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Electroosmotic flow is a bulk fluid flow that influences solute transport through capillary 

conduits and porous material under the influence of an electric field. The magnitude of 

electroosmotic flow is proportional to the ζ-potential of the capillary or porous material. A 

porous material such as living tissue would need to have an appreciable ζ-potential to create 

electroosmotic flow in the interstitial space. Transporting solutes in and out of tissue by virtue of 

electroosmotic flow in principle has advantages such as avoiding pressure effects and sample 

dilution that accompany micropush-pull and microdialysis approaches. In order to assess the 

viability of this approach, it is necessary to know the ζ-potential in the tissue of interest. To 

address this, a method and apparatus was developed to measure the ζ-potential and tortuosity in 

tissue slices. The method was applied to organotypic hippocampal slice cultures. The apparatus 

was improved on in order to provide feedback control to maintain a constant electric field 

through the tissue culture. The ζ-potential of the organotypic tissue culture is -22 ± 0.8 mV and 

the tortuosity is 2.24 ± 0.10. With a ζ-potential of -22 mV, low electric fields applied to the brain 

will create electroosmotic flow.  

Electroosmotic flow can be directed to transport extracellular fluid from brain tissue into 

a conduit such as a sampling capillary. Furthermore, electroosmotic flow can be used in the 

opposite way to eject fluid and solutes from a capillary or pipette into brain tissue. The 
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University of Pittsburgh, 2011
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electroosmotic effect may be important in the widely used solute delivery method of 

iontophoresis. In iontophoresis, solutes are ejected into tissue via an applied current. Once in the 

tissue, solute transport is affected by the electroosmotic flow in the tissue and thus depends on 

the tissue ζ-potential. The dependence of solute transport on ζ-potential is illustrated using a set 

of poly(acrylamide-co-acrylic acid) hydrogels. A method of measuring the thickness of 

organotypic tissue cultures has also been developed. Characterization of ζ-potential and 

tortuosity provides the fundamentals for understanding electroosmotic flow through the 

extracellular space of brain tissue. 
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1.0  INTRODUCTION 

Studies of electric fields in the brain focus on the effects of endogenous electric fields, 

environmental electric fields, and stimulation using electric fields for clinical and research 

purposes. The brain creates endogenous electric fields in the process of communication between 

neurons. Electric fields are naturally created in the synapse with ion channel openings.1 

Furthermore, local field potentials occur where extracellular (EC) potential fluctuations 

contribute to synchronizing groups of firing neurons.2 Orientation of those neurons can further 

amplify EC electric fields produced by synchronized firing.3  

Some treatments of neurological diseases are based on the application of electric fields to 

the brain. Deep brain stimulation is one such treatment that uses electric fields to treat the 

physical effects of Parkinson’s disease, such as tremors.4 Transcranial magnetic stimulation5-8 

and electric stimulation9-12 are clinical techniques that are used to treat depression and in stroke 

rehabilitation. Furthermore, seizures are controlled with the application of electric fields in the 

brain.13 Electric fields are also used to achieve electroporation in the brain in order to abolish 

tumors14 or for genetic manipulation.15 In electrophysiology, electric fields are used to stimulate 

single or small groups of neurons16 and even to direct neuronal growth17. Electric fields are used 

in solute delivery methods, such as localized18-20 and transnasal iontophoresis21. Despite the 

presence of endogenous electric fields and the use of exogenous electric fields, the degree to 

which electric fields in the brain motivate EC solute transport is unknown.  
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1.1 ELECTROKINETIC TRANSPORT 

An electric field applied across a porous medium, such as brain tissue, may produce 

electrokinetic transport, depending on the nature of the solute and the EC environment. Cell 

membranes and stationary EC matrix components include phospholipid head groups, proteins, 

sulfated carbohydrates, and the like that ionize in the presence of an electrolyte solution such as 

cerebrospinal fluid. An electric field in tissue with surface charges creates an electrokinetic bulk 

fluid flow called electroosmotic flow (EOF). The charges on cell surfaces and fixed EC matrix 

components affect the spatial distribution of ions in the EC fluid. A concentration gradient of 

ions forms near the charged surface: counterions concentrate near the surface, and coions are in 

low concentration.22 At a distance of 1 to 10 nm away from the charged surface, the ion 

distribution in the bulk solution reaches electroneutrality. EOF arises by virtue of the charge 

distribution in solution and the externally applied electric field.  

The electric potential at the slip plane between the moving and stationary ions is termed 

the ζ-potential.22 The magnitude of ζ-potential controls the magnitude of the EOF. 

Electrosmosis, electrophoresis, and streaming current/ streaming potential are common 

techniques used to experimentally determine the ζ-potential of a stationary surface in a porous 

medium or a conduit. EOF governs the observed velocity, vobs, of a neutral solute under the 

influence of an electric field, E. Measuring vobs can be used to determine the ζ-potential, ζ, of the 

surface. The velocity of the neutral solute is described by the Helmholtz-Smoluchowski 

equation:  

 𝑣obs = 𝑣eo = −𝜀ζ
𝜂� 𝐸 = 𝜇eo𝐸 (1) 
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where ε and η are the permittivity and viscosity of the medium, respectively. The electroosmotic 

(EO) mobility, µeo, is directly related to the ζ-potential of the charged surface.  

The ζ-potential of a particle can be determined in much the same way. The surface 

charges on the particle define its ζ-potential. The migration of charged particles under an electric 

field, independent of the ζ-potential of the matrix, is called electrophoresis. The ζ-potential of a 

particle is related to its electrophoretic mobility, as described by Equation 2.  

 𝑣ep = 𝜇ep𝐸 =
𝜀ζparticle

𝜂� 𝐸 (2) 

The electrophoretic velocity, vep, is a property of the solute related to its mobility, µep. The net 

migration of the solute is zero when µep directly opposes µeo. If µep is known, the ζ-potential of 

the surface can be calculated using Equation 1.  

Determination of ζ-potential using streaming currents includes a pressure gradient, 

sometimes resulting from gravitational or centrifugal forces.23 Electrodes are placed on either 

side of the pressure gradient across the charged channel or porous matrix. The current at which 

the electrode potentials are equal is defined as the streaming current. The streaming current, istr, 

is used to calculate ζ-potential by the following relationship: 

 𝑖𝑠𝑡𝑟 = 𝜀ζ
𝜂� �a2ΔP

L� � (3) 

where a is the pore radius, ∆P/L is the pressure gradient between the electrodes.  
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1.2 PHYSICOCHEMICAL BRAIN PROPERTIES 

ζ-potentials of isolated biological particles are often determined by measuring their 

electrophoretic velocities. ζ-potentials have been determined for isolated cells,24, 25 EC 

constituents,26 and synaptosomes27. The ζ-potential of cartilage models composed of bone 

fragments has also been investigated.28 In general, ζ-potentials of intact biological tissue have 

not been measured. However, EOF has been quantified in intact skin tissue to understand 

transdermal iontophoresis. Iontophoresis is an electrokinetic method used to drive solutes into 

tissue using an applied electric field. Research in transdermal iontophoresis has found that skin 

pores have an appreciable ζ-potential and the bulk of skin tissue has zero ζ-potential.29, 30 Ranck 

estimated brain tissue ζ-potential to be approximately -15 mV by using previously determined ζ-

potentials of cell plasma membranes.31 This dissertation is mainly focused on the determination 

of brain tissue ζ-potential and tortuosity and applying the knowledge to iontophoresis and 

reverse iontophoresis (EO sampling). 

EC solute transport is dependent on the geometry of the EC space and solute size and 

shape. Outside of electrokinetic phenomena, solute transport over distances greater than the 

synapse occurs by diffusion. EC diffusional transport has been thoroughly investigated.18 

Tetramethylammonium ion (TMA+)32-58 , dextrans36, 59-62 and other polymers,63-65 albumin,60 

radiotracers,66-69 neurotransmitters,33 and other molecules44, 61, 70-75 have been used as solutes for 

diffusion experiments in the brain to investigate tortuosity. Tortuosity is a quantitative measure 

of the twists and bends of the EC space. Various definitions of tortuosity exist. Volumetric 

tortuosity is defined as a purely geometric length ratio: the effective distance a solute must travel 

in the EC space between two points divided by the linear distance between those two points, i.e., 
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as if there were no obstacles in the solute’s path.76 definition of volumetric tortuosity is valid 

where the solute path is restricted to a single axis. The Multiple three dimensional pathways in 

the brain, cannot be described by distance of the solute path. Therefore, neurobiologists define 

tortuosity as apparent tortuosity. The square of the apparent tortuosity is equal to the ratio of a 

diffusion coefficient in free solution to the diffusion coefficient in the tissue matrix, i.e., apparent 

diffusion coefficient.18 The apparent diffusion coefficient, and thus apparent tortuosity, accounts 

for the three dimensional structure of the EC space, the solute properties, such as size and shape, 

and any frictional or viscous drag the solute experiences in the EC space.  

Different areas of the brain have different values of tortuosity, and anisotropy can exist 

within individual brain regions. The methods used to determine ζ-potential described in this 

dissertation require solutes to travel through the EC space under the influence of an electric field, 

and therefore subject solute movement to the tortuous environment of the brain.77, 78 We 

designate this tortuosity electrokinetic tortuosity. Electrokinetic tortuosity describes the possible 

dependence of solute flow on pore orientation with the electric field.79, 80 Published methods of 

determining diffusional tortuosity in the brain measure diffusional tortuosity, absent of an 

applied electric field.81, 82 Both ζ-potential and electrokinetic tortuosity of tissue can be defined 

using the experimental methods described later.  

1.3 THE MODEL SYSTEM: ORGANOTYPIC HIPPOCAMPAL SLICE CULTURE 

In order to determine the ζ-potential of brain tissue, which had not been determined before the 

research presented here, we need an appropriate experimental platform. Organotypic 

hippocampal slice cultures (OHSCs) are used in electrophysiology and pharmacology 
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experiments.83 OHSCs serve as an in vitro model system for the brain for determining the ζ-

potential and electrokinetic tortuosity. There are two different preparations of OHSCs: roller tube 

and interface. Both methods start with acute tissue slices that are extracted from specific brain 

regions and sliced at 100 to 500 µm thick. The roller tube preparation embeds the tissue slice in a 

plasma clot or collagen matrix on a microscope coverslip and the tissue is rotated slowly during 

incubation. This preparation yields a monolayer of cells that retains the cytoarchitecture of the 

original tissue slice. The interface preparation, originally developed by Stoppini, places slices on 

a porous hydrophilic PTFE membrane.84 The tissue is incubated over medium, such that 

nutrients from the medium permeate through the membrane into the tissue from below and 

oxygen is obtained from above. The initial thickness is critical for the interface method. Tissue 

slices larger than 500 µm are likely deprived of oxygen and nutrients. The interface method 

yields three dimensional cultures, about 4 cell layers thick, in which the cytoarchitecture and 

biochemistry are largely retained. This research employs the interface OHSC method.  

OHSCs are ideally prepared with early postnatal rat pups, p0 to p10. At this age, the brain 

is easiest to dissect, brain regions are mostly established, and cells have a higher rate of survival 

following the surgical process. Some cell adaptability still exists, such that once in culture, the 

tissue slice recovers from the trauma of explantation with a degree of synaptic rearrangement. 

Thus, complete tissue systems are established. Explantation from adult rats is possible, but 

requires oxygenation to avoid necrosis. Therefore, we chose to explant tissue from p6-p9 rats.  

The hippocampus is the most widely studied organotypic culture using the interface 

technique. The hippocampus is part of the limbic system of the brain, and plays an important role 

in learning spatial navigation and long-term memory. The hippocampus is one of the main brain 

regions affected by Alzheimer’s disease, epileptic seizures, and ischemic conditions such as 
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stroke. Each OHSC contains the laminar structure of the hippocampus. Pyramidal cells make up 

the cornu ammonus (CA), which is itself divided into 4 subgroups: CA1, CA2, CA3, and CA4. 

The CA2 and CA4 are small relative to the CA1 and CA3 and are often not pointed out in 

morphological studies. Granule cells make up the dentate gyrus. The dentate gyrus sits at the end 

of the CA4. Signals travel along the laminar structure from the dentate gyrus to the CA1. OHSCs 

also include the subiculum and entorhinal cortex. The CA1 dispatches signals to the subiculum.  

Both the subiculum and entorhinal cortex subregions contain axons that project to other brain 

regions. The laminar structure of the hippocampus has been shown to generate endogenous EC 

electric fields of tens of millivolts per millimeter by the synchronous activation of multiple 

neurons.3  

1.4 QUANTITATIVE ANALYSIS OF THE EXTRACELLULAR SPACE 

Quantitative analysis of solutes in the EC space in living systems has proven difficult. EC 

sampling can provide insight to EC solute concentrations, but the available methods bear 

disadvantages. Microdialysis uses a probe to sample a broad spectrum of solutes, but the probe 

damages the surrounding tissue.85, 86 Thus, results are a consequence of a perturbed system. 

Furthermore, the time resolution of published microdialysis samples is on the minutes 

timescale.87 Other methods, such as chronoamperometry and fast-scan cyclic voltammetry 

(FSCV) use microelectrodes that are small in diameter, avoiding cell death as a result of probe 

placement. FSCV has millisecond time resolution, but can only detect changes in levels of 

electrochemically active species.87-89 Micropush-pull sampling uses induced pressure to sample 



 8 

from the EC space. Disadvantages of this sampling method include sample dilution, mixing, and 

inferior time resolution to FSCV.90-92  

Ranck’s estimation of a brain tissue ζ-potential of -15 mV31 leads to the possibility of 

motivating electrokinetic flow in the EC space of the brain via an applied electric field. Provided 

a significant ζ-potential, such as -15 mV, electrokinetic flow can be directed within the brain.  

This implies that EOF could be therefore be directed from the brain and into a conduit such as a 

sampling capillary for separation and analysis of the EC contents. 
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2.0  INITIAL MOTIVATION 

We have proposed an EC sampling method using the principles of electrokinetic forces. The 

method would include the advantages of sampling a broad spectrum of analytes and short time 

resolution, without damaging cells in the sampling region. The basic principles of this sampling 

idea, termed EO sampling, were tested by sampling fluorescent beads into a fused-silica 

capillary, as shown in Figure 2.1.  

 

Figure 2.1. EO sampling of fluorescent beads 

A: A 50 µm inner diameter (30 cm long) fused-silica capillary, filled with electrolyte solution, is placed in a 

suspension of 2 µm diameter fluorescent beads over an inverted fluorescence microscope objective lens. The 

distal end of the capillary is in a vial containing electrolyte solution and a platinum electrode. A circuit is 

created such that the electric field emanates in the bath and into the capillary. B: Fluorescent bead position 

tracking shows the beads moving into the lumen of the capillary with the application of voltage. 

Figure 2.1 displays the tracked positions of the fluorescent beads over a period of time in which 

an electric field is applied. The beads are transported into the capillary lumen by virtue of EOF 
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produced in the capillary. Therefore, Figure 2.1 shows that we are able use EO sampling to 

sample from an electrolyte bath, into a fused-silica sampling capillary. 

By knowing the overall ζ-potential of brain tissue and applying an electric field through 

the brain, we can direct EOF within the EC space. EOF can be directed from within the brain 

into a conduit to sample electroosmotically. Furthermore, we can direct fluid flow from the 

conduit into the brain as a possible application for drug delivery. EOF also could be useful for 

encouraging volume transmission within the EC space. Figure 2.2 demonstrates EOF directed 

from below an OHSC membrane, through the OHSC, and into a sampling capillary.93 

 

Figure 2.2. EO sampling of Thioglo-1 

The injection capillary, filled with Thioglo-1, is placed over a gold minigrid and under the OHSC membrane. 

The edge of the injection capillary is indicated by a green line. A sampling capillary is placed orthogonally to 

the OHSC. The lumen of the sampling capillary is emphasized by the dotted circle in the top row, where it 

was otherwise not obvious. The top row displays the injection of Thioglo-1 in the case where no voltage is 

applied between the gold minigrid and the sampling capillary. The bottom row displays the progression of a 

similar injection of Thioglo-1, while 3 kV are applied. An inverted fluorescence microscope (4X objective 

lens) imaged the experiments. 

t = 0 s t = 6.6 s t = 13.2 s
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The control experiment in the top panel shows the pressure ejection of Thioglo-1 under the 

OHSC membrane. Thioglo-1 fluoresces in the presence of cell thiols, mainly glutathione. Cells 

near the ejection capillary (indicated by the green line) fluoresce over time as Thioglo-1 diffuses 

into the OHSC. By contrast, application of an electric field through the OHSC and into the 

sampling capillary, as shown in the bottom panel of Figure 2.2, directs Thioglo-1 into the OHSC 

under the sampling capillary lumen by virtue of EOF. Thus, this set of experiments shows that 

the principles EOF can be used for EC sampling.  

Interestingly enough, the same basic experiment can be used to measure enzyme kinetics. 

Such is the example with calcein acetoxymethyl (AM) ester shown in Figure 2.3. The top series 

shows the control experiment in which calcein AM diffuses from below the OHSC membrane 

and into the OHSC without an applied electric field. The OHSC does not fluoresce after 15 

minutes, indicating calcein AM has not diffused into the cells. The second series shows the same 

setup under the influence of an electric field. After 15 minutes, the cells under the sampling 

capillary fluoresce. Uncharged calcein AM enters living cells, and esterases within the cell 

hydrolyze calcein AM generating a fluorescent green calcein complex.94 Calcein AM hydrolysis 

generally takes 15 minutes to 1 hour.95, 96 Therefore, Figure 2.3 indicates EOF of calcein AM 

occurred almost instantly with the application of electric field. Cell death analysis of OHSCs 

confirms no additional cell death occurs as a result of EO sampling under controlled 

conditions.97 
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Figure 2.3. EO cell loading of calcein AM 

The images are taken at 5 minute intervals using an inverted fluorescence microscope. The fluorescent 

injection capillary filled with calcein AM lies under the OHSC membrane. We replaced the gold minigrid 

used in experiments described earlier (refer to Figure 2.2) with a platinum electrode. The top series shows the 

control experiment where calcein AM has been injected under the membrane without application of voltage. 

The bottom series shows the application of 1.8 kV following calcein AM injection. After 15 minutes, cells in 

the bottom panel fluoresce. The bottom image shows a bright field image of the OHSC with the injection 

capillary under the OHSC membrane and the sampling capillary orthogonal to the OHSC.  

 

Using capillary electrophoresis, the ζ-potential of a fused-silica capillary filled with 

physiological buffer, such as those shown in the previous three figures, was found to be 

approximately -50 mV - more than double that of an OHSC.77, 78 Despite the ζ-potential 

mismatch at the capillary-OHSC interface, simulations of EO sampling show a relatively low 

pressure generated at the interface of the capillary and the OHSC under fairly aggressive 
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conditions (-2000 V, with a 30 cm-long 100 µm inner diameter capillary) however there is 

nonetheless a pressure-induced flow generated. Three dimensional Comsol simulations using the 

geometry described above show that the fluid velocity in the sampling capillary is lower due to 

pressure created by a ζ-potential mismatch (refer to Figure 2.4*) in comparison to the case where 

there is no mismatch. On the other hand, an increase in fluid velocity occurs at the same time 

within the simulated OHSC. 

 

Figure 2.4*. Fluid velocity as a function position 

*Courtesy of Dr. Imants Zudans. Fluid velocity as a function position is separated into two components: the 

pressure-induced velocity (black line), and the EO velocity (shown as a red dashed line). The sum of the two 

velocities (shown in blue) is the observed fluid velocity. The capillary ζ-potential is set to -50 mV and the 

OHSC ζ-potential to -15 mV. The OHSC is 300 µm thick, hence the interface is at position 0.3 mm on the 

plot. A schematic of the setup is shown to the right of the plot. 

