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Review

Mechanistic Understanding of Single-Cell 
Behavior is Essential for Transformative 
Advances in Biomedicine
Emmet A. Francis and Volkmar Heinrich*

Department of Biomedical Engineering, University of California, Davis, Davis, CA

Most current efforts to advance medical technology proceed along one of two tracks. The first is dedicated 
to the improvement of clinical tasks through the incremental refinement of medical instruments. The 
second comprises engineering endeavors to support basic science studies that often only remotely relate 
to human medicine. Here we survey emerging research approaches that aim to populate the sprawling 
frontier between these tracks. We focus on interdisciplinary single-live-cell techniques that have overcome 
limitations of traditional biological methods to successfully address vital questions about medically 
relevant cellular behavior. Most of the presented case studies are based on the controlled manipulation of 
nonadherent human immune cells using one or more micropipettes. The included studies have (i) examined 
one-on-one encounters of immune cells with real or model pathogens, (ii) assessed the physiological role of 
the expandable surface area of immune cells, and (iii) started to dissect the spatiotemporal organization of 
signaling processes within these cells. The unique aptitude of such single-live-cell studies to fill conspicuous 
gaps in our quantitative understanding of medically relevant cause-effect relationships provides a sound 
basis for new insights that will inform and drive future biomedical innovation.
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INTRODUCTION

When we think of recent progress in medical tech-
nology, we tend to picture imaging devices that improve 
diagnoses or assist with surgical procedures, robotic in-
struments that automate laboratory analyses and surger-
ies, miniaturized point-of-care monitors, and “on-a-chip” 
devices that enhance the quality of life of patients, etc. 

The refinement of such familiar technologies continues 
to advance biomedicine at a steady, incremental pace. 
Transformative breakthroughs, on the other hand, are 
rare and unpredictable, although not entirely random. 
Throughout medical history, almost all such break-
throughs have been linked to fundamental discoveries 
in science and engineering – discoveries that ultimately 
provided new mechanistic insight into how a healthy 
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organism functions, and how it may fail in disease. It 
thus seems inescapable that the acceleration of progress 
in biomedicine requires a shift in balance from currently 
prevailing correlative studies to a more future-oriented, 
quantitative research strategy that aims to uncover the un-
derlying sequences of causes and effects. Enabling new 
approaches to address unresolved medical questions is, 
therefore, a foremost challenge of biomedical engineer-
ing. It usually starts with the development of new assays 
in a research-lab setting. Successful assays will provide 
the fundamental insights that can inform the development 
of new diagnostics, drugs, and medical procedures. Some 
research assays may even be suitable for direct adaptation 
in a clinical setting.

In this paper, we address modern research method-
ologies to study the behavior of a particularly important 
functional unit of living organisms: a single cell. Com-
prehensive quantitative understanding of how individual 
cells sense, process, and respond to chemical and physi-
cal stimuli is key to a future precision medicine that will 
be truly personalized and predictive. Most of the studies 
we discuss here use primary human immune cells which, 
despite their enormous medical importance, remain un-
derstudied in comparison to model systems such as ani-
mal cells or cell lines. Although it is well known that such 
model systems can be poor substitutes for human cells 
[1,2], the conspicuous imbalance between their study and 
studies of human cells is not surprising. Human immune 
cells such as neutrophils or monocytes are short-lived 
and not amenable to many traditional methods of cell and 
molecular biology. These cells’ hyperexcitability further 
necessitates the development of alternative research tech-
niques. Almost all existing assays inadvertently pre-ac-
tivate immune cells, generally to a degree that is poorly 
defined, which prohibits meaningful quantitative compar-
isons of different literature reports. The single-cell manip-
ulation techniques discussed in the following sections are 
a valuable complement to mainstream biological assays 
and have exposed a wealth of medically relevant insights.

