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Abstract

A common assumption made when performing in vitro cellular assays is that the concentration of substances in the culture
system is uniform. However, since the cells that internalize and secrete substances reside at the bottom of the well, it is
conceivable that a concentration gradient could arise across the fluid layer. Importantly, the concentration of a substance in
the vicinity of a cell, which is the concentration of interest, cannot be measured via existing methods. In this work a simple
strategy for estimating the concentration of a chemical species at the surface of a cell is presented. Finally, this result is used
to outline a method for determining the appropriate concentration ranges for testing in vitro autocrine loops and small
molecules.
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Introduction

A common assumption made when performing in vitro assays is

that the concentration of substances in the culture system is

uniform. However, since the cells that internalize and secrete

molecules reside at the bottom of the well, it is conceivable that a

concentration gradient could arise across the fluid layer (Figure 1).

While the culture medium can be assayed to determine the

concentration of any of its constituents, such measurements only

provide the average concentration. The concentration of a

substance in the vicinity of a cell, which is the concentration of

interest, cannot be measured via existing techniques. The

concentration of a chemical species at the surface of a cell is

important because it is this concentration that determines the

binding and internalization rates; binding/internalization rate =

rate constant x surface concentration. One solution to this

problem, which is the one used in this manuscript, is to use

mathematical tools to find a relation between the cell surface

concentration and the average medium concentration. Previous

work on the in vitro transport of autocrine ligands has focused on

determining the fraction of secreted ligand that is captured by the

same cell itself (i.e. the one that secreted the captured molecule)

[1,2], and the average concentration of the ligand in the culture

[3,4]. However, they did not examine concentration gradients and

the cell surface concentration.

In this study, two cases are examined: 1) in which a substance,

typically a protein, is taken up and produced by cells i.e. autocrine

signaling. When testing for in vitro autocrine loops, the amount of

ligand added to the culture is usually arbitrary and, as will be

demonstrated, therefore often non-physiological. This study

provides a method for determining a physiological concentration

range. 2) The second case examined is the case in which a

substance (such as a small molecule) is only taken up by cells.

Results

In general, the relationship between the average concentration

and concentration near the cell surface will depend on the type of

mass transport in the culture dish. Measurements of flow in a

single well of a 96-well plate led to the observation that after an

initial transient that lasts for about 2 hours, a single vortex

emerges, with a maximum velocity of O(1 mm/s) (Figure 2). This

system is challenging to solve exactly, but I demonstrate that even

in the presence of diffusion alone, the concentration gradient is

typically shallow.

Autocrine signaling
Let us first study the case in which a chemical species is both –

produced and internalized by cells, namely, autocrine signaling.

Autocrine signaling plays a role in physiological processes such as

cell growth [5] and differentiation [6]. In vitro demonstration of the

existence of an autocrine ‘‘loop’’ requires proof that the factor is

produced by the cell, and that the cell shows altered physiology in

response to changes in the total amount of bound ligand. The

former is usually accomplished by analyzing medium conditioned

by cells, while the latter is achieved either via receptor

knockdown/knockout/inhibition, or by adding ligand to cell

cultures. Receptor knockdown/knockout/inhibition is often chal-

lenging because (i) there may be several receptors for a ligand (ii)

the identity of some or all receptors may be unknown and (iii) a

single receptor may bind several ligands. Thus, a large percentage

of studies (also) use the second option, which is to demonstrate a

cellular response upon addition of exogenous ligand to cultures.

However, the amount of ligand added is usually arbitrary and such studies

may suffer from the lack of quantitative agreement between the

amount of ligand available to a cell in culture, and the amount

required to produce a physiological response. As a concrete

example, if the maximum concentration of an autocrine ligand in
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the vicinity of a cell is 10 ng/ml under normal culture conditions,

but it is found that 100 ng/ml of exogenously added ligand is

required to produce a response, then this autocrine signal is not

modulating the response under consideration (under the above

culture conditions).

In this section a relation between the concentration at the cell

surface and the average concentration in the culture is obtained.

