways of making drug development more efficient is to 
utilize drug-delivery technologies from the early stages onward. The development of 
new drug-delivery technologies also makes the existing drug more useful. 

Drug-delivery technologies contribute significantly in various stages of drug devel- 
opment. For a drug to exert its bioactivity, it has to enter the target cells. This seem- 
ingly simple process requires a series of steps that are often difficult to overcome. The 
steps of drug delivery to the target cells are described in Fig. 1.  A drug first has to 
dissolve in aqueous solution first to have any chance of being bioactive (Step A in Fig. 
1). Many newly developed drug candidates are poorly water soluble so a large number 
of potentially useful drugs are abandoned. Poorly soluble drugs can be dissolved in 
aqueous solution via polymeric micelles, polymeric nanolmicro-particles, or polymeric 
prodrugs. New protein drugs can increase their bioactivity by protecting themselves in 
blood using various drug delivery technologies, e.g., PEGylation and microencapsula- 
tion. Once a drug is in solution, it has to be delivered to the target cells (Stcp R in Fig. 
1). Commonly, a drug is delivered throughout the body, which causes unwanted side 
effects. Targeting minimizes such side effects. Targeting may be the only way for some 
treatments. For example, whether gene therapy will be successful or not depends 
entirely on whether genes can be delivered to the target site and effectively enter the 
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Fig. 1. Drug molecules in different stages. 

target cells for expression (Step C in Fig. I ) .  Entering into the target cell is half of the 
process. The genes also must escape from endosomes to make themselves available for 
expression. For most drugs, the ultimate bioactivity is appreciated after they have en- 
tered the cells, and thus, cellular uptake can be considered one of the most important 
steps in drug delivery. In this regard, cellular drug delivery is a very timely topic to 
consider. 

2. Current Technologies in Cellular Drug Delivery 

There is a saying in China that you win every battle if you know both your enemy 
and yourself. Knowing one's enemy is critical in winning the war. In the war against 
disease, we have to know the enemy, such as viruses and bacteria. At the same time, we 
have to know ourselves, that is, the cells in our body. This book is about understanding 
ourselves in preparing for the war against diseases. We have to understand how our 
body functions and then apply that knowledge in the design of new strategies for effi- 
cient drug delivery. 

Cellular Drug Delivery: Principles and Practice provides information on both drug 
uptake into cells and methods of improving cellular uptake. As listed in Table 1, the 
book discusses the cellular processes, drug delivery to cells, and targeting and formula- 
tion. The first three chapters provide background on how cells uptake nutrients and 
drugs, and other basic information on cell biology. We have a good understanding of 
transport processes through cell membranes that can be exploited in cellular delivery 
of various drugs (see Chapters 1 and 2). Understanding the biological processes of cell- 
mediated responses (see Chapter 3) should provide strategies for promoting cell-medi- 
ated immunity against viral infection, such as influenza virus and, it is hoped, the virus 
causing severe acute respiratory syndrome (SARS). Two chapters are dedicated to 
nonviral DNA-delivery systems (see Chapters 4 and 5). Although viral vectors are 
most effective in gene delivery, the inherent danger of using live viruses has been 
proven to be problematic. There is no doubt that development of nonviral vectors will 
be essential in routine clinical applications of gene therapy in the future. One of the 
approaches for efficient cellular delivery may be utilizing naturally occurring peptides 
that are known to enhance entry into cell membranes (see Chapter 6). Transporters not 
only absorb drugs and nutrients into cells, but also they can efflux absorbed drugs, and 
thus understanding various transporters in cell membranes is important in optimizing 
drug therapy (see Chapters 7 and 8). Because the majority of drugs are delivered by 
oral administration, understanding the roles of various transporters in intestinal drug 
absorption is critical in screening various drugs (see Chapter 9). 

The two chapters on targeting using colloidal carriers and protein nanocomplexes 
should be useful for the delivery of various types of drugs (see Chapters 10 and 11). 
The last six chapters discuss formulation-related problems, which often, unfortunately, 
are neglected, for without proper formulation, no drugs would be clinically useful. 
Bulk manufacturing of polynucleotides in their stable forms in effective delivery sys- 
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Table 1 
Organization of the Book 

Topic Chapter 

Cell biology I .  Transport processes through cell membranes 
2. Cell growth and cell cycle 
3. Cell-mediated immunity 

Cellular delivery 4. Nonviral DNA delivery 
5. Cellular delivery of nucleic acid 
6. Membrane permeation promoting peptides 
7. Transporters 
8. MDR modulators (inhibitors) 
9. Intestinal cell permeability 

Targeting 10. Colloidal carriers 
1 I .  Protein complexes 

Formulation 12. Preservation of DNA integrity 
13. Cationic microparticles 
14. Transdermal delivery 
15. Immunoglobulin formulation 
16. Antibody formulation for cancer treatment 
1 7. Pharmaceutical profling 

tems is essential in widespread use of nucleotide-based therapeutics (see Chapters 12 
and 13). One of the first applications in controlled drug-delivery technologies was the 
development of transdermal products, and one of the first therapies of antisense 
oligodeoxynucleotides may be by transdermal delivery (see Chapter 14). Immunoglo- 
bulins are considered to be good vectors to deliver T-cell epitopes to antigen-present- 
ing cells (APCs), and targeted delivery of immunoglobulin-engineered microparticle 
systems have a great potential (see Chapter 15). Antibody-mediated targeted delivery 
of anticancer agents also holds great promise (see Chapter 16). Chapter 17 on the auto- 
mated pharmaceutical profiling assays is one of the most interesting chapters of the 
book. Rapid screening of physicochemical and biochemical properties of drug candi- 
dates that affect cellular drug delivery provides new opportunities in pharmaceutical 
research beyond in vivo animal experiments. 