MANIPULATION OF SINGLE, 
NONADHERENT IMMUNE CELLS TO 
EXAMINE BIOMEDICALLY RELEVANT 
CELL AND MOLECULAR MECHANISMS

Microscopic observation of living cells is a corner-
stone of biomedical research. By enabling studies of 
the time-dependent behavior of cells, it has produced 
an abundance of detailed qualitative information about 
cellular dynamics that is inaccessible to bulk assays or 
studies of fixed samples. On the other hand, several lim-
itations make it difficult to gain quantitative insight into 
cause-effect mechanisms from traditional live-cell obser-
vations. The irregular shapes of adherent cells generally 

prohibit measurements of the cell geometry. Also, due to 
the lack of positioning control, studies of cell-cell interac-
tions or interactions between cells and other objects such 
as pathogens must rely on chance encounters between 
the participants [3,4]. Especially in experiments with 
immune cells, many variables can affect the cell response 
to stimuli, such as pre-activation through adhesion [5], 
interaction with foreign surfaces such as chamber walls, 
or the presence of chemoattractants. It is often difficult to 
determine to what extent these variables bias a particular 
immune-cell response and which features of the response 
are specific to the used experimental setup.

Many of these limitations are adequately addressed 
by live-cell experiments that allow the operator to pick 
up cells and other objects and reposition them at will. 
The most successful tool enabling such manipulation is 
a glass micropipette attached to a 3D micromanipulator. 
Micropipettes of the desired tip diameter and shape are 
relatively easy to make [6] and are commercially avail-
able. They already have found widespread medical use in 
in vitro fertilization, and they are the core component of 
the Nobel-Prize-winning patch-clamp technique. Other 
biophysical studies of live cells and model cells such as 
lipid vesicles have a long tradition of using micropipettes 
as well; in fact, most of our current knowledge about 
membrane mechanics comes from micropipette-aspira-
tion experiments. Yet biophysical studies tend to primari-
ly address fundamental mechanistic or material questions 
that only remotely relate to the cells’ physiological func-
tions. It is the realization that micropipette-manipulation 
techniques are ideally suited to examine immune-cell be-
havior within a biomedical context that has recently led 
to new types of single-live-cell studies.

In the following sections, we will discuss select case 
studies that demonstrate the advantages of tightly con-
trolled manipulation of individual immune cells. We will 
showcase the aptitude of such experiments to provide 
unparalleled detail about the immune-cell response to 
pathogens by addressing a variety of cross-disciplinary 
questions. For instance, why are certain pathogens able 
to evade short-range chemotactic recognition? For those 
that are recognized, what is the maximum distance over 
which an immune cell can detect target particles? Such 
questions can often be answered directly and unequivo-
cally by using human immune cells as uniquely capable 
biodetectors of chemoattractants. This approach also 
allows for the quantitative comparison of immune-cell 
responses to different species of pathogens including 
the hierarchical ranking of these responses by strength. 
Questions that probe the mechanistic underpinnings 
of immune cell behavior include the following: How 
sensitive are immune cells to chemoattractants? What 
limits the number of pathogenic target particles that a 
single immune cell can phagocytose? How fast and how 
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far do chemical signals spread inside immune cells? By 
beginning to answer these questions, single-cell research 
reaffirms its potential to inform and drive biomedical in-
novation.

