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COMMONLY-ASKED question in these days of
modern biotechnology is, “What is the distinction
between biochemical engineering and biomedical en-
gineering as they are traditionally understood?” Cer-
tainly, in applications this distinction still seems
clear—biochemical engineering relates to the biopro-
cessing industry, while biomedical engineering relates
to the health care industry. At the level of fundamen-
tals, though, there is a blurring of such a demarcation.
Both areas heavily involve investigation of topics in
eukaryotic cell biology such as cell behavioral phenom-
ena (e.g., growth, adhesion, differentiation, protein
synthesis, and secretion), monoclonal antibodies, re-
ceptors, and gene manipulation. The major difference
is that for the bioprocessing industry these topics are
of interest as far as they underlie understanding of
bioreactor and bioseparation performance, while for
the health care industry they are of interest for their
relevance to physiological function. It should be
further noted that the purpose of much of the bio-
process industry is, in fact, to provide products for
use in the health care industry, completing the circle.
In making sense of the application of chemical en-
gineering to the modern life sciences, one needs to
define particular engineering subdisciplines on the
basis of the particular life science disciplines to which
the engineering science principles are applied. Using
this view, traditional biochemical engineering has
been primarily based on biochemistry and microbiol-
ogy, while traditional biomedical engineering has been
largely based on physiology. With the advent of the
modern life science disciplines of molecular biology
and cell biology, it will probably be useful to define a
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new engineering subdiscipline with a name something
like “Molecular/Cellular Bioengineering,” which is en-
gineering applied to molecular cell biology. Chemical
engineering will be the predominant engineering dis-
cipline involved, because of the fundamentally chemi-
cal nature of molecules and cells.

It may be of interest to briefly consider the histori-
cal context of this current situation. Cell biology es-
sentially began in the 1940s with the invention of the
electron microscope, which permitted intracellular
structure of eukaryotic (e.g., animal) cells to be
studied. Molecular biology, of course, began in the
early 1950s with the discovery of the molecular nature
of the genetic code. A marriage between these two,
mainly in the area of animal cell biology (because of
their more complex structure/function relationships),
evolved in the 1970s as particular molecules involved
in the cell structures responsible for cell function came
to be isolated, identified, and manipulated in a reliable
manner. This marriage has led to the emergence of
modern cell biology, often called “molecular cell biol-
ogy,” in which cells—again primarily animal cells—
can be studied in rigorous fashion from a molecular
perspective. In the past ten years this field has
achieved a position at the forefront of the life sciences
in general and of biotechnology in particular. Probably
every university in the country has at least one course
based on textbooks like Molecular Cell Biology, by
Darnell, et al., or Molecular Biology of the Cell by
Alberts, et al., in its life science departments.

All of this is a preface to explain why we have
begun to offer a course in chemical engineering at
Penn entitled “Cellular Bioengineering.” In this
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course, we deal with how chemical engineering princi-
ples can be gainfully applied to modern molecular cell
biology. We focus on fundamental molecular and cellu-
lar phenomena rather than on particular applications;
thus, this course is helpful to students interested in
either the bioprocess industry or the health care in-
dustry, or both. Basing the material on research done
primarily during the past decade, we present quan-
titative analyses of cell physiological phenomena in
terms of the underlying principles of chemical reaction
kinetics, transport phenomena, thermodynamics, and
mechanics. These sorts of analyses should, in my opin-
ion, prove to be very helpful in the coming years as
knowledge of molecular bases of cellular processes
needs to be synthesized into understanding the larger
context of cell function.

There is a special emphasis on mammalian blood
and tissue cell behavior mediated by the interaction
between chemical ligands and cell receptors, which
are glycoproteins typically located in the cell mem-
brane responsible for stimulation and regulation of
most important cell funtions (including growth, adhe-
sion, migration, and secretion). The reason for this is
that to date there has been little treatment of this
aspect of cell function by biochemical engineers rela-
tive to its prominence in molecular cell biology. One
can crudely view cell function as an interplay among
three key aspects. First, the genetic aspect repre-
sents what functions a cell is capable of. Only a small
portion of this potential is expressed at any given
point in time. Second, the enzymatic aspect repre-
sents what functions a cell is actually carrying out at
a given point in time. Which functions are being car-
ried out depends on what genes are being expressed
as well as the levels of gene expression and enzyme
activity. So, the missing link is what governs gene
expression and enzyme activity. Although all of this
is oversimplification for purposes of clarity, to a large
extent gene expression and enzyme activity are regu-
lated by intracellular signals generated by ligand/re-
ceptor binding interactions. Receptors basically pos-
sess two central properties: they are capable of selec-
tive binding to specific chemical ligands and they are
capable of transducing this binding event into intracel-
lular biochemical signals. These signals then lead to
regulation of gene expression and enzyme activity.
Most chemical engineering departments, including our
own, currently offer biochemical engineering courses
that treat enzyme reactions and gene expression from
chemical reaction engineering and transport phenom-
ena perspectives, so it is this third aspect of cell reg-
ulation and resulting cell function that requires addi-
tional attention.
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In this course . . . we focus on fundamental
molecular and cellular phenomena rather than on
particular applications . . . thus (the course) is helpful to
students interested in either the bioprocess industry
or the health care industry, or both.
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The outline currently used is as follows:

/ 4 Receptoﬂngand Binding and Signal Transduction

. Monovalent binding and apparent cooperativity effects
Multivalent binding and crosslinking

Transport limitations

Probabilistic considerations

Signal transduction and second messengers

HOQwp

II. Intracellular Protein Trafficking
A. Endocytosis
B. Intracellular sorting
C. Protein synthesis and secretion

III. Cell Proliferation
A. Cell cycle kinetics
B. Growth factor regulation
C. Cell density effects

IV. Cell Adhesion
A. Thermodynamic models
B. Mechanical models
C. Dynamical models

=

Cell Migration

A. Cell population behavior
B. Individual cell bahavior
C. Mechanistic models

There is no required text for this course, but the
previously mentioned molecular cell biology texts are
referred to often for background reading. More spe-
cific readings in the research literature, frequently in-
cluding recent comprehensive review articles as well
as original research papers, are regularly assigned.
Problem sets are also distributed weekly, allowing the
student to work out examples of mathematical models
and analyses of the various phenomena considered in
class. Most importantly, there is a term project in
which the student is asked to develop his or her own
original mathematical model for a phenomenon of per-
sonal interest, and to apply an analysis of this model
to relevant experimental data in the literature.

In order to provide a better picture of the course
contents I will now go on to present a brief overview
of the various topics covered, based on the key litera-
ture read and discussed in class. To begin with, a
broad foundation of background reading in Darnell, et
al., or Alberts, et al., is assigned, including chapters
1, 5, 6, 7, 14, and 15 in the former, or chapters 1, 4,
6, 7, and 10 in the latter. Most of this material is dealt
with in detail later, but some of the early chapters are
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necessary for the student to put particular phenomena
into overall context.

The first section of the course looks at fundamen-
tals of receptor/ligand binding and signal transduction
processes. Good background, especially on common
experimental techniques and typical pitfalls, is pro-
vided by chapters three through six in a book by Lim-
burd entitled Cell Surface Receptors: A Short Course
on Theory and Methods. The relevant portions of the
basic texts are chapters 15 and 16 in Darnell, et al.,
and chapter 13 in Alberts, et al. Simple monovalent
receptor and ligand binding equilibrium and kinetic
properties are a good place to start, for much of the
mathematical analysis is reminiscent of enzyme kine-
tics, quite familiar to many chemical engineering stu-
dents. The well-known equilibrium Scatchard plot is
introduced, a plot of the ratio of bound ligand to free
ligand versus bound ligand, with consequent simple
determination of binding equilibrium constant and re-
ceptor number from the slope and ordinate-intercept.
Complications inherent in correct interpretation of
this plot are immediately presented, as described
nicely by Limburd’s book and in some papers by Klotz
[1] which include improper consideration of nonspe-
cific ligand binding, neglect of ligand depletion, and
lack of data at sufficiently high ligand concentration.
Modern numerical parameter estimation methods can
sometimes be gainfully applied, as described by Mun-
son and Rodbard [2], Munson [3-4] and DeLeon, et al.
[5]. The latter paper helpfully discusses limitations of
these methods, using computer simulation compari-
sons. Of course, more fundamental complications fre-
quently arise from the presence of other effects, in-
cluding multiple receptor or ligand subpopulations (es-
pecially with radioactively or fluorescently labeled
ligand), multivalency (allowing possible cooperativity
effects), and additional receptor processes such as
aggregation, internalization, and covalent modifica-
tion, which may all result upon ligand binding. These
various phenomena generally result in apparent
changes in binding affinity with ligand concentration,
often referred to as cooperativity. Examples and cor-
responding analyses of these can be found in the re-
search literature. As examples, the following papers
are useful references: receptor subpopulations, Smith
[6]; covalent modification, deWit and Bulgakov [7];
aggregation in ternary complexes, Gex-Fabry and De-
Lisi [8]; and affinity conversion, Lipkin, et al. [9]. Cell
surface aggregation effects, especially when multiva-
lent receptors and ligands are involved, can lead to a
variety of complications, and also appear to be central
to many signal transduction processes. Good example
references in this area from a vast literature can in-
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clude DeLisi and Chabay [10], Perelson and DeLisi
[11], and Dembo and Goldstein [12].