3. Opportunities in Cellular Delivery 

The concept of controlled drug delivery is more than four decades old, and the drug- 
delivery area is still evolving. Through the years, numerous novel drug-delivery sys- 
tems have been developed and a large number of formulations are helping patients. 
Although the advances made to date are impressive, a number of breakthroughs are 
necessary for solving various problems facing us today. The main progress to be made 
is in the precision of targeting. Until a few decades ago, destroying a target in the 
enemy territory during a war required delivering hundreds of thousands of bombs that 
literally destroyed the whole town. Nowadays, laser-guided smart bombs or bombs 
with global positioning capability brought a new concept of one bomb per one target. 
The ultimate success in drug delivery is expected to bring about a concept of one drug 
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molecule per one target. Tn fact, all that is required for successf~~l gene therapy is to 
deliver a gene into a cell as long as the delivered gene is properly expressed. This 
means that the precision targeting has to be accompanied by effective cellular delivery. 

For delivery of macromolecular drugs, such as anticancer drug molecules grafted to 
polymer chains, protein drugs, and genes, absorption into cells by endocytosis may be 
the most effective way. Endocytosis occurs when macromolecular drugs or drug carri- 
ers interact with the receptors on cell membranes, and receptor-mediated cellular up- 
take has been exploited quite extensively. In addition to receptor-mediated endocytosis, 
nonspecific electrostatic interaction with cell membranes is also known to cause 
endocytosis. One of the possible mechanisms of enhanced cellular absorption by cell 
penetration peptides (2,3) and trans-activating transcriptional activator (TAT) (see 
Chapter 6) is nonspecific electrostatic interactions between positive charges in side 
chains of those peptides with cell membranes. Effective endocytosis based on nonspe- 
cific electrostatic interaction is important for designing the cellular delivery systems 
that also have thc additional function of escaping from endosomes. Drug-delivery ve- 
hicles can be designed with high flexibility for effective endocytosis with a minimum 
number of specific ligand molecules that bind to receptors on cell membranes. En- 
hanced cellular delivery may also exploit the unusual ability of neutral block copoly- 
mers, such as poly(ethy1ene oxide)-poly(propy1ene oxide)-poly(ethy1ene oxide) 
triblock copolymers, to get inside cells. They are known also to decrease significantly 
the P-glycoprotein eftlux activity in P-glycoprotein ovcrexpressing membranes, prob- 
ably through incorporating themselves into cell membranes, leading to increased flu- 
idization (4). The cumulated data clearly demonstrated that those block copolymers are 
taken up inside cells to spread throughout the cytoplasm. Recent studies using fluores- 
cent micelles showed that micelles made from polycaprolactone and poly(ethy1ene 
oxide) enter into cells by endocytosis to distribute themselves within several cytoplas- 
mic compartments, but not in the nucleus (5). There is a great potential in improving 
cellular uptake using various polymeric micelles and in order to control the distribution 
of the absorbed drug in the cytoplasm. 

Opportunity also cxists in designing the delivery systems that have the ability to 
escape from endosomes once they enter cclls by endocytosis. One of the main disad- 
vantages of nonviral vectors as compared with viral vectors is their inability to deliver 
drugs intact from endosomes into the cytoplasm. A number of approaches have been 
attempted for providing endosome-disruptive properties. Endosome-disruptive hemag- 
glutinin peptides from influenza virus and membrane-active amphipathic peptides have 
been used to release the delivered agents from endosomes to the cytoplasm (6,7). 
Although these approaches are promising, they suffer from the shortage of such pep- 
tides. One recently developed approach is to utilize synthetic polymers that can disrupt 
the endosomal membranes at pH around 6.0. Polymeric histidine has shown its ability 
to disrupt endosomes when pH is lowered to deliver drugs into cytosol (%10). Com- 
bining polycationic nature for endocytosis and polyhistidine for endosoma1 escape may 
be a practical combination for enhanced cellular delivery of a variety of drugs ranging 
from low molecular-weight anticancer drugs to proteins and genes. 

Understanding cell biology, membrane interfacial phenomena, protein chemistry, 
and polymer chemistry are all essential in developing effective cellular delivery sys- 
tems. Being an expert on any of these areas provides a great potential to open new 
avenues of cellular drug delivery. If the history of the pharmaceutical industry is any 
guide, one can easily imagine the ever-increasing values of such research areas and the 



high rewards accompanying them. Opportunities in the future basically are infinite and 
only our imagination is a limit. Cellular Drug Delivery: Principles and Practice will 
certainly serve as an excellent resource in expanding our imagination in developing 
novel drug-delivery systems for the most efficient methods of cellular delivery. 
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Cellular Structure, Function, and Membrane Transport 

Emily Ware, D. Robert Lu, and Svein 0ie 

Numerous scientific disciplines have contributed significantly to the study of cellu- 
lar drug delivery. From activity and toxicity screening of potential active ingredients to 
elucidating the biological mechanisms of site-specific interactions, the science of cel- 
lular drug delivery is a complex, integral part of the treatment and prevention of life- 
threatening illnesses. Every year, new information is made available from many 
different research areas allowing for continuous improvement through technological 
advancements. In ordcr to continue along this route, a multidisciplinary background is 
necessary to understand the process of drug delivery at the cellular level. The purpose 
of this chapter is to present basic principles of cellular biology and their importance in 
cellular drug delivery. Subheading 1 deals with the fundamentals of cellular structure 
and intracellular compartments. Membrane structure, transport inside the cell, passive 
transport through the membranes, and other membrane properties are discussed in Sub- 
heading 2, as well as how these membranes serve as a major barrier to the drug-deliv- 
ery process. Finally, Subheading 3 describes receptor proteins, how they function, 
where they are located on a cellular level, how they act as transporters to deliver drugs 
to thc cell, and their role in multidrug resistance. 

The efictiveness of a drug therapy is dictated by several factors, including the rate 
and extent of the drug molecule's penetration into, and permeation through, the body 
tissues and cells to reach a site of action. Many barriers prevent the drug from reaching 
the site of action. They can be grouped according to size, including the organism itself, 
on a 1-2 m scale, an organ representing the 1-100 mm scale, tissue in the 1-1 00 pm 
size, and the extracellular and intracellular space of only 1-100 nm (1). Understanding 
the processes governing a single cell and its makeup is the fundamental objective of 
this chapter. 