This relation, along with a measurement of the average

concentration of the factor in a culture (using, say, an enzyme-

linked immunosorbent assay (ELISA) or quantitative mass

spectrometry), can be used to determine the cell surface

concentration of an autocrine ligand, and thus, the appropriate

range of concentrations that needs to be tested in the above type of

assay. While previous studies have examined the in vitro transport

of autocrine ligands [1,2,3,4], they did not examine the cell surface

concentration. Additionally, they did not consider the case in

which a substance is added to the culture, which is discussed

below.

Numerical modeling was used to calculate the ratio of the cell

surface concentration to the average medium concentration (a).

The geometry used in the simulations is shown in Figure 3. I.e.

cells were modeled as having a radius of 7 mm; the medium layer

was taken to be 2.5 mm in height, which is fairly typical; and the

distance between adjacent cells (L) depends on the plating density.

For the parameter values for this process, we initially started

with values for the EGF system [2,7], and varied all parameters by

a factor of 100 (Supporting Information: Text S1). Cell densities of

103–104 cells/cm2 were used (results are applicable to adherent

and non-adherent cells). As shown in Text S1, the concentration

gradient is inversely related to the cell density. Thus the values of

the gradients shown here are higher than those in typical cultures,

and provide an upper bound. Typical concentration profiles

obtained from the simulations are shown in Figure 4. For typical

culture densities (.1000 cells/cm2), the ratio of the concentration

at the cell surface to the average concentration (a) always decays

rapidly, and is typically less than 3 by 24 hours after the beginning

of the culture (Figure 5, Text S1, Text S2, Text S3) for a wide

variety of conditions (see below). I.e., the concentration of the

ligand at the surface of a cell lies between the average value in the

medium, and three times this value, with the additional

requirement that the medium is conditioned for at least 24 hours

before making the average concentration measurement. This

result is not surprising given that the diffusion time for a typical

cytokine, which are small proteins, for a distance of 1 mm, which

is typically half the height of the fluid layer in a cell culture, is only

about 3 hours. Indeed, it can be shown that this result is

independent of the specifics of the binding stoichiometry and

kinetics (Text S3). Thus, for efficacy testing of autocrine signaling,

it is sufficient to test the concentration range between the average

concentration (at t.24 h), and 3 times this concentration, which

covers the range of possible cell surface concentrations of the

ligand.

Finally, let us examine how the use of this criterion will

significantly reduce the number of false-positive interactions

obtained via use of this assay with the aid of an example. In a

recent study [8] the authors used an ELISA to demonstrate that

the concentration of a factor in the culture was less than 200 pg/

ml (t.24 h). However, when they tested the effect of the factor on

cell phenotype, they added the factor at a concentration of

100 ng/ml, i.e. 500-fold higher. However, the analysis presented

in this work demonstrates that if the average concentration is

200 pg/ml, the cell surface concentration cannot exceed 600 pg/

ml. Thus, any effects seen at higher concentrations are non-

physiological with regard to autocrine signaling. Thus the use of

this criterion will significantly reduce the number of false-positive

interactions obtained via use of this assay.

Figure 1. Schematic of the problem under consideration. The
relation between the ligand concentration at the cell surface (Cs) and
the average concentration in the medium (Caver which can be measured
using ELISA) is related to whether there is a strong or weak gradient
across the medium layer above the cells that are the source of the
ligand.
doi:10.1371/journal.pone.0051796.g001

Figure 2. Steady-state flow pattern in a well within a 96-well
plate.
doi:10.1371/journal.pone.0051796.g002

Figure 3. Geometry used in the simulation. The cell was modeled
as a hemisphere with a radius of 7 mm. The height of the medium layer
was 2.5 mm. The cell density was varied by varying the value of the
length of the square base.
doi:10.1371/journal.pone.0051796.g003
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Substance added to a culture
Next let us consider the case in which a substance added to a

culture is internalized by cells. A commonly performed biological

assay is to measure an appropriate cellular response upon addition

of an exogenous substance to a culture. However, as a result of

cellular uptake, the concentration near the cells could differ from

the supplied concentration (Figure 1). The value of the gradient is

determined by competition between cellular uptake, which

increases the gradient, and diffusion, which decreases the gradient.