In all of these analyses, reaction rates of receptor/
ligand binding and dissociation are central. It is not
surprising to chemical engineers that often these rates
can be transport-limited. In these sorts of situations
involving a finite number of discrete receptor sites
spatially distributed on the cell surface, transport
limitations can lead to unanticipated effects. The sem-
inal paper in this area is by Berg and Purcell [13]
which demonstrates the nonlinear dependence of over-
all binding and dissociation rate constants on the re-
ceptor surface density. Improved mathematical treat-
ments have followed, such as DeLisi and Wiegel [14],
Brunn [15], and Shoup and Szabo [16], permitting
generalization to more complicated situations. The
key result, however, is that the rate constants for
binding or dissociation per receptor can not be calcu-
lated simply by dividing the rates on a per cell basis
by the receptor density when ligand diffusion is rate-
limiting. Transport limitations can also lead to false
indications of cooperative binding phenomena. A very
interesting example of this is given by Wiley [17]. Al-
though ligand diffusion in free solution to the cell sur-
face is often not rate-limiting for receptor/ligand bind-
ing, receptor diffusion within the cell membrane is
generally rate-limiting for receptor aggregation. Good
treatments of this include Goldstein, et al. [18] and
Keizer, et al. [19].

An interesting consideration not typically relevant
to chemical engineering problems is that of probabilis-
tic effects. That is, most chemical reaction models as-
sume deterministic behavior due to statistical averag-
ing over very large numbers of molecules. Since re-
ceptor densities are usually in the range of 10° to 10¢
per cell, since behavioral responses can depend on
amplification of exceedingly small signals, and since
experimental observations are often made on the basis
of small numbers of cells or even individual cells, sig-
nal noise can be quite significant and is sometimes the
key to proper understanding of the behavior. Mathe-
matical discussions of this aspect can be found in Berg
and Purecell [13], and in DeLisi, et al. [20] and Lauffen-
burger and DeLisi [21]. Stimulating cell biological
examples in which it is relevant include inheritance of
behavior-regulating proteins [22], cytoskeletal assem-
bly [23], and cell migration [24,25]. An extremely
helpful source of fundamental mathematical concepts
here is the book by Gardiner, Handbook of Stochastic
Methods.

There is not much analysis available on signal
transduction events following receptor/ligand binding.
The most heavily studied system is that of the so-called
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“G-proteins” and cyclic AMP generation as an intracel-
lular second messenger. Useful examples detailing
mathematical models and analysis of quantitative ex-
perimental data include Higashijima, et al. [26] and
Rapp, et al. [27].

The second section of the course deals with reac-
tion and transport processes involving cell receptors
and other proteins beyond cell surface events. These
“trafficking” processes include internalization of re-
ceptors and receptor/ligand complexes, sorting of
these molecules in intracellular organelles—with con-
sequent recycling of some to the cell surface and de-
gradation of others intracellularly, and synthesis and
secretion of proteins through intracellular routes. In
addition to the Darnell, et al., and Alberts, et al.,
background, good review articles exist: Steinman, et
al. [28] and Wiley [29] are among the best. The latter,
in fact, provides a good mathematical modeling treat-
ment along with biological basics. Trafficking process-
es can have a dramatic influence on both receptor/
ligand Binding dynamics and on signal transduction
and behavioral responses. Biological examples of
these consequences can be found in Wiley and Cun-
ningham [30], Zigmond, et al. [31], and Myers, et al.
[32], with more general mathematical analyses in Gex-
Fabry and DeLisi [33] and Beck and Goren [34]. A
major implication is that at temperatures allowing
trafficking processes, receptor/ligand binding dynam-
ics cannot be interpreted simply using Scatchard plot
methods. Although the biochemical mechanisms are
only now emerging, possibly helpful models and anal-
yses of the crucial intracellular sorting step have been
presented [35, 36]. Finally, it is becoming clear that
the trafficking mechanisms involved in protein synthe-
sis and secretion in eukaryotic cells are likely to be
quite similar to those involved in endocytic protein
uptake. There is no mathematical analysis of this pro-
cess available to date, but a suggestive recent review
of experimental observations is given by Burgess and
Kelly [37].