HIGHLY CONTROLLED ENCOUNTERS 
BETWEEN SINGLE CELLS AND 
PATHOGENS

One particularly useful micromanipulation setup 
consists of two opposing micropipettes – one to hold 
an immune cell and the other to hold a pathogen or a 
pathogenic model particle (Figure 1a-c) [7,8]. In a typical 
experiment, the cell and target particle are lifted above 
the chamber bottom and first held at a distance from each 
other to test for a purely chemotactic response, which 
manifests as a cellular pseudopod extended toward the 
target (Figure 1d,e). We use the term “pure chemotaxis” 
to distinguish this behavior from chemotactic migration 
of adherent cells on a substrate. If pure chemotaxis is 
observed, the particle is moved to different sides of the 
cell to verify specificity of the response (Figure 1f-h). 
Eventually, the particle is brought into soft contact with 
the cell and released from its pipette. The response of 
individual immune cells to such contacts provides clear 
and direct evidence of the ability of the cell’s adhesive re-
ceptors and phagocytosis machinery to recognize specific 
pathogens and model surfaces [9]. (Example videos of 
such experiments have been compiled into Movie 13.5 of 
a popular textbook [10] and can be viewed online [11].) 
Possible variations of this approach include the use of op-
tical tweezers to hold target particles [9,12], or the direct 
application of jets of chemoattractant from a pipette that 
had been prefilled with the desired solution and placed 
opposite the cell [13,14].

There are many advantages to using micropipettes 
in studies of immune-cell interactions with pathogens. 
Selecting initially quiescent cells and performing the 
experiments above the chamber bottom minimizes vari-
ability in the baseline from which the experiments start 
and eliminates possible bias from cell-substrate adhesion. 
Being able to subdivide the cell response into stages such 
as chemotaxis, adhesion, and phagocytosis facilitates a 
reductionist approach that is quintessential for mechanis-
tic studies. Because the cells are often roughly axisym-
metric when held in a pipette, geometric parameters such 
as the cells’ surface area can be assessed throughout their 
interactions with pathogens [14,15]. Axial symmetry also 
makes the experiments particularly amenable to com-
parison with computational models [7,16]. On the other 
hand, experiments using micropipettes can be challeng-
ing. They require a low-noise environment and suitable 
vibration-isolation equipment. Moreover, they can be te-
dious and often require laborious repetition to accumulate 

statistically meaningful amounts of data.
The benefits of dual-micropipette experiments are 

best illustrated with case studies that have brought about 
new, medically relevant insights. Such experiments have 
been used, for instance, to examine the chemotactic re-
sponses of human neutrophils to 11 different pathogenic 
targets – three types of bacteria, five fungal pathogens, 
two fungal model targets, and IgG-opsonized beads (Fig-
ure 1) [7,8,12,14,15]. Because the same conditions were 
maintained throughout these experiments, the neutrophil 
responses to different pathogens could be compared di-
rectly. Based on the chemotactic cell responses, the tested 
pathogens were categorized into two distinct groups: 
those that induced vigorous chemotaxis by human neu-
trophils, and those that were not recognized (Figure 1e). 
For example, neutrophils reacted strongly to the fungal 
pathogens Candida albicans and Coccidioides posadasii, 
and these responses were essentially indistinguishable 
from the cell behavior during interactions with zymo-
san and β-glucan particles. This agreement supports the 
credibility of the latter particles as suitable models of the 
recognized fungi. However, these results also reveal that 
assays using zymosan or β-glucan particles are not rep-
resentative of interactions between neutrophils and the 
other, unrecognized species of fungal pathogens.

How does the neutrophil response to pathogens in 
dual-micropipette experiments compare with clinical 
findings and results of past in vitro studies? In some cas-
es, cells behaved as expected, while in others, single-cell 
experiments seemed to be inconsistent with clinical ob-
servations. The distinct neutrophil responses to two im-
portant bacterial pathogens, Salmonella enterica serovar 
Typhimurium (S. Typhimurium) and S. Typhi, serve as 
an example in which single-cell experiments confirmed 
and expanded existing knowledge. S. Typhimurium is 
associated with a localized gastroenteritis in humans, 
whereas S. Typhi causes typhoid fever, a severe sys-
temic infection. The contrasting virulence of these two 
serovars indicates a marked difference in the ability of 
the human immune system to cope with them. Micropi-
pette experiments testing for pure chemotaxis of human 
neutrophils toward these bacteria demonstrated that this 
difference in immune recognition is indeed mirrored even 
at the level of individual immune cells. Whereas neutro-
phils exhibited a vigorous chemotactic response toward 
S. Typhimurium (Figure 1f), their response to S. Typhi 
was insignificant [12]. The same study also showed that a 
capsular polysaccharide protects S. Typhi from this type 
of microbe-guided, host-serum-dependent chemotactic 
recognition.