1. Internal Organization and General Function 

Although there are many different types of cells, every cell has some common com- 
ponents necessary to carry out life processes. In general, the chemical make-up of cells 
and their internal compartments or organelles are similar (2). From a drug-delivery 
point of view, the cell or a group of cells is in some way the "site of action," whether 
the therapy is to destroy cancer cells or produce antibodies through vaccination. There 
are several traits that an ideal drug carrier should possess in order to deliver the drug to 
this site of action. First, carriers should target the area or group of cells specific to their 
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Reticulum 

Fig. 1. Schematic of a typical eukaryotic cell, including key internal compartments and 
endocytic vesicle formation and transformation to lysosomes. 

action while avoiding interactions with nontarget cells. They should release therapeu- 
tically relevant amounts of bioactive substances at that site for a required duration and 
frequency. They should also be readily excretable or degradable without causing unde- 
sirable biochemical or immune reactions in the body (3). There are a number of cellular 
compartments common to most eukaryotic cells that a drug carrier may encounter in 
pursuing its therapeutic goal. A schematic of a typical cell and its compartments is 
shown in Fig. 1, and Table 1 summarizes how each cellular compartment can act as a 
drug-delivery barrier. 

1.1. The Plasma Membrane 
The plasma membrane forms the boundary around the cell and allows it to maintain 

chemical coordination. The membrane itself is formed from a series of phospholipids 
that are noncovalently linked together by hydrophobic interactions to form the bilayer 
around the cell. Imbedded within the membrane are proteins that function to transport 
molecules from one side to the other. Only specific types of molecules can be recog- 
nized, internalized, or transported by these proteins making passage into the cell diffi- 
cult for noncompatible molecules. There are other means of transporting molecules 
into the cell, including fluid-phase pinocytosis, phagocytosis, receptor-mediated en- 
docytosis, membrane fusion, passive diffusion, and channel or pore transport, which 
will be discussed in Subheading 2.1.2. 
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Table 1 
Internal Cellular Organelles Can Act as Barriers to Drug Delivery 

Compartment Drug-delivery barriers 

Plasma membrane Membrane tramport protein specificity 
Lipid bilayer penetration 

Cytoplasm Slow macromolecular transport 
Diffusion rate limited 

Nucleus Double lipid bilayer penetration 
Pore complex size and specificity 
Nucleus membrane receptor protein specificity 

Endoplasmic reticulum Metabolic enzymes 
Golgi apparatus Metabolic enzymes 
Lysosomes Presence of hydrolytic enzymes 

Low pH microenvjronment 
Mitochondria Double lipid bilayer penetration 
Peroxisomes Presence of catalases 

Presence of membrane-bound oxidative enzymes 
Cytoskeleton Microtubules restrict internal traffic 

1.2. The Cytoplasm 

After drug molecules cross the plasma membrane, they may encounter the cyto- 
plasm, depending on the mechanism of uptake. The cytoplasm consists of the cytosol 
and the organelles or compartments of the cytoplasm. These compartments include the 
nucleus, mitochondria, peroxisomes, endoplasmic reticulum (ER), golgi apparatus, ly- 
sosomes, endosomes, and cytoskeletal elements. The cytosol makes up about 54% of 
the total cell volume and provides the semi-liquid media where proteins are synthe- 
sized and degraded and where most intermediate metabolism occurs. The main trans- 
port mechanism through the cytosol is diffusion. Macromolecules such as enzymes or 
high molecular-weight drug molecules diffuse slowly in the cytosol owing to constant 
interactions with various cellular organelles. On the other hand, smaller molecules dif- 
fuse relatively efficiently ( 4 3 ) .  

1.3. the Nucleus 
The nucleus is located in the cytoplasm and is bound by the nuclear envelope con- 

sisting of a double lipid bilayer membrane. These two bilayers are about 20-40 nm 
apart and form a significant barrier limiting molecular penetration into the nucleus. 
The main passage into the nucleus is through pores of about 60-100 nm in diameter 
formed in the bilayers. This passage is regulated by pore complexes composed of about 
50 different proteins called nucleoporins, which are arranged in an octagonal shape. 
There are approx 3000-4000 pore complexes in a nuclear envelope of the typical mam- 
malian cell transporting many function-essential substances. Within the pore complexes 
are open aqueous channels that permit small molecules of less than 5000 Daltons to 
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diffuse readily while sufficiently preventing passage of macromolecules of 60,000 
Daltons or greater. Macromolecules rely on specific receptor proteins to carry them 
into or out of the nucleus (2,5,h).  If a macromolecule is unrecognized by nuclear recep- 
tor proteins, it is prevented from entering the nucleus, making it difficult to use macro- 
molecular targeting carriers. To overcomc this impasse, researchers have developed 
macromolecular carriers, which can be used to target drugs specifically to the nucleus. 
They are made of N-(2-hydroxypropy1)methacrylamide (HPMA) copolymers, contain- 
ing targeting sites for cell specificity, and degradable drug units. As the carrier enters 
the cell-probably through endocytosis-and is carried to the 1 ysosomal compartment, 
the drug unit is cleaved from the polymer backbone by lysosomal enzymes. The free 
drug molecule then enters the cytoplasm and rapidly diffuses into the nucleus to carry 
out its effect (7). Other research groups have utilized modular recombinant transport- 
ers (MRTs) to target cellular nuclei and deliver photosensitizer agents for anti-cancer 
therapy. These MRT constructs are made up of several components including a-mel- 
anocyte-stimulating hormone, Simian virus (SV40) large T-antigen nuclear localiza- 
tion signal and a translocation domain of the diphtheria toxin, allowing selective drug 
targeting to melanocyte nuclei (8). 

