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Abstract

Equilibrium dialysis is a simple and effective technique used for investigating the binding of small 

molecules and ions to proteins. A three-dimensional (3D) printer was used to create a device 

capable of measuring binding constants between a protein and a small ion based on equilibrium 

dialysis. Specifically, the technology described here enables the user to customize an equilibrium 

dialysis device to fit their own experiments by choosing membranes of various material and 

molecular-weight cutoff values. The device has dimensions similar to that of a standard 96-well 

plate, thus being amenable to automated sample handlers and multichannel pipettes. The device 

consists of a printed base that hosts multiple windows containing a porous regenerated-cellulose 

membrane with a molecular-weight cutoff of ~3500 Da. A key step in the fabrication process is a 

print-pause-print approach for integrating membranes directly into the windows subsequently 

inserted into the base. The integrated membranes display no leaking upon placement into the base. 

After characterizing the system’s requirements for reaching equilibrium, the device was used to 

successfully measure an equilibrium dissociation constant for Zn2+ and human serum albumin (Kd 

= (5.62 ± 0.93) × 10−7 M) under physiological conditions that is statistically equal to the constants 

reported in the literature.
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Three-dimensional (3D) printing has revolutionized measurement science by empowering 

scientists to rapidly create customized tools to fit individual research needs.1–3 3D printing 

has been used in laboratories to create platforms for pharmacokinetic/pharmacodynamic 

(PK/PD) analysis,4,5 microfluidic cell culture,6–8 measurements of cell secretions,6,9,10 and 

general labware.11–13 Polyjet printing, which is the 3D-printing method used to create the 

device described here, is an additive manufacturing process where an object is built by 

successive layer-by-layer additions of a liquid polymer that is immediately cured by 

ultraviolet (UV) radiation after each layer. The printer builds the device according to a 

design drawn by the user in a CAD software package that is submitted to the printer as a 

stereolithography (.stl) file. Materials with different properties (rigidity, compressibility, 

smoothness, etc.), can be selected prior to printing to enhance device functionality.14 The 

device described here, printed using multiple materials, was used to measure the binding 

affinity between a biologically important ligand and protein following equilibrium dialysis.

Measuring the binding affinity of drugs, ions, and hormones to serum proteins provides 

important information about the bioavailability of these species to cells and tissues. Various 

techniques have been developed to perform these measurements, including ultrafiltration,15 
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high-performance affinity chromatography,16,17 ultracentrifugation, surface plasmon 

resonance, 18,19 fluorescence spectroscopy,20 isothermal titration calorimetry, and 

equilibrium dialysis, the most widely used technique for measuring the fraction of a drug or 

ligand bound to serum proteins.19 The principle of equilibrium dialysis, shown in Figure 1, 

involves mixing a ligand and receptor in a buffered solution that is placed on one side of a 

size-exclusion membrane. The membrane contains pores small enough to exclude the 

receptor and ligand/receptor complex from passing through it, but large enough to allow 

passage of free ligand. Buffer is placed on the opposite side of the membrane and the system 

is allowed several hours to permit the equilibrium of free ligand concentration on both sides 

of the membrane to be established, typically under constant agitation by a platform shaker. 

The concentration of bound ligand can be calculated using eq 1, where the total number of 

moles of ligand are known and number of moles of free ligand can be determined by 

measurement of the concentration of free ligand in the buffer compartment multiplied by the 

total volume of the compartments. This information can then be used to calculate an 

equilibrium dissociation constant using a saturation-binding curve or Scatchard analysis.