By contrast, the in vitro neutrophil response to C. 
posadasii, a fungal pathogen that causes Valley fever, 
seemed incongruent with clinical observations and past 
experimental reports. In clinical manifestations of coccid-
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Figure 1. Single-live-cell, single-target pure-chemotaxis assay. a. Sketch of a dual-micropipette experiment to 
examine interactions between a single immune cell and a single pathogenic particle. b. Photograph of a dual-micropi-
pette setup as used on an inverted microscope. c. Sketch of the microscope chamber including water reservoirs used 
to control and measure the pipette-aspiration pressure. d. Illustration of pure-chemotaxis experiments to test the re-
sponse of human neutrophils to two forms of C. posadasii. The underlaid color gradient depicts the local concentration 
of chemoattractant produced by the host’s complement system at the surface of the differently sized target particles. e. 
Summary of the results of pure-chemotaxis assays to test the chemotactic response of human neutrophils to 11 differ-
ent pathogenic and model targets. f-h. Examples of pure-chemotaxis experiments testing human neutrophils against 
clusters of S. Typhimurium (f), C. albicans cells (g), and endospores and spherules of C. posadasii (h). The positive 
neutrophil response is triple-checked by positioning the target at three different sides of the neutrophil. All scale bars 
denote 10 µm.
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used to calculate the concentration of anaphylatoxin at 
the cell surface for the measured recognition distance. 
Integrating theory and experiments in this manner pro-
vided a quantitative estimate of the neutrophil sensitivity 
to anaphylatoxins produced at the surface of β-glucan 
particles [22]. The sensitivity value was then used to pre-
dict the recognition distance of pathogens as a function of 
their size, which established complement-mediated che-
motaxis as a short-range mechanism whose physiological 
role is to facilitate a last-minute course correction of che-
motaxing immune cells toward actual pathogen surfaces 
rather than chemokine-producing host cells [23]. The 
same study also concluded that small pathogens could be 
effectively protected from complement-mediated chemo-
tactic recognition simply due to their size.

It is not surprising that a minimum concentration 
of chemoattractant is required to induce chemotaxis by 
immune cells. Conversely one might ask if there is a 
maximum concentration beyond which the cell response 
exhibits some form of saturation. In the case of the ana-
phylatoxin C5a, micropipette experiments have clearly 
answered this question. Chemotaxis of pipette-held hu-
man neutrophils stalled or even reversed when the cells 
were subjected to jets of high concentrations of C5a (≥100 
nM; ejected from a pipette facing the cell) [14], in agree-
ment with earlier experiments that exposed chemotaxing 
neutrophils to high concentrations of the chemoattractant 
tripeptide fMLP [24]. The impairment of neutrophil 
chemotaxis at high concentrations of C5a in such exper-
iments bears a striking resemblance to neutrophil paral-
ysis in sepsis [25], which is associated with systemically 
elevated C5a concentrations [21]. Therefore, experiments 
of the kind discussed here could open an instructive new 
window into the behavior of single immune cells during 
sepsis or other pathological conditions.

QUANTITATIVE CHARACTERIZATION OF 
THE EXPANDABLE SURFACE AREA OF 
IMMUNE CELLS

The simple geometric principle that a sphere is the 
shape of minimum surface area of an object with given 
volume has important consequences for the behavior of 
immune cells. Quiescent, nonadherent white blood cells 
are generally round, which means that their resting shape 
is the shape of minimum cell surface area (bearing in 
mind that the cell volume is expected to remain constant 
as long as the osmotic conditions do not change). Conse-
quently, the surface area of white blood cells invariably 
increases during cell deformations that accompany phys-
iological functions such as chemotaxis and phagocytosis. 
By contrast, red blood cells are non-spherical under phys-
iological conditions and can readily change their shape 
without changing their surface area. In fact, it is well 