The nucleus is one of the most important components of the cell because it contains 
the cell's genetic information encoded through deoxyribonucleic acid (DNA). lnside 
the nucleus, DNA is packaged into chromosomes by associating with proteins called 
histones to form chromatin. There are a variety of functional enzymes, strands of mes- 
senger ribonucleic acid (mRNA) and transfer ribonucleic acid (tRNA), and ribosomal 
components within the nucleus that arc constantly constructed and transported into the 
cytosol. The ribosomal components (ribosomal RNA or rRNA) are synthesized and 
assembled in the subunit of the nucleus called the nucleolus, which has a spherical 
structure composed of 5-10% RNA, protein, and DNA (5,6). Continuous exchange of 
components across the nuclear membrane is necessary for proper cellular function and 
can occur through specific transporters in the nuclear pore complex called importins 
and exportins (9). This nucleocytoplasmic transport pathway could be exploited as a 
potential mechanism to deliver drugs to the nucleus. Many diseases may be more effec- 
tively treated with direct delivery of genetic material into the nucleus to treat or kill 
target cells. Potential delivery systems, both viral and nonviral vectors, to deliver genes 
to the nucleus are reviewed in Chapters 5 and 6. 

1.4. The Endoplasmic Reticulum 

Interspersed throughout the intracellular space and continuous with the outer nuclear 
membrane is the endoplasmic reticulum (ER). It accounts for more than half of the total 
membrane systems in the cell. It is a network of flattened sacs with bound ribosomes 
(the rough ER) and branching tubules (the smooth ER), each with different structures 
and functions. Inside the ER is the lumen or ER cisternal space, which is separated from 
the cytosol by the ER membrane. The rough ER is responsible for the synthesis and 
modification of membrane proteins and phospholipids as well as the synthesis of secre- 
tory proteins such as insulin. One of the main functions of the smooth ER is to bud off 
transport vesicles containing the newly synthesized proteins and lipids. In specialized 
cells, such as hepatocytes, the smooth ER is the site of drug and lipid metabolism and a 
site for the storage of calcium ions. The enzymes in the smooth ER are broad acting, 
such that encountering more than one drug of the same type will cause proliferation of 
the smooth ER, increasing metabolism and potentially leading to drug tolerance (2,5). 
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1.5. The Golgi Apparatus 

After being released from the smooth ER, many transport vesicles travel to the Golgi 
apparatus. The vesicle fuses with the Golgi membrane, releasing the contents into the 
Golgi apparatus. Here the proteins and lipids are modified for specific functions and 
stored before being repackaged into other vesicles bound for a specific part of the cell 
or the cell surface. The Golgi apparatus is also the manufacturing site for certain mac- 
romolecules, such as glycosaminoglycans and some carbohydrates. It is similar in struc- 
ture to the rough ER, containing a series of flattened sacs or cisternae stacked upon 
each other. It is a polar membrane with cis and trans sides, and thus can receive and 
export transport vesicles, respectively, at opposite membranes. 

1.6. Lysosomes 
Lysosomes are membrane-bound organelles whose specific function is digestion or 

chemical breakdown of various substances. They function to recycle some macromol- 
ecules produced in the cell by breaking them down into the constituent monomers. 
Lysosomes contain about 40 different hydrolytic enzymes and all of them are acid 
hydrolases. The internal pH of the lysosome is maintained at about 5.0 providing a 
more effective hydrolyzing environment. The lack of proper lysosomal enzymes can 
result in cellular damage owing to accumulation of undigested toxic substances. For 
example, Pompe's disease is a disorder owing to indigestion of glycogen in the liver, 
and Tay-Sach's disease sufferers are missing a lipid-digesting enzyme in the brain, 
causing impairment (2,5). Many of these kinds of diseases are treatable with the deliv- 
ery of specific enzymes into the lysosomal compartment or genetic material into the 
cell, allowing production of the necessary lysosomal enzymes. 

Delivery of drug molecules to cells is often a challenge because most endocytosed 
drug molecules eventually suffer degradation in the lysosomal compartment. Some 
researchers have developed a method to circumvent lysosomal degradation using pH- 
responsive polymers capable of lysing the endosome and releasing the endocytosed 
drug molecules into the cytoplasm. These polymers are based on a-alkyl acrylic acids 
such as poly(2-ethylacrylic acid), which, upon exposure to pH 6.3 or below, undergo a 
conformational change that disrupts the lipid bilayer of the endosome. The main mecha- 
nism of action is the polymer permeabilizes phosphatidlycholine membranes, disrupt- 
ing the lamellar structure of the bilayer and causing lysis (10). This type of technology 
can be useful in delivery of biomolecules to the cytoplasm; however, little is known of 
the potential toxic effects of releasing the endosomal components into the cell's cytoplasm. 

1.7. The Mitochondria and Peroxisomes 

The mitochondria within cells function to extract energy from sugars and fats to 
synthesize ATP. They are contained by a double lipid bilayer with an internal mem- 
brane that has a large surface area owing to complex infoldings called cristae. Tn the 
heart of the mitochondria enclosed by the inner membrane is the mitochondrial matrix, 
where many of the proteins and enzymes reside. The mitochondria contain their own 
DNA, mitochondrial DNA, which is different from nuclear DNA, and their own ribo- 
somes, which synthesize the proteins and enzymes necessary for specific functions. In 
a typical mammalian cell, there may be thousands of these 1-10 pm long mitochondria 
making up about 20-22% of the total cytoplasmic volume (2,5,6). 

Peroxisomes are also metabolic centers. They are bound by only a single lipid bilayer 
and produce hydrogen peroxide as a by-product from reactions of breaking down vari- 
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ous substrates. They grow by incorporating cytosol-produced lipids and proteins into 
their membrane and split into two when they reach a certain size. Contained within the 
membrane of the peroxisomes are oxidative enzymes that act to break down fatty acids, 
sugars, and macromolecules for use in other cellular processes. Another important func- 
tion of the peroxisomes, especially in liver and kidney cells, is the detoxification of 
substances that enter the blood, such as alcohol. 

1.8. The Cytoskeleton 
The cytoskeleton provides the structural support necessary for the cell to maintain 

its shape. It consists of a network of fibers that extend throughout the cytoplasm. There 
are three main types of fibers of the cytoskeleton: the large microtubules, the interme- 
diate filaments, and the actin filaments or microfilaments. Each serves a slightly differ- 
ent purpose within the cell. 