In this chapter, we were able to prove that EOF can be produced in an OHSC. Moreover, 

EOF can be directed from the OHSC into a sampling capillary. Pressure-induced flow during 

EOF sampling likely exists due to a ζ-potential mismatch between the OHSC and the sampling 
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capillary. In order to quantitatively understand EO sampling from the OHSC EC space, we need 

to know the ζ-potential of the OHSC. 
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3.0  DETERMINATION OF ZETA POTENTIAL IN RAT ORGANOTYPIC 

HIPPOCAMPAL CULTURES 

This work is published in Biophysical Journal 2008, 94 (11), 4561-4569. 

 

ABSTRACT 

ζ-potentials of entities such as cells and synaptosomes have been determined, but ζ of brain 

tissue has never been measured. Electroosmotic flow, and the resulting transport of neuroactive 

substances, would result from naturally occurring and experimentally or clinically induced 

electric fields if ζ is significant. We have developed a simple method for determining ζ in tissue. 

An electric field applied across a rat organotypic hippocampal slice culture (OHSC) drives 

fluorescent molecules through the tissue by both electroosmotic flow and electrophoresis. 

Fluorescence microscopy is used to determine each molecule's velocity. Independently, capillary 

electrophoresis is used to measure the molecule’s electrophoretic mobilities. The experiment 

yields ζ-potential and average tissue tortuosity. The ζ-potential of OHSCs is –22 ± 2 mV and the 

average tortuosity is 1.83 ± 0.06. In a refined experiment, ζ-potential is measured in various 

subregions. The ζ-potentials of the CA1 stratum pyramidale, CA3 stratum pyramidal and dentate 

gyrus are -25.1 ± 1.6 mV, -20.3 ± 1.7 mV and -25.4 ± 1.0 mV respectively. Simple dimensional 
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arguments show that electroosmotic flow is potentially as important as diffusion in molecular 

transport. 

3.1 INTRODUCTION 

An understanding of brain function, especially extracellular transport, requires a quantitative 

understanding of the physicochemical properties of the extracellular space. Diffusion in the 

extracellular space of the brain and slice preparations is fairly well understood.  Nicholson98, 99 

and Sykova100 measured the transport of tetramethylammonium ion (TMA+) and polymers to 

reveal the details of extracellular diffusion. Other methods such as cortical surface 

photobleaching,101 magnetic resonance,102-105 integrative optical imaging,106 and dual-probe 

microdialysis107, 108 have been used to evaluate the diffusive transport of markers and 

biomolecules as well as water in living brain tissue. A detailed understanding of variations in 

diffusion caused by changes in extracellular volume fraction has led to applications of these 

techniques in assessing, e.g, edema.101 The dimensions of the intercellular space have been 

determined by measuring particle diffusion rates.109 Tortuosity has a large effect on transport 

rates in heterogeneous media. Tortuosities vary depending on the local geometry of the tissue.110, 

111 In addition, certain brain regions are anisotropic112 leading to a valuable method in magnetic 

resonance imaging called “diffusion tensor imaging”.102, 105 We conclude that there is a rather 

firm understanding of diffusive transport in the brain, which is critical for understanding 

extrasynaptic (paracrine or volume) transmission,113, 114 neuronal development115 as well as for 

making inferences from measurements.89, 116 
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On the other hand, there is less known about electrically mediated transport in the brain. 

Electric fields and currents in heterogeneous media create a fluid flow, called electroosmotic 

(EO) flow, by virtue of the field’s motivating force on the mobile counterions to fixed charges on 

surfaces or immobile macromolecules in the extracellular space. The fixed charges create a ζ-

potential, the potential at the shear plane between a charged surface and a moving electrolyte 

solution22. The magnitude of the ζ-potential controls the magnitude of the EO flow. The ζ-

potential in brain tissue is a consequence of cell-surface functional groups, such as 

phospholipids, proteins, and carbohydrates as well as fixed components of the extracellular 

matrix. 

The focus of this work is to create and apply a method for the determination of the ζ-

potential in nervous tissue. In the paragraphs below, we justify the need to understand this 

currently undetermined parameter of brain tissue, and demonstrate how a method similar to 

electrophoresis can be used. 

Certainly, electric fields naturally occur in brain. Recently, Savtchenko et al. showed how 

the electrical field created in the synapse during ion-channel opening can influence molecular 

transport in the synapse, normally viewed as occurring by diffusion.117 Several clinical 

techniques such as transcranial direct current stimulation118-121 and magnetic stimulation,122-125 

also create electric fields in brain.126 These treatments are effective in depression,120, 123 stroke,119 

and other diseases. Electric fields are also used in seizure control.127 In research laboratories, 

electric fields are applied to brain tissue to direct neuronal growth,17 to perform iontophoresis in 

the brain,128 carry out electroporation in brain15 and embryos,129, 130 and for transnasal delivery of 

a charged peptide (by an electric field created between the nasal cavity and the back of the 

head21). As far as we are aware, EO flow is largely overlooked in these endeavors. 
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EO flow and/or ζ-potential have been measured in some biologically relevant matrices by 

a variety of techniques. EO flow is knowingly created in transdermal iontophoresis.30, 131-136 EO 

dewatering of tumors also depends on the existence of a ζ-potential within tissues.17, 137 Outside 

the fields of transdermal iontophoresis and transdermal sampling (reverse iontophoresis136, 138), 

measurements of ζ-potential, or EO mobility, are rare in biological systems. Values of ζ-

potential have been reported for isolated cells using electrophoresis,139 microelectrophoresis,140 

and microcapillary electrophoresis on a chip.141 Electrophoretic methods have also been applied 

to bone particles142 as well as isolated nuclei,143 vesicles,144 and synaptosomes145 from brain 

tissue. Measurements of transport through tissue, such as skin that can act as a film separating 

two liquid phases, are based on quantitative determination of the flux of a solute from a “source” 

phase to a “receiving”’ phase. Similarly, EO mobility in plant tissues146 can be made this way. 

Alternative measurements using an oscillating electric potential,147 or scanning electrochemical 

microscopy on individual skin pores are also used.30 None of these methods is suited to whole 

brain, acute brain slices, or slice cultures. 

At a more fundamental level, knowing the ζ-potential in intact tissue is vital to 

understanding molecular movement between cells. Electroosmosis has been proposed as a 

contributor to learning and memory31 Even local electric fields, such as those that materialize 

during epileptic seizures, may generate fluid motion. In tissues other than brain, i.e., lung148 and 

epithelial tissue,149 naturally occurring potential gradients are thought to drive fluid flow. A 

mathematical theory, including double layer overlap and coupling of mechanical and electrical 

forces, has been applied to glycogen-containing cartilage models.28 

We conclude that EO phenomena have been studied in tissues where it clearly must 

contribute to the observed phenomena, e.g., skin (iontophoretic drug delivery and sampling) and 
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bone (stimulated bone growth). However, there is virtually no understanding qualitatively, and 

certainly no understanding quantitatively of the ζ-potential in nervous tissue. 

We have developed a method to measure EO mobility, thus ζ-potential as well as average 

tortuosity in organotypic slice cultures of the rat.84 The velocities of fluorescent molecules are 

measured in the cultured tissue under an applied field. Data analysis is guided by simple theory, 

shown below. 

3.1.1 Theory 

Consider a set of fluorescent molecules with various electrophoretic mobilities.  A spot 

consisting of a single fluorophore is placed in an OHSC. In an electric field, the fluorophore will 

move at an observed velocity, vobs, as given in Eq. 1, which can be inferred from Boyack and 

Giddings(62) and Rathore et al.(63)150, 151 (λε=tortuosity; veo=electroosmotic velocity; vep= 

electrophoretic velocity): 

( )epeo
e

obs vv1v 2 +







=

λ
 (1) 

We assume that veo and vep experience the same tortuosity. Note that the definition of tortuosity 

is consistent with Boyack and Giddings150 and Rathore et al.151 We denote that the tortuosity 

influences an electrokinetic process with the subscript “e”. This tortuosity may not be the same 

as the ratio of free and effective diffusion coefficients (see Discussion for more detail). 

Equations 2 and 322, 151 define the velocities as the products of mobilities, µ, and a field, E. 
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Equation 3 shows that µeo, is a function of ζ, the ζ-potential, the medium’s viscosity (η) 

and permittivity (ε). Values of µep can be determined for each fluorophore independently in 

HBSS by CE; thus they are known quantities. The observed mobility, µobs, can be defined as Eq. 

4 for an individual fluorescent species. If the tortuosity is not dependent on the fluorophore, a 

plot of µobs versus µep will yield a straight line with a slope of 2
1

λ
where the brackets indicate 

“average”. The intercept provides µeo, and thus ζ. 
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Another approach involves the use of two molecules simultaneously (molecule 1 and 

molecule 2). Each molecule is independently described by Eq. 5. Thus the term λ2/E can be 

eliminated, as shown in Eqs. 6 and 7 (subscripts 1 and 2 refer to individual molecules). 
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3.2 MATERIALS AND METHODS 

3.2.1 Chemicals and solutions  

The following materials were purchased from Sigma (St. Louis, MO) and were used as received. 

The culture medium contained basal medium Eagle (50%), Earl’s basal salt solution (20%), 

horse serum (23%), penicillin/streptomycin (25 units/ml), L-glutamine (1 mM), and D-(+)-

glucose (7.5 g/L). The culture medium was stored in a refrigerator and warmed to 37°C before 

use. Gey’s Balanced Salt solution (GBSS) was supplemented with 27.5 mM D-(+)-glucose and 

2.7 mM MgSO4. The following solutions were prepared with 18 MΩ purified water from a 

Millipore Synthesis A10 system (Millipore, Billerica, MA): NaOH solutions, HEPES-buffered 

salt solution (HBSS) containing (mM): 143.4 NaCl, 5 HEPES, 5.4 KCl, 1.2 MgSO4, 1.2 

NaH2PO4, 2.0 CaCl2, and 10 D-(+)-glucose. HBSS was filtered, stored in the refrigerator and 

warmed to 37 °C before use. Approximately 3% agarose type-VII in HBSS filled the apparatus 

shown in Fig. 3.1. 

 

Figure 3.1. The apparatus 

The OHSC and its insert membrane are placed against the cast agarose gel. The apparatus is placed on an 

inverted fluorescence microscope for data acquisition. Reference electrodes measure the field strength near 

the fluorophore spots. 
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Each of the fluorescent molecules was diluted with HBSS, filtered, and frozen until use. 

The concentration of each probe was empirically determined to accommodate its intensity under 

experimental conditions. See Table 3.3 in Supporting Material, for the concentrations. 

Fluorescent dextran conjugates 1-6 were purchased from Invitrogen/Molecular Probes (Eugene, 

OR). 7 and 8 were obtained from Sigma (Table 3.1). 

Table 3.1. Values of µep in HBSS 

Fluorescent Compound µep/(10-9 
m2/Vs)  

SEM/(10-9 
m2/Vs)  

AlexaFluor 568 dextran conjugate 10 kDa‡ (1) -1.92 ± 0.15 
BODIPY FL dextran conjugate 10 kDa‡ (2) -0.89 ± 0.22 
Fluorescein dextran conjugate 70 kDa‡ (3) -9.75 ± 0.82 
Oregon Green dextran conjugate 10 kDa‡ (4) -18.0 ± 0.1 
Rhodamine Green dextran conjugate 3 kDa‡ (5) -1.72 ± 0.19 
Texas Red dextran conjugate 70 kDa‡ (6) -0.55 ± 0.19 
Fluorescein sodium salt (7) -26.3 ± 0.3 
tris(2,2’-bipyridine)ruthenium (8) 26.0 ± 0.0 

‡Dextran conjugate 

3.2.2 Instrumentation 

3.2.2.1 Capillary electrophoresis: 

Electrophoretic mobilities in HBSS were determined using an ISCO Capillary Electropherograph 

(Lincoln, NE) with vacuum injection (10 s, 0.5 psi) and ultraviolet-visible absorbance detection. 

A section of the polyimide coating was removed with a low-temperature flame to create the 

window. New capillaries were flushed with base overnight. Before each series of experiments, 

capillaries were flushed with 200 µL of distilled, deionized water, followed by the same volume 

of the running buffer. The high voltage was then applied to the capillary, and the system 

equilibrated for 5-20 min. All injections included rhodamine B as the EO flow marker, and were 
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performed at ambient temperature (23°C ± 2°C). The EO flow marker is a neutral molecule with 

a mobility equal to zero. Its velocity in a capillary electrophoresis (CE) experiment is the 

electroosmic velocity. 

CE measurements of mobilities were performed using 360 μm outside diameter (OD) 

capillaries with inner diameters (IDs) of 40 or 50 μm. The total capillary length ranged from 50.3 

to 118.4 cm, with 25.5-48.1 cm from the injection end to the detection window using -9.0 to -

22.1 kV. Detection was at 495, 505, or 595 nm. See Table 3.4 for the parameters used for each 

particular molecule. 

3.2.2.2 Apparatus for tissue experiments 

The apparatus in Fig. 3.1 was manufactured from Lucite locally. A 40-V direct current power 

supply (Heath, Benton Harbor, MI) applies a low homogeneous field (~22 V/cm at the tissue) 

across the organotypic hippocampal slice culture (OHSC). Two Goodfellow (Cambridge, 

England) tubular platinum electrodes (1 mm OD, 0.1 mm wall thickness, and ~3.8 cm long) were 

placed into separate cylindrical reservoirs (19 mm in diameter and 12 mm deep) separated by a 

narrow rectangular channel 44 mm in length. These reservoirs are not shown in Fig. 3.1. The 

OHSC remained on the insert membrane during the measurements. Electrical contact between 

the OHSC and the electrodes was made by agarose-containing HBSS. 

3.2.2.3 Ag/AgCl electrodes 

A pair of in-house fabricated Ag/AgCl microelectrodes measured the potential gradient in the 

tissue. The electrodes were made from 0.1-mm-diameter silver wire from JMC Ltd. 

(Hertfordshire, England). Two sets were made: one spaced 0.80–0.90 mm apart and another 
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spaced 0.35–0.40 mm apart. Distances were determined using a scale bar and micrographic 

images of each individual experiment. 

3.2.2.4 Injection capillary 

A 250 µm (ID) fused-silica capillary was pulled to a tip (~12 µm OD) using a P-2000 capillary 

puller from Sutter (Novato, CA). A Sutter MP-285 micromanipulator lowered the capillary into 

the OHSC. The distal end of the capillary was attached to a Harvard PHD 4400 Hpsi syringe 

pump (Holliston, MA) with a 50 µL Hamilton Gastight syringe (Reno, NV). The pump delivered 

fluid at a flow rate of 120 nL/min for ~1 s. 

3.2.2.5 Imaging 

An inverted fluorescent microscope (Model IX71) with a U Plan Apo 4× objective lens (both 

from Olympus, Melville, NY) imaged the tissue experiment using a charge-coupled device 

camera (ORCA-285 Hamamatsu, Hamamatsu City, Japan). Depending on the fluorescent 

properties, an appropriate cube was chosen. The Olympus fluorescence cubes are a wide 

interference filter blue cube (exciter 460–495 nm, dichromatic mirror 505 nm, emitter 510-550 

nm interference filter) and wide interference filter green cube (exciter 530–550 nm, dichromatic 

mirror  570 nm, emitter 575 nm interference filter). A Semrock (Rochester, NY) DA/Fl/TA-3X-

A Triple-band “Pinkel” filter set (exciter 1 387 nm, exciter 2 494 nm, exciter 3 575 nm, 

dichromatic mirror: 394–414 nm, 484–504 nm, 566–586 nm, emitter: 457, 530, 628 nm) was 

used for multiple fluorophore experiments. 

Image processing and distance measurements were done with SimplePCI 6.0 software 

(Compix, Cranberry, PA). Images of the paired Ag/AgCl electrodes using the microscope 
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camera were captured daily to measure the distance between the electrodes. The same was done 

for measuring IDs of new injection capillaries. 

3.2.3 Procedures 

3.2.3.1 Hippocampal organotypic slice cultures 

The Stoppini culturing method was used with small variations.84 The procedures described here 

have been approved by the University of Pittsburgh IACUC. The hippocampi were dissected 

bilaterally from decapitated, 7-day postnatal Sprague-Dawley albino rats. The hippocampi were 

cut transversely into 500 μm thick slices with a McIlwain tissue chopper from The Mickle 

Laboratory Engineering (Surrey, England). The cultures were placed on Millicell membrane 

inserts from Millipore and incubated over culture medium at 95% air/5% CO2. Cultures may be 

incubated for up to 2 weeks. All data reported here are from cultures incubated for 3–7 days. The 

mean slice thickness in this time period was 148 µm consistent with other reports.84, 152, 153 On 

the day of the experiment, 37°C GBSS replaced culture medium, followed by 30 min of tissue 

incubation. This procedure was repeated once more.  Lastly, 37°C HBSS replaced GBSS before 

the experiment. 

Using an X-Acto knife, the insert membrane was cut to liberate the tissue and the insert 

membrane under it from excess insert membrane. Edges of the insert were left to allow moving 

the OHSC into the apparatus without damage as in Fig. 3.1. A portion of the agarose gel was cut 

away to make room for the OHSC. The OHSC was placed into the apparatus in such a way that 

the insert edges are under the agarose, but the slice is adjacent to the gel, as shown schematically 

in Fig. 3.1. 
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3.2.3.2 ζ-potential determination 

The tip of the injection capillary, preloaded with fluorescent probe-containing solution at room 

temperature, was inserted approximately midway (~75 - 150 µm) into the OHSC with the aid of 

a micromanipulator. The pump delivered ~2 nL of the fluorescent material. On occasion, placing 

the capillary into tissue alone delivered enough fluorophore by capillary effects. The capillary 

was carefully pulled out of the slice, and the microelectrodes were placed in the tissue. Before 

the voltage supply is turned on, the exposure time is set using autoexposure and the SimplePCI 

6.0 software begins recording the fluorescence. The voltage supply was switched on, applying 

~22 V/cm through the slice. Measurements of electric field and velocity are taken once the 

electric field stabilizes (a few seconds). Images were acquired once per second. Movement of a 

fluorophore toward the cathode is defined as positive. 

3.2.3.3 Two-fluorophore experiments 

Two sets of paired molecules were used. One set was 1 and 7, and the other set was 3 and 8. To 

measure the velocity of each fluorophore simultaneously, the “Pinkel” filter set was used. At 

first, each fluorophore is injected into an OHSC separately. The separate exposure times are set 

using the autoexposure command for a two color image in the SimplePCI 6.0 software. A 

mixture of the paired fluorophores is then injected into a different OHSC for measurement. 

3.3 RESULTS 

Table 3.1 shows the CE-determined mobilities for each fluorophore. Fig. 3.2 shows images from 

an experiment in an OHSC. The OHSC received three injections, labeled A, B and C. A and C are 
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injections into the insert membrane, and B is in the OHSC. We find that fluorophore injected into 

the insert membrane is immobile regardless of the selected fluorophore or applied field. Each 

point in Fig. 3.2 (1-8) functions as an intensity detector. We measure the intensity at each point 

as a function of time (Fig. 3.3). 

 Figure 3.2. Experimental sequence 

Alexa Fluor 568 10 kDa dextran conjugate was injected into the insert membrane (injections A and C) and 

into the tissue culture (injection B). After applying the potential, injection B migrates toward the cathode, as 

shown in the sequence of images. Injections A and C remain in place despite the electric field. Intensities are 

measured at points 1-8 as a function of time. The smaller injections A and C are ~135 µm in diameter. 

Injection B is ~500 µm in diameter. 

vobs corresponds to the slope of a plot of the relative positions of the detection points versus the peak 

times (Fig. 3.3, inset). This plot routinely yields straight lines, indicating that fluorophore velocity and electric 

field are constant during the experiment. Dividing the velocity by the applied electric field, measured using an 

Ag/AgCl reference electrode pair placed in the tissue, yields the observed mobility (µobs) as shown in Eq. 4.  
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Figure 3.3. Intensity profiles 

The intensity profiles recorded at each of the eight detection points on the cathodic side of the original 

injection. Inset: The relative position of the detection points (1-8) in Fig. 3.2 are plotted as a function of the 

times of the peak maxima (inset). The linearity implies that the fluorophore's velocity is constant throughout 

the experiment. 
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Figure 3.4. Effective mobility in tissue as a function of the electrophoretic mobility 

The line is the best fit to all of the data (linear regression). The labels at each point identify the identity of the 

fluorophore (see Table 3.1) and its molecular weight. 

