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Abstract: A new method for producing molecular gradi-
ents of arbitrary shape in thin three dimensional gels is
described. Patterns are produced on the surface of the gel
by printing with a micropump that dispenses small drop-
lets of solution at controlled rates. The molecules in the
solution rapidly diffuse into the gel and create a smooth
concentration profile that is independent of depth. The
pattern is relatively stable for long times, and its evolution
can be accurately described by finite element modeling
of the diffusion equation. As a demonstration of the
method, direct measurements of protein gradients are
performed by quantitative fluorescence microscopy. A
complementary technique formeasuring diffusion coeffi-
cients is also presented. This rapid, flexible, contactless
approach to gradient generation is ideally suited for cell
culture experiments to investigate the role of gradients of
diffusible substances in processes such as chemotaxis,
morphogenesis, and pattern formation, as well as for
high-throughput screening of system responses to awide
range of chemical concentrations.
� 2005 Wiley Periodicals, Inc.
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INTRODUCTION

Many important biological processes, such asmorphogenesis

(Gurdon and Bourillot, 2001) and chemotaxis (Parent and

Devreotes, 1999), rely on gradients of molecular factors that

are established by diffusion. To study these processes invitro,

a variety of techniques have been developed for producing

gradients of chemical factors in three-dimensional gels. The

simplest approach is to place the gel in contact with a cham-

ber of solution or gel containing the factor of interest. Diffu-

sion of the factor creates a continuously evolving gradient

(Knapp et al., 1999; Letourneau, 1978; Moghe et al., 1995).

A more controlled gradient can be produced by placing a

gel between two chambers with differing concentrations of

factor. After an initial transient, a linear gradient is esta-

blished between the two chambers (Cao and Shoichet, 2001;

Fisher et al., 1989; Haddox et al., 1991; Nelson et al., 1975).

The main drawbacks of this method are that the gradient is

established only after an initial transient that can be fairly

long for large proteins and other slowly diffusing molecules,

the reservoirs require a large excess of chemical factor, only

linear gradients can be produced, and a separate apparatus is

required for each culture dish. Protein gradients have also

been incapsulated in a microporous gel by creating a linear

gradient in a mold before gelation (Kapur and Shoichet,

2004). There are many approaches for producing gradients

on surfaces (Kramer et al., 2004; Ruardy et al., 1997) and

recently an elegant method for generating complex gradient

shapes in solution and on surfaces using micro fluidics has

been demonstrated (Dertinger et al., 2001), but these techno-

logies are not suitable for investigating many biological

processes that occur in three-dimensional environments.

We have developed a technique for gradient generation

that relies on a computer-controlled micropump to create

patterns of chemical factors on the surface of a relatively thin

gel. As detailed below, this approach offers several signi-

ficant advantages over most existing methods: There is no

contact between the micropump and the gel, gradients can

easily be reproduced in multiple experimental chambers, a

variety of gradient shapes can be generated with the same

hardware, no excess factor is required, and the gradients are

established quickly. The shape of the gradients evolves in

time in a way that can be accurately modeled by the diffusion

equation. This evolution is the main drawback of this method

compared to those described above, which can produce

nearly stable gradients after sufficient time. As shown below,

however, the slow diffusion of many large proteins results in

gradients that are surprisingly stable for a day or more, which

is adequate time for many in vitro studies. In particular, we

have employed this technique to produce precise measure-

ments of the response of developing axons to precisely

controlled gradients of diffusible neurotrophic factors, and

found that they are among nature’s most sensitive gradient

detectors (Rosoff et al., 2004). In caseswhere greater stability
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is needed, gradients created by this method can be immo-

bilized by photochemically binding the proteins to the gel

matrix (e.g. Cao and Shoichet, 2002; Kapur and Shoichet,

2003).

MATERIALS AND METHODS

Collagen Gel Preparation

A 2 mg/mL collagen gel solution was prepared under sterile

conditions by mixing on ice type I rat tail collagen stock

(Collaborative Biomedical Products, Bedford, MA) diluted

with water to contain 2 mg/ml collagen, 27 mL of a 7.5%

sodium bicarbonate solution per mL of original collagen

stock, and 1/10 final volume of 10� OptiMEM (Invitrogen,

Carlsbad, CA). 1,500 mL of the solution was placed in a 35

mm dish spread uniformly over the bottom of the dish,

forming a layer of collagen approximately 1 mm thick. The

dishes were placed in an incubator until the gel set.