As in the previous case, numerical modeling was used to calculate

the ratio of the cell surface concentration to the average medium

concentration (a).

Let us examine the values of a obtained from the model for a

low value of cell density (1000 cells/cm2), which results in the

largest gradients (Text S1). For chemical species with a diffusion

constant of 1029 m2/s at 37uC (typically small molecules with a

molecular weight of around 200 Da), the gradient is indeed small,

with 0.9,a24,1 (where a24 is the ratio of the cell surface

concentration to the average medium concentration at 24 hours

after feeding/passaging) as long as at least ,50% of the small

molecule is still retained in the medium (Table 1). I.e. the cell

surface concentration can differ from the average concentration by

only 10% at the most for low to moderate uptake rates.

Validity and Applicability of the Model
The validity and applicability of the model is worthy of

discussion. (i) With regard to autocrine signaling, this work only

pertains to the concentration range that needs to be tested in order

to determine whether autocrine signaling is active in in vitro

cultures. The maximum physiological concentration at a cell’s

surface in vivo will depend on a cell’s microenvironment and

therefore a result that is broadly applicable cannot be derived.

However, an improved understanding of in vitro autocrine

signaling could have important applications in cell expansion

and differentiation for cell and cell-derived therapies, and

consequently, in tissue engineering (Table S1). (ii) In the model

used, diffusion through the layer of extracellular matrix (ECM)

that typically surrounds cells was not considered. However, studies

have shown that the co-efficient of diffusion of typical cytokines

through the ECM is 1027 cm2/s [9,10], and that the thickness of

ECM layers in cultures is typically less than 1 mm [11]. Thus the

diffusion time through the ECM layer is less than 30 seconds,

which is much less than the diffusion time through the liquid

(,3 hours) described above. Therefore diffusion through the

ECM will not significantly alter the gradient of secreted factors.

However, binding to the ECM could result in a difference between

the ligand concentration at the cell surface, and that in the

medium. Therefore these results may not apply to ECM-binding

factors such as FGF-1 and FGF-2 [12]. (iii) Protein decay was not

included in the model, which is equivalent to assuming that the

half-life of the ligand in the medium is much greater than the

diffusion time of 3 hours (say 24 hours or more). While half-life

data for cytokines in culture medium are scarce [13], this appears

to be true for a wide variety of cytokines in serum [14,15,16,17];

most of them appear to have half-lives of several days to weeks. (iv)

To demonstrate that autocrine signaling does not modulate the

phenotype under consideration, in addition to showing a lack of

response in the above concentration range, it is necessary to show

a presence of response at some (higher) concentration. Assuming

that ligand and receptors are expressed, a complete lack of

response at all ligand concentrations suggests saturation of the

pathway response. Trivially, this could be the result of performing

the ligand addition assay at too high a cell density, such that the

amount of ligand secreted by the cells themselves rapidly reaches

the saturation value. However, if the complete lack of response

persists at lower cell densities, then this would suggest that

autocrine signaling is present, and that each cell in the culture

captures that amount of self-secreted ligand (i.e. secreted by that

very same cell itself) that results in saturation of the pathway

response (Figure S1). (v) Finally, as described in the previous

section, when testing the concentration range obtained using this

method, it is possible that the supplied concentration could differ

from the cell surface concentration. However, as described there,

this difference correlates with depletion of the supplied ligand.