Fig. 3.4 is a plot of µobs versus µep. The errors are the mean ± SE and are also given in 

Table 3.2. Analysis of the results (linear regression) according to Eq. 4 leads to Eq. 8. 

( ) ( ) ( ) 9
ep2

obs 103.02.502.030.0
sV

m
−×±+±= µµ  (8) 

The slope of 0.30 ± 0.02 is equal to the inverse square of the average tortuosity. The average 

(electrokinetic) tortuosity is therefore 1.83 ± 0.06.  The ζ-potential in the OHSC is -22 ± 2 mV. 
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Table 3.2. A summary of the average observed mobilities in tissue and their SEMs 

Fluorophore µobs /(10-9 
m2/Vs) 

SEM/(10-9 
m2/Vs)  n 

1 6.46 ± 0.67 58 
2 4.09 ± 0.39 19 
3 1.85 ± 0.24 22 
4 0a - 14 
5 4.31 ± 0.35 13 
6 3.66 ± 0.71 12 
7 -3.15 ± 0.39 55 
8 10.3 ± 1.3 10 

aNo measureable movement 
n is the number of experimental runs for that specific fluorophore. 

 

The zeta potential described above is an average from all areas of the OHSC in the 

direction of the line, as indicated in Fig. 3.5 (approximately along the medial-lateral axis). As 

noted in the introduction, there are regional differences in the hippocampus. Are there different 

ζ-potentials in different regions? A micrograph of an OHSC (Fig. 3.5) shows areas interrogated 

with the two-fluorophore experiments; 1 was paired with 7 in 41 experimental runs. The 3 and 8 

pair was run twice.  

The CA1 stratum pyramidale, CA3 stratum pyramidale, and dentate gyrus have ζ-

potentials (respectively) of (mV) -25.1 ± 1.7 (n = 12), -20.3 ± 1.6 (n = 14), and -25.4 ± 1.0 (n = 

34). Analysis of variance reveals that there is a significant difference among the regions (p < 

0.05), which is accounted for by the difference between the value in CA3 and the other two. 
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Figure 3.5. A micrograph of an organotypic hippocampal slice culture 

The circumscribed areas represent the portions of the CA1, CA3, and dentate gyrus (DG) investigated. The 

horizontal line represents the direction in which the tortuosity is measured in the single-fluorophore 

experiment. 

3.4 DISCUSSION 

3.4.1 Analysis of the method 

CE measures the electrophoretic mobility of the fluorophores used in the tissue experiment. As a 

result of the high electrolyte concentration, we had to modify typical CE procedures. To 

minimize the effect of thermal gradients, a narrow (40 µm ID) and long (~100 cm) capillary 

replaces the more common 75 µm ID, 50-cm-long capillary. With the longer, narrower capillary, 

peak shape is good.  
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Labeled dextrans (Supporting Materials) are the most successful category of fluorophores 

for our experiments. Dextran fluorophores are easily visible with a fluorescence microscope; 

they have minimal “nonspecific” binding;98, 154, 155 and their CE results are unambiguous. 

Apparently, the fluorescent labels on each of the dextrans account for their different mobilities.7 

and 8, both nondextran conjugate fluorophores, also have similar characteristics, thus are 

acceptable for our study. Several other fluorophores, on the other hand, do not meet the 

necessary criteria (Supporting Materials).  

Although an in vivo model preserves the true environment of tissue, several advantages 

make the OHSC the optimal model for our purposes. We can easily track temporal changes in 

tissue slice cultures using an inverted microscope. Moreover, tissue slices are viable models 

because the cytoarchitecture and electrophysiology are preserved after explantation.98, 151-153, 156-

158 Additionally, cultured slices are easier to manipulate than acute slices. 

A tissue culture is easily placed in the apparatus as shown in Fig. 3.1. We use the 

apparatus to apply a potential gradient along the tissue by providing electrical contact through 

agarose gel. The design of the apparatus is such that the tissue sits in a narrow channel between 

two reservoirs, thus increasing the resistance in the channel. The increased resistance amplifies 

the electric field. The change in depth from the agarose gel to the OHSC further concentrates the 

field in the tissue. Thus, the field is largest within the OHSC. Applying a large field through a 

tissue can alter its permeability, or electroporate the cells.159 Typical fields in electroporation, ~1 

kV/cm, are ~45 times larger than the field strengths applied in the apparatus. To isolate the 

experiment from any electrolysis products created at the platinum electrodes, the electrodes are 

placed in deep reservoirs far from the tissue. Early designs of the apparatus had much smaller 

reservoirs. pH-responsive fluorophore experiments showed that electrolysis products moved into 
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the channel within 6 min and altered the properties of the gel. The same pH-responsive 

fluorophore experiments repeated in the current apparatus design show that the electrolysis 

products remain in the reservoirs for well over 30 min. This provides plenty of time to run the 

tissue experiment. 

To preserve the integrity of the tissue while injecting fluorescent material, several 

provisions are taken. Primarily, the injection capillary is pulled to a 12 µm OD tip to minimize 

tissue damage. A micromanipulator allows control over the depth of the injection. The injection 

capillary delivers ~2 nL of fluorophore into the tissue to maintain the microenvironment. There 

is no obvious damage to the tissue as a result of injection. 

The membrane insert has completely different properties than tissue. The membrane itself 

is made of poly(tetrafluoroethene) with a proprietary hydrophilic surface modification. When 

fluorescent material is injected into the membrane it appears to stay in place (Fig. 3.2, injections 

A and C). Therefore, fluorescent compounds moving in the visual field are in fact injected into 

the tissue and not into the insert membrane. 

3.4.2 Analysis of the results 

The measured ζ-potential is -22 ± 2 mV. The value is in the range of isolated biological 

materials, such as mouse N-18 cells measured by a microelectrophoretic apparatus with a ζ-

potential of -15 mV,140, 160 chromaffin granules, -14.4 mV,144 and rat brain synaptosomes using 

particle electrophoresis, -11.8 mV.145 Theoretical calculations determined a cartilage model 

containing glycogen to have a ζ-potential of -27 mV.28 Ranck estimated the ζ-potential in brain 

to be -15 mV based on the constituents of the plasma membranes of neurons and glial cells.31 



 34 

The ζ-potential determined using two fluorophores simultaneously is independent of the 

average tortuosity factor and field (Eq. 7). The mean ζ-potential from the simultaneous 

fluorophore experiments is essentially the same as that in the single fluorophore experiments. We 

infer from this either of two things: the values of the field and tortuosity from the single-

fluorophore experiments are correct, or there is a fortuitous cancellation of deterministic errors. 

We view the latter conclusion as a remote possibility. Thus, the two-fluorophore-experiment 

further validates the experimental method. 

The two-fluorophore method is capable of distinguishing small differences in ζ-potential 

between different structures in the brain: CA1 (-25.1 ± 1.7 mV), CA3 (-20.3 ± 1.6 mV) and 

dentate gyrus (-25.4 ± 1.0 mV). The CA1 and dentate gyrus regions have statistically the same ζ-

potential at a 95% confidence level. However, a single-factor analysis of variance analysis 

reveals that there is a statistical difference among the three areas (p < 0.05). It is interesting to 

note that these regions have different vulnerabilities to excitotoxicity correlated with the 

differences in ζ-potential. The CA1 and dentate gyrus regions are more susceptible to N-methyl-

D-aspartic acid excitotoxicity than the CA3 region.161 Perhaps the ζ-potential differences 

between the regions take part in mechanistic differences. 

 The experiments yield an average (electrokinetic) tortuosity. Tortuosity in the 

neurochemical context as determined through diffusion measurements is defined as 

( ) 2/1
obs/ DDD =λ where D is the molecular diffusion coefficient in an unobstructed medium, Dobs 

is the observed diffusion coefficient, and the subscript D denotes diffusion. It is noteworthy that 

tortuosity influences fluid flow22 and electrophoresis150 through porous media. Boyack considers 

two contributions to tortuosity in electrophoresis: one is purely geometrical- the ratio of the 

actual distance that a molecule travels in its path around obstacles to get from point A to point B 
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to the straight-line distance between A and B- whereas the other is related to the amplification of 

the electric field in narrow conduits. Similarly, tortuosity as measured by diffusion is related to a 

geometrical component and other factors, e.g., local viscosity.106 Thus measurements made by 

diffusion and by electrokinetic experiments may not yield the same result. 

In the development of the data treatment (Eq. 4), we assumed that the tortuosity (as 

determined by electrokinetic experiments) is independent of brain region and fluorophore size 

and charge. In fact, there is a dependence of tortuosity (as measured by diffusion) on molecular 

mass and type of polymer (in acute cortical slices).98, 162, 163 Using a small probe molecule, 

TMA+, differences in tortuosity (as measured by diffusion) in different regions of the 

hippocampus have been found.110, 112, 164 In cortical slices, Nicholson found that the range of 

tortuosities for fluorescein conjugated dextrans in the same molecular mass range that we used 

(3-70 kDa) was from 1.77 to 2.25.163 Thus, to the degree that the tortuosities measured 

electrokinetically and diffusionally are the same, our measured tortuosity has to be considered an 

average over the molecular masses and the brain regions studied.  

If there is a correlation between the observed mobility and fluorescent species molecular 

mass, molecular mass effects on tortuosity may lead to a deterministic error in ζ. If there is no 

correlation, differences in tortuosity will add to the error in ζ, but will not affect its magnitude.  

From Fig. 3.4, it can be seen that there is no significant pattern of deviation from the line due to 

molecular mass. The correlation coefficient of the molecular mass and electrophoretic mobility 

(data in Table 3.1) is -0.07 demonstrating the lack of correlation. Thus, the assumption of an 

average tortuosity adds to the error in ζ, but does not influence the measured magnitude of ζ. 

Furthermore, recall that the two-fluorophore experiment yields a result that is independent of 

tortuosity (if it is again assumed that one tortuosity applies to both dyes). The average ζ-potential 
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from these results, as mentioned above, is indistinguishable from the value determined from Eq. 

4.  Thus, although the assumptions about the tortuosity certainly must add to the uncertainty, 

they are apparently not influencing the result for ζ-potential. 

3.4.3 Potential applications and implications 

A plot of µobs vs µep (e.g. Fig. 3.4) relates an easily measured quantity, µep, to information about 

how fast a molecule moves in the brain. This is useful in the context of experimental procedures 

like iontophoresis. The µobs for a solute dictates whether it will move into or away from an 

iontophoresis capillary. A neutral molecule, for example, has a µep of 0 m2/Vs. By applying Eq. 

8, the µobs is expected to be 5.2 x 10-10 m2/Vs. Therefore, in the OHSC and with the proviso that 

the iontophoresis capillary ζ-potential matches the tissue ζ-potential, a neutral compound would 

move toward the cathode. To eject a neutral compound iontophoretically, it must be in the anodic 

chamber. 

It is instructive to consider under what conditions EO flow contributes to the transport of 

a neutral molecule by comparing the magnitudes of EO velocity and diffusive velocity. This is 

done with the Peclet number, Pe. The Peclet number is the ratio of the time required to diffuse a 

characteristic distance a,  (~a2/D), to the time required to move with the fluid flowing at velocity 

v over the same distance, a (a/v). 

D
vaPe =  (9) 

For a neutral solute, the Smoluchowski equation (Eq. 3) for ζ with the Stokes-Einstein equation 

for D yields the following Peclet number. 
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kT
EraPe εζπ6

=  (10) 

In Eq. 10, r is the radius of the presumed spherical solute, k is Boltzmann’s constant, and T is 

temperature. If we assume that tortuosity influences diffusion and migration to the same degree, 

it does not appear in Pe. The field at which diffusive and electrokinetic velocities are equal, Ec, is 

thus 

εζπra6
kTEc =  (11) 

Finally, equating Ec with a critical voltage difference over the characteristic length, ∆Vc/a, the 

critical voltage is given as Eq. 12: 

εζπr6
kTVc =  (12) 

Note that the characteristic distance divides out. We can use a correlation165 to relate molecular 

radius and molecular mass. For a 1 kDa (r = 0.84 nm) neutral molecule, the critical voltage is 19 

mV (for the ζ-potential that we measured, -22 mV). For a 10 kDa neutral (r = 2.6 nm), the 

critical voltage is only 6 mV. Clearly, this magnitude of potential difference is plausible, leading 

to the conclusion that EO flow may in fact play a role in extracellular transport. 

If EO flow does play a role, how would it influence charged neurotransmitters/ 

modulators? The direction of EO flow when ζ is negative is the same as the electrophoretic 

direction of a cation. Thus, an electric field would drive a cation more rapidly, and an anion less 

rapidly, in the presence of EO flow in comparison to the absence of EO flow. It is interesting to 

note that the influence of dopamine, a cation, is felt outside the synapse. Further, its local 

concentration and concentration dynamics are important in its actions.33, 166 The presence of an 

electric field would cause dopamine to move relatively rapidly. In vertebrate brain, the anionic 
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amino acid glutamate is responsible for fast neurotransmission. Unrestricted diffusion of 

glutamate over larger areas may cause synchronous activation of neurons and epilepsy. Thus this 

type of transmission has to be tightly localized to the individual synapse from which glutamate is 

released. The main system to regulate this process is reuptake. However, it is worth noting that 

any electric field that exists would have very little impact on glutamate's motion- its 

electrophoretic velocity and the extracellular fluid's EO velocity will counteract each other. 

3.5 ACKNOWLEDGMENTS 

The authors thank National Institutes of Health (R01 GM 44842) and the Swedish Research 

Council/Medicine for grants that supported this work. 

3.6 SUPPORTING MATERIAL 

3.6.1 Results 

Several other small dyes were also potential candidates for this study, but were excluded for the 

following reasons: Quantum yield too low: neutral red, tris(2,2’-bipyridine)osmium(II), tris(4,7-

bis(4-sulfophenyl)-1,10-phenanthroline) ruthenium(II), bis(2,2’-bipyridine)(4,7-bis(4-sulfo-

phenyl)-1,10-phenanthroline) ruthenium(II), bis(2,2’-bipyridine)(4-carboxy-2,2'-bipyridine) 

ruthenium(II). Atypical capillary electropherogram: Fluoresceinamine, isomer 1. Interacts with 

tissue: Rhodamine 6G, Rhodamine B. 
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3.6.2 Discussion 

3.6.2.1 Analysis of the method 

Most omitted dyes simply have a low quantum yield under our conditions. Fluoresceinamine, 

isomer 1, on the other hand, has multiple peaks in the CE, indicating impurities. The rhodamine 

dyes appear to associate with the cell surface or components of the extracellular matrix. Their µep 

values appear reasonable according to their sizes and charges, but rhodamine 6G does not move 

in tissue at all, while rhodamine B has a µobs of -4.28 ± 0.86 x 10-10 m2/Vs. The latter µobs is 

smaller in the OHSC by a factor of 10 from what is expected from Eq. 8. 

3.6.3 Materials and methods 

3.6.3.1 Chemicals and solutions 

Each of the following fluorescent dyes was diluted with HBSS, filtered, and frozen until use. 

Rhodamine 6G, Rhodamine B, Neutral Red, tris(2,2’-bipyridine)osmium, and Fluoresceinamine, 

isomer 1 were all obtained from Sigma. Three dyes, tris(4,7-bis(4-sulfophenyl)-1,10-

phenanthroline)ruthenium,167 bis(2,2’-bipyridine)(4,7-bis(4-sulfophenyl)-1,10-phenanthroline) 

ruthenium,168 and bis(2,2’-bipyridine)(4-carboxy-2,2'-bipyridine)ruthenium,169 were synthesized 

in the laboratory using materials obtained from Sigma and previously reported procedures.(1-3) 

3.6.3.2 Capillary electrophoresis 

CE analyses of rhodamine 6G and rhodamine B were performed in a 40 μm inner diameter (ID), 

360 μm OD capillary (118.4 cm total length, 26.8 cm from injection to detection) using -22.1 

kV. CE of fluoresceinamine, isomer 1 used a 50 μm ID, 360 μm OD capillary (70.9 cm total 
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length, 48.1 cm from injection to detection) using -9.9 kV. These 3 dyes were detected at 495 

nm. The remaining dyes listed above were not analyzed by CE. 

Table 3.3. Dye concentrations 

Dye Concentration (mM) 

1 2.00 
2 3.06 
3 0.60 
4 2.00 
5 1.00 
6 1.00 
7 1.00 
8 0.30 

 

Table 3.4. CE parameters 

Fluorescent Compound 
Capillary Inner 
Diameter (µm) 

Total 
Length (cm) 

Lenth to 
Window (cm) 

Applied 
Potential (kV) 

UV absorbance 
(nm) 

AlexaFluor 568 10 kDa‡ 50 50.3 31.5 -10.5 505 
BODIPY FL 10 kDa‡ 50 50.3 31.5 -9.0 505 
Fluorescein 70 kDa‡ 40 89.4 26.5 -22.0 505 
Oregon Green 10 kDa‡ 40 87.4 25.5 -22.0 505 
Rhodamine Green 3 kDa‡ 40 89.4 26.5 -22.0 505 
Texas Red 70 kDa‡ 40 89.4 26.5 -22.0 595 
Fluorescein sodium salt 40 118.4 26.8 -22.1 495 
tris(2,2’-bipyridine)ruthenium 40 118.4 26.8 -22.1 495 
Rhodamine 6G 40 118.4 26.8 -22.1 495 
Rhodamine B 40 118.4 26.8 -22.1 495 
Fluoresceinamine, isomer 1 50 70.9 48.1 -9.9 495 

‡Dextran Conjugate  
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4.0  DETERMINATION OF ζ-POTENTIAL AND TORTUOSITY IN RAT 

ORGANOTYPIC HIPPOCAMPAL CULTURES FROM ELECTROOSMOTIC 

VELOCITY MEASUREMENTS UNDER FEEDBACK CONTROL 

Reproduced with permission from Analytical Chemistry 2009, 81 (8), 3001-3007. 

Copyright 2009 American Chemical Society. 

 

ABSTRACT 

Extracellular translational motion in the brain is generally considered to be governed by 

diffusion and tortuosity. However, the brain as a whole has a significant ζ-potential, thus 

translational motion is also governed by electrokinetic effects under a naturally occurring or 

applied electric field. We have previously measured ζ-potential and tortuosity in intact brain 

tissue, however the method was tedious. In this work, we use a four-electrode potentiostat to 

control the potential difference between two microreference electrodes in the tissue, creating a 

constant electric field. Additionally, some alterations have been made simplify our previous 

procedure. The method entails simultaneously injecting two 70 kDa dextran conjugated 

fluorophores into rat organotypic hippocampal cultures and observing their mobility using 

fluorescence microscopy. We further present two methods of data analysis: regression and two-

probe analysis. Statistical comparisons are made between the previous and current methods as 

well as between the two data analysis methods. In comparison to the previous method, the 
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current, simpler method with data analysis by regression gives statistically indistinguishable 

mean values of ζ-potential and tortuosity, with a similar variability for ζ-potential, -21.3 ± 2.8 

mV, and a larger variability for the tortuosity, 1.98 ± 0.12. On the other hand, we find that the 

current method combined with the two-probe analysis produces accurate and more precise 

results, with a ζ-potential of -22.8 ± 0.8 mV and a tortuosity of 2.24 ± 0.10. 

4.1 INTRODUCTION 

Translational motion of molecules in the extracellular space of functioning tissues is typically 

viewed as being governed by diffusion and tortuosity.18 Although not as well studied, 

electroosmotic effects occur in tissues due to natural processes117 or experimentally applied 

fields.15, 17, 21, 126-128, 170 Electroosmotic flow is the bulk fluid flow created by an electric field in a 

heterogeneous medium with a non-zero ζ-potential. In the brain for example, fixed charges on 

cell-surface functional groups and constituents of the extracellular matrix create a ζ-potential.78 

The electroosmotic velocity is governed by the magnitude of the ζ-potential.  