ioidal infection, patients generally fail to mobilize a sig-
nificant neutrophil response. However, when pipette-held 
human neutrophils were exposed to nearby C. posadasii 
in the presence of autologous serum, the cells responded 
strongly to both endospores and spherules of the fungus, 
irrespective of whether the neutrophils were obtained 
from healthy donors or infected patients (Figure 1h) [15]. 
Because neutrophils were well able to recognize C. posa-
dasii at close range, the lack of neutrophil mobilization 
in Valley fever patients was attributed to a suppression 
of long-range neutrophil recruitment. Furthermore, this 
study dispelled the long-held misconception that Coccid-
ioides spherules are protected from recognition by human 
neutrophils [17]. Although the spherules are too large to 
be completely engulfed by individual neutrophils, the 
immune cells started to extend chemotactic pseudopods 
in less than 1 minute after their placement near spherules, 
and following contact, proceeded to attack the spherules 
by frustrated phagocytosis.

In all pure-chemotaxis experiments discussed above, 
the chemotactic neutrophil response required the pres-
ence of host serum, suggesting that it was mediated by 
serum-based complement components. Chemotaxis 
did not occur in experiments using serum that had been 
heat-treated at temperatures of 52°C or higher [18], 
consistent with the temperature-dependent inactivation 
of the heat-labile complement system. This and other 
evidence [12,14] confirmed that complement-mediated 
chemotaxis is the primary mechanism by which human 
neutrophils detect nearby fungi and live bacteria. In short, 
complement proteins from the serum assemble into pro-
teases on recognized pathogen surfaces, then cleave other 
complement proteins to release small peptides known as 
anaphylatoxins [19]. Anaphylatoxins diffuse rapidly and 
stimulate chemotactic receptors on immune cells but are 
also quickly deactivated by serum carboxypeptidases 
[19]. The most potent of these complement fragments is 
C5a [20]. Its acute medical importance is underlined by 
its involvement in sepsis [21] and other diseases [20].

Whereas biochemical aspects of complement-medi-
ated chemotaxis have been explored qualitatively in some 
depth, many quantitative details remain uncertain, such 
as: How far from a pathogen can we expect an immune 
cell to sense it? How much anaphylatoxin must a neu-
trophil detect before initiating a chemotactic response? 
Micropipette experiments have started to answer such 
questions by exploiting the unique capability of neutro-
phils to act as highly sensitive biodetectors. When used in 
this capacity, the neutrophil was first placed at a relatively 
large distance from its target. Then, the separation dis-
tance between cell and target was decreased in steps until 
the neutrophil clearly formed a protrusion in the direction 
of the target particle [22]. A realistic mathematical model 
of the evolution of the chemoattractant gradient [23] was 
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surface area of pipette-held immune cells during pure 
chemotaxis [14] and phagocytosis [15,37] (Figure 2f,g). 
Human neutrophils have been found to expand their 
apparent surface area to ~300 percent of their resting 
area [7,15] and the analogous capacity of macrophages 
has been estimated at an astounding ~600 percent [32]. 
Based on these values, it is straightforward to predict how 
many spherical particles of a certain size an immune cell 
can engulf. For example, an average human neutrophil 
is expected to be able to phagocytose up to six spheres 
with a diameter of 4.5 µm, or 13 spherical particles with 
a diameter of 3 µm. The enormous membrane reserves 
of a macrophage should allow it to completely surround 
a bead that is close to twice its own resting size. Cases 
that confirmed these quantitative predictions have indeed 
been observed in phagocytosis experiments in our lab 
(Figure 2).