[bound ligand] = total ligands(mol) − free ligand(mol)
volume in sample compartment (1)

While enabling high accuracy in the determination of binding constants, an undesirable 

feature of equilibrium dialysis is the long incubation time of several hours often required for 

free-ligand concentration to reach equilibrium on both sides of the membrane. Therefore, to 

increase sampling rate and sample throughput, determinations based on equilibrium dialysis 

are often performed using platforms based on 96-well plate technologies.21 The ability to 

simultaneously determine binding constants or binding numbers using well-plate formats 

also enables such high throughput tools as multichannel pipettors and automated liquid 

handling systems. Indeed, equilibrium dialysis platforms in well-plate formats are 

commercially available.19 However, there are shortcomings to these commercially available 

systems. For example, the end user has a limited choice of membrane materials (typically 

cellulose) and molecular-weight cut off options. In addition, many characteristics of the 

dialysis membrane (such as percent porosity) are unknown, making mathematical predictive 

modeling of equilibrium times difficult to determine, and requiring the user to “guess and 

check” the equilibration time prior to performing the desired measurements. These 

shortcomings can be overcome by allowing the user to select a membrane of their choice.

Membranes are commonly incorporated into analytical fluidic devices for many 

applications.22–24 However, incorporating membranes into devices without leakage remains 

difficult and cumbersome, often requiring adhesives or O-rings. In a recent example of 

overcoming such obstacles, innovative work by Breadmore et al. described successful use of 

a multiple-material FDM 3D printer to integrate a polymer Lay–Felt membrane directly into 

a microfluidic device without leakage.25 Here, we describe a novel and simple Print–Pause–

Print technique for seamlessly integrating any membrane directly into 3D-printed devices 

via a polyjet printer without the use of adhesives or O-rings. The device, which was 

developed for measuring the equilibrium-binding constants of important biological ligands 

to a carrier protein, enables the user to choose any membrane for their experiments. The 
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device also has the same size and shape of a standard 96-well plate, allowing easy sample 

handling and pipetting. Specifically, we report the measurement of the binding affinity of the 

zinc metal ion (Zn2+) for human serum albumin (HSA), which is a bloodstream protein with 

a plasma concentration of ~600 µM, making it the most abundant plasma protein. HSA is 

considered an important carrier protein, because of its ability to bind different ions, 

hormones, and drugs and distribute them throughout the body.26 It is believed that only the 

unbound fraction of these species are available to cells and tissues; therefore, measuring the 

fraction of these species bound to HSA in vitro is essential to understanding their 

bioavailability and PK/PD profiles in vivo.19,26

EXPERIMENTAL SECTION

Fabrication of the Dialysis Base Plate

The device base is the same size and shape of a 96-well plate; the wells are 2.5 mm in width, 

allowing convenient pipetting of sample out of the device with the use of a multichannel 

pipet for rapid transport to an instrument for quantitation of the analyte ligand. The device 

was created by an additive manufacturing technique using an Objet Connex 350 3D printer 

housed in the department of Electrical and Computer Engineering at Michigan State 

University. The printer is capable of 16 µm resolution in the Z-axis and 600 dpi in the XY 
plane. An .stl file containing the blueprints of the device, as created in CAD software 

(Autodesk Inventor Professional), was submitted to the printer. The printer interprets the .stl 

file and successively deposits ~30 µm layers of a chosen liquid polymer, followed by curing 

of the polymer via UV light to create a rigid object according to the specifications of the .stl 

file. This 3D printer is capable of printing multiple materials with different properties into 

the same device for added functionality. In this way, a dialysis base plate (Figure 2) was 

printed in a rigid material (VeroClear, Stratasys, Ltd., Eden Prairie, MN) containing 12 wells 

that were lined with 0.6 mm of a rubberlike material (Tangoblack, Stratasys, Ltd.). The 

rubberlike properties of the Tangoblack material provide a watertight seal in the well, which 

is important to prevent leaking when hosting the membranes and membrane holders, which 

are described below.