In order to determine the electroosmotic velocity in brain tissue, it is necessary to know 

the ζ-potential. Some methods exist for determining the ζ-potentials of particulate objects (e.g., 

cells) and film-like objects (e.g., skin).  ζ-potentials of particulate objects have been determined 

by electrophoretic techniques.139-145 Electroosmotic flow in thin samples, such as plant tissue can 

be  determined by flux through the tissue.146 Electroosmotic flow is described and quantitated as 

an influential parameter in transdermal iontophoresis30, 131-136 and transdermal sampling (reverse 

iontophoresis136, 138). Transport through individual skin pores can be observed by applying an 
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oscillating electric potential147 or by scanning electrochemical microscopy.30 The experimental 

arrangement for determining the electroosmotic velocity through pores, such as in skin or leaf 

epidermis, is simplified by the geometry of these biological film-like samples. A potential 

difference can be generated across the film-like sample. Electrokinetic phenomena then occurs 

perpendicular to the film-like sample, carrying fluid from one side of the film-like sample to the 

other.146 Quantifying ζ-potential and electroosmotic flow in a heterogeneous tissue matrix, on the 

other hand, is technically challenging. 

We have previously published a method of determining ζ-potential and tortuosity in 

intact organotypic hippocampal slice cultures (OHSCs) using fluorescent probes.78 The 

hippocampus is of great interest because it is the center of spatial learning and memory. 

Conditions such as Alzheimer’s disease and ischemia that occur in this region are particularly 

devastating. The experimental method places an OHSC on the stage of a fluorescence 

microscope.  The velocities of several fluorescent probes in the tissue experiencing an applied 

electric field are measured.  Relating the measured velocities, which are the sums of the 

electrophoretic and electroosmotic velocities, to the probes’ electrophoretic mobilities in free 

solution leads to a determination of ζ-potential and tortuosity.  While successful, the method is 

not without drawbacks. The focus of this work is to simplify and reduce the effort required to 

make these measurements while decreasing or at least not increasing the variability in the 

previous method.  

Potential drawbacks in the previous method include: 1) using agarose gel containing a 

HEPES buffered salt solution (HBSS) as a contact between the electrodes and brain tissue. The 

contact between the gel and tissue is difficult to reproduce; 2) measuring, not controlling, the 

electric field. While the field is apparently constant (measured zone velocity independent of 
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time), it would be better to control the field; 3) using eight probes. Using eight probes was 

helpful to establish experimentally the predicted linearity in a plot of observed vs. electrophoretic 

mobilities. Now that the linearity is proven, there is no need to repeat the process. Consequently, 

it may be possible to use fewer fluorescent probes; 4) using probes of various molecular weights. 

Using probes of similar composition and molecular weight is preferred because tortuosity is 

dependent on probe composition and molecular weight.109, 171, 172 In this work, the measured ζ-

potential and tortuosity are compared to our previous work to assess accuracy and precision. 

Furthermore, we compare two data analysis approaches to obtain ζ-potential and tortuosity from 

measurements using only two probes.  

4.2 THEORY 

We have previously published the general theory for determining ζ-potential and tortuosity.78 

The experimental design relies on fluorescent probes with a range of electrophoretic mobilities. 

In the work presented here, solutions of fluorescent probes are injected simultaneously in pairs 

into an OHSC on the stage of an inverted microscope. Under the influence of an electric field 

applied perpendicular to the optical axis, each fluorescent probe will move by electroosmosis, 

electrophoresis, or both at an observed velocity, vobs, which is the product of the mobility, µ, and 

the electric field, E. The electroosmotic mobility is called µeo. Equation 1 defines the relationship 

between µeo and ζ-potential, ζ.22, 151 

EE eoeo μv =−=
η
εζ

 (1) 
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Equation 1 shows that µeo is a function of ζ, the viscosity of the medium, η, and the 

permittivity, ε.  The same relationship (with a change in sign) exists for electrophoretic velocity, 

vep, and mobility, µep. Thus, an observed mobility, µobs, is defined by equation 2 for an individual 

molecule, where λ is the tortuosity78.  

( )( ) ( ) 
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One method of analysis, implemented in our prior work, uses linear regression to 

determine the parameters of interest. A linear regression of µobs on µep yields ζ and λ from the 

intercept and slope using values of ε and η for water. Another method, which we will call the 

‘two-probe’ method, takes advantage of the fact that we use a solution containing two 

electrophoretically and spectroscopically different fluorescent probes (1 and 2). Each probe 

moves independently at an observed mobility. The two probes’ observed mobilities, measured 

simultaneously in one experimental run, are used to calculate a single value of ζ and a single 

value of λ. Values of ζ and λ are determined as shown in equations 3 and 4. Here, the numerical 

subscripts refer to the two probes. 
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Reported values for ζ and λ are obtained by averaging the results of the individual, two-probe 

experiments. 
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4.3 EXPERIMENTAL SECTION 

4.3.1 Chemicals and solutions  

The culture medium was comprised of Basal medium Eagle (50%), Earl’s basal salt solution 

(20%), horse serum (23%), penicillin/streptomycin (25 units/ml), L-glutamine (1 mM), and D-

(+)-glucose (7.5 g/L). All components were acquired from Sigma (St. Louis, MO) and used as 

received. The culture medium was warmed to 37 °C before use, but otherwise was kept in a 

refrigerator. D-(+)-glucose (27.5 mM) and MgSO4 (2.7 mM) were added to Gey’s Balanced Salt 

solution (GBSS), all also purchased from Sigma, as were the following: HEPES-buffered salt 

solution (HBSS) containing (mM): 143.4 NaCl, 5 HEPES, 5.4 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 

2.0 CaCl2, and 10 D-(+)-glucose. HBSS was prepared with 18 MΩ purified water from a 

Millipore Synthesis A10 system (Millipore, Billerica, MA), filtered and refrigerated at 2.6 °C. It 

was warmed to 37 °C before use.  

Fluorescent probes, Texas Red dextran conjugate 70 kDa (TR7) and Fluorescein dextran 

conjugate 70 kDa (Fl7) were purchased from Invitrogen/Molecular Probes (Eugene, OR). TR7 

and Fl7 were dissolved in HBSS to make 0.34 mM and 0.67 mM solutions, respectively, then 

filtered with 13 mm, 0.45 µm PTFE Millex filter units or equivalents (Millipore) and frozen until 

use. The final solution containing both fluorophores had a concentration of 0.19 mM for TR7 

and 0.29 mM for Fl7.  
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4.3.2 Organotypic hippocampal slice cultures 

OHSCs were prepared according to the Stoppini culturing technique with small variations.84 The 

procedures below were authorized by the University of Pittsburgh IACUC. Seven-day postnatal 

Sprague-Dawley albino rats were decapitated and the hippocampi dissected bilaterally. The 

hippocampi were cut perpendicular to the septo-temporal axis using a McIlwain tissue chopper 

(The Mickle Laboratory Engineering, Surrey, England) into 500 µm thick slices. The OHSCs 

were placed on Millicell membrane inserts (Millipore CM), pore size 0.4 µm, over culture 

medium and incubated in 95% air/5% CO2 at 37 °C. The cultures are roughly ellipsoidal, with 

the major axis approximately running from the CA3 to the subiculum. 

All OHSCs used for the data reported here were cultured for 3 to 10 days, when the tissue 

thickness is ~150 µm.84 Prior to an experiment, the culture medium was replaced with 37 °C 

GBSS and incubated for 30 minutes. This exchange and incubation was repeated two more 

times, where the final exchange was with 37 °C HBSS. The following manipulations took place 

at room temperature. The insert membrane was cut using an X-Acto knife to separate the OHSC 

and the membrane directly beneath it from the insert, as shown in Figure 4.1. To facilitate 

handling of the tissue, a millimeter or two of membrane was left extending along the major axis, 

and the combined membrane/culture was placed in the apparatus with the major axis parallel to 

the applied field. 

4.3.3 Four-electrode potentiostat 

We have converted a three-electrode potentiostat (Princeton Applied Research Model 173, 

Princeton, NJ) to a four electrode potentiostat using a differential amplifier in order to convert 
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the two measured reference electrode potentials into a single difference potential.173 This 

potentiostat is capable of applying up to 100 V between the two ‘counter’ electrodes in our 

apparatus (described below). To accommodate a high common mode voltage, a high 

voltage operational amplifier, AD445 (shown as U1 and U2 in Supporting Information Figure S-

4.1) from Analogue Devices (Norwood, MA), with a power supply range of +/- 50 volts was 

used. The amplifier has a typical input bias current of +/- 1.4 pA and a typical input offset 

current of +/- 0.2 pA. These amplifiers were connected as buffer amplifiers and were the inputs 

to an AD629 differential amplifier (U3), also from Analog Devices. The amplifier that consists 

of U1, U2, and U3 allows a common mode range of +/- 42.5 V.   Two reference electrodes were 

connected to the input ends of the amplifier. The reference electrode closest to the cathode was 

connected to the negative input end of the U3 differential amplifier by way of the buffer 

amplifier U1 (AD445). Another AD445, U2, was the buffer amplifier connected to the positive 

input end of U3 and to the other reference electrode. Buffer amplifiers U1 and U2 were 

connected to a +/- 45 V HP 6205C Dual DC Power (currently Agilent, Santa Clara, CA). A 

homemade +/- 15 V DC power supply supplied power to U3. Capacitors were used in the power 

supplies to remove noise, as shown on the bottom of Figure S-4.1. The output end of U3 was 

connected to the reference electrode input of the potentiostat. Platinum electrodes in each 

reservoir of the cell (described below) were the two counter electrodes. They were connected to 

the auxiliary and working inputs of the potentiostat. This configuration created a feedback loop 

such that the potential difference between the sensing regions of the two reference electrodes was 

constant.  
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4.3.4 Apparatus for tissue experiments 

Illustrated schematically in Figure 4.1, the cell was manufactured locally using Lucite. The cell 

was comprised of a narrow, 44 mm long, rectangular channel separating two cylindrical 

reservoirs (19 mm in diameter and 12 mm deep). Each of the reservoirs contained a tubular 

platinum electrode (1 mm OD, 0.1 mm wall thickness, and ~3.8 cm long) obtained from 

Goodfellow (Cambridge, England). The OHSC, already removed from the excess insert 

membrane as described in a previous section, was placed in the middle of the channel. Electrical 

contact between the OHSC and the platinum electrodes was made by filter paper, Grade 1 

Whatman (Maidstone, England), soaked with HBSS. A piece of filter paper, with one side in the 

HBSS reservoir, was laid just over one end of the tissue. The same was done with another strip 

of filter paper from the other reservoir to the other end of the OHSC, as shown schematically in 

Figure 4.1. Two 100 µm (ID) fused-silica capillaries, separated by a fixed distance of 2.5 mm, 

were used as Luggin capillaries. They were each pulled to a tip of ~20 µm (OD) using a P-2000 

capillary puller from Sutter (Novato, CA) and inserted into the ends of the OHSC facing each of 

the platinum electrodes. HBSS filled the Luggin capillaries and their associated vials. The vials 

each contained a Bioanalytical Systems Ag/AgCl reference electrode (3 M NaCl, West 

Lafayette, IN). These reference electrodes were connected to the input ends of the differential 

amplifier as described previously. 
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Figure 4.1. The apparatus 

The apparatus sits on an inverted fluorescence microscope for image analysis. Reservoirs on either side of the 

apparatus each contain a platinum counter electrode (labeled ‘-’ and ‘+’) and is half filled with HBSS. A 

HBSS-saturated piece of filter paper spans from inside each reservoir to either end of the OHSC, which sits 

on a piece of membrane in the center of a channel. Pulled Luggin capillaries are inserted into the OHSC 2.5 

mm apart. The distal ends of the capillaries are in vials containing Ag/AgCl electrodes filled with HBSS. 

4.3.5 Injection capillary 

Using the same capillary puller, a 250 µm (ID) fused-silica capillary was pulled to a tip of ~12 

µm (OD). The capillary was lowered perpendicularly into the OHSC with a Sutter (Novato, CA) 

MP-285 micromanipulator. The distal end of the injection capillary connected to a FemtoJet® 

express from Eppendorf (Hamburg, Germany), which was pressurized by a compressed nitrogen 

tank from Valley Natural Gas (Wheeling, WV). The FemtoJet® express was set to deliver an 

injection pressure of 200 to 300 hPa for 0.2 seconds, with a compensation pressure of 40 to 70 

hPa.  
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4.3.6 Imaging  

Imaging of the experiment was done with an inverted IX71 fluorescent microscope with a UPlan 

Apo 4× objective lens, both Olympus products (Melville, NY), and a charge-coupled device 

camera (ORCA-285 Hamamatsu, Hamamatsu City, Japan). A DA/Fl/TA-3X-A Triple-band 

“Pinkel” filter set from Semrock (Rochester, NY), with exciter 1 387 nm, exciter 2 494 nm, 

exciter 3 575 nm, triple-band dichroic mirror: 394–414 nm, 484–504 nm, 566–586 nm, emitter: 

457, 530, 628 nm was used according to the fluorescent properties of the probes. SimplePCI 6.0 

software from Compix (Cranberry, PA) was used for image acquisition and processing.  

4.3.7 ζ-potential determination 

Prior to the start of the ζ-potential measurements, an OHSC is injected with each fluorophore 

solution separately to set each exposure time using the autoexposure command for a two-color 

image on SimplePCI 6.0. In preparation for each measurement, a fresh OHSC was prepared and 

placed in the measuring cell on the stage of the microscope. The tip of the injection capillary was 

loaded with a solution containing both fluorophores at room temperature. It was lowered 

perpendicularly ~75 µm (approximately midway) into the new OHSC using the 

micromanipulator. We estimate that the FemtoJet® express delivered about 60 pL of the solution 

most of the time. Occasionally, mere placement of the capillary in the tissue delivered a larger 

quantity of the fluorophore solution through capillary effects. Once the injection was complete, 

the injection capillary was raised from the OHSC and the Luggin capillaries were lowered into 

the tissue. The time lag from the injection to the application of the electric field is long enough 



 52 

that convective flow from the injection does not interfere with the electroosmotic flow during the 

measurement. 

An electric field between 320 V/m and 2000 V/m was chosen arbitrarily for each run. 

This range of values was limited on the low end by the need to measure accurately the motion of 

the fluorescent zones, and on the high end to avoid electroporation.159 The potentiostat’s applied 

voltage was determined based on the chosen field and the 2.5 mm reference electrode spacing. 

Following application of the potential, one image was acquired every one, five, ten, or twenty 

seconds. The electric field was measured at the two Luggin capillaries by a multimeter to ensure 

that the system was controlling the field accurately. The same was done for the two platinum 

electrodes in the reservoirs.  

Figure 4.2 shows still images taken at two times during an experiment. The Supporting 

Information includes unenhanced and enhanced movies showing the fluorophore movement. 

Positive movement of a fluorophore was defined as movement toward the cathode. Using the 

imaging software, we determined the velocities of the fluorescent zones as follows. The positions 

of the zones prior to the application of the field (t=0) are defined by the location of the maximum 

in fluorescence intensity. We then observed the movement of the zones under the influence of 

the field (using a software-generated video) to determine the point at which a well-defined zone 

was discernable from the initial zone, as a considerable amount of fluorescence typically remains 

at or near the position at t=0. The location at a particular time of the intensity maximum of the 

moving zone defined the zone velocity (N.B. – a multiple-point approach demonstrating constant 

velocity was used for 203 measurements in the previous publication78). The distance that the 

zones moved in and experiment varied from about 50 to several hundred µm.  
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Figure 4.2. Sample experimental run 

The two images show both fluorophores injected into the CA1 of the OHSC. TR7 is red, and Fl7 is green. The 

top image is taken at time 0. The bottom image shows, at a time of 5 minutes, that the probes have moved 

towards the cathode. The bottom image’s contrast has been increased to increase the visibility of the 

fluorophores. 

4.4 RESULTS 

We measured fifty pairs of electroosmotic mobilities (one for each fluorescent probe) in OHSCs. 

One pair’s derived values of ζ-potential and tortuosity (based on equations 3 and 4) were 

obviously outliers (ζ = -132 mV and λ = 8.4). This pair was not included in the following 

analysis. We will first compare results (previous vs. current) for the directly observed quantity, 

µobs. We then compare results (previous vs. current) for the derived parameters, ζ-potential and 
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tortuosity. Finally, we compare the two data treatments, regression vs. two-probe, using the 

‘current’ data.  

Table 4.1a compares the observed mobilities for each fluorescent probe from the previous 

experimental method to those of the current method using a Student’s t-test. The number of runs 

is n; t is the Student’s t value; and p is the probability that the observed difference (t value) is due 

to chance alone, also known as the p-value. Table 1b shows the analogous variances, s2, the 

degrees of freedom, abbreviated as df, as well as the F statistic, Fs, and its p-value, p. It is worth 

restating that there are several differences between the previous method and the current method. 

The statistical testing will determine whether the current, much simpler, method gives acceptably 

equivalent results (t-test) with no poorer precision (F-test) than the previous method. The t-test in 

Table 4.1a shows that for both Fl7 and TR7 the null hypothesis, that the two mobilities are the 

same, should be accepted. Additionally, the change in the method modestly improves the 

precision in both observed mobilities as shown by Table 4.1b with p-values of 0.07 for both 

fluorophores. Thus, the observed mobilities are equivalent to, and perhaps more precisely 

determined, by the simpler current method than the previous method. An increase in precision is 

helpful because it reduces the number of experiments required to establish a value of the ζ-

potential with a given confidence interval. 
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Table 4.1a. Comparison of observed mobilities  

 Previous Method Current Method   
 µobs

† SEM† N µobs
† SEM† n t p 

Fl7 1.85 0.24 22 1.76 0.13 49 0.40 0.69 
TR7 3.66 0.71 12 4.12 0.26 49 0.88 0.38 

 

Table 4.1b. Comparison of variances  

 Previous Method Current Method   
 s2 ‡ df s2 ‡ df Fs P 

Fl7 1.32 21 0.78 48 1.69 0.07 
TR7 6.10 11 3.24 48 1.88 0.07 

 

†Units: 10-9 m2/Vs 
‡Units: 10-18 m4/V2s2 

A linear regression of µobs vs. µep from the current method (n=98) yields a slope of 0.26 ± 

0.03 and a y-intercept of 4.3 ± 0.2 × 10-9 m2/Vs. The stated errors are the SEMs. The slope is 

equal to the inverse square of the average tortuosity. Therefore, the average tortuosity is 1.98 ± 

0.12 (see Table 4.2a). Inserting the intercept into equation 2 yields an average ζ-potential of -

21.3 ± 2.8 mV. Table 4.2a shows two-tailed t-test comparisons of ζ-potential and tortuosity 

determined with the current method vs. the values from the previous method.78 With 

probabilities of 0.84 for ζ-potential and 0.26 for tortuosity, we infer statistically indistinguishable 

values. F-test comparisons, as shown in Table 4.2b (p-values of 0.60 for ζ-potential and 5.2 × 10-

5 for tortuosity), show the variability in ζ-potential is indistinguishable from the previous 

method’s. However, this table shows we have increased the variance in the tortuosity determined 

by the current method using linear regression for data analysis in comparison to the previous 

method (which also used linear regression). 
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Table 4.2a. Comparison of ζ-potential and tortuosity of the two experimental methods 

 Previous Method Current Method   
 Mean* SEM* N Mean* SEM* n t p 
ζ -22 2 203 -21.3 2.8 98 0.20 0.84 
λ 1.83 0.06 203 1.98 0.12 98 1.1 0.26 

 

Table 4.2b. Comparison of variances 

 Previous Method Current Method   
 s2 § df s2 § df Fs p 
ζ 812 201 773.82 96 0.95 0.60 
λ 0.73 201 1.42 96 1.93 5. 2 × 10-5 

 
*Units: for ζ, mV; for λ, unitless 
§Units: for ζ, mV2; for λ, unitless 

We now turn to a comparison of data analysis methods. This comparison is based only on 

data from the current method. In the regression analysis, all 98 data are used to find ζ-potential 

and tortuosity. In the two-probe analysis, 49 values of ζ-potential and tortuosity are averaged. 