The great expandability of the apparent surface area 
of leukocytes is also crucial for other physiological func-
tions, such as the firm arrest, spreading, and migration of 
cells on the inflamed endothelium, as well as their extrav-
asation into the surrounding tissue. For example, human 
T-lymphoblasts have been found to increase their appar-
ent surface area up to ~2.5-fold during extravasation and 
cell spreading [29] – an increase that seems to be realized 
once more by a combination of membrane unwrinkling 
and vesicle fusion.

Autonomous deformations during which immune 
cells actively increase their surface area require the 
cells to do mechanical work. The cortex of the cells is 
under perpetual tension, as established by early micro-
pipette-aspiration experiments [38]. By its very nature, 
the cortical tension acts to minimize the cell surface area 
and thus opposes deformations that require an increase 
of the area. To create cellular protrusions, the interior cy-
toskeleton must push against the cortex strongly enough 
to overcome the resistance of this tension. The required 
mechanical effort becomes greater as the cell surface area 
increases, because the cortical tension itself increases 
with the area. This dependence has been analyzed in de-
tail for human neutrophils [37], including its mechanistic 
consequences during phagocytosis [9]. Most pertinent to 
the present discussion is the result that the relationship 
between the tension and surface area of human neutro-
phils has a biphasic character. A certain amount of cortical 
slack allows passive neutrophils to increase their surface 
area by 25 to 30 percent with relatively little mechanical 
effort. Larger deformations are accompanied by a much 
steeper rise of the cortical tension, making it harder and 
harder for the cell to increase its surface area further.

These fundamental insights into the mechanical 
behavior of the cell cortex have interesting implications. 
For example, neutrophils that actively formed protrusive 
pseudopods during pure chemotaxis were unable to ex-

known that smooth lipid membranes—such as the mem-
branes of red cells and liposomes—cannot expand their 
area by more than 2 to 5 percent before they lyse [26].

On the other hand, a cursory inspection of common 
deformations of white blood cells shows that these cells 
can increase their apparent surface area by much more 
than 5 percent. This has been demonstrated for spreading 
neutrophils [27], macrophages [28], and lymphoblasts 
[29], as well as during osmotic swelling of neutrophils 
[30], and in phagocytosis experiments with neutrophils 
[7,15,31] and macrophages [32]. Yet the amount of mem-
brane material that a cell can expend is not unlimited, 
which gives rise to the hypothesis that the capacity of 
immune cells to expand their surface area is a limiting 
factor in chemotactic deformations and for the maximum 
number of particles a cell can phagocytose. It is not sur-
prising that questions about the sizes and types of surface 
area reservoirs of immune cells have attracted consider-
able attention [33-36].

So far, we have used the term “surface area” to de-
note the apparent cell surface area, i.e., the area that can 
be inferred from a smooth curve circumscribing an image 
of the cell taken on an optical microscope. This apparent 
cell surface area is different from the microscopic area 
of the cell’s plasma membrane. Scanning electron mi-
crographs of immune cells convey a clear picture of the 
large reserves of membrane area stored in wrinkles such 
as microvilli, ridges, pits, nanotubes, etc. (Figure 2a-c). It 
is difficult to reliably determine the actual size of the mi-
croscopic membrane area from such images. On the other 
hand, the apparent surface area of a pipette-aspirated cell 
is often relatively easy to measure. A suitable strategy to 
also obtain an estimate of an immune cell’s membrane 
reservoirs is to subject the cell to deformations that “iron 
out” [34] its wrinkles, in which case the growing appar-
ent surface area approaches the value of the microscopic 
area (Figure 2). This strategy has a caveat though – it is 
difficult to distinguish between ironed-out wrinkles and 
membrane addition through fusion of internal vesicles 
with the plasma membrane; therefore, such estimates 
generally report the combined size of both types of mem-
brane reservoir.