Print–Pause–Print Technique for Integrating Membranes Directly into 3D-Printed Devices

The membrane holders (3.3 mm wide, 32.8 mm long) were designed to slide tightly into the 

wells of the dialysis base plate to create two separate compartments. The technique for 

integrating the membranes directly into the membrane holders is illustrated in Figure 3. The 

window-shaped membrane-holders, shown in Figures 4A–D, were fabricated with 0.55 mm 

outer layers of the rubberlike Tangoblack in order to create a water-tight seal when slid into 

the dialysis base plate. The interior of the membrane holders was a 2.0 mm layer of 

Verowhite material for rigidity, with a thin (0.2 mm) additional layer of Tangoblack printed 

directly in the middle of the Verowhite, and is shown in Figure 4A. The print process is 

monitored by the operator as the printer creates layers of material to build the membrane 

holder from the bottom up. When exactly half of the membrane holder was printed (1.65 

mm from the bottom), the print process was paused, the cover of the Objet Connex 350-

printer (Figure 4B) was opened, and precut commercially purchased 3.5 kDa MWCO 

regenerated-cellulose dialysis membranes (Spectrum Laboratories, Inc., Rancho 
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Dominquex, CA) were carefully placed onto the freshly printed middle layer of Tangoblack 

on each membrane holder, as shown in Figure 4C (the thin layer of Tangoblack is barely 

visible; therefore, the object appears light blue). The Tangoblack is somewhat adhesive, thus 

facilitating membrane placement throughout the process. The membranes were hand-cut by 

the operator and placed onto the membrane holder to cover the void area in the holder. The 

printing resumed, laying polymer on the edges of the membrane and sealing it directly into 

the holder. The printer was then allowed to finish the print process to create the finished 

product, as shown in Figure 4D. The membrane containing holders are then placed by hand 

into the base plate (Figure 2) with a small amount of silicone vacuum grease (Dow Corning, 

Midland, MI) on the edges of the Tangoblack material on the membrane holder.

Reagents

Albumin from human serum (HSA; lyophilized powder, free of fatty acid and globulin, 

≥99% pure, via agarose gel electrophoresis) was purchased from Sigma (St. Louis, MO, 

USA). The Pierce bicinchoninic acid (BCA) protein assay kit was purchased from 

ThermoScientific. Radio-labeled zinc was purchased as 65ZnCl2 from PerkinElmer with a 

radionuclide purity of 99.0% (half-life = 244 days) and diluted in distilled and deionized 

H2O (DDW, 18 MΩ) to prepare a stock solution whose concentration of 65Zn2+ was 

calculated daily.

Sample Preparation

A stock solution of HSA was prepared daily by diluting the lyophilized HSA powder with 

dialysis buffer (150 mM NaCl, 21 mM Tris, pH 7.40 in DDW, sterile filtered through 0.22 

µm filters from Sigma) to make a 5 mg/mL HSA solution, as confirmed by the BCA assay. 

From this stock solution, samples (each 750 µL total) were prepared in dialysis buffer to 

contain 15.0 µM HSA and varying concentrations of 65ZnCl2 ranging from 1 µM to 25 µM.

Characterization of Incubation Time

The membrane holders were placed into the dialysis base plate and the compartments and 

membranes rinsed three times with DDW to remove any contamination or debris. Excess 

liquid was removed with a pipet. A 700 µL aliquot containing 15 µM HSA and 5 µM 
65ZnCl2 was then pipetted into a sample compartment on the device. Subsequently, 700 µL 

of dialysis buffer were pipetted into the other compartment on the device. This exact 

procedure was repeated in 4 other wells on the device, followed by placement of a 96-well 

plate adhesive plate sealer to prevent evaporation during incubation. The entire device was 

agitated at 220 rpm at 37 °C on an incubating orbital shaker (Talboys) to provide constant 

mixing and maintain physiological temperature. Lastly, 500 µL of sample were removed 

from the buffer compartment of an individual well following 2, 4, 5.5, 8, and 10 h of 

incubation for quantitation of free 65Zn2+.