Pattern Printing

The printing was performed by a commercially available

pump (Gesim) that can deliver precisely repeatable nanoliter

droplets at programmable rates of up to 1,000 drops per

second.A dish containing the gelwasmounted on a computer

controlled commercial high precision x–y translation stage

(Velmex Inc., Bloomfield, NY). The spacing between drops

was controlled by varying the rate of droplet ejection and the

rate of translation of the x–y stage. The motion of the

translation stage and the droplet ejection was controlled by

Labview software (National Instruments, Austin, TX). A

diagram of the printing system is shown in Figure 1. (An

integrated system for complex pattern generation, the

Nanoplotter, is also available from Gesim and can perform

similar functions.) For most runs, the translation stages

moved at 2mm/s and the droplet ejection rate varied between

15 and 100 drops/s. In situations where more solution was

required, the program would produce multiple passes of the

pump over the same line. The initial width of the printed lines

is determined by the spreading of the droplets when they hit

the surface of the gel. For our experiments with collagen, this

spreading was on the order of 0.1 mm.

Fluoresence Imaging

b-Casein (Sigma, St. Louis), a 24 kDa protein, was labeled

with FluoReporter Oregon Green 488 Protein Labeling Kit

(Molecular Probes, Eugene, OR), as per the kit instructions.

Labeled protein concentration was determined by the Lowry

method. Fluorescence intensity was measured by a custom

imaging setup built around a Cohu 4922–2010 cooled

CCDmonochrome camera. The sample was imaged through

a telescopic optic with a depth of field greater than the

thickness of the collagen.

Standards for calibration were produced by uniformly

mixing different concentrations of labeled protein with the

collagen solution before the gel was set. A linear calibration

of concentration versus intensity was generated from the

standards. A background signal measured by imaging a gel

with no labeled proteinwas subtracted from all images before

analysis. The sensitivity of the fluorescence imaging may

vary with depth because of absorption and scattering. How-

ever, this will not affect the calibration curve because the

concentration does not vary with depth in the standards or the

patterns imaged (see Fig. 4a).

Simulations of Diffusion

Molecular diffusion was modeled using a three-dimensional

finite element modeling program (Femlab v. 3, Comsol) of

the diffusion equation to simulate the experimental cylind-

rical domain, 35 mm in diameter and 1 mm in depth with

no-flux boundary conditions. The printing of the diffusant

lines was modeled by a nearly constant flux of brief duration

(10 s) in narrow regions (0.1 mm). We used the standard

Femlab time dependent diffusion model with quadratic

elements. The integration meshes of the solutions displayed

in Figures 2, 3, and 4 were generated using the fine or extra

fine mesh parameter settings, and convergence was tested by

examining the stability of solutions as mesh parameters were

varied. The number of degrees of freedom in the final meshes

ranged between 100,000 and 200,000.

RESULTS AND DISCUSSION

Principle of Gradient Generation

Diffusion of large proteins in collagen and other gels is

typically quite slow. For example, we have measured the

diffusion coeficient, D, of NGF in collagen to be DNGF¼
8� 10�7 cm2/s (Rosoff et al., 2004). The timescale for

significant diffusion along the lateral dimension of an L¼
1 cm long culture dish is t� L2/DNGF& 14 days. This

presents something of a challenge for many traditional

Figure 1. Schematic of the gradient generation apparatus. Patterns are

printed by moving the gel while droplets are ejected by the pump. The pump

and stepper motors are controlled by commands sent via serial ports using a

custom program written in LABVIEW (National Instruments).
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approaches to gradient generation, because the time neces-

sary for the gradient to stabilize can be prohibitively large.

However diffusion acts much more rapidly over short dis-

tances. For example, the timescale for NGF to diffuse into the

middle of a 1 mm deep gel from the surface is less than an

hour. Similarly, fine features on a pattern printed onto the

surface of a gel will be rapidly smoothed by molecular diffu-

sion. Thus an arbitrary gradient can be created by printing a

pattern of variable concentration onto the surface of a thin

gel, such as a series of thin, equally spaced parallel lines of

factor with a regular variation in the concentration from one

side of the gel to the other.

Measurements of Diffusion Coeficients

The timescales for the generation of a smooth concentration

profile and for the eventual decay of that profile are propor-

tional to the diffusion coefficientD of the molecular factor in

the gel. We have developed a quick and convenient method

for directlymeasuringD in our gels. Using the printer setup, a

single 10–20 mm long line of fluorescently labeled mole-

cular factor is delivered onto the middle of a large (35 mm)

petri dish containing the gel, such as the line of fluorescently

labeled casein, a 24 kDa protein, shown in Figure 2a. (Casein

has a molecular weight comparable to NGF, but is relatively

inexpensive and easier to label.) The narrow line spreads out

into a Gaussian concentration profile and the square of the

Gaussian width s (standard deviation) evolves linearly in

time, with a slope determined byD, s2¼ 2Dt (Crank, 1975).