The quantitative analysis of the cell geometry during 
physiologically relevant deformations simplifies greatly 
when the observed cell shapes can be approximated by 
axisymmetric 3D objects or composites of such objects. 
In some cases, the pipette-held cell can simply be as-
sumed to consist of spheroidal and cylindrical parts. A 
more advanced method describes the visible outline of 
the cell in terms of a suitable mathematical function, and 
then reconstructs the 3D cell body assuming that this out-
line represents a 2D cross-section of the cell and contains 
its rotational symmetry axis [14]. Such approaches have 
enabled detailed analyses of the time course of the cell 
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sive force in this situation. When compared to the 8-fold 
larger capacity of neutrophils to expand their apparent 
surface area during phagocytosis and cell spreading, this 
result suggests the existence of two qualitatively distinct 
mechanisms of actomyosin-based protrusive force gener-
ation, and it implies that adhesion to a target particle or 

pand their apparent surface area by more than 25 to 30 
percent – an amount that coincides with the cortical slack 
of passive neutrophils [14]. Because the cortical tension 
remained within normal bounds for the observed defor-
mations, this limited surface-area expansion was attribut-
ed to a limited ability of neutrophils to generate protru-

Figure 2. Expansion of the surface area of immune cells during phagocytosis. a-c. Scanning electron micro-
graphs of J774 macrophages attached to a substrate (a) and during phagocytosis of 10-µm (b) and 30-µm (c) IgG-coat-
ed beads. These snapshots of fixed cells demonstrate how cell-surface wrinkles are progressively “ironed out” as the 
cells increase their apparent surface area. Note that the images in c are shown at a reduced scale compared to a and b. 
d,e. Fluorescence and transmitted-light images of human neutrophils (actin labeled red) that were fixed during phago-
cytosis of several 5-µm IgG-coated beads (labeled green). Each panel includes two different confocal slices, allowing 
us to determine the correct count of internalized beads. f,g. Graphs of the time course of the apparent surface area 
of human neutrophils during phagocytosis of C. posadasii endospores (f) and frustrated phagocytosis of C. posadasii 
spherules (g) (reproduced from [15]). Each plot includes the results from 3 different experiments. The inset in g shows 
the surface area over an extended time period. Included are videomicrographs recorded during representative dual-mi-
cropipette, single-live-cell experiments. All scale bars denote 10 µm.
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zymosan and β-glucan particles did not trigger Ca2+ bursts 
[14]. Consistent with a small number of previous studies 
[24,55], these experiments provided clear evidence that 
pure, complement-mediated chemotaxis neither causes 
nor requires Ca2+ bursts in human neutrophils, calling for 
a careful reevaluation of the widespread view that such 
bursts mediate rearrangement of the actin cytoskeleton in 
response to the activation of G protein-coupled receptors 
[47,48,56,57].

Calcium bursts can flood the entire cell with second-
ary messenger in a matter of seconds. This type of sig-
naling mechanism is poorly suited to selectively trigger 
localized cell functions or control targeted intracellular 
communication. How then can we assess other, more 
refined mechanisms of signal transduction in a cell? The 
basic idea is still straightforward: (i) apply a well-defined 
stimulus to the cell, and (ii) monitor the response in terms 
of a quantity that is more discriminatory than the global 
Ca2+ concentration.

Advanced micromanipulation techniques have im-
plemented the first part of this idea by using function-
alized “test probes” to administer stimuli to individual 
pipette-held immune cells. Suitable test probes include 
micrometer-sized beads or red blood cells whose sur-
faces have been decorated with the desired composition 
of specific ligands. During experiments, a test probe is 
brought into contact with an immune cell using a second 
micropipette. The experimental protocol determines how 
many surface receptors of the immune cell are engaged 
during such contacts. For example, to deliver a relatively 
large dose of the immobilized chemokine IL-8 to human 
neutrophils, the cells were allowed to completely phago-
cytose IL-8-coated beads [53,58]. Alternatively, a test 
probe can be touched to the cell surface briefly and re-
peatedly. In this case, automated pipette manipulation can 
provide accurate control over the duration and repetition 
rate of such touches. This type of protocol was used to 
co-stimulate T cells from mice with a mixture of pMHC 
and ICAM-1, and to expose human platelets successively 
to vWF-A1 and then fibronectin [59].