The microtubules are small tube-like structures measuring 25 nm in diameter and 
200 nm to 25 pm in length. They are made from the protein tubulin and dictate the 
positions of various organelles while directing intracellular transport. The intermediate 
filaments have an intermediate diameter of 8-1 2 nm. They are constructed of a diverse 
family of proteins called keratins and may serve as the framework for the entire cytosk- 
eleton. Some intermediate filaments line the inside of the nuclear envelope, providing a 
strong support and barrier to protect DNA. Microfilaments are not hollow like microtu- 
bules. Instead they are solid rods composed of the globular protein actin. Actin fila- 
ments are flexible structures of 5-9 nm in diameter and tend to organize themselves in 
tight linear bundles. Their main purpose is to provide structural support so that the cell 
holds its shape. 

2. Passive Transport Into and Through the Cell 
The complexity of cells and their compartments pose tremendous challenges to drug- 

delivery scientists. Nearly every component in and around the cell can be viewed as a 
barrier to drug delivery. Targeting specific pathways, receptor proteins, or various cel- 
lular transport mechanisms can help scientists overcome those barriers. In this section, 
the transport mechanisms occurring into and throughout the cell will be elucidated and 
several examples found in the literature will be given. Mostly passive transport will be 
talked about here as active transport and the proteins responsible for active transport 
are reserved for Subheading 3. 

2.1. Transport Across the Lipid Bilayer 
The lipid bilayer or plasma membrane surrounding cells is composed of amphipathic 

molecules arranged in a dual-layer configuration that is about 5 nm thick. Fatty lipid 
molecules make up 50% by weight of the membrane, with the remainder being embed- 
ded proteins that serve to actively transport molecules across the membrane, catalyze 
membrane associated reactions, and provide many other functions. These lipid compo- 
nents act as formidable barriers to aqueous soluble substances. lf a drug molecule ap- 
proaches the cell surface attempting to gain entry, how does it cross the lipid bilayer 
and obtain access to the internal aqueous cytoplasm? There are several possible mecha- 
nisms described below. 

2.1.1. Passive Diffusion 

One of the main routes for bzth hydrophilic and hydrophobic drug molecules to 
enter the cytoplasm is through passive diffusion. The driving force for passive diffu- 
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sion is a concentration gradient. The molecules move from an area of high concentra- 
tion to an area of low concentration by random thermal motion. The factors that can 
affect the diffusion coefficient include solubility and molecular weight. Usually small 
( ~ 3 0 0  Daltons) molecules that are uncharged species and have a moderate oillwater 
partition coefficient, such that they are somewhat hydrophobic, can diffuse readily. If 
the partition coefficient is too high, the drug exhibits high lipophilicity and is unable to 
reach the membrane because it cannot dissolve in the aqueous extracellular compart- 
ment. On the other hand, if the drug has a very low partition coefficient and hence is 
very hydrophilic, it cannot diffuse through the lipophilic membrane to reach the inte- 
rior of the cell. As molecular weight increases, the rate of diffusion decreases. Larger 
macromolecules greater than 300 Daltons, such as many oligonucleotides and sucrose, 
are essentially excluded from the lipid bilayer with a diffusion half-life of 4-10 d (1 I ) .  
Nevertheless, large macromolecules may gain access into the cell by other means. 

2.1.2. Endocytic Processes 
Many large macromolecules and even small particles can be taken up by the cell 

through a process called cytosis, or endocytosis. The lipid bilayer forms a cavity or 
indentation owing to an external stimulus, and through normal fluid motion and rear- 
rangement of the membrane, an envelope, or endocytic vesicle forms engulfing the sub- 
stance, including any surrounding extracellular fluid, in the cavity. Most cells undergo 
endocytosis on a regular basis and several different types of endocytosis exist based on 
the specificity and the size of the material engulfed (11-13). Several types of coating 
proteins are involved in the process to coat newly formed vesicles. For the internal 
compartments of the cell, there is a similar mechanism for vesicle formation with a 
major difference in the protein used to coat the cytosolic side of the membrane. One 
type of coating protein that has been identified in several types of endocytoses, includ- 
ing pinocytosis, trancytosis, and potocytosis, is caveolae. This protein is unique be- 
cause it uses part of the lipid bilayer that is very high in concentration of cholesterol to 
form vesicles. Caveolae have been involved in the internalization of Simian virus (SV40) 
and cholera toxin, and it is known that caveolae play a role in membrane fusion and 
intracellular trafficking of transport vesicles. Owing to the high numbers of caveolae in 
pulmonary capillary epithelial cells, some researchers have investigated macromolecu- 
lar delivery to the lungs, specifically targeting caveolae membrane domains (1 4,15). 

Pinocytosis is a process in which both small and large molecules dissolved in the 
extracellular fluid flow into the formed cavity and are pinched off as vesicles within 
the cell. Because pinocytosis deals with fluids, it is also referred to as fluid-phase pi- 
nocytosis, and the vesicle internalized via fluid-phase pinocytosis is called an endo- 
some. Much of the time, the dissolved drug molecule interacts with membrane protein 
receptors and basically is "caught" in the cavity through specific (receptor mediated 
pinocytosis) or nonspecific (adsorptive pinocytosis) binding to the receptor when an 
endosome is formed (13). One fate of the endocytosed material is that its vesicle fuses 
with an organelle of the cell called an early endosome, which has an acidic environ- 
ment. Some of the material, especially membrane components and receptor proteins, is 
then selectively recycled back to the membrane or exocytosed, while the rest becomes 
a late endosome containing hydrolases and an even more acidic environment with a pH 
of approx 5.0-6.0. The late endosomes move toward the interior of the cell and become 
lysosomes containing more digestive enzymes that act to degrade the contents previ- 
ously cndocytosed. 
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A less destructive endocytic process is transcytosis. Often, the endocytosed material 
is specifically diverted from the lysosomal route and sent to the plasma membrane, 
thereby being recycled through exocytosis, or more importantly in drug therapy, trans- 
ferred to the other side of the cell. Proteins and peptides such as immunoglobulin G 
(IgG), nerve growth factor (NGF), and epidermal growth factor (EGF) are known to 
undergo pinocytosis and transcytosis through intestinal mucosa cells to reach the blood 
vessels on the other side. In some cases, as with ricin, Shiga toxin, pertussis toxin, and 
cholera toxin, the endocytosed protein toxin is transported to the Golgi apparatus ini- 
tially, instead of undergoing the normal transitions from endosomes to lysosomes. The 
toxins then, undergo retrograde transport to the ER (16). Elucidating these types of 
mechanisms provides insights not only into intracellular transport mechanisms, but 
also on potential treatments for these toxins. 