The solid lines in Figure 2b show the concentration profile at

different times in the direction perpendicular to the line

measured by quantitative fluorescence imaging (see meth-

ods). Figure 2c showss2, determined fromfitting each profile

to a Gaussian, plotted versus time. The solid line is a linear

fit, which gives Dcasein¼ 6.8� 10�7 cm2/s. The symbols in

Figure 2b show the result of numerical solutions to the

diffusion equation using the measured value ofD. The agree-

ment at long times is good, while at short times discrepancies

are evident. This is probably due to the difficulty of exactly

modeling the initial conditions, in particular the exact distri-

bution of dye molecules deposited by the pump, and does

not significantly affect the measurement of the diffusion

coeficient.

Molecular Gradients

Concentration patterns of virtually any shape can be pro-

duced by controlling the rate of droplet delivery by the pump.

After a relatively short time, the concentration of factor in the

gel approaches the average density of factor molecules in

the immediate vicinity. Figure 3 shows the concentration

Figure 2. Measurement of the diffusion coefficient of fluorescent casein.

a: A single line printed on a 1 mm thick collagen layer in a 35 mm diameter

petri dish, imaged approximately 1 h after printing. b: Solid lines: The

concentration in the direction perpendicular to the line measured at different

times by quantitative fluorescence imaging. Symbols: Concentration profiles

derived from numerical solutions to the diffusion equation for the measured

value of Dcasein¼ 6.8�10�7cm2/s. c: Symbols: The square of the standard

deviation ofGaussianfits to the fluorescent profile as a functionof time. Line:

Linear fit, R2¼0.99. [Color figure can be seen in the online version of this

article, available at www.interscience.wiley.com.]

Figure 3. Concentration profile generated by simulation of the diffusion

equation for an exponential gradient, 1 h after the deposition of 10 lines,

10mm in length and 1mmapart, with the amount of factor in each successive

line increased by a factor of 1.49. The experimentally determined diffusion

coefficient for casein, Dcasein¼ 6.8�10�7cm2/s, was used in the simulation.

[Color figure can be seen in the online version of this article, available at

www.interscience.wiley.com.]
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profile after 1 h, calculated by a simulation of the diffusion

equation for a series of 10 lines, 10 mm in length and 1 mm

apart, with the number of drops in each successive line

increased by a factor of 1.49. This produces an exponential

gradient with a concentration that increases 0.4% every

10 microns. The simulation was performed using the experi-

mentally determined value of Dcasein. Figure 4a shows the

concentration as a function of depth determined from the

simulation at various times near the center of the gradient.

Because the time for NGF diffusion through the depth of the

thin gel is relatively short, the concentration rapidly becomes

independent of depth.

A pattern of fluorescent casein in collagen gel was pre-

pared matching the condition described in the preceding

paragraph. In Figure 4b, we compare the measured concen-

tration profiles with the simulations. As with the single line

measurements, the agreement at short times is poor, presum-

ably due to the uncertainty about the precise initial

concentration distribution as mentioned above. At inter-

mediate and long times the agreement is good.

The concentration at the low end of the gradient rises over

time while the concentration at the high end decreases, as a

result of diffusion from the high-concentration end. This can

be seen in Figure 4c, which shows the concentration as a

function of time for several points along the gradient calcu-

lated in the simulation. In Figure 4d we plot the percentage

change in concentration over a distance of 10 microns, the

size of a typical cell. The gradient becomes shallower every-

where along the gradient, but at the lower end of the gradient

the change is relatively modest. For shallower gradients, the

curves at the low end of the gradient are approximately

constant over 24 h (Rosoff et al., 2004). Since the rate of

diffusion is proportional to the diffusion coefficient, curves

similar to Figure 4c,d for any value of D can be produced

simply by rescaling the time axis by the ratio of diffusion

coeffficients.

DISCUSSION

The method for gradient generation we have developed has

several significant advantages over previous approaches:

large numbers of identical gradients can be generated quick-

ly, the often precious molecular factors are required only in

very limited quantities, the gradients are established in a short

time, and complex concentration profiles can be generated.

A wide range of two-dimensional concentration profiles

can be generated in a thin gel using this approach. The

smallest features in the profile must be significantly larger

than the precision of the placement of the factor in the initial

pattern. In our implementation, this is limited primarily by

the spreading of the droplets upon impact with the gel. This

Figure 4. Time evolution of the concentration profile. a: Concentration
profiles through the vertical thickness of the gel at x¼�1mm and y¼ 0mm

(see Fig. 3), at various times from a numerical solution to the diffusion

equation. b: Comparison of measured and calculated concentration profiles.