With this understanding of fundamental receptor/
ligand processes, one can move on to analysis of re-
sulting cell behavioral phenomena. In this course, we
focus on three: proliferation, adhesion, and migration,
although there are others presently not as well
studied, such as secretion and differentiation. These
three phenomena comprise the next three sections of
the course.

In the area of cell proliferation, the background in
Darnell, et al., is pages 147-154, 192-200, 517-524, and
1035-1046, and in Alberts, et al., is Chapter 11. An
excellent reference text is Baserga, The Biology of
Cell Reproduction. The focus of our presentation is
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the regulation of cell proliferation by receptor-
mediated growth factor signals, with a good recent
review provided by Deuel [38]. To begin this section,
however, context is provided by some discussion of
more general models for cell cycle kinetics such as
Takahashi [39], Fried [40], and Aroesty, et al. [41]. A
good reference for this sort of model is by Swan, Some
Current Mathematical Topics in Cancer Research,
and a useful review can be found in Bertuzzi, et al.
[42]. Useful background information on nutrient ef-
fects on mammalian cell proliferation kinetics can be
found in McKeehan and McKeehan [43], and some re-
cent quantitative work is also available on this subject
[44, 45]. A fairly rigorous analysis, distinguishing ef-
fects on the cycling rate of proliferating cells from
those on the fraction of cells proliferating, can be
found in Cowan and Morris [46]. It seems that it is
more likely that the latter quantity is typically growth
rate-controlling, as the cycling rate of proliferating
cells is fairly constant. Effects of growth factor bind-
ing and trafficking on overall proliferation rate is a
crucial topic, one of great current activity. A superb
starting point is the work by Knauer, et al. [47], who
were able to demonstrate a linear dependence of cell
proliferation rate on the steady-state number of
growth factor/receptor complexes for human fibro-
blasts responding to epidermal growth factor. Further
effects of trafficking on the degree of proliferative re-
sponsiveness have been analyzed by Lauffenburger,
et al. [48], indicating that there may be an important
relationship. Although there is little additional work
along these lines available to date, it is a major prem-
ise of this course that understanding of cell prolifera-
tion phenomena, probably including most empirically
observed effects like serum requirements, attachment
requirements, contact inhibition, and inoculum cell
density requirements, will require quantitative
analysis of receptor-mediated behavior. One example
of this is the interpretation of cell inoculum density
requirements in terms of possible autocrine (self-re-
leased) growth factors [49], and more can be expected
to come along in the near future. A couple of notewor-
thy papers not directly concerned with growth factor
regulation, but providing related important models of
eukaryotic cell proliferation, are Alt and Tyson [50]
and Cherry and Papoutsakis [51]. The first paper
deals with probabilistic aspects of a critical cell cycle
regulatory species in yeast growth, which in many
ways is a good model system for intracellular control
mechanisms of mammalian cell growth. The second
paper shows how simple geometric considerations can
influence net cell population growth on surfaces when
proliferation is “contact-inhibited.”
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In the area of cell adhesion, appropriate back-
ground reading on receptor aspects are reviews by
Yamada [52] and by Buck and Horwitz [53]. A seminal
paper laying out the biophysical fundamentals is that
by Bell [54]. There are two central underlying issues
for engineering analysis. One is how to model a recep-
tor/ligand bond, especially in regard to the effects of
mechanical stress on its kinetic and equilibrium prop-
erties. Another is how the variety of forces present
act on cell mechanical properties to yield a contact
area, within which the two surfaces are in sufficiently

close contact to permit receptor/ligand bonds to form.
Most analytical efforts are based in some manner on
Bell’s concepts and can be divided into two major
categories: equilibrium models and dynamic models.
In the first category there are additionally two chief
types, mechanical and thermodynamic. A large
number of papers based on equilibrium thermo-
dynamic models have been published; good represen-
tatives are Bell [55], Bell, et al. [56], and Torney, et
al. [57]. The mechanical models are principally by
Evans [58]. Both of these types of models attempt to
predict the strength of equilibrium adhesion, with the
primary goal of determining influence of various sys-
tem parameters on the force required to detach a cell
adhered to a surface or another cell. (It should be
mentioned that there is a vast literature on cell adhe-
sion based on surface energy ideas, a recent example
being by van Oss [59]. However, these do not easily
incorporate specific biochemical receptor/ligand ef-
fects and so are largely neglected in this course).
There has been much less work to date on dynamical
models, exceptions being Hammer and Lauffenburger
[60] and Dembo, et al. [61]. The former deals with
kinetics of a cell encountering a potentially-adhesive
surface in the presence of fluid shear flow, and at-
tempts to predict the conditions under which adhesion
will occur. The latter focuses on the dynamic behavior
of a cell maintained near such a surface, with the chief
result being prediction of a steady-state cell rolling
velocity in fluid shear flow. As mentioned earlier, an
important aspect of cell adhesion is the cell mechanical
properties; a helpful reference on this topic is by
Dong, et al. [62].