Another type of endocytosis involves the uptake of large substances such as drug 
particles, cells, bactcria, or viruses. This is called phagocytosis and occurs in a series of 
steps similar to pinocytosis. Drug particles or other large substances adhere to the cell 
membrane. The binding usually occurs at a specific site that activates phagocytic 
mechanisms within the cell, similar to the process of when an antibody segment bound 
to a virus particle binds specifically to the Fc receptor on the surface of macrophages 
initiating uptake (2). The entire particle along with some extracellular fluid is ingested 
or engulfed by the membrane, forming a detached vesicle or phagosome within the 
cell. The phagosome then fuses with a lysosome, and the particle and other phagocy- 
tosed material is digested while the bilayer materials are recycled. Phagocytosis only 
occurs in specialized cells called profcssional phagocytes that exist in specific areas of 
thc body, mainly the reticulo-endothelial system (RES). This includes the liver, bone 
marrow, and spleen macrophages and circulating blood monocytes. The phagocytes 
are tremendously important in regulating the body's immune system because they 
destroy foreign substances and remove particulate antigens. Their importance in drug 
therapy is limited to those drugs that are delivered in particulate carriers to the cell such 
as liposomes, erythrocytes, or microspheres. The therapy can be targeted with those 
drug molecules whose site of action is some region of the RES (13). 

Receptor-mediated endocytosis is the most versatile type, involving a high degree of 
recognition and specificity. Agonists binding to surface receptors activate the endocytic 
pathway causing invagination of the bilayer and vesicle formation. The receptors them- 
selves are usually recycled back to the cell surface and the agonist either participates in 
metabolism or is taken back to the cell surface. The size of material that can be 
endocytosed via receptor-mediated endocytosis ranges from smaller than 100 Daltons 
to in excess of 1 million Daltons, such as a virus particle. Many drug-delivery efforts 
focus on targcting various receptors on the cell surface so that particular biochemical 
pathways can be exploited, Agonists are typically developed to extend the duration of 
action via altered metabolic pathways in the lysosomal compartment, or to reduce side 
effects by specific binding to certain receptors on certain cells. 

One interesting drug-delivery application developed to exploit receptor-mediated 
endocytosis is to engineer specific receptors on the cell surface so that targeting can be 
more specific. This approach, investigated at the University of California, Berkley, 
involves feeding the cells with chemically modified sugars that can be metabolized and 
incorporated as thc terminal sugar on membrane glycoproteins. The chemical modifi- 
cation adds an electrophilic group that dangles off the cell membrane. Whcn 
nucloephilic-bound receptor molecules are presented to the cell surfacc, thcy bind 
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instantly to the electrophile to provide the cell with newly inserted receptors. Specifi- 
cally designed drug molecules or virus particles can bind to these ;eceptors to initiate 
receptor-mediated endocytosis for targeted drug delivery ( 1  7,IK). 

2.1.3. Membrane Fusion 

Membrane fusion occurs mostly intracellularly. However, similarities exist between 
membrane fusion occurring from extracellular space into the plasma membrane and 
from transport vesicles into the membranes of other internal organelles. Virus particles 
typically undergo membrane fusion to gain entry into host cclls. The mechanism of 
action is not well-known, but there are several hypotheses. Two of the most commonly 
accepted ones will be discussed briefly below. 

One set of hypotheses are called "proximity models" where a cell and another bilayer 
surrounded entity come so close together that hydrophilic molecules are displaced and 
the two lipid bilayers fuse into one membrane spilling the contents of the entity into the 
cellular cytoplasm (19). There are proteins that apparently catalyze all membrane 
fusions by anchoring the two membranes together to initiate the process. Inside the 
cell, these proteins are called soluble N-ethylmaleimide-sensitive factor attachment 
receptor (SNARE) (20) proteins and they function to fuse transport vesicles with a 
target organelle. 

A second group of hypotheses are called "fusion pore models," where the space 
between the two membranes is bridged by a protein or lipid pore complex (19,21). 
Upon external activation, the pore complex undergoes a conformational change and an 
aqueous channel is formed linking the internal compartments of the two entities. The 
lipid layers then migrate inward opening up the channel until fusion is complete. This 
second hypothesis seems to explain many exocytic pathways that have been experi- 
mentally observed, and some authors suggest that this is the most likely theory (1 9,2l). 

2.1.4. Pore Transport 

The passive transport of solutes, small molecules, or ions across the lipid bilayer can 
occur through aqueous pores or ion channels. Membrane-transport proteins in the lipid 
bilayer form aqueous pores connecting the extracellular space with the cytosol. Owing 
to the narrow channel in these pores, only small molecules and ions can effcctively 
diffuse through, thereby protecting the cell from larger, potentially harmful substances. 
Some bacterial toxins manage to destroy cells by enlarging these pores to allow the 
entry of large harmful molecules (4). Aqueous pores may also be formed between two 
adjacent cells joining their cytoplasms. This type of pore is called a gap junction and is 
typically much wider, allowing larger molecule exchange between the cells. In either 
case, this route of cell entry is very fast, much more so than active transport through 
carrier proteins. The ion channels, which are specifically designed to transport inor- 
ganic ions across the lipid bilayer, can allow up to 100 million ions to pass per sccond. 