Table 4.3a displays the results of the two analysis methods, namely linear regression and the 

two-probe method. The two analysis methods yield statistically indistinguishable values for both 

ζ-potential and tortuosity, as shown by their p-values of 0.60 and 0.24, respectively. However, 

the F-tests in Table 4.3b show that the precision greatly improves with the use of the two-probe 

analysis. 
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Table 4.3a. Comparison of ζ-potential and tortuosity of the two analysis methods 

 Regression Analysis 2-Probe Analysis   
 Mean* SEM* N Mean* SEM* n t p 
ζ -21.3 2.8 98 -22.8 0.8 49 0.52 0.60 
λ 1.98 0.12 98 2.24 0.10 49 1.18 0.24 

 

Table 4.3b. Comparison of variances 

 Regression Analysis 2-Probe Analysis   
 s2 § df s2 § df Fs p 
ζ 773.82 96 29.48 48 26.2 < 0.0001 
λ 1.42 96 0.52 48 2.74 0.0001 

 
*Units: for ζ, mV; for λ, unitless 
§Units: for ζ, mV2; for λ, unitless 

4.5 DISCUSSION 

4.5.1 Comparison of methods 

We made several alterations to the original experimental setup and procedure to simplify and 

improve the method of determining ζ-potential and tortuosity in intact OHSCs. One such 

alteration is the use of HBSS in conjunction with filter paper instead of agarose gel slabs. This 

eliminates the variability in the contact between the tissue and the agarose and eliminates the 

potential for variability among agarose compositions. Furthermore, the fluid flows more easily 

within the filter paper than in the agarose gel. This lower resistance to flow minimizes possible 

pressure differences. Originally, Ag/AgCl electrodes were inserted into the tissue cultures in the 

experimental region to measure the electric field during the experiment.78 These electrodes, 

although small, were invasive and cumbersome. By replacing them with Luggin capillaries, 
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pulled to a tip, the experimental manipulations become easier. The pulled tips of the Luggin 

capillaries are smaller (~20 µm OD) than the diameters of the Ag/AgCl electrodes (~100 µm 

each). Also, the capillaries allow the use of larger, more stable, commercially available (BAS) 

Ag/AgCl electrodes placed in remote vials. By using larger electrodes, amplifiers demanding 

larger currents are useable, thus simplifying potentiostat design and decreasing drift due to 

changes in the reference electrode potential occasioned by the operational amplifier current 

requirement. Most importantly, these electrodes no longer measure the electric field throughout 

the experiment, but participate in controlling the field between the capillaries with the use of a 

four-electrode potentiostat. Controlling the field in this manner reduces the variability in the field 

throughout the experiment. Lastly, the capillaries are now spaced further apart within the tissue 

culture, so as not to interfere with the fluorophore migration.  

The four-electrode potentiostat replaces the use of a voltage supply and reference 

electrodes for measurement. A three-electrode potentiostat controls the potential between a 

working electrode and a reference electrode by applying current through an auxiliary electrode. 

Coupling a differential amplifier to the reference electrode permits the use of two reference 

electrodes173 allowing for the control of a potential difference without the requirement that one of 

the electrode potentials is zero (ground). In this configuration, the potentiostat controls the 

potential between the two reference electrodes in a feedback loop. Each reference electrode’s 

sensing point is defined by a Luggin capillary. The Luggin tips are small and do not interfere 

with the experiment. They are inserted along the major axis of the tissue such that the electric 

field within the tissue is maintained by current between the counter electrodes. The potentiostat 

maintains the potential difference between the counter electrodes in a range of 14 to 46 V 

(depending on the tissue and the field that we are trying to achieve). Therefore, the potential at 
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the reference electrodes can be considerably larger than about 15 V vs. ground. This necessitated 

the use of amplifiers that can manage a high common mode voltage. 

 The hippocampus is a highly structured region. There are three areas that contain 

neuronal cell bodies, and thus show up clearly in images of sections of the hippocampal region, 

namely, the CA1, CA3, and the dentate gyrus. From the previous work, we know that there are 

small differences in ζ-potential and tortuosity among these three regions.78 Of the 98 

measurements in the data set for the current experiments, 26 are in the CA1, 36 are in the CA3, 

and 36 are in the dentate gyrus. A single-factor (regions) analysis of ζ-potential shows a p-value 

of 0.1 indicating borderline statistically insignificant differences among the regions. In this 

paper, we have chosen to ignore those (small) differences, thus including observations from the 

all the regions in a single data set. As Table 3.1 shows, the current method yields equivalent 

results for the experimentally observed quantity (in comparison to the previous method) and it is 

possibly more precise (p = 0.07).  

Since the linearity of the relationship between µobs and µep is established for OHSCs,78 it 

is simpler to use only two probes for the regression analysis rather than eight probes. The 

potential disadvantage of the two particular probes used here is their relatively similar 

electrophoretic mobilities. The electrophoretic mobility range in the previous method is almost 

six times larger than the range in the current method. The range of the experimentally observed 

mobilities is similarly reduced by about a factor of six. The smaller range in the current method 

creates a greater sensitivity to additive random errors in the observed mobility than in the 

previous method. We are thus concerned about suffering an increase in variability of the ζ-

potential and tortuosity because of the lower mobility range. Although two-tailed t-tests of both 

ζ-potential and tortuosity show that the current method (using only two probes) yields 
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statistically indistinguishable results from the previous method (see Table 4.2a), the F-test in 

Table 4.2b test reveals that the alterations increase the variability of tortuosity. The variability in 

ζ-potential, however, does not increase. The result that there is no observable change in the error 

of the ζ-potential is favorable, but the increased variance in the tortuosity is disappointing. 

Fortunately, the two-probe method of analysis leads to improved precision as discussed next. 

According to the two-tailed t-tests in Table 4.3a, the two-probe analysis is a viable analysis 

method. The significantly better precision of the two-probe analysis method is a result of reduced 

variability probably due to differences in tissue cultures. The two-probe procedure measures two 

observed mobilities in the same conditions, since they are injected simultaneously into the same 

location on the same tissue culture. The hippocampal formation is a highly structured entity in 

which there are variations in composition (cell bodies vs. projections) over small (~100 µm) 

distances. While we attempt to inject the probes into the cell-body-containing parts of the tissue, 

there is certainly a good chance for variability in this aspect of the measurement. Thus, it is not 

entirely unexpected to find that the variability in the measurement is reduced with the two-probe 

approach for data analysis. 

4.5.2 Accuracy of the method 

As Figure 4.2 and the video clips in the Supporting Information show, the fluorescent probes not 

only move linearly in the direction of the electric field, but also the initially well-defined zone 

disperses as it passes through the tissue. It has been shown by computations relating to capillary 

electrochromatography that in a packed bed, even with a constant ζ-potential, there is a 

distribution of velocities because of the locally varying electric field.174 Over the several minute 
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experimental time, the root mean square diffusion distance based on known diffusion 

coefficients106, 171 and tortuosity is approximately 40 – 60 µm. As the observed dispersion is 

greater than this value, it is unlikely that diffusion plays an important role in the observed 

processes, at least in the two dimensions defined implicitly in Figure 4.2. On the other hand, we 

have observed earlier that the fluorescent probes can reside in the insert membrane below the 

cultured tissue.78  This population of probe molecules in the membrane moves very slowly in the 

electric field. Consequently, the injection site is always visible, as is a tail of fluorophore behind 

the zone moving in the tissue. The tail arises, we think, from probe diffusing out of the 

membrane into the tissue and vice-versa. 

The only extant value of ζ-potential is the value from the previous method. To the degree 

that the previous method is accurate, the current method is accurate. Tortuosity has been more 

widely investigated. The two dextran-conjugated fluorophores, Fl7 and TR7, were chosen and 

paired because they have the same molecular weight, 70 kDa.  Previous research has shown 

correlations between probe molecular weight, or more properly, hydrodynamic radius, and 

tortuosity.78, 109-111 Using probes with the same molecular weight decreases error in tortuosity 

resulting from variations in probe radii.171 As far as we are aware, there are no measurements of 

tortuosity in OHSC other that the value from the previous method. However, there are values for 

70 kDa fluorescent dextran in the cortex of rat. The value of the tortuosity in acute rat cortical 

slices is 2.25171. The value in cortex in vivo is 2.68109. Values of tortuosity for 3 kDa fluorescent 

dextran in acute hippocampal slices are lower than comparable values in cortex and neocortex.18 

While there are not enough data for a firm conclusion, it appears that measurements of tortuosity 

by this method are accurate. 
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Such measurements could be extendable to in vivo conditions. However, several 

challenges arise in an in vivo experiment. The most significant is imaging of a fluorophore that is 

no longer in an optically thin sample. ’Seeing’ the region of interest is essential. Consequently, 

many in vivo diffusion measurements are in the easily accessible cortex.18 Multiphoton 

experiments,175 with currently available fluorescent probes, or the use of near IR probes176 may 

be helpful. Injections of the fluorophore remain in the tissue following the conclusion of the 

experiment. Therefore, the fluorophore must be non-toxic to the animal. In addition, electrodes 

must be placed appropriately for electroosmotic flow to occur. This would be especially 

challenging for measurements in the interior of the brain. Current neurosurgical methods use 

transparent conduits,177 for example, for endoscopic visualization and manipulation with 

corresponding instruments to access inner brain regions. Similar arrangements can be imagined 

for an in vivo ζ-potential and tortuosity determination. By slightly changing the approach to 

using contrast agents instead of fluorescent dextran conjugates, magnetic resonance imaging 

(MRI) and computed tomography (CT) scans can visualize probe movement without a full 

craniotomy. Electrodes and the injection capillary would still need to be inserted, but this can be 

minimally invasive. 

In conclusion, the new experimental method reduces the variability of the experimentally 

measured mobilities. Moreover, the two-probe analysis method is accurate and more precise in 

determining ζ-potential and tortuosity, while also being simpler than the previous method. 
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4.6 SUPPORTING INFORMATION 

ABSTRACT 

The supporting information section contains Figure S-4.1, the circuit diagram of the differential 

amplifier in the four-electrode potentiostat, and two video clips. Video S.2 is a contrast enhanced 

version of Video S.1. Both movies show three injections: in the CA1, CA3, and dentate gyrus 

regions. An electric field of 1.4 V/mm is applied across the tissue. Images are acquired every 20 

seconds. During the course of 5 minutes, as shown by the time stamp in the upper left corner, 

TR7 (in red) and Fl7 (in green) move according to their observed mobilities. TR7 separates 

from Fl7 as it moves towards the cathode at a greater velocity than Fl7.  
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Figure S- 4.1. Circuit diagram of the differential amplifier in the four-electrode potentiostat 
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5.0  IONTOPHORESIS INTO A POROUS MEDIUM DEPENDS ON THE ZETA 

POTENTIAL OF THE MEDIUM 

ABSTRACT 

Iontophoresis uses electrically facilitated transport to deliver solutes into living tissue. Often, 

iontophoretic ejections into brain tissue are confined to millisecond pulses for highly localized 

delivery. This paper investigates solute penetration using extended iontophoretic ejections into 

brain tissue. Furthermore, the effect of the ζ-potential on ejections is examined using 

poly(acrylamide-co-acrylic acid) hydrogels with various magnitudes of ζ-potentials, including 

that similar to hippocampal brain tissue. Parameters that effect solute penetration distance 

include the magnitude of the applied current, solute properties, and the ζ-potential of the matrix. 

A theoretical calculation is presented as a quantitative method of predicting solute ejection 

profiles using the measured properties of the system. The theory eliminates the need for 

calibration of each iontophoretic experiment. Experiments also show that with an appreciable 

matrix ζ-potential, such as that of brain tissue, solute transport may be directed to specific 

locations following the direction of current flow. 
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5.1 INTRODUCTION 

Iontophoresis is a popular method of solute delivery that uses the application of an electric field 

via constant current to deliver solutes to tissue. Electrokinetic processes motivate solutes to be 

transported into tissue. In addition to delivering solutes directly from a pipette into the brain, 

Lerner et al. use iontophoresis to deliver compounds to the brain through the nasal mucosa.21 

Brain iontophoresis is also used to stimulate neuronal pathways128 and understand the brain’s 

physicochemical properties and transport mechanisms.128 Outside of brain delivery, 

iontophoresis is used to deliver solutes transdermally, transocularly,178, 179 and transurethrally.180 

Iontophoresis into the brain has the advantage of localized delivery that circumvents the 

blood-brain barrier. The main drawback to iontophoresis is its unpredictability. Historically, the 

transport number was used to correlate the number of moles of ejected ionic solute with the 

applied current.181, 182 The correlation between the transport number and the ejected solute 

concentration is inadequate.170 In practice, there is significant variability from one iontophoretic 

ejection pipette to another. Previous attempts to quantify iontophoretic ejections have had limited 

success.183-185 Researchers have used ion-selective microelectrodes,18, 186-188 carbon fiber 

microelectrodes,189-191 and fluorescence  microscopy192 to measure solute ejection outside of the 

ejection pipette. Today, each ejection pipette must be pre-conditioned and calibrated in order to 

obtain a predictable distribution profile outside of the pipette tip.170, 191, 193   

Trubatch and Van Harreveld proposed that electrokinetic processes within the tissue may 

account for some of the lack of agreement between predicted and experimental ejection 

profiles.194 The theory was quickly refuted by Norman and others, stating that pulsed 

iontophoretic currents are low (≤100 nA) and ejections are too short to create appreciable 

electrokinetic contributions within the tissue.193, 195-197 Until recently, the standard view was that 
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iontophoresis into the brain can only convey charged solutes into tissue via charge migration in 

the iontophoretic pipette and diffusion thereafter into the tissue.120, 193, 195-198  

Recently, Herr et al. demonstrated the significance of electrokinetic flow in the pipette 

during iontophoretic ejections into buffer solution using electrochemical detection adjacent to the 

pipette tip.198 Applying an electric field within the pipette creates an electrokinetic bulk fluid 

flow known as electroosmotic flow, EOF.22 EOF arises as a result of an electric field’s 

motivating force on the mobile counterions to the fixed charges on the pipette walls. A solute in 

an electric field moves according to its electrophoretic velocity and the fluid’s electroosmotic 

velocity in addition to diffusion. Therefore, Herr et al. were able to demonstrate ejections of 

neutral solutes as a result of the EOF in the pipette.191, 198 The magnitude of EOF is proportional 

to the ζ-potential. The ζ-potential is the potential at the shear plane between the moving 

electrolyte solution and the immobile counterions along the surface. The magnitude of ζ is 

governed by the surface charge density and the electrolyte concentration. Skin tissue, for 

example, has an appreciable ζ-potential within pores and a low ζ-potential elsewhere.30, 135, 149, 199 

Incorporating EOF into transport models leads to better predictions of solute delivery in 

transdermal iontophoresis.30, 199 EOF is used in tumor dewatering, for example, where an electric 

field is used to direct the migration of water out of tumors.137 Furthermore, Xu et al. were able to 

show sustained EOF in brain tissue during extracellular electroosmotic sampling.93 However, 

EOF is not addressed in brain iontophoretic applications. 

We have recently reported that brain tissue cultures have a ζ-potential of approximately -

22 mV.77, 78 We propose that a solute can be transported by virtue of the significant ζ-potential of 

brain tissue and the resulting EOF. Such transport will most easily be seen by prolonging 

iontophoretic ejections, as concentration gradients, and thus transport by diffusion, is fast on 
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short timescales. It is possible that EOF plays a part under conditions such as Nicholson’s 

iontophoretic ejections using 60 – 100 nA for 50 second time intervals196 and in Herr’s 

iontophoretic ejections periods of 30 to 60 seconds191.  

5.1.1 Theory 

The degree to which electrokinetic processes take part in iontophoresis is can be assessed by 

knowing the Peclet number, Pe. Pe, as shown in Equation 1, is a dimensionless ratio of the time a 

solute requires to diffuse a characteristic distance, ā, and the time a solute requires to move the 

same distance with a velocity, v . D is the solute diffusion coefficient in solution. 

D
vaPe =  (1) 

Solute velocity, v, contains three components: an electrophoretic velocity, vep, an electroosmotic 

velocity, veo, and a pressure-induced velocity, vp. We assume that vp is small compared to vep and 

veo, and therefore is not accounted for in this derivation (refer to SI for further information). Each 

of the remaining two velocities is governed by the magnitude of the electric field. Equation 2 

relates the electric field, E, to the current applied to the system, i:  

EE ρAρ ijE ==  (2) 

where j is the current density, ρΕ is the resistivity of the fluid, and A is the cross-sectional area. 

Equations 3 and 4 define electrophoretic and electroosmotic velocities as products of electric 

field and the corresponding mobility, µ. 

Ev epep µ=  (3) 
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Equation 4 shows that the electroosmotic velocity is a function of the ζ-potential of the matrix 

(ζ), and the permittivity (ε) and viscosity (η) of the fluid. Incorporating Equations 2 through 4 

into Equation 1 yields a theoretical calculation of Pe, PeT, in Equation 5 based on measurable 

properties. 





 −= η

εζµep
E

T  A
aρ

Pe
D

i
 (5) 

The concentration profile of a solute being transported into tissue by iontophoresis in the 

case where µep and µeo are both zero is governed only by diffusion. For the case in which the 

iontophoretic current is on long enough to reach steady-state,191 the concentration profile takes 

on the familiar shape described by Equation 6.200  Here, we have made the assumption that the 

solute emanates from a hemispherical source. In Equation 6, the concentration, C, is a function 

of the concentration at the surface of the hypothetical hemisphere of radius, ā, the maximum 

concentration, C0, and the distance from the hemispherical surface, r. 

C=C0 
ā
r
 (6) 

In the case where there is convection as well as diffusion, we can solve for the steady-state 

condition in the hemispherical coordinate system as follows. Equation 7 describes solute flux: 

𝐽 = C𝑣 − 𝐷∇C (7) 

where J, and v are the flux and velocity of the solute, respectively. The first term in the equation 

refers to the flux due to convection, which includes both veo and vep. The second term relates to 

the diffusional flux resulting from a concentration gradient. We assume the electric field 

distribution from the pipette tip is equal to the field distribution from a hemispherical electrode, 

i.e., 𝐸(r) = ā2

r2 𝐸0 where E0 is the field at r = ā, leading to Equation 8. 

𝐽 = C(r)µobs
ā2

r2 𝐸0 − 𝐷 𝑑C(r)
𝑑r

 (8) 
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The observed mobility, µobs, is the sum of µeo and µep. Note that in the case of no electric field, 

the electrokinetic mobility is zero and the flux is governed solely by the diffusion of the solute. 

Steady-state is achieved in a spherical coordinate system when dr2J/dr = 0. Thus, Equation 9 

describes the steady-state condition.  

𝜇𝑜𝑏𝑠𝐸0ā2 𝑑C
𝑑r

− 2r𝐷 𝑑C
𝑑r

− r2𝐷 𝑑2C
𝑑r2 = 0 (9) 

�𝑃𝑒
𝜌2 − 2

𝜌
� 𝐶′ = 𝐶′′ (10) 

Equation 10 is Equation 9 with the derivatives with respect to radius indicated as primed 

quantities, the dimensionless distance, ρ, is r/ā, and Pe is the based on the electric field at the tip 

(ρ = 1), i.e,  

Pe = 𝜇obs𝐸0a
𝐷

 (11) 

This equation can be solved by solving the first order differential equation for the function F = 

C’, and then solving the resulting equation for C’ by integration with boundary conditions: 

Boundary Condition 1: C(𝜌 → ∞) = 0  

Boundary Condition 2: C(𝜌 → 1) = C0  

C(𝜌) = C0 �1−e−PeE 𝜌�

1−e−PeE
� (12) 

where PeE is the experimental Peclet number. When the electrokinetic effects are negligible, PeE 

tends to zero. Expanding the exponentials as Taylor series and truncation of quadratic and higher 

order terms leads to the recovery of Equation 6.  