Solid lines: The concentration in the direction along the gradient measured at

different times by quantitative fluorescence imaging. Symbols: Concentra-

tion profiles from the numerical simulation. c: Concentration as a function

of time produced in the simulation at different points along the gradient.

d: Gradient strength as a function of time produced in the simulation at

different points along the gradient. The legends in (c) and (d) give the (x, y, z)

coordinates, using the same coordinate system as Figure 3. The measured

value of Dcasein¼ 6.8�10�7cm2/second was used for the numerical

calculations. [Color figure can be seen in the online version of this article,

available at www.interscience.wiley.com.]

ROSOFF ET AL.: GENERATING CONTROLLED MOLECULAR GRADIENTS IN 3D GELS 757



approach can be extended to thicker gels, but the time it takes

to reach the depth-independent concentration profiles shown

in Figure 4a increases with the square of the gel thickness.

The profile will evolve towards a uniform concentration,

unless the factor is fixed in place (e.g., Cao and Shoichet,

2002; Kapur and Shoichet, 2003). The length of time for

which the pattern is reasonably stable depends on the details

of the pattern. In general, steep gradients and small features

are the least stable.

There are several competing constraints that need to be

balanced when determining the parameters for generating

particular concentration profiles. Droplets ejected too close

together tend to coalesce on the surface before diffusing into

the gel. In addition, at high enough droplet density the

volumeof solutionmay be enough tomodify the properties of

the gel. In our experiments we have typically limited our

linear droplet density to 50 1.4 nL drops per mm. In order for

the lines to be well-defined the spacing between droplets

within a line should be smaller than the spacing between the

lines, which for our experiments is typically 1 mm. Thus a

concentration range of up to a factor of 50 is available from a

single solution.We have produced patterns with significantly

larger ranges of concentrations by changing to a more con-

centrated solution after printing the low-concentration end of

the pattern. (Alternatively, multiple pump heads loaded with

different concentrations could be employed.)

The volume of solution deposited is small compared to the

volume of the gel, but the variation of droplet density in the

printed pattern may produce effects that compete with the

effects of the molecular concentration gradient. If this is a

concern (as it was in our measurements of the chemotactic

response of developing axons, Rosoff et al., 2004), the total

volumeoffluid deposited on each line can be equalized by the

application of an appropriate amount of the buffer after the

deposition of the pattern of molecular factor of interest.

There are a number of variations on the approach presented

here that might be useful for particular applications. The

erosion of the high concentration end of a gradient can be

slowed by placing it near an impermeable barrier. A similar

effect can be produced by placing two gradients back-to-

back, creating a ‘‘ridge’’ with identical gradients falling off

on each side of the ridge. By symmetry, there is no net flux of

molecules between the two gradients, so each evolves as

though it were up against an impermeable barrier. This

approach is likely to be useful when steep gradients are

required. In general diffusion from the high concentration

side of the gradient causes the concentration at the low end to

rise significantly. This effect can be reduced by shortening the

pattern, but the shorter pattern results in a more rapid flatten-

ing of the gradient. Because the back-to-back gradients slow

the erosion of the high concentration end, two short, steep

gradients back to back will optimize the stability in some

situations. Numerical simulations of the diffusion equation

provide a convenient method for optimizing the initial

pattern for a particular application.

We have worked exclusively with 35 diameter circular

dishes, but the approach is particularly well suited to rect-

angular dishes where long lines can be produced, so that

samples can be placed far from the edges of the pattern.

Another variation is to produce circularly symmetric pat-

terns, e.g. by rotating the gel underneath the pump. A similar

geometry is used in the Spiral Gradient Endpoint method for

bacterial enumeration (e.g. Hill and Schalkowsky, 1990;

Wexler et al., 1996).

This approach completely eliminates edge effects, and has

the advantage that, when the high concentration end of the

gradient is placed at the center of the dish, there is less factor

used and the problem of diffusion to the low concentration

parts of the pattern is reduced. However some applications,

such as creating multiple gradients in different directions, do

not easily adapt to a circular geometry.

In conclusion, we have developed a rapid, flexible, con-

tactless approach to molecular gradient generation in gels.

The technique takes advantage of flexible microdispensing

technology and the slow diffusion of large proteins. We

anticipate that this approach will be useful for studies of

chemotaxis, morphogenesis and pattern formation in a

variety of systems, as well as for high-throughput screening

applications.

We thank Steve Pesanti, Christine Fleury, and Jeff Torri for their

assistance with the printing and imaging.
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