Good background reading on the topic of cell migra-
tion can be found in books by Lackie (Cell Movement
and Cell Behavior), Trinkaus (Cells into Organs: The
Forces that Shape the Ewmbryo), and Wilkinson
(Chemotaxis and Inflammation). Three major as-
pects are treated in this course. The first topic is the
development of mathematical models for cell popula-
tion migration behavior, including chemotaxis. There
is a substantial literature in this area, with the follow-
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ing being the most significant papers: Patlack [63],
Keller and Segel [64], Alt [65], Lauffenburger [66],
and Othmer, et al. [67]. These provide cell flux expres-
sions analogous to diffusion/convection equations for
molecular transport, and relate cell population trans-
port parameters (the random motility coefficient and
chemotaxis coefficient) to fundamental individual cell
parameters (speed, persistence time, directional bias).
These expressions can be used to analyze cell migra-
tion experimental assays for determination of the val-
ues of the population parameters, as in Tranquillo, et
al. [68] and Buettner, et al. [69]. The second topic is
analysis of individual cell paths for quantification of
the fundamental parameters. The central papers in
this area are Nossal and Zigmond [70], Dunn [71],
Dunn and Brown [72] and Othmer, et al. [73]. The last
topic is an especially timely and difficult issue—the
biochemical/biophysical mechanisms underlying cell
migration. Useful biological reviews are Bretscher
[74] and Singer and Kupfer [75] on membrane and
cytoplasmic processes, and Devreotes and Zigmond
[76] on chemosensory processes. Important basic in-
formation on cell-generated forces can be found in
Harris [77]. Concerning mathematical models of these
phenomena, there are a number of efforts toward
analysis of the rate of pseudopodal extension, which
is the first step in locomotion. Among these are Oster
and Perelson [78], and Zhu and Skalak [79]. The
former emphasizes hydrostatic and osmotic forces in
generating membrane protrusion and cytoplasmic
flow, while the latter focuses on cytoskeletal assem-
bly. Insufficient information exists to definitively dis-
tinguish between these two hypotheses, although cir-
cumstantial data demonstrating influence of extracel-
lular osmotic levels on membrane protrusions favor
the former at this point. Oster [80] provides an ex-
tremely useful discussion of the various forces in-
volved, including membrane mechanics, but without
mathematical analysis. An insightful model relating
overall cell locomotion rate to receptor distribution
along the cell membrane is by Dembo, et al. [81]. This
model does not, however, attempt to predict move-
ment speed from cell-generated forces, a most daunt-
ing but important goal. An extremely crude prelimi-
nary attempt at doing just this is offered by Lauffen-
burger [82]. Finally, Tranquillo, et al. [83] provides a
model not for the rate of locomotion, but for the direc-
tion, based on a simple model of receptor-mediated
signal transduction including probabilistic effects.
This model successfully predicts cell paths in the pre-
sence and absence of chemical attractant concentra-
tion gradients.

If time permits, which it probably will not, one can
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go on to discuss papers which incorporate these sorts
of models for fundamental cell behavioral phenomena
into analyses of physiological phenomena. There is a
vast literature on models of the immune response (see,
for example, Perelson [ed.], Theoretical Immunol-
ogy). Other interesting and important processes which
have received less extensive analysis to date include
angiogenesis [84] and wound healing [85].

This article has been an attempt to provide a sup-
erficial overview of topics that can be profitably
treated from the perspective of chemical engineering
applied to modern molecular cell biology, along with
some key references to guide the treatment. There is
no question that this field will both grow and change
tremendously over the next few years, but I hope that
this article will be of some help to anyone wishing to
study in this area.

Finally, I would like to express my gratitude to a
number of students who have been of substantial help
in teaching this course: Helen Buettner, Paul DiMilla,
Daniel Hammer, Jennifer Linderman, Bob Tranquillo,
Cynthia Starbuck, and Flaura Winston. Their partici-
pation and special insights have made this an excep-
tionally stimulating course.
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