Implementing the second part of the above idea—i.e., 
the spatiotemporal analysis of downstream consequences 
of such stimuli—is more challenging. An elegant method 
detects local inside-out signaling events based on chang-
es in the molecular adhesion mechanics of a cell [60]. By 
bringing yet another pipette-held object (a “force probe”) 
into repeated contact with the cell, the response to var-
ious stimuli can be monitored in terms of the dynamic 
strength of adhesive interactions between this force probe 
and the cell surface. In short, small deformations of the 
cell and/or force probe during probe retraction reveal 
whether adhesive bonds have formed during a contact. 
Simply counting how many touches produce an adhesion 
event provides the adhesion frequency. A sudden change 

substrate is an essential prerequisite for the generation of 
large protrusive forces [14].

SPATIOTEMPORAL ORGANIZATION OF 
SIGNALING IN IMMUNE CELLS

In view of the vast expanse of biological signaling 
research, the amount of medically relevant mechanistic 
knowledge about cell signaling that life scientists have 
accumulated to date seems small. A key challenge of 
future-oriented signaling research is to shift its focus 
from traditional qualitative explorations of the molecular 
participants in signaling paths to mechanistic cause-effect 
studies that aim to quantify the kinetics of the signaling 
biochemistry and account for the spatiotemporal organi-
zation of the participating reactants within a cell. Tackling 
this challenge in live-cell studies of fully differentiated 
human immune cells is particularly difficult, but some 
progress has been made. For example, immune cells can 
be preloaded with a fluorescent calcium (Ca2+) indicator 
to monitor the cytosolic Ca2+ concentration during vital 
cell functions. The Ca2+ concentration in neutrophils and 
other immune cells is known to exhibit sudden cell-wide 
bursts during which it increases rapidly to several-fold 
of the base level [39-44]. Unlike in electrically excitable 
cells, these bursts can be induced biochemically [41,45-
48] or mechanically [49-52]. Yet although such Ca2+ 
bursts are among the most conspicuous signaling events 
known and can transmit a signal throughout the entire cell 
in record time, their exact physiological role in immune 
cells remains uncertain.

The prominence of these Ca2+ bursts, and the fact that 
divalent cations like Ca2+ participate in the regulation of 
numerous cellular functions, assigns a very high priority 
to the systematic dissection of the underlying cause-effect 
sequences. A promising strategy combines fluorescence 
imaging with single-live-cell micromanipulation experi-
ments similar to those discussed in the previous sections. 
The ability to separate cell-substrate adhesion—which 
has been implicated as an important factor in Ca2+ bursts 
[49-51]—from other immune-cell functions is a key ad-
vantage of this strategy. Pipette-held human neutrophils 
were found to reliably exhibit Ca2+ bursts shortly after 
beginning to phagocytose IL-8-coated beads [53,54], 
IgG-coated beads, zymosan, and β-glucan particles [14]. 
The detailed information about the time-dependent cell 
morphology, cell-target contact area, cell surface area, 
and cortical tension that such phagocytosis experiments 
provide is an excellent starting point to examine possible 
correlations with the dynamics of Ca2+ bursts.

Of course, adhesion—in this case to a target par-
ticle—is still a necessary part of phagocytosis experi-
ments. Surprisingly, the extension of purely chemotactic 
pseudopods by nonadherent neutrophils toward nearby 
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cies. The analysis of such variations might even inform 
the design of personalized therapies. Other parameters 
include the sensitivity of white blood cells to various che-
moattractants, the cells’ mechanical deformability, or the 
dynamics of prominent signaling paths. Microfabrication 
of high-throughput devices that enable the measurement 
of such parameters is currently an active area of techno-
logical research and development [61-63]. The long-term 
success of these devices depends critically on the degree 
of fundamental understanding of single-cell behavior that 
informs the original device design.
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