Thus, it is necessary and sufficient to measure the average value of

the ligand at the end of the assay to ensure that the ligand

concentration has not changed by more than ,10%. This would

Figure 4. Concentration profiles obtained from the simulation
for 1000 cells/cm2 (a) and 10,000 cells/cm2 (b) at t = 48 hours.
Concentrations are in units of pM. For this data, r = 5610213 moles/m2/s
(approximately 10 molecules/cell/s), kon = 108 1/(M.min), R = 105 recep-
tors per cell, diffusion co-efficient = 10210 m2/s. More detailed models
are described in the supporting information (Text S2, Text S3).
doi:10.1371/journal.pone.0051796.g004

Figure 5. The concentration gradient of the ligand as a
function of time for two cell densities. Circles are obtained from
the simulation; the lines are guides to the eye. For this data, the
secretion rate was 5610212 moles/m2/s, kon = 108 1/(M.min), 105

receptors per cell, and the diffusion co-efficient was 10210 m2/s. More
detailed models are described in the supporting information (Text S2,
Text S3).
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imply that the cell surface concentration did not differ from the

supplied concentration by more than ,10% (Text S3).

Conclusions

The concentration of a substance in the vicinity of a cell, which

is often a concentration of interest to biochemists, cannot be

measured via existing methods. One solution to this problem,

which is the one used in this manuscript, is to use mathematical

tools to find a relation between the cell surface concentration and

the average medium concentration. While previous studies have

examined the in vitro transport of autocrine ligands [1,2], and the

bulk ligand concentration [3,4], they did not examine such

gradients. Additionally, they did not consider the case in which a

substance is added to the culture, which is discussed in this work.

In this work it was demonstrated that for typical culture

densities (.1000 cells/cm2), the ratio of the concentration at the

cell surface to the average concentration (a) always decays rapidly,

and is typically less than 3 by 24 hours after the beginning of the

culture (Figures 5, Text S1, S2, S3). This is not surprising given

that the diffusion time for a typical cytokine, which are small

proteins, for a distance of 1 mm, which is typically half the height

of the fluid layer in a cell culture, is only about 3 hours. The

average concentration can be measured using ELISA, and thus an

estimate of the cell surface concentration can be obtained. As a

corollary, when testing putative autocrine factors, they should be

tested at concentrations similar to that at the cell surface, i.e., less

than 3 times the average concentration obtained by ELISA.

Exceptions to this estimate exist, and are described in the results

section.

Similarly, for small molecules added to a culture, the cell surface

concentration can differ from the average concentration by only

10% at the most for low to moderate uptake rates. For larger

molecules a more detailed analysis that includes convective

transfer is required.

Methods

Numerical modeling
Numerical modeling of autocrine/paracrine signaling was

performed using the Diffusion (time-dependent) module in

COMSOL Multiphysics. The geometry used is shown in

Figure 3. The effect of plating density (s) is included in the model

by varying the parameter L (Figure 3). The height of the liquid

layer was 2.5 mm, which is fairly typical for cell culture. The cell

was modeled as a hemisphere with a radius of 7 mm, which is

typical for mouse embryonic stem cells (unpublished data), red

blood cells, and typical fibroblasts [18].

The geometry was meshed using the default mesh parameters to

generate a triangular mesh with 1696 points. For one set of

parameter values I checked that increasing the number of mesh

points by a factor of 10 led to a 0.07% change in the highest factor

concentration and a 0.08% change in the lowest factor concen-

tration. Thus the original number of mesh points (1696) is

adequate for computing factor concentrations. The default solver

was used, which is GMRES with an algebraic preconditioner, and

default timesteps, with a maximum timestep of one hour.

It was assumed that the transport of substances is purely

diffusive, i.e. that there is no convection in the dish. The presence

of convection will reduce the concentration gradients. Thus, by

making this assumption an upper bound on the concentration

gradient is obtained.