We hypothesize that a larger magnitude tissue ζ-potential will be associated with larger 

ejection distance in a given time period. As a tissue’s ζ-potential cannot be altered, we will test 

this concept, using synthetic poly(acrylamide-co-acrylic acid) hydrogels are used as tissue 
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models with varying ζ-potentials. We examine the degree of fluorescent dextran penetration as a 

function of matrix ζ-potential and applied current. We also show that prolonged ejections do not 

create cell death in brain tissue as compared to controls. Finally, we use tris(2,2’-

bipyridine)ruthenium (Ru(bpy)3
2+) as a representative cationic solute for which electrophoresis 

and electroosmosis are significant and in the same direction. By understanding the EOF in both 

the delivery system and in the tissue itself, we can estimate the ejected solute distribution.198 

5.2 EXPERIMENTAL 

5.2.1 Chemicals and Solutions 

Unless otherwise noted, the following materials were purchased from Sigma (St. Louis, MO) and 

used as received. Solutions were prepared with Millipore Synthesis A10 system 18 MΩ purified 

water (Millipore, Billerica, MA). Glucose-free HEPES-buffered salt solution (G-f HBSS) 

contained in mM: 143.4 NaCl, 5 HEPES, 5.4 KCl, 1.2 MgSO4, 1.2 NaH2PO4, and 2.0 CaCl2. G-f 

HBSS was filtered, stored frozen, warmed to room temperature, and ultrasonicated for ten 

minutes before use. HBSS contained the same quantities as G-f HBSS with an additional 10 mM 

D-(+)-glucose and underwent the same preparation and storage process. GBSS was made up of 

27.5 mM D-(+)-glucose and filtered 2.7 mM MgSO4 supplemented Gey’s Balanced Salt 

solution. GBSS was stored in the refrigerator and warmed to 37 °C before use. 

Culture medium contained the following from Gibco (Invitrogen, Eugene, OR): 50 % 

Opti-MEM, 25 % heat-inactivated Horse Serum, and 25 % Hanks’ Balanced Salt Solution, 
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supplemented with 2 % B-27 vitamin and 1 % D-(+)-glucose from Sigma.201 Medium was 

filtered, refrigerated for storage, and warmed to 37 °C before use.   

5.2.2 Fluorophores 

The following dextran conjugates were obtained from Invitrogen. Texas Red dextran conjugate 

70 kDa (TR70) and Texas Red dextran conjugate 3 kDa (TR3) were diluted to 0.06 mM and 0.2 

mM, respectively with G-f HBSS, filtered, and frozen until use in the current ejection 

experiment. Tris(2,2’-bipyridine)ruthenium (abbreviated Ru(bpy)3
2+) from Sigma was diluted to 

1.3 mM in 150 mM NaCl supplemented with 5 mM HEPES, pH 7.4 in the high electrolyte 

solution, and diluted to 1.3 mM in 5 mM NaCl supplemented with 5 mM HEPES, pH 7.4 in the 

low electrolyte solution.  

A TR70/F70 mixture was made in G-f HBSS with the final concentration of 0.19 mM 

TR70 and 0.29 mM F70 for use in ζ-potential measurements. For diffusion coefficient 

measurements, the following fluorophores were dissolved in G-f HBSS to final concentrations of: 

TR70 (0.03 mM), F70 (0.03 mM), TR3 (0.67 mM), and Ru(bpy)3
2+ (3.51 mM). A stock solution 

of 0.35 mM propidium iodide in GBSS was frozen until use for cell death analysis. 

5.2.3 Determination of Diffusion Coefficients 

Diffusion coefficients were determined as described in Beisler et al.202 G-f HBSS mobile phase 

pumped through the system using a Pico Plus syringe pump (Harvard Apparatus, Holliston, MA). 

The sample solutions were injected using an HP 1050 autosampler (Hewlett-Packard, Palo Alto, 

CA) into a 1 μL loop in a VICI 6-port Cheminert Injector (Houston, TX). The detector from an 
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ISCO 3850 Capillary Electropherograph (Teledyne ISCO, Lincoln, NE) was used for UV 

detection (215 nm) of the fluorophores. Signals were collected by Peaksimple 3.29 (SRI Inc., 

Torrance, CA) for analysis.   

Data were imported into Origin 7.5 (Origin Lab Cooperation, Northampton, MA) for 

differentiation, followed by the determination of the first and second central moments using 

PeakFit version 4 (Systac Software Inc., San Jose, CA). Diffusion coefficients were calculated 

from the slopes of second moment versus first moment linear plots. In addition, errors for the 

diffusion coefficients were calculated based on the error of the slope, assuming negligible error in 

the flow rate, capillary length and capillary diameter. 

5.2.4 Electrophoretic Mobility Determination by Capillary Zone Electrophoresis (CZE) 

The electrophoretic mobilities of the fluorophores in G-f HBSS were determined via CZE with 

diode array UV absorbance detection using 50 µm inner diameter (ID) capillaries and an Agilent 

CE system (Agilent Technologies, Palo Alto, Ca).  Hydrodynamic injection (25 mbar, 4 second) 

was employed, and all experiments were performed at 25°C.  For TR70 (λdetn = 595 nm), TR3 (595 

nm), F70 (494 nm), and Ru(bpy)3
2+ (452 nm) an unmodified fused silica capillary (Polymicro 

Technologies, Phoenix, AZ) was employed.  The capillary was preconditioned with 1 M NaOH 

for 15 minutes, 18 MΩ-cm water for 15 minutes and G-f HBSS for 15 minutes, and was flushed 

with running buffer for 2 minutes in between injections.  Rhodamine B (544 nm) was used as a 

neutral flow marker.  The capillary was 33.0 cm in total length, 8.5 cm to the detector, and the 

separation voltage was 6.0 kV (182 V/cm).  Fluorophores were dissolved in G-f HBSS and had 

concentrations ranging from 0.3 to 1.7 mM. 
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5.2.5 Synthesis of Hydrogels 

Poly(acrylamide-co-acrylic acid) hydrogels were prepared with the purpose of creating matrices 

with different ζ-potentials and tortuosities similar to those of brain tissue18 with a thermally-

initiated radical polymerization reaction. The total weight of acrylic acid, acrylamide, and 

bisacrylamide was kept constant (279 mg/5.00 mL) while the w/w ratios of acrylic acid and 

acrylamide were of 25 %, 10 % and 0 %.  The bisacrylamide cross-linker was maintained at a 

fixed weight percentage of approximately 1.4 %. 

Table 5.1. Hydrogel compositions 

 25% 10% 0% 
weight (mg) mmol weight (mg) mmol weight (mg) mmol 

Acrylamide 206.0 2.90 247.5 3.48 275.0 3.87 
Acrylic Acid 69.0 0.96 27.5 0.38 0.0 0.00 

Bisacrylamide 4.0 0.03 4.0 0.03 4.0 0.03 
 

The reagents were weighed and dissolved in 4.5 mL of ultrapure water (Cayman 

Chemical, Ann Arbor, MI) and stirred vigorously for 5 minutes. The solutions were then titrated to 

a pH range of 7 to 8 using an aqueous 1 M NaOH solution. The final solution volumes were 

brought to 5.0 mL with ultrapure water. The polyacrylamide solutions were then deaerated with 

nitrogen for 20 minutes at room temperature. Immediately following, 5.0 mg of APS (0.02 mmol) 

and 5.2 μL of TEMED (0.03 mmol) were quickly added to each solution, which was then 

vigorously stirred for another 3 minutes at room temperature. Each clear, colorless solution was 

poured into a 50 mm x 16 mm Pyrex glass dish and placed inside an oven at 100 ± 5 °C for 2 

hours. The Pyrex dishes were removed from the oven and allowed to cool for 10 minutes at room 

temperature. Using a glass pipette tip, the colorless and clear hydrogels were separated from the 

Pyrex dish walls and slowly peeled from the bottom of the dish. The hydrogels were 
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independently placed in plastic dishes filled with approximately 25 mL G-f HBSS solution and 

shaken lightly at 10 °C overnight. The buffer solution was exchanged the following day with 25 

mL of fresh G-f HBSS, placed back in the shaker at 10 °C for another 24 hours. Finally, the G-f 

HBSS was exchanged once more (25 mL), and the hydrogels were placed in the refrigerator where 

they were allowed to equilibrate. A final pH check was performed to assure the hydrogels were pH 

7.40 with full immersion of the probe into the hydrogel before further characterization. 

5.2.6 ζ-Potential and Tortuosity 

The experimental apparatus was used without modification from our previously reported setup.77 

Briefly, a four-electrode potentiostat coupled with a differential amplifier and a pair of reference 

electrodes with Luggin capillaries was placed in the hydrogel. G-f HBSS was used as the 

electrolyte solution in the reservoirs. An Olympus IX71 inverted fluorescence microscope 

(Melville, NY) imaged the experiment with an Olympus UPlan Apo 4× objective lens and a 

charge-coupled device camera (ORCA-285 Hamamatsu, Hamamatsu City, Japan). A DA/Fl/TA-

3X-A triple-band “Pinkel” filter set (Semrock, Rochester, NY), with exciter 1 at 387 nm, exciter 2 

at 494 nm, exciter 3 at 575 nm, triple-band dichroic mirror: 394–414 nm, 484–504 nm, 566–586 

nm, emitter: 457, 530, 628 nm was used. Image acquisition and post-processing was completed 

using SimplePCI 6.0 software from Compix (Cranberry, PA). 

In order to set the exposure times, a piece of hydrogel was injected with each fluorophore 

solution separately. A fresh piece of hydrogel was cut to size and placed in the apparatus channel 

on the microscope stage. Using a P-2000 capillary puller from Sutter (Novato, CA), a 150 μm ID 

fused-silica capillary was pulled to a tip opening of approximately 12 μm to create an injection 

capillary. The injection capillary was filled with the TR70/F70 fluorophore mixture and lowered 
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into the hydrogel using a Sutter MP-285 micromanipulator to a depth of half the hydrogel’s 

thickness. The injection capillary was connected to the FemtoJet® express (Hamburg, Germany) 

to deliver a pressure injection via a compressed nitrogen tank (Valley Natural Gas, Wheeling, 

WV). The injection pressure was set to 200 to 250 hPa for 0.2 to 0.5 seconds and 0 to 20 hPa 

compensation pressure. The exact parameters were varied within these ranges so that the volume 

of ejected fluorophore was appropriate for the sensitivity and dynamic range of the CCD camera. 

Following fluorophore ejection, the injection capillary was removed from the hydrogel. The 

Luggin capillaries were lowered to a depth of half the hydrogel’s thickness on either side of the 

injection spot. This process was completed an average of two times per hydrogel piece, and all 

experiments were conducted at ambient temperature. 

An electric field between 60 V/m and 250 V/m was applied to each run. One image was 

acquired every second. The electric field was monitored at the two Luggin capillaries and at the 

platinum electrodes in the reservoirs by two multimeters to ensure accurate control of the electric 

field. The velocities of the TR70 and F70 fluorophores were measured in post-processing. 

Fluorophore positions were recorded for 6 to 9 timepoints (30 to 60 seconds apart) per 

experimental run to arrive at an average velocity. The ζ-potential and tortuosity for each hyrogel 

were calculated from the average velocities as previously described.77  

5.2.7 Porosity of Hydrogels 

The water content of each hydrogel was determined by dehydration and the mass of water lost. A 

10 mm x 10 mm section of hydrogel was cut and placed inside of a pre-weighed 1.8 mL ROBO 

autosampler vial (VWR, West Chester, PA). The aggregate weight was recorded for each vial, and 

placed in an oven at 110 °C for several hours until completely dehydrated. The vial was removed 
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from the oven and reweighed. The water content, by weight, was determined by subtracting the 

post-dehydration weight from the pre-dehydration weight. A minimum of three sections of each 

type of hydrogel was completed to give with a final porosity data provided as an average with 

standard error of the mean. 

5.2.8 Conductivity of Hydrogels 

Due to the high porosity of the hydrogels, the conductivity was assumed to be that of G-f HBSS. 

The conductivity of G-f HBSS was measured using a CON 6/TDS 6 conductivity/TDS meter 

(Eutech Instruments Pte Ltd/Oakton Instruments, Vernon Hills, IL). 

5.2.9 Organotypic Hippocampal Slice Cultures (OHSCs) 

The organotypic hippocampal slice culture (OHSC) method, developed by Stoppini et al. was 

used with slight variations.84 The following procedures were approved by the University of 

Pittsburgh IACUC. Bilateral dissections of the hippocampi were done on 9-day postnatal 

Sprague-Dawley albino rats. The hippocampi were chopped along the transverse axis to 350 µm 

thick slices using a McIlwain tissue chopper (The Mickle Latoratory Engineering, Surrey, 

England). The slices were placed on 0.4 µm PTFE insert membranes (Millipore, Bedford, MA) 

and incubated over 1.2 mL of medium at 36.5 °C in 5 % CO2/ 95 % air for 6 to 8 days. Culture 

medium was exchanged every 2 to 3 days. Prior to experiments, culture medium was replaced 

with 37 °C GBSS and incubated for thirty minutes. A second GBSS exchange followed for 

another incubation period of 30 minutes. A last exchange to 37 °C HBSS and incubation for 30 

minutes was done prior to experimental use. 
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5.2.10 Electrokinetic Ejections into Hydrogels 

Borosilicate pipettes with filaments (1 mm × 0.58 mm, 4 inches long) (A-M Systems, Inc., 

Carlsborg, WA) were pulled using the Sutter P-2000 capillary puller to tips of approximately 2 

µm inner radii. Tip size and shape were measured using an Olympus BX41 optical microscope. 

Figure 5.1 shows a 1/4” thick PVC cell with a 1 cm by 1 cm space in its center and a 1 mm wide 

× 1 mm high × 2.2 cm long channel milled at its base. The cell was slightly larger than the 

standard cover slip that was super-glued to its base. The cell was secured on an Olympus IX81 

inverted fluorescence microscope stage and imaged with a high resolution charged-coupled 

device camera (ORCA-ER).  

 

Figure 5.1. Hydrogel cell 

A coverslip was super-glued to the base of the cell. An approximately 6 mm thick hydrogel square was placed 

in the center space of the cell. A pulled borosilicate pipette filled with fluorophore solution was inserted into 

the cell and hydrogel through the channel. On the other end of the channel, a Ag ground electrode was 

inserted into the hydrogel. 

Hydrogel sections were cut to size and carefully placed in the given space. Careful 

attention was made to ensure complete hydrogel contact with the exposed cover slip. The pulled 

borosilicate pipette was carefully threaded through one side of the channel and into the hydrogel. 

A silver wire ground electrode (0.3 mm diameter) was threaded through the other side of the cell 

and was inserted a few millimeters into the hydrogel. The distance between the pipette tip and 

the ground electrode was always more than 3.5 mm. A second Ag wire, which is called the 
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working electrode, was inserted into the back end of the pipette. The current source was either a 

Digital MidgardTM Precision Current Source iontophoretic pump (Stoelting Co., Wood Dale, IL) 

or a Princeton Applied Research 173 potentiostat (PAR) (Princeton, NJ). They were attached to 

the secured electrodes in a circuit containing a relay switch as shown in SI Figure 5.4. Image 

sequences were acquired using MetaMorph 7.6.2.0 software (MDS Analytical Technologies, 

Sunnyvale, CA) using one of the following Olympus objective lenses: UPlan Fl 4×, UPlan S Apo 

10×, and a long working distance LUCPlan Fl N 40×. MetaMorph software triggered the onset 

and cessation of current during image acquisition. The PAR was used in TR70 ejections with 

currents of 0.1, 0.2, 0.4, 0.5, and 0.6 µA. The PAR setup included a 0.3 mm diameter platinum 

(Pt) electrode as the working electrode in order to avoid pipette clogging due to the formation of 

AgCl in the pipette. The potential across the system was monitored by either the MidgardTM 

pump or the PAR potentiostat. Currents ran for 270 to 840 seconds, depending on estimated 

times to steady-state. 

Image sequences were analyzed by drawing a line scan from approximately the center of 

the pipette tip to the end of the field of view on the same axis as the pipette lumen. Intensity data 

were recorded along the line scan before the initiation of current (background intensity), and at 

30 seconds intervals after the current was applied. Background intensity was subtracted from line 

scan intensities. Since concentration is related to intensity measured, we can replace 

concentration, C, in Equation 12 with intensity, I. Reported intensity values are between 0 and 

4095. Values of I0, I1, and PeE were determined by nonlinear fitting of Equation 13 to data with 

Mathcad 14 (PTC, Needham, MA). I1 is included to correct for baseline intensity. 

I(𝜌) = I0 �1−e−PeE 𝜌�

1−e−PeE
� + I1 (13) 



 80 

5.2.11 Electrokinetic Ejections into OHSCs 

Experiments in the OHSC were set up as shown in Figure 5.2 with the Digital MidgardTM 

iontophoresis pump. An insert membrane with an OHSC was placed in a dish with HBSS. A Ag 

ground electrode was remotely secured, such that it made contact with the HBSS bath. A pulled 

borosilicate pipette filled with fluorophore solution was positioned at a 20° angle using a 

manipulator arm on a Narishige NMN-21 micromanipulator (Tokyo, Japan). The tip was inserted 

into the CA1 region of the OHSC. A Ag working electrode was threaded into the distal end of 

the pipette to make fluid. The electrode circuitry is also the same as the hydrogel experiment. A 

current of 0.5 µA was applied using the iontophoresis pump for 270 seconds for OHSC 

experiments.  

 

Figure 5.2. OHSC experimental setup 

An OHSC and its attached membrane are placed over HBSS in a dish. A ground electrode is placed remotely 

in the bath. A working electrode is placed distally in a borosilicate pipette that is inserted into the OHSC at a 

20° angle. 

OHSCs analyzed for cell death following ejection were subjected to identical conditions, 

with the exception that the ejection solution only contained HBSS, without fluorophore, to avoid 

interference with propidium iodide (PI) fluorescence. OHSCs were incubated for 24 hours over 

culture medium supplemented with PI (final concentration of 7 µM) following current ejection 

experiments. Positive cell death controls were subjected to a drop of methanol placed on top of 
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the OHSCs prior to the 24 hour incubation with PI.97 Negative controls were subjected to the 

same procedure as experimental OHSCs, without placement of the pipette and application of 

current. Following incubation, the medium was exchanged with the same GBSS-GBSS-HBSS 

procedure described earlier and imaged on the IX81 inverted fluorescence microscope with the 

4× UPlan Fl objective lens. PI was imaged using a 560/25 excitation filter, a 625/26 emission 

filter, both obtained from Olympus, and the Semrock triple-band dichroic mirror described 

earlier. A circular region of interest (50 µm2) was used to measure the average intensity within 

the area of injection. Cell death was analyzed as described by Hamsher et. al.97 Briefly, PI 

intensity of OHSCs used in ejection experiments were compared to positive and negative cell 

death controls. Control OHSC PI intensities were averaged for each experimental day, and 

compared using Equation 14 to experimental PI intensities of experiments run the same day.  

% Cell Death= PI intensity (experimental control)- PI intensity (negative control)
PI intensity (positive control)- PI intenstiy (negative control)

×100% (14) 

5.2.12 Two-pipette experiments 

A second channel was milled perpendicular to the long axis of the cell shown in Figure 5.1, from 

the edge of the cell to the center of the square hydrogel pocket. A hydrogel was placed in the 

pocket and a pipette filled with TR70 solution was placed as described for the hydrogel 

experiments. A counter pipette, filled with G-f HBSS, was placed in the perpendicular channel 

and inserted into the hydrogel. The pipettes were aligned such that the tips were on the same z-

axis plane and 13 µm apart. The control experiment was set up with the ground electrode placed 

remotely in the hydrogel as described in the hydrogel experiments. The second setup placed the 
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ground electrode in the distal end of the counter pipette, in contact with the solution. 0.5 µA of 

current was applied for 30 seconds.  

5.3 RESULTS 

5.3.1 Properties of the fluorophores, hydrogels, and iontophoresis capillaries 

Table 5.2 summarizes the diffusion coefficients and mobilities of the fluorophores. 