One important difference between aqueous pores and ion channels is that aqueous 
pores remain open, but ion channels are gated and open and close in response to spe- 
cific stimuli. There are several types of stimuli that can cause an ion gate to open. 
Voltage-gated channels open when a voltage change across the membrane occurs. 
Mechanical-gated channels open when a mechanical stress is applied or the membrane 
is stretched, and ligand-gated channels open when a specific ligand or receptor on the 
cell surface is bound. Tf the ligand is an extracellular mediator such as a neurotransmit- 
ter, it is a transmitter-gated channel. If the ligand is an intracellular mediator such as an 
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ion or nucleotide, it is an ion-gated channel or nucleotide-gated channel, respectively. 
The main importance to cellular drug delivery is that there are many means to open an 
ion channel and these paths may be exploited to deliver drug molecules into cells. 
Under normal circumstances, however, ion channels allow only tiny ions to pass and 
may not be a feasible route to deliver any but the smallest drug. Similarly, aqueous 
pores may only be useful for delivering small-molecule drugs into the cell unless a 
novel drug carrier can act to enlarge the pores or channels, as some bacteria and neuro- 
toxins do, permitting entry of larger substances. 

2.2. Intracell~~lar Transport 

Many of the barriers encountered at the plasma membrane also occur within the cell 
because lipid membranes surround most of the intracellular compartments. An overall 
schematic of general intracellular transport is shown in Fig. 2. 

As described earlier, movement of many substances through the cytosol occurs via 
diffusion. The rate of diffusion is inversely proportional to the size of the molecule. Tn 
addition, throughout this semi-liquid media, even the diffusion of small molecules is 
slow compared with that in water. Small drug molecules entering the cytosol are often 
metabolized and then taken up into the ER, mitochondria, or peroxisomes through trans- 
membrane transport. Other substances, such as macromolecules or macromolecular 
assemblies, are transported into the nucleus through gated channels or nuclear recep- 
tors, which only allow specific molecules to pass through. In most cases, large macro- 
molecules in the cell have sorting signals that make them selective to certain organelles, 
If taken up into the mitochondria or peroxisomes, the substances are handled through 
the metabolic pathways to generate energy. If taken up into the ER, they become part 
of the biosynthetic secretory pathway in which they enter the Golgi complex, and be- 
come modified or metabolized and packaged. Eventually they are sent off as secretory 
vesicles bound for the cell surface or are diverted to lysosomes. 

3. Receptor Proteins and Active Transport 

Much research has been done to determine receptor protein structure and function 
and how these receptors initiate uptake mechanisms within cells. The research efforts 
continue so that every minute detail can be known as to how cells work. This knowl- 
edge can help us better understand specifically what causes diseases and what drugs or 
types of therapy can be used to cure or treat them by allowing us to target specific 
receptors on specific cells. In this section, receptor proteins and their function will be 
discussed, with some specific examples given as to how proteins interact with drugs 
during cellular drug delivery. 

3.1. Receptor Proteins 

Proteins are composed of a specific sequence of amino acids. They are of great 
importance as enzymes in the cell, as receptors on the cell surface, and as biological 
motors and switches within the cell. But what makes some proteins function as recep- 
tors specific only to certain molecules and how do these certain molecules "fit" into the 
receptor so well? The answer lies in the numerous noncovalent interactions that play a 
major role in protein folding and receptor binding. 

The long polypeptide chain of a protein, anywhere from 50 to 2000 amino acids 
long, is able to adopt many different conformations, limited mainly by steric interac- 
tions from the amino acid side chains. The sequential order of amino acids, where the 
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Fig, 2. General overview of the intracellular transport pathways occurring in most eukary- 
otic cells, including recycling of receptor proteins and membranes. 

polar vs nonpolar groups are situated along the backbone, determines the folded shape 
of the protein as corresponding hydrogen bonds, ionic bonds, and van der Waals attrac- 
tions hold specific sections together. The final conformation is usually the one in which 
the free energy of the system is at a minimum. 

In order for a biological function to be carried out or activated, binding of a protein 
ligand or a drug to a protein receptor must occur. There are several different ways a 
ligand can bind to a particular protein receptor and most deal with only protein ligand 
or protein drug interactions at receptors. Tn the first case, the surface of one entity 
interacts with an extended string-like portion of another in a surface-string interaction. 
The second interaction, sometimes called a protein-protein interaction, occurs when 
two a-helices interact to form a coiled-coil structure. This type of interaction is often 
found in some gene-regulatory proteins and usually requires each entity to be a protein 
or large macromolecule with a coil structure. The third type of interaction is the most 
common one, generally stronger and more specific. It is the surface-surface interaction 
and it occurs when two protein surfaces are precisely matched up, such as the interac- 
tion between antibody and antigen. Tn most cases, the interaction is essential for the 
protein to function. 

The binding of ligands or substrates to a receptor protein can initiate a protein con- 
formational change. This plays a major role in cell signaling and enzyme regulation. 
For example, many antagonists or inhibitors bind to one site and prevent binding of 
other substances by causing the protein to shift conformations hiding other active sites. 
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This property of having more than one, differently shaped surface binding site is known 
as allostery and occurs in most receptor proteins. One site normally acts as a regulatory 
site for feedback mechanisms in the cell, whereas the other is the active site. When one 
site is bound, the protein "switches" on or off depending on which site is activated, and 
a new conformation with different surface contours is adopted. These types of changes 
not only occur to regulate pathways in the cell or signal changes, but also to move 
subcellular units around in the cell or move the cell itself around, as seen in motor 
proteins. Allosteric proteins can also use the energy from adenosine 5'-triphosphate 
(ATP) hydrolysis to accomplish active transport across cellular membranes. This 
mechanism of transport in addition to several examples will be discussed next. 