The diffusion constant of autocrine factors in the medium was

taken to be 0.5–1610210 m2/s which is typical for proteins in the

5–40 kDa range [19]; most diffusible proteins are in this mass

range. No-flux boundary conditions were applied on all surfaces,

except the hemisphere corresponding to the cell. For most of the

simulations (see below), for this surface, the normal flux of the

protein was set to r – konRcs, where r is the secretion rate, kon is the

binding constant, R is the number of receptors per cell, and cs is the

concentration of factor at the cell surface (cs is solved for within the

simulation). It was assumed that the number of free receptors is

constant. Previous work by Lauffenburger and colleagues [2] has

shown that the receptor number reaches a steady state within

2 hours after the commencement of culture. Therefore this

assumption is justified. A model that includes unbinding events

and receptor dynamics was also briefly investigated (Text S2). The

values for the above parameters were taken from Shvartsman et al.

[2] (see Figure 4 in that paper): secretion rate (r): 1–1000 mole-

cules/cell/second; binding constant (kon): 108 M21 min21 (tested

107–109 M21 min21); number of receptors per cell (R): 105 (tested

104–106). Finally, the model has one geometric parameter – the

area of the bottom surface, which is the inverse of the plating

density.

Flow measurements
The flow pattern was reproducible across three experiments.

2 mm diameter fluorescent polystyrene beads were added to an

(approximately) 7% NaCl solution to make them neutrally

buoyant. 30 ml of this solution was pipetted into a well of a 96-

well plate (Nunc, Rochester, NY). The plate was placed on a

microscope stage (Axiovert 200, Carl Zeiss MicroImaging, Inc.,

Thornwood, NY) at room temperature. To minimize evaporation,

2–3 rows and columns of wells around the well of interest were

filled with phosphate buffered saline (Invitrogen). Imaging was

performed using a Spot RT Color camera (Diagnostic Instru-

ments, Inc., Sterling Heights, MI). The beads were bright enough

to be visualized without the need of a UV or halogen source i.e.

they could be imaged using ambient lighting. This prevented

additional flows in the well due to uneven heating of the liquid.

Stage height was controlled using Metamorph software

(Molecular Devices). Bead centers were also tracked using

Metamorph. Vertical velocities are approximate, and were

determined using a manual procedure. Briefly, first the direction

of the flow (up versus down) at a location was determined by

tracking individual beads manually. Following this, a bead was

imaged until it came into focus; the stage was moved up or down

depending on the expected bead trajectory and bead imaging was

continued until the bead again came into focus. The image in

which the size of the bead was minimum was chosen to be the

image corresponding to best focus. Bead image sizes were also

measured using Metamorph. The distance moved by the stage was

divided by the time for the bead to reappear in focus to obtain the

vertical velocity.

Table 1. Values of a24 for a plating density of 1000 cells/cm2

and diffusion coefficient 1029 cm2/s.

k (s21) a24 c24/c0

1e-6 0.99 0.91

1e-5 0.92 0.44

1e-4 0.53 0.025

The uptake rate was taken to be kcs, where cs is the concentration of the added
substance at the surface of the cell. c0 is the initial (uniform) concentration, and
c24 is the final average concentration.
doi:10.1371/journal.pone.0051796.t001
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Supporting Information

Figure S1 Schematic of the protocol for testing for
autocrine signaling and interpreting the results ob-
tained.
(TIF)

Table S1 Examples of studies that have implicated
autocrine signaling in the expansion and differentiation
of various types of cells that could be used for cell-based
therapies.
(PDF)

Text S1 Effects of parameter variation on the concen-
tration gradient.
(PDF)

Text S2 Model with receptor dynamics.
(PDF)

Text S3 Independence of results from binding stoichi-
ometry and kinetics.

(PDF)

Text S4 Slowly diffusing substance added to a culture.

(PDF)

Acknowledgments

I would like to thank Prof. J. Voldman (MIT) for use of his laboratory for

making the flow measurements described in the manuscript, and for useful

discussions.

Author Contributions

Conceived and designed the experiments: NM. Performed the experi-

ments: NM. Analyzed the data: NM. Wrote the paper: NM. Performed the

simulations: NM.

References

1. Batsilas L, Berezhkovskii AM, Shvartsman SY (2003) Stochastic model of

autocrine and paracrine signals in cell culture assays. Biophys J 85: 3659–3665.