Table 5.2. Fluorophore propertiesa 

  Observed Free Diffusion 
Coefficient (D) 

(10-10 m2/s) 

Electrophoretic Mobilities 
(µep) /(10-9 m2/Vs) 

TR70 0.37 ± 0.02 
(N = 32)b 

0.46 ± 0.03 
(N = 3)b 

F70 0.38 ± 0.01 
(N = 48)b 

-8.80 ± 0.2 
(N = 3)b 

TR3 1.05 ± 0.05 
(N = 48)b 

2.56 ± 0.04 
(N = 3)b 

Ru(bpy)3
2+ 3.70 ± 0.34 

(N = 48)b 
25.86 ± 0.02 

(N = 3)b 
aEach entry is a mean ± standard error of the mean (SEM). bNumber of replicates. 

Electrokinetic flow in the hydrogel is partially governed by the properties of the 

hydrogel. Table 5.3 shows the ζ-potential and electrokinetic tortuosity of each hydrogel. There is 

a roughly linear relationship between the w/w percentage of acrylic acid and the ζ-potential. The 

25% acrylate-content hydrogel has a ζ-potential similar to the OHSC. Hydrogel tortuosity was 

more difficult to control than ζ-potential, although consistent within each hydrogel. Tortuosities 

reported in Table 5.3 are determined by 70 kDa dextran conjugates using an electrokinetic 

method that measures ζ-potential and tortuosity simultaneously.77, 78 Hydrogel porosity was 

determined by a series of dehydration experiments. The 25% acrylate-content hydrogel 
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composition had a larger percentage of water than the hydrogels with lower amounts of acrylic 

acid. The 25% acrylate-content hydrogel contained 98.3 ± 0.1 % water, while the 10 % and 0 % 

acrylate-content hydrogels contained 97.5 ± 0.6 % and 96.6 ± 0.2 % respectively (N = 3 for each 

measurement, mean ± SEM). Due to the high porosity values, conductivity was assumed to be 

equal to the conductivity of the buffer, which was measured to be 1.62 S/m. 

Table 5.3. Hydrogel Properties 

% Acrylic Acid ζ-potential 70 kDa Electrokinetic 
Tortuosity 

Number of Runs 
(N) 

0 -0.25 ± 0.04 1.69 ± 0.16 4 
10 -9.5 ± 0.2 1.61 ± 0.08 4 
10 -15.2 ± 0.8 1.46 ± 0.07 5 

25* -23.0 ± 0.3 2.36 ± 0.18 4 
25 -24.7 ± 1.7 1.71 ± 0.18 9 
25 -22.1 ± 0.6 1.07 ± 0.03 6 

*Note: the pH for this 25% hydrogel was not adjusted to pH 7-8 before radical polymerization. 
 

Herr et al. were able to quantify iontophoretic solute ejections into free solution relative 

to a neutral marker.198 They included a discussion of the effects of ionic strength and pH on the 

pipette ζ-potential. By accounting for these two parameters, we are able to apply their findings to 

our electrolyte conditions (G-f HBSS: pH 7.4, ionic strength ≈ 0.15 M). The resulting pipette ζ-

potential of approximately -10 mV agrees with the literature on other forms of borosilicate 

glass.203-205 This agrees with our experimental observation that the pipette ζ-potential must be 

more positive than -11 mV because experiments with F70 (µep = -8.8 × 10-9 m2/Vs) solution do 

not result in ejections of F70 from the pipette (data not shown).  
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5.3.2 Two-pipette experiment 

 

 

Figure 5.3. Two-pipette experiment 

Figure 5.3 shows the results from the two-pipette experiment in the -23.0 mV ζ-potential hydrogel with 0.5 µA 

applied current. In both panels, two pipettes sit perpendicularly to one another. The horizontal ejection 

pipette is filled with TR70 solution, and the vertical counter pipette is filled with G-f HBSS electrolyte. The 

left panel shows an ejection where the ground electrode is placed remotely in the hydrogel. The right panel 

shows the identical setup with the ground electrode placed in the distal end of the counter pipette. Both 

images are acquired after 25 seconds of applied current. The scale bar represents 20 µm. Fluorescence 

intensity is measured along the dotted lines at the top of both images and is shown in the bottom panel. The 

pink line shows the fluorescence intensity corresponding to the left panel, and the purple line corresponds to 
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the right panel. The bottom panel demonstrates that fluorescent material moves into the pipette in a directed 

movement with the current flow. Furthermore, there is a greater intensity outside of the pipette in the right 

panel than in the left.  

We tested the idea that a neutral fluorophore can be directed from one pipette to another. Two 

iontophoresis pipettes were placed with their tips approximately 13 µm apart in a large ζ-

potential (-23.0 mV) hydrogel (see Figure 5.3). TR70 in the pipette containing the positive 

working electrode is ejected into the hydrogel. After 25 seconds, the pipette containing the 

ground electrode shows more fluorescence than the surrounding hydrogel, indicating transport of 

the fluorophore into the pipette with the ground electrode. However, when the ground electrode 

is placed in the hydrogel, the same pipette but without the ground electrode has a fluorescence 

intensity similar to the adjacent hydrogel.  

 

5.3.3 Time to steady-state 

Steady-state is defined here as a constant intensity at ρ = 1 for two 30 second intervals. SI Figure 

5.1 shows intensity versus distance plots as well as a plot of the intensity versus time of two 

experiments. The first experiment reaches steady-state, while the second is approaching steady-

state within the same amount of time. SI Table 5.1 gives times to steady-state. The average times 

to steady-state are 207 and 423 seconds for TR70 and TR3, respectively in the -0.25 mV ζ-

potential hydrogel.  The time to steady-state correlates with increasing current for TR70 in the -

24.7 mV hydrogel. Some iontophoretic ejections were truncated prior to steady-state to avoid 

concerns about electrochemical reactions in the pipette and evaporation of water from the 

hydrogel.  
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5.3.4 Correlation between ζ-potential and solute penetration distance: 

Figure 5.4 represents intensity profiles from steady-state iontophoretic ejections of TR70 and 

TR3 in hydrogels. Data points are the averages of the dimensionless distance, ρ, from the tip at 

which the intensity relative to the intensity at ρ = 1 is 75, 50, and 25 %. The solid lines represent 

the intensity profiles (Equation 13, I1 = 0) that pass through the data point for intensity equal to 

half of the maximum intensity. The dotted lines denote the intensity profile expected for solute 

transport entirely by diffusion from a hemispherical source (C /C0= 1/ρ). Curve fitting of the data 

from each experiment to Equation 13 produced correlation coefficients greater than 0.98. Figure 

5.4 shows that at the same point in time, the penetration distance of each solute is higher in the 

more negative ζ-potential hydrogel. The nearly neutral solute, TR70, shows the degree of EOF 

that occurs in each hydrogel (Figure 5.4a). More negative ζ-potentials result in faster EOF and 

thus a greater penetration distance. In comparison, Figure 5.4b shows this effect on TR3, which 

is noticeably carried further. 
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Figure 5.4a 

 

Figure 5.4b 

Figure 5.4. Solute penetration distances 

Figure 5.4a: Solid lines represent average intensity profiles (t = 270 seconds) from 1 µA ejections of TR70 in 

hydrogels of varying ζ-potentials: diamond, -0.25 mV (N = 9 intensity profiles); square, -9.5 mV (N = 11 

intensity profiles); and triangle, -23.0 mV (N = 9 intensity profiles). Results for the lower ζ-potential 

hydrogels are at steady-state, while those for the larger ζ-potential hydrogel are approaching steady-state 

(row 13 in SI Table 5.1). b: average TR3 intensity profiles (t = 540 seconds) in the following hydrogels: 
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diamond, -0.25 mV (N = 11 intensity profiles); square, -15.2 mV (N = 8 intensity profiles); and triangle, -24.7 

mV (N = 6 intensity profiles). The dotted lines show the steady-state diffusion profiles. Labels indicate the 

corresponding specific row in SI Table 5.1 of the experimental parameters. 

5.3.5 Effect of current on concentration and Pe 

Figure 5.5 shows the intensity at ρ = 1 and PeE as functions of current with tip size, exposure 

time, and hydrogel constant. Each data point represents a mean ± SEM of N runs (see SI Table 

5.1 for values). An increase in current yields an approximate linear increase in the intensity at ρ 

= 1, and thus the concentration of ejected solute.  

 

Figure 5.5. Effect of current on concentration and Pe 

Figure 5.5: Impact of current on TR70 steady-state values of I0 (represented by diamonds) and Pe 

(represented by circles). Ejections were done in the -24.7 mV ζ-potential hydrogel, with the same pipette size 

and imaged using the same exposure time. Values are taken at time point 270 seconds.  

Furthermore, there is a notable approximately linear increase of PeE as a function of current. 

Increasing the current increases the penetration of the solute into the hydrogel.  
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5.3.6 Comparison of PeE with PeT 

 

Figure 5.6. Steady-state PeE vs. PeT 

Blue diamonds represent TR70; green squares represent TR3; and the red dot represents TR70 in the OHSC. 

PeE was determined by fitting Equation 13 to the experimental steady-state intensities. Equation 

5 was used to determine PeT. Figure 5.6 shows that PeE correlates linearly with PeT. The 

resulting linear regressions for TR70 and TR3 had respective slopes of 1.7 and 5.9 and 

intercepts of 4.2 and 11.4. Labels refer to the row in the supplemental table. Of 120 experiments, 

nine outliers were eliminated due to low correlation coefficients from the fit of Equation 13 to 

the experimental intensity profiles. 
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Figure 5.7. Injections into an OHSC 

Fluorescence images overlaid on bright field images of the ejection of TR70 into the CA1 region of an OHSC 

under 0.5 µA. Left: immediately prior to applying current (t = 0 seconds). Right: current has been applied for 

t = 120 seconds. The scale bar represents 50 µm. 

Figure 5.7 shows fluorescence and bright field image overlays of a 0.5 µA ejection of TR70 into 

the CA1 region of an OHSC at t = 0 and 120 seconds. The  radius of the ejected TR70 solution, 

measured at t = 120 seconds, was ~85 µm. Bright field imaging during the ejection showed that 

applying 0.5 µA often creates a slight, temporary distortion in morphology of tissue. The tissue 

appears to recover within 24 hours of the ejection experiment. Ejections into the CA1 regions of 

OHSCs (0.5 µA for 300 seconds) showed no increase in cell death by PI staining in comparison 

to controls (-6 ± 4 % cell death; negative control = 0%, positive control = 100%). 

5.3.7 Small, highly charged solute: 

We used tris(2,2’-bipyridine)ruthenium, Ru(bpy)3
2+,  to demonstrate the effect of matrix ζ-

potential and ionic strength of a solution on a small, highly charged solute. Transport of 

Ru(bpy)3
2+ is affected by the hydrogel ζ-potential similarly to the dextran solutes. When 
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distances are compared at 25 % of the maximum intensities, ejections of Ru(bpy)3
2+ solution into 

-22.1 mV ζ-potential hydrogel (PeE = 51) reach 1.5 times further than ejections into -0.25 mV ζ-

potential hydrogel (PeE = 24). Ru(bpy)3
2+ was further used to investigate the effect of ionic 

strength on the solute ejection. Steady-state ejections within a -22.1 mV ζ-potential hydrogel of 

1.2 mM Ru(bpy)3
2+ in a 5 mM HEPES, 5 mM NaCl buffer (PeE = 88) travels 1.8 times further 

than Ru(bpy)3
2+ in a 5 mM HEPES, 150 mM NaCl buffer (PeE = 51).  

5.4 DISCUSSION 

5.4.1 Fluorophore, hydrogel, and pipette parameters 

TR70 and TR3 are commercial products, and as such, their properties are not under our control. 

While TR70 is virtually neutral, TR3 is not (refer to Table 5.2). To assess the relative 

importance of electrophoresis vs. electroosmosis, we have tabulated the ratio of the ζ-potential of 

the solute (related to its mobility as in Equation 4, but without the negative sign) to the ζ-

potential of the hydrogels in SI Table 5.1. All of these ratios are significantly greater than unity 

except for two – TR70 and TR3 in the 0% hydrogel. Thus, with these exceptions, the 

observations relating to electric-field-dependent dextran transport are caused by electroosmosis 

in the hydrogels. Nonetheless, in discussions below concerning PeT, we do include the 

electrophoretic mobility.  

We estimate the pipette ζ-potential to be about -10 mV. In situations like this where there 

are two media with different ζ-potentials, pressure is created.206 When the hydrogel’s ζ-potential 

magnitude is small, there is the possibility of transport by pressure-induced flow arising from the 
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larger magnitude of ζ-potential in the pipette. In cases where the hydraulic permeability is low in 

the medium with the larger ζ-potential magnitude (pipette), and the hydraulic permeability is 

high in the medium with the smaller ζ-potential magnitude (hydrogel), pressure-induced fluid 

flow in the hydrogel is likely to be small.22 We cannot, however, rule out some contribution from 

pressure-induced flow. 

5.4.2 Time to steady-state 

The time to steady-state appears to be roughly correlated with the solute penetration distance for 

TR70 for which we have the most data. In an electrochemical context, Zoski et al. have 

determined the time to reach a given fraction of the steady-state measured quantity, e.g., current 

or potential, for spherical and disc microelectrodes under diffusion controlled galvanostatic and 

potentiostatic conditions.207 For a constant current flowing at a hemispherical microelectrode, 

analogous to the data reported here, the time depends on the closeness to steady-state, the 

diffusion coefficient of the solute, and the size of the electrode. In the diffusion controlled case, 

the time to steady-state is proportional to the electrode diameter squared. We can calculate the 

time to steady-state assuming diffusional mass transport only with the parameters of the 

experiments discussed here. With a tip (i.e., hemispherical electrode) radius of 2 µm and the 

diffusion coefficient of TR70, the time to reach 90 % of the steady-state condition is about 3 

seconds, and to reach 95 % is about 14 seconds. These times are short in comparison to our 

observations of transport from a hemispherical source by both diffusion and electrokinetic 

processes. 



 93 

The length of time to reach steady-state could be exceptionally long with certain 

experimental parameters, bringing concern about the effects of the electrochemical processes 

occurring at the electrodes and hydrogel/ tissue losing water. To avoid these concerns, 

experiments did not exceed 15 minutes. Comsol simulations (see Comsol Simulation section in 

SI) indicate the concentration profile at this time is very similar to that of steady-state. Figure 5.4 

includes two experimental conditions that were truncated just short of steady-state: TR70 and 

TR3 with 1 µA applied current in the largest ζ-potential hydrogels. TR70 and TR3 experiments 

are truncated at 270 and 540 seconds.  

5.4.3 Solute penetration distance 

The ζ-potential of the matrix, magnitude of applied current, pipette properties, and solute 

characteristics2 should all affect the solute ejection according to Equation 5. The penetration 

distance of the ejection (Figure 5.4) clearly depends on the ζ-potential and thus on the EOF. 

Intensity profiles for the 0 % acrylate-content hydrogel (ζ = -0.25 mV) would be expected to be 

similar to that for diffusion alone in the absence of electrophoresis. However, the penetration 

distance is larger than that for diffusion for the solute TR70, which has a negligible 

electrophoretic mobility. It is possible that there is a contribution from pressure-induced flow in 

this case. For TR3, there is a significant contribution to the mass transport from electrophoresis, 

as well as a potential contribution from pressure-induced flow. 

Unlike hydrogels, most biological matrices cannot be altered with the purpose of varying 

the magnitude of ζ-potential to increase solute penetration distance. Alternatives to control PeE 

are to vary the current applied and the electrolyte concentration. Concentration and PeE are 
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linearly proportional to the current (see Figure 5.5). Thus varying current allows the user to 

influence the degree of solute penetration. To our knowledge, many have observed this 

phenomenon in brain tissue iontophoresis, but have not shown the quantitative linear correlation 

of penetration distance with current.192, 208  

The pipette tip opening, tapering, and ζ-potential influence the electric field at the 

interface.150, 192 Therefore, it is imperative to measure the pipette opening dimensions prior to 

use. The tips are often slightly ellipsoidal, hence we use the average radii of the short (a) and 

long (b) axes of the pipette tip opening, ā, to represent the radius. Measurements of the tip 

opening are used in Equation 2 to approximate the electric field at ρ = 1, E0, and thus calculate 

PeT. Hence, the hemispherical area applied to PeT at the pipette tip opening is 2πab. Ejection 

profiles may also be affected by the pipette ζ-potential. Pipette ζ-potential can be varied with 

coatings, or alternatively using another pipette material, such as a fused-silica. Fused-silica glass 

has a more negative ζ-potential than borosilicate.93, 203, 209  

5.4.4 Two-pipette experiments 

In a matrix with significant ζ-potential, such as brain tissue or high acrylate-content hydrogel, 

EOF can be directed by the current path to desired regions as shown with the two-pipette 

experiment. Figure 5.3b shows that the fluorophore is concentrated in the pipette containing the 

ground electrode (the ‘counter’ pipette). The concentration of the fluorophore in the counter 

pipette cannot occur by diffusion alone. While certainly TR70 can and does diffuse into the 

counter pipette, it cannot become more concentrated in the counter pipette (in comparison to the 

hydrogel nearby) by diffusion alone. Thus, in the control experiment where the ground electrode 
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is in the hydrogel rather than the pipette there is no concentration of fluorophore in the counter 

pipette. Only when current is directed to flow into the counter pipette do we see concentration of 

the fluorophore in the counter pipette. As the electrophoretic mobility of TR70 is on the order of 

40 times smaller than the electroosmotic mobility in this experiment, the directed movement of 

the fluorophore is not by electrophoresis of the nearly neutral TR70 solute. Therefore, the 

directed flow is a result of the significant EOF, and thereby ζ-potential of the hydrogel matrix.  

5.4.5 PeE versus PeT 

Figure 5.6 shows that the measured PeE and the calculated PeT are linearly correlated for the two 

dextran conjugates, but the slopes are not unity. Among the factors that may be responsible for 

the lack of unit slope are the varying porosities of the media supporting EOF, uncertainty about 

the tip size and shape, uncertainly about pressure-induced flow, and the tortuosity of the 

medium. Porosity is not likely to be a factor. The ratio of PeE and PeT is the same for an OHSC 

and hydrogel, indicating the slope is not a result of specifics of the hydrogel, such as porosity. In 

simple models of porous media, volume-averaged electrokinetic flow rate is unaffected by 

changes in porosity.79, 210 This is because the decrease in porosity increases the electric field 

(because the current density increases) and thus the local EOF increases within the pores, but at 

the same time, the fraction of the porous medium that is fluid, and thus is moving, decreases by 

exactly the same factor.  Therefore, the OHSC (porosity of ~0.2)18 has Pe values that would also 

be expected with the hydrogels (porosity of ~0.98).  

The uncertainty about the tip may be a factor in the slope of the plots in Figure 5.6. The 

electric field at the tip is approximated a hemisphere in PeT to make the derivation of the steady-

state concentration profile possible. In order to obtain intensity-distance profiles from images, we 
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must accurately find the location of ρ = 1.  This is not a simple matter. An error of ± 1 µm in 

determining the position of ρ = 1 away from a typical 2 µm radius pipette tip opening provides a 

5 to 10% error in PeE. As the location of ρ = 1 is visual, there may be a systematic error the 

estimation of that point.  

Furthermore, a small pressure effect may arise from a ζ-potential mismatch of the pipette 

and the hydrogel matrix, which is not accounted for in PeT (refer to SI for further information).211 

As Table 5.3 indicates, most hydrogels and the OHSC have different ζ-potentials than the 

pipette. A pressure effect arises in the case of mismatched ζ-potentials211 because the law of 

conservation of mass requires pressure to compensate for differences in EOF. For example, for a 

neutral solute being ejected into a neutral gel, PeT is zero. However, the negative ζ-potential in 

the pipette will create a positive pressure at the tip-hydrogel interface, creating pressure induced 

flow. The magnitude of the pressure depends on many factors other than the ζ-potentials, so 

estimating the pressure from parameters of the experiment is difficult. Nonetheless, as there is a 

pressure-induced velocity when PeT is zero, the y-intercept in Figure 5.6 is likely to be a 

reflection of the pressure at the pipette/ hydrogel interface and thus the ζ-potential mismatch. 