Quantitation of Free 65Zn2+ via Liquid Scintillation Counting

Samples containing 15.0 µM HSA and different concentrations of 65ZnCl2 (1, 2.5, 5, 10, 16, 

19, and 25 µM 65Zn2+) were pipetted into separate sample compartments of the device, as 

described in the previous section, with equal volumes of diluted dialysis buffer in the 
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adjacent buffer compartments. The device was agitated/incubated at 37 °C for 6 h. Then, 

immediately following the 6 h of incubation, 500 µL of sample from the buffer 

compartments were removed for quantitation of free 65Zn2+ using a PerkinElmer MicroBeta 

TriLux 1450 liquid scintillation counter. A 90 µL aliquot of sample was pipetted into a well 

of a 96-well plate, followed by the addition of 90 µL of scintillation cocktail (OptiPhase 

Supermix, PerkinElmer) to the sample-containing well. Standards of known 65Zn2+ 

concentrations in dialysis buffer were treated in the same manner to generate an external 

standards calibration curve. The plate was placed into the instrument for counting, following 

a 30 min delay.

Calculations and Data Analysis

After the concentration of free 65Zn2+ was quantitatively determined, the concentration of 

bound 65Zn2+ was calculated by subtracting the moles of free 65Zn2+ from the total moles of 
65Zn2+ originally added and accounting for the volume in the sample-compartment (see eq 

1). The concentrations of free versus bound 65Zn2+ were used to create a saturation binding 

curve. This curve was then analyzed by nonlinear regression software (SigmaPlot 13.0) to 

calculate an equilibrium dissociation constant (Kd) and the binding stoichiometry (n) for the 

system.

RESULTS

The initial challenge of fabricating the device was creating a system that did not leak. That 

is, a device containing two separate compartments separated by a membrane in which the 

only molecular transport between the two compartments is by diffusion through the 

membrane pores. Initial studies using this device with glued-in membranes failed to create a 

leak-free system and the process of gluing membranes into the device was cumbersome and 

time-consuming with low precision between devices. Also, initial studies featured a device 

using a single material (Verowhite) that resulted in leakage of liquid samples from one 

compartment into the other around the outside of the membrane holder. The incorporation of 

multiple materials of different properties, rigid Verowhite and rubbery Tangoblack, allowed 

the membrane insert to form a watertight seal when inserted into the dialysis base plate. The 

Tangoblack material is able to compress under pressure, much like an O-ring, thus providing 

the leak-free seal. The Print–Pause–Print approach was developed to seamlessly integrate 

membranes in a time-efficient manner into 3D-printed devices without leakage. The 

membrane seal was evaluated by simply placing water on one side of the membrane and 

nothing else on the other and shaking the device for 6 h, while regularly monitoring the 

adjacent membrane compartment visually for leaked water.

Once a device had been constructed that had no leaking around the membrane holders, the 

binding of ligand to protein was implemented. Size-exclusion dialysis membranes with a 3.5 

kDa molecular weight cutoff (MWCO) were chosen in order to allow the passage of free 

Zn2+ through the membrane pores, while efficiently blocking the passage of HSA (molar 

mass ≈ 66.5 kDa) and the Zn2+-HSA complex. This allows the quantitative determination of 

free and bound Zn2+ concentration at equilibrium, which allows the calculation of an 

equilibrium binding constant.
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Preliminary experiments were required to measure the time needed for the concentration of 

free Zn2+ to reach equilibrium on both sides of the membrane. The incubation time needed 

to reach equilibrium was indicated by the time which the free concentration of Zn2+ stopped, 

increasing in the buffer compartment. As seen in Figure 5A, the difference in the 

concentration of free Zn2+ after 5.5 h of incubation was not statistically different than the 

concentration at 8 or 10 h, indicating a minimum incubation time of 5.5 h to be sufficient for 

the system to reach equilibrium. Thus, future studies used a conservative incubation time of 

6 h.

Experiments were then performed in order to produce a saturation binding curve between 

HSA and Zn2+ by holding the concentration of HSA constant and varying the concentration 

of Zn2+, so that the free concentration of Zn2+ was varied across several orders of 

magnitude. The experiment was replicated three times and the results can be seen in Figure 

5B, showing a reproducible binding curve. The three data points collected for each different 

concentration of Zn2+ were averaged, plotted, and analyzed by nonlinear regression software 

(SigmaPlot 13.0), to produce the graph in Figure 5C. The data fit well to a one-site binding 

model accounting for nonspecific binding with a goodness-of-fit (R2) of 0.9985. An 

equilibrium dissociation constant (Kd) and binding stoichiometry (n) was calculated as (5.62 

± 0.93) × 10−7 molar and 1.6 ± 0.2, respectively. The Kd can be converted to a log K value 

of 6.2 ± 0.1, and can be compared to a previously reported log K value of 6.4 ± 0.8.27 The 

data agrees well with previously reported literature values, therefore confirming the 

capability of the device to be used to measure the binding affinity between a small ligand 

and a large protein.