3.2. Active Transport 

There are several different kinds of active transport including ion transport through 
ion channels, electron pumps, and carrier-mediated transport through transporter pro- 
teins. In order for each of them to work, binding of one or more substrates must occur. 
The process involves specificity at the binding site and the potential for saturation of 
the binding sites owing to a high concentration of ligand. The transporters are capable 
of not only moving substances down a concentration or electrochemical gradient as in 
passive transport, but they can also pump substances against this gradient actively, 
which often occurs to get them inside the cell. 

In general, carrier proteins bind drug molecules to bring them inside the cell without 
altering their chemistry. The process involves a reversible conformational change of 
the bilayer-embedded carrier proteins in order to initially bind to the ligand outside the 
cell and subsequently release it inside the cell. In most cases of active transport, energy 
is required to pump the ligand against the concentration gradient. There are three 
mechanisms in which cells achieve active transport: coupled carriers, ATP-driven 
pumps, and light-driven pumps. 

3.2.1. Coupled Carriers 

There are three kinds of carrier-mediated transporters. Those only transporting one 
type of substance from one side of the plasma membrane to the other are called 
uniporters. The other two types are symporters and antiporters, which transport either 
two types of substances at the same time from one side to the other or two types of 
substances in opposite directions across the membrane, respectively. In the latter case, 
the coupled carriers often use the electrochemical gradient driving force of one of the 
substrates to transport the othcr. In many cells, Na+ is the co-substrate providing the 
driving force into the cell. When Na+ comes into the cell, an ATP-driven pump embed- 
ded in the plasma membrane is activated to transport it out of the cell, thus maintaining 
a large electrochemical gradient for the influx of a particular substance. In othcr cases, 
H+ ions are the co-substrate as found in the uptake of enalapril, an angiotensin-convert- 
ing enzyme (ACE) inhibitor, by small intestinal brush border membrane vesicles of 
rabbits (22). More information on transporters, their superfamilies, and prodrug ap- 
proaches to cellular drug delivery utilizing membrane transporters is discussed in Chapter 7. 

3.2.2. ATP-Driven Pumps a n d  Light-Driven Pumps 

Light-driven pumps are mainly found in bacterial cells and will not be discussed 
here in great detail. They use the energy from light to actively transport ligands against 
the electrochemical gradient. 



Cellular Structure and Transport 21 

ATP-driven pumps have an important role in cell regulation. The mechanisms that 
pump H+ ions into lysosomes and other organelles where a low pH is required act 
similarly to the motor proteins. One of the best understood pumps of this sort is the 
Ca2+ pump in muscle cells, which uses the energy of ATP hydrolysis to change confor- 
mations. This allows it to bind ions, bring them inside the cell, and release them while 
returning to the lower energy conformation. Another critical ATP pump in cell regula- 
tion is the Na+-K+ pump, or Na+-K+ ATPase, as it is sometimes called. It is crucial not 
only to pH regulation, but also in the regulation of cell volume, propagation of nerve 
impulses, and transport of essential nutrients. 

3.3 Proteins Involved in Multi-Drug Resistance 
Finding a specific drug with high potency, delivered to the patient with a suitable 

and efficient formulation or drug carrier are not the only challenges facing drug-deliv- 
ery scientists. Often, therapy is hindered by multi-drug resistance (MDR), and thus the 
understanding of the mechanism as well as how to overcome it becomes a tremendous 
task. There are many different resistance mechanisms that hinder the effective treat- 
ment of infectious and malignant diseases, but the resistance mechanism involving the 
ATP-binding cassette (ABC) superfamily of transporter proteins has gained the most 
attention over recent years owing to its role in some of the most common, widespread 
diseases such as malaria, leishmaniasis, and cancers (23). In many cases, drug influx 
into the cell is not enough to overcome drug efflux out of the cell, resulting in the lack 
of drug accumulation inside the cell and thus unsuccessful therapy. Several transport- 
ers responsible for drug efflux are members of the ABC superfamily. These proteins 
act as ATP-driven pumps and use the energy from ATP hydrolysis to actively transport 
substances across the plasma membrane. They include P-glycoproteins (P-gp), multi- 
drug resistance-associated proteins (MRP), and lung resistance-related proteins (LRP) 
(24-26). Many MDR cell lines have been found to exhibit excess numbers of these 
transport proteins, thus causing a lack of drug accumulation within the cell owing to 
extensive efflux. Additionally, the intracellular pH has been linked to MDR, as found 
in drug-resistant mouse renal proximal tubule cells. Alkalinization of the endosomes 
and lysosomes by lysosomotropic agents have been found to stimulate the efflux of 
vinblastine, an anticancer drug (26). 

Cancer is one of the most well-studied illnesses in which MDR is a major problem. 
The reason many cancer chemotherapy regimens fail is multifactorial. Extracellular 
hctors including bioavailability of the drug, drug metabolism, cell-cycle stage, and 
proliferation status, as well as intracellular factors of drug influx and efflux involving 
these ATP-driven efflux pump proteins, DNA replication, and cellular repair mecha- 
nisms, have all been identified as contributing significantly to MDR (24). One method 
to address MDR is to block efflux of drugs from the cell to increase retention. Several 
different types of drugs have been studied as effective efflux blockers and chemosensitizing 
agents. They include verapamil, phenothiazine calrnodulin inhibitors, cyclosporins, and 
tamoxifene, and have generally been shown to be effective in overcoming resistance 
(24). The ABC superfamily and MDR is discussed in more detail in Chapters 8 and 9, 
and cancer and its treatment modalities are reviewed in Chapters 11 and 12. 

4. Conclusion 

The complexity of even a single cell presenting formidable barriers to drug delivery 
both intracellularly and extracellularly can be overwhelming. By studying the mecha- 
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nisms employed by viruses, bacteria, and toxins in exerting their effect on cells, the 
drug-delivery scientist can gain important insights on how to exploit these mechanisms 
to deliver drugs effectively to target cells or target organelles, overcome barriers asso- 
ciated with uptake either passive (endocytosis) or active (transport proteins), or con- 
quer MDR. A multidisciplinary background is necessary to understand the science of 
cellular drug delivery so that continuous improvements can be made in the quality of 
therapeutics. 
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