2. Shvartsman SY, Wiley HS, Deen WM, Lauffenburger DA (2001) Spatial range

of autocrine signaling: modeling and computational analysis. Biophys J 81:

1854–1867.

3. Monine MI, Berezhkovskii AM, Joslin EJ, Wiley HS, Lauffenburger DA, et al.

(2005) Ligand accumulation in autocrine cell cultures. Biophys J 88: 2384–2390.

4. Ellison D, Munden A, Levchenko A (2009) Computational model and

microfluidic platform for the investigation of paracrine and autocrine signaling

in mouse embryonic stem cells. Mol Biosyst 5: 1004–1012.

5. Sporn MB, Todaro GJ (1980) Autocrine Secretion and Malignant Transforma-

tion of Cells. New England Journal of Medicine 303: 878–880. See also Table

S1.

6. Wilder PJ, Kelly D, Brigman K, Peterson CL, Nowling T, et al. (1997)

Inactivation of the FGF-4 gene in embryonic stem cells alters the growth and/or

the survival of their early differentiated progeny. Developmental Biology 192:

614–629.

7. Knauer DJ, Wiley HS, Cunningham DD (1984) Relationship between

epidermal growth factor receptor occupancy and mitogenic response. Quanti-

tative analysis using a steady state model system. J Biol Chem 259: 5623–5631.

8. Guo Y, Hangoc G, Bian H, Pelus LM, Broxmeyer HE (2005) SDF-1/CXCL12

enhances survival and chemotaxis of murine embryonic stem cells and

production of primitive and definitive hematopoietic progenitor cells. Stem

Cells 23: 1324–1332.

9. Ramanujan S, Pluen A, McKee TD, Brown EB, Boucher Y, et al. (2002)

Diffusion and convection in collagen gels: implications for transport in the tumor

interstitium. Biophys J 83: 1650–1660.

10. Netti PA, Berk DA, Swartz MA, Grodzinsky AJ, Jain RK (2000) Role of

extracellular matrix assembly in interstitial transport in solid tumors. Cancer Res
60: 2497–2503.

11. Li F, Wang QM (2006) Characterization of Extracellular Matrix (ECM)
Produced by MC3T3 Cells Using Thickness Shear Mode (TSM) Resonators.

International Frequency Control Symposium and Exposition, 2006 IEEE 538–

544.
12. Capila I, Linhardt RJ (2002) Heparin – Protein interactions. Angewandte

Chemie-International Edition 41: 391–412.
13. Leukemia Inhibitory Factor (Millipore) is ‘‘stable for a minimum of 7 days at

37uC’’ according to the manufacturer’s website.

14. Thavasu PW, Longhurst S, Joel SP, Slevin ML, Balkwill FR (1992) Measuring
cytokine levels in blood. Importance of anticoagulants, processing, and storage

conditions. J Immunol Methods 153: 115–124.
15. Lengelle J, Panopoulos E, Betsou F (2008) Soluble CD40 ligand as a biomarker

for storage-related preanalytic variations of human serum. Cytokine 44: 275–
282.

16. Chaigneau C, Cabioch T, Beaumont K, Betsou F (2007) Serum biobank

certification and the establishment of quality controls for biological fluids:
examples of serum biomarker stability after temperature variation. Clin Chem

Lab Med 45: 1390–1395.
17. Aziz N, Nishanian P, Mitsuyasu R, Detels R, Fahey JL (1999) Variables that

affect assays for plasma cytokines and soluble activation markers. Clin Diagn

Lab Immunol 6: 89–95.
18. Vander AJ, Sherman JH, Luciano DS (2001) Human physiology: the

mechanisms of body function. Boston: McGraw-Hill. xviii, 800 p.
19. He L, Niemeyer B (2003) A novel correlation for protein diffusion coefficients

based on molecular weight and radius of gyration. Biotechnol Prog 19: 544–548.

Cell Surface Concentrations

PLOS ONE | www.plosone.org 5 December 2012 | Volume 7 | Issue 12 | e51796