CONCLUSIONS

Here, a 3D-printed device was fabricated and employed to perform equilibrium dialysis 

experiments to measure the binding affinity of Zn2+ to HSA. In contrast to commercially 

available technologies, this device is fully customizable and allows the user to select any 

membrane of their choice to perform the dialysis experiment. This is important for several 

reasons, one being that certain membrane materials can affect binding measurements by 

causing nonspecific binding of the analyte ligand. Also, some dialysis membranes have 

more stringent MWCO properties than others, which may be of interest to the user who 

requires high specificity separations based on size exclusion. This also enables the user to 

optimize the incubation time of their equilibrium dialysis experiments by selecting 

membranes with known properties, such as percent porosity. The ability to incorporate any 

membrane into the device is made possible by the Print–Pause–Print polyjet 3D-printing 

approach reported here. The Print–Pause–Print method empowers the user to integrate 

membranes seamlessly into 3D-printed fluidic devices without leakage. The potential of the 

application of this technique in analytical chemistry and engineering is high, as integrating 

membranes into microfluidic devices is a necessary but previously cumbersome, time-

consuming, and often low precision task. The 3D-printed device described here can be used 

for measuring the binding affinity of small ligands to larger proteins or even cells. By 

allowing the use of any membrane, the binding experiments that the user can perform via 

equilibrium dialysis are no longer limited by commercial availability.
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Figure 1. 
Illustration of the principle of equilibrium dialysis. The circles represent protein (albumin), 

and the black triangles represent ligand (Zn2+).
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Figure 2. 
(Left) Autodesk CAD drawing of the equilibrium dialysis base plate. The base plate has the 

exact same dimensions as a standard 96-well plate and is printed with two different 

materials. The TangoBlack material printed within the wells provides compression against 

the inserted membrane holders, which is a necessary feature to prevent unwanted leakage of 

liquid between compartments. (Right) Photograph of the finished device, as printed by a 

Connex 350 3D printer, depicting a membrane holder about to be slid into position.
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Figure 3. 
A Connex 3D printer was used to integrate membranes directly into a device. First, in panel 

(A), a device containing a window was printed halfway. The printer was paused, and in 

panel (B), the operator laid down a porous membrane of choice over the window. In panel 

(C), the printer resumes and the polyjet print head lays polymer over the edges of the 

membrane to seamlessly seal it into the device.
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Figure 4. 
In panel (A), a model is drawn using Autodesk Inventor Professional 2017 CAD software. 

The model is saved as an .stl file and sent to the 3D printer (panel (B)). The membrane 

holder is printed with multiple materials. The interior is a rigid Verowhite material, and the 

exterior is a compressible TangoBlack material, to prevent leaking. In panel (C), the operator 

places the membranes into the device halfway through the print process. Panel D shows the 

final product: a membrane holder with a membrane seamlessly sealed into the device.
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Figure 5. 
In panel (A), the time needed to reach equilibrium in the device is estimated as the time 

when the free [65Zn2+] ceases to increase. These data suggest that equilibrium is reached 

between 5 and 6 h (n = 3, error = standard deviation × p = 0.606). In panel (A), seven 

samples were made containing 15 µM HSA and varying concentrations of [65Zn2+] (1–25 

µM). The samples were placed in separate wells of the device and incubated for 6 h (n = 3, 

error = standard deviation). In panel (C), the mean free and bound [65Zn2+] concentrations 

were analyzed using nonlinear regression software (SigmaPlot 13.0), assuming a one-site 

binding model and accounting for nonspecific binding (goodness-of-fit (R2) = 0.9985).
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