Finally, there is the issue of the tortuosities and related factors of a medium that impede 

solute motion in comparison to free solution. When referring to tortuosity, we strictly imply an 

effect of path length. Other factors, such as molecular friction, often characterized by the Ogston 

model, contribute to the effect of a porous medium on molecular motion.212 To a first 

approximation, electrokinetic velocity (the sum of vep and veo) will be impeded by tortuosity to 

the same degree as diffusion. Thus, the value of Pe, and therefore the concentration profile, 

should not depend at all on tortuosity. It is for this reason that we have not included tortuosity 

explicitly in PeT. The slopes of Figure 5.6 give us reason to question this assumption. As is well-
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known in polyacrylamide gel electrophoresis, the impedance of the gel medium is greater the 

larger is an object (at constant ζ-potential of the object) traveling by electrophoresis.212 This is 

viewed as a steric exclusion of solute giving rise to the molecular weight dependence of its 

mobility. More recently, models and experiments show that the factor by which diffusion in a 

hydrogel differs from diffusion in free solution varies strongly with hydrogel porosity in the 

range of 0.99 to 0.95 and molecular size especially when the molecular size is greater than the 

characteristic dimension of the fibers (i.e., diameter of a polyacrylamide chain) making up the 

hydrogel.213 These are the conditions of our experiments. The foregoing tells us that we might 

expect a molecular-weight dependence and a hydrogel porosity dependence on the apparent 

tortuosity. In principle, these are questions that are addressable experimentally. However, the 

hydrogel porosity is unfortunately correlated with ζ-potential because the more ionic and thus 

higher ζ-potential hydrogel swells more than the neutral, near zero ζ-potential hydrogel.  

Finally, there may be a difference between the electrokinetic and volumetric 

tortuosities78. Electrokinetic tortuosity is different than volumetric tortuosity due to its 

dependence on pore orientation with the electric field79, 80 and hydrogel swelling where the 

electric field is high.81, 82 The potentially systematic but unknown errors in determining electric 

field (the tip is not a hemisphere), in determining the location of ρ = 1, and pressure effects lead 

to a scaling factor that should not depend on molecular weight of the solute. The difference in the 

behavior of TR70 and TR3 shown in Figure 5.6 is related to molecular weight, and thus likely 

due to the tortuosity effects described above. The role of molecular-weight dependent friction in 

the observed phenomena is under investigation.  
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5.4.6 Ejections into OHSCs 

Ejections of TR70 solution into the CA1 regions of OHSCs demonstrate significant penetration 

distances, (ejection radius of ~85 µm of in 120 seconds as shown in Figure 5.7). The 

supplemental table shows the non-steady-state PeE (data points 13 – 16) along with the values for 

steady-state (data points 1 – 12). Note that the non-steady-state experimental sets are equally as 

reproducible as the steady-state experimental sets, as demonstrated by the PeE SEM displayed in 

SI Table 5.1. PeE of TR70 ejections in OHSCs fall directly in line with PeE determined in 

hydrogels, indicating the hydrogels are viable models for OHSCs. Hydrogels with ζ-potentials 

around -22 mV were originally meant to model the OHSC that has a known ζ-potential of -22.8 

± 0.8 mV and an electrokinetic tortuosity of 2.24 ± 0.10.77 However, ejections in OHSCs show 

an increased time to reach steady-state than in comparable, 25% acrylate-content hydrogels. 

Although ejections in OHSCs appear to be approaching steady-state after 270 seconds, the 

ejection profile continues to grow slightly for more than an hour. As the OHSC is only about 150 

µm thick, when the distance traveled reaches distances on the order of 100 µm (ρ ~50) we can no 

longer assume a spherically symmetrical field or concentration profile. This topic must be further 

investigated to make any quantitative conclusions.  

Propidium iodide analysis demonstrates that 0.5 µA ejections for fewer than 300 seconds 

into the CA1 region do not increase cell death in the OHSC. However, there is a slight distortion 

of the morphology around the ejected solute that is largely resolved within 24 hours following 

ejections. The ejection plume may also be slightly asymmetrical due to any anisotropy and 

heterogeneity within the OHSC. 
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Solutes can be transported further by decreasing the electrolyte concentration. Many 

researchers use low ionic strength solutions for iontophoretic delivery of small charged 

molecules.18, 98, 198 To our knowledge, there is no standard for electrolyte concentration.198 The 

electrical double layer thickness is proportional to the reciprocal square root of ionic strength. 

Consequently, the absolute value of the ζ-potential increases with decreasing ionic strength. 

Hence, the Ru(bpy)3
2+ solution containing 5 mM NaCl creates a larger ζ-potential and 

consequently the solute ejection distance is 1.8 times farther than the 150 mM NaCl solution. 

5.4.7 Conclusion 

The major conclusion is that under appropriate conditions, the transport of a solute into a porous, 

aqueous medium depends strongly on the ζ-potential of the medium. We demonstrated that 

solute ejection distance is affected by the solute, solute-containing medium ionic strength, and 

hydrogel properties, as well as the current applied. PeE, which relates to solute penetration 

distance, is linearly correlated to PeT, which relates to measureable parameters. OHSCs have no 

added cell death following long-term electrokinetic ejection. Thus, this technique is applicable to 

living tissue for long-distance solute transport. Furthermore, results of two-probe experiments 

indicate that the EOF path can be directed in tissue using placement of the counter electrode.  
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5.5 SUPPORTING INFORMATION 

 

 

SI Figure 5.1. Steady state versus non-steady state 

SI Figure 5.1 shows 30 second interval ejection profiles of TR70 under 1 µA current in 

hydrogels with ζ-potentials of -9.5 (left panel) and -23.0 mV (right panel). The left panel reaches 

steady state by t = 270 s of applied current, while the right panel does not. The bottom panel is a 

plot of the intensity at ρ = 75% of the maximum intensity versus time. The red squares relate to 

the left panel that reach steady state as demonstrated by a slope of 0 over several time intervals. 
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The blue diamonds are associated with the right panel corresponding data. The right panel 

intensities are increasing steadily, however the slope is decreasing over time, indicating that the 

experiment is approaching steady state. 

SI Table 5.1. Experiment summary table 

Solute Data 
Point 

Hydrogel  
ζ-potential (mV) �

ζhydrogel

ζsolute
� 

Current 
applied (µA) 

Average Time to 
Steady State (s) 

PeE SEM N 

TR70 1 -0.25 0.43 1 207 6 0.74 9 
TR70 2 -24.7 43 0.100a 366 15 0.47 3 
TR70 3 -24.7 43 0.200 a 492 18 0.88 5 
TR70 4 -9.5 16 0.500 240 12 0.34 5 
TR70 5 -24.7 43 0.400 a 780 27 0.76 4 
TR70 6 -9.5 16 1 233 13 2.1 11 
TR70 7 -24.7 43 0.500 a 953 36 1.5 4 
TR70 8 -24.7 43 0.500 818 30 0.95 4 
TR70 9 -24.7 43 0.600 a 1030 39 4.6 3 
TR3 10 -0.25 0.077 1 423 16 0.36 11 
TR3 11 -15.2 4.7 0.500 498 37 1.3 13 
TR3 12 -15.2 4.7 1 510 51 1.3 8 

Solute     Non-steady State 
Data 

   

TR70 13 -23.0 40 1 - 27 1.4 9 
TR3 14 -22.1 6.8 1 - 52 3.2 10 
TR3 15 -24.7 7.6 0.5 - 69 4.9 6 
TR3 16 -24.7 7.6 1 - 73 2.5 6 

aCurrent applied through the PAR circuit. All other experiments were run using the Digital MidgardTM 

Precision current source. 

The ζ-potential of the solute is calculated by SI Equation 1 using the electrophoretic mobility, 

µep, and the permittivity (ε) and viscosity (η) of the water. 

ζsolute = η
ε

µep (S1) 
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5.5.1 Comsol Simulations:¥ 

¥Comsol simulations were primarily completed by Manyan Wang in the Weber lab. 

A commercial finite element method (FEM) was used to calculate simulations with Comsol 3.5a 

(Comsol, Burlington, MA). The simple model consisted of a free flow pipette (height of 100 µm, 

radius of 2 µm) adjacent to a large porous hydrogel (height of 5 mm, radius of 5 mm). A two 

dimensional axis of symmetry was drawn through the pipette lumen. The steady-state solution 

was the result of three descriptive modes: “conductive media DC” mode, “Brinkman equation” 

mode, and “electrokinetic flow application” mode. The conductive media mode solves Equation 

S2 with appropriate boundary conditions 

 ∇ ∙ (σ ∇V − Je) = 0  (S2) 

where V is potential, σ is conductivity and Je is an externally generated current density. An 

inward current flow of 50000 A/m2 was set at the distal end of the pipette. The result is the 

potential distribution for a given Je. 

We make the following assumptions in the Brinkman equation mode: a low Reynolds 

number, low flow speed, and small pores. This mode solves the continuity Equation S3 and a 

momentum balance Equation S4. 

∇ ∙ 𝐮 = 0  (S3) 

𝜌
𝜙

 𝜕𝐮
𝜕𝑡

+ 𝜂
𝜅

𝐮 = ∇ ∙ �−𝑝𝐈 + 𝜂
𝜙

(∇𝐮 + (∇𝐮)𝑇)� + 𝐅 (S4) 

where u is the velocity vector, ρ is the density, porosity is  𝜙 , t is time, 𝜂 represents the dynamic 

viscosity, p is the pressure, the identity matrix is described by I, (∇u)T represents the matrix 

transpose, F is the body force vector, and 𝜅 is the permeability of the porous medium calculated 

from the Equation S5. 
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𝜅 = 𝜙 𝑚2

𝑘0 𝜏
 (S5) 

In Equation S5, m is the pore radius, 𝑘0 is a factor of the pore shape, and 𝜏 is the volumetric 

tortuosity of the medium. Volumetric tortuosity is related to the physical structure of the porous 

volume. In order to calculate the electroosmotic flow inside the pipette, the pipette was defined 

as a moving wall, where velocity was calculated by Equation S6. 

𝑣wall = − 𝜀ζwall
𝜂

𝐸 (S6) 

The electroosmotic flow in the porous gel was set as a body force calculated by Equation S7 

𝐅 = −
𝜀 ζhydrogel

𝑚2𝜏
𝐸 (S7) 

 where ζwall is the ζ-potential of the pipette wall, ζhydrogel is the ζ-potential of the hydrogel and E 

is the electric field obtained from conductive media DC mode.  

The electrokinetic flow application mode solves the Nernst-Planck equation (S8) with a 

continuity equation (S9). 

𝜕C
𝜕𝑡

+ ∇ ∙ �−𝐷 ∇C + C𝜇𝑒𝑝𝑬 + C 𝐮′� = 0  (S8) 

𝐧 ∙ (𝐉1 − 𝐉2) = 0 (S9) 

Diffusion coefficient of the solute is D, C is the concentration of the solute, and µep is the 

electrophoretic mobility of the solute. The velocity, 𝐮′, is equal to the velocity of the solvent 

obtained from the Brinkman equation divided by the square of the apparent tortuosity of the 

solute in the gel (obtained from the experiments). The solute mass flux vectors on either side of 

the hydrogel/solution interface, J1 and J2, are defined by Equation S10.  

𝐉 =  −𝐷 ∇C +  C𝜇𝑒𝑝𝑬 + C 𝐮′ (S10) 
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The solute contribution to the solvent velocity is assumed to be negligible in comparison to the 

solvent’s contribution to the solute. Note that the boundary condition at the interface of the 

pipette and the hydrogel was set as a continuity condition in all three modes. The mesh size was 

set to a maximum element size scaling factor of 0.3 and narrow regions setting of 5, resulting in 

172490 degrees of freedom. The mesh size creates a stable solution without too many elements. 

The ‘parametric segregated’ stationary solver was chosen for rapid convergence of the 

calculation. 

We also simulated a more realistic geometry using the same three modes as in the simple 

simulation with a few exceptions. The more realistic simulation calculated the parameters of a 

pulled pipette tip in -25 mV ζ-potential hydrogel under 1 µA of current. The pipette was drawn 

using 24 points measured from a micrograph of a typical pipette. The tip opening was rounded in 

order to avoid problems with the mesh. The simulated pipette consisted of a 0.5 mm non-tapered 

section and a 2.5 mm tapered section. The hydrogel was represented by a cylinder with a radius 

of 10 mm and a height of 13 mm. The pipette, filled with free solution, was placed so that the tip 

was 3 mm below the top surface of the hydrogel. Hydrogel also filled the tip to a depth of 0.5 

µm. We applied the default extra fine mesh with the additions of a maximum element size of 5 × 

10-5 in the pipette, a maximum element size of 2 × 10-6 around the tip, and a growth rate of 1.1 

around the tip, resulting in 122348 degrees of freedom.  
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SI Figure 5.2. Comsol Simulation 

SI Figure 5.2 shows the result of a simple Comsol simulation of a 2 µm radius pipette (ζ 

= -25 mV) ejecting a solute into a hydrogel (ζ = -25 mV, λ = 1, pore radius = 200 nm) via an 

applied current density of 5 × 104 A/m2 at the distal end of the pipette. Arrows show the direction 

and magnitude of the solute flux in the hydrogel. The solute has no electrophoretic mobility and 

a diffusion coefficient of 1 × 10-10 m2/s. The simulation is pseudo-3-dimensional simulation of 

the simplified version of our experiment. The concentration profile along the axis of symmetry 

yields a concentration of approximately 1 at ρ = 1 and a PeE of 10. PeE is determined by fitting 

Equation 13 to the concentration data along the axis of symmetry outside the tip. By applying the 

above parameters to Equation 5, the resulting PeT is 10. Simplified simulation models such as 

shown here demonstrate the agreement between PeE and PeT.  
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A scaling factor between the two Pe values occurs when there is a difference in the ζ-

potentials of the pipette and the hydrogel, as shown in SI Figure 5.3.  

 

 

SI Figure 5.3. Effects of mismatched ζ-potentials 

SI Figure 5.3 shows the simulated effect of a ζ-potential mismatch at the pipette/ hydrogel interface on PeE. 

The solid red line refers to a -25 mV hydrogel and the dashed blue line refers to a -10 mV hydrogel. The 

pipette ζ-potential is varied for each line. Tortuosity is 1 in both hydrogels.  

SI Figure 5.3 shows PeE of a neutral solute as a function of the ζ-potential mismatch: 

ζpipette−ζhydrogel

ζpipette
 (S11) 

In the case where the pipette and hydrogel ζ-potentials match, the ζ-potential mismatch is zero. 

As the magnitude of the pipette ζ-potential approaches zero, the ζ-potential mismatch 

approaches -1. The figure shows the relationship between PeE of the solute and the ζ-potential 

mismatch is linear. The slope and intercept depend on the ζ-potential of the hydrogel. The larger 

slope and intercept result from the larger magnitude  ζ-potential (-25 mV) hydrogel. These 

simplified geometry simulations exhibit increased pressures at the pipette/ hydrogel interface 

with greater ζ-potential mismatches. In a -25 mV hydrogel, for example, pressures of 32 (-10 
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mV pipette ζ-potential, mismatch= -0.60) and 47 Pa (0 mV pipette ζ-potential, mismatch= -0.96) 

are produced at the interface. A -10 mV pipette ζ-potential is approximately that of borosilicate.  

However, in a more realistic simulation that accounts for tip tapering, the resulting 

pressure is 6 Pa. The pressure is proportional to the taper length, defined as the distance between 

the unpulled pipette diameter and the opening at the tip. Increasing the taper length ultimately 

increases the pressure. Note that typical iontophoretic pipettes have a taper that is at least five 

times longer than the ones used in our experiments and that were simulated here.. Thus, typical 

iontophoretic experiments would likely have greater pressure-induced effects under the condition 

that all other variables remain the same. This difference in tapering length is a result of the 

method used to pull the pipette to a tip. The P-2000 capillary puller forms reproducible pipette 

tips with the use of a laser and a controlled pull velocity. Pressure effects described in the 

simulation are somewhat inaccurate. The simulations do not account for temperature effects 

because of the added complexity. The simulations are influenced by temperature. 
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SI Figure 5.4a. Digital MidgardTM experimental circuit 
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SI Figure 5.4b. PAR experimental circuit 
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6.0  A SIMPLE METHOD FOR MEASURING ORGANOTYPIC TISSUE SLICE 

CULTURE THICKNESS 

ABSTRACT 

This paper presents a simple method to measure tissue slice thicknesses using an ohmmeter. An 

ohmmeter can detect when a circuit is open or closed. The circuit described here is composed of 

a metal probe, an ohmmeter, a counter electrode, culture medium or physiological buffer, and 

tissue. The probe and the electrode are on opposite interfaces of an organotypic hippocampal 

slice culture. The circuit closes when the metal probe makes contact with the top surface of the 

tissue. The probe position is recorded and compared to its position when it makes contact with 

the insert membrane on which the tissue grows, thus yielding a thickness measurement. The 

method does not reduce the viability of tissue cultures. Thicknesses of the tissue cultures were 

measured under a number of culturing protocols. An initial drop in thickness occurred between 0 

and 4 days in culture. Thicknesses are rather constant thereafter. The type of culture medium and 

the initial thickness of the tissue explant influence the thickness. The measurement technique 

described is straightforward and rapid, about one minute per culture. 
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6.1 INTRODUCTION 

Brain tissue slices and slice cultures are frequently used for neuropharmocological and 

neurophysiological studies 214. Acute and cultured tissue slices provide easy access for 

experimental manipulation while maintaining in vivo morphology and electrophysiology 152. 

Freshly excised tissue is sliced to a desired thickness using either a tissue chopper or a vibratome 

and is used for experiments immediately, or cultured and used later. The thickness of the tissue 

slice is essential to its characterization. The overall health 18, the approach to making certain 

measurements 93, 215-217, and diffusion distances 214, 216, 218-222 are directly correlated to tissue 

thickness, and are pertinent to neurological experiments. This paper presents a simple, direct, and 

cost-effective method for measuring thicknesses of tissue slice cultures without causing cell 

death.  

Methods exist for measuring slice thickness; however, those methods involve either 

sacrificing the tissue,84, 223 or submerging the tissue in solution219. In the first case, the tissue is 

cut perpendicular to the long axis of the tissue and the thickness is measured optically. In the 

second case, double-barreled ion-selective microelectrodes measure steep changes in ion 

concentration gradients once in contact with the tissue 219. In the latter procedure, the acutely 

prepared hippocampal tissue slice is in a bath. The microelectrode detects ion concentration 

gradients which change significantly at the bath-tissue interface due to the difference between 

the non-tortuous bath and tortuous tissue. Although a useful technique, translating this technique 

to slices cultured using the interface method would be cumbersome. In the interface 

environment, oxygen is supplied from the air above the tissue culture and nutrients are supplied 

from below.84 Submerging tissue cultures may therefore cause hypoxia if the medium is not 
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oxygenated. There is therefore a need for a simple and safe method for determining the thickness 

of tissue cultured by the interface method.  

This paper describes experiments using organotypic hippocampal slice cultures that are 

commonly used for neurological studies.152, 214, 224  The hippocampal laminar architecture is 

preserved, while the biochemistry, synaptic connections, and electrophysiology are similar to 

those in vivo.214 Organotypic cultures survive from weeks to months, providing options for long 

term studies, such as those studying recovery following excitotoxicity, ischemia, and traumatic 

injury.224 Recently, we have developed a technique to acquire samples of extracellular fluid from 

these tissue cultures based on electroosmotic flow.93, 215 In this or any other approach to obtain 

information on the concentrations and distribution of freely diffusing solutes, knowledge of the 

culture’s thickness is essential.  

6.2 MATERIALS AND METHODS 

6.2.1 Chemicals and solutions  

Two types of culture media were employed: medium A and medium B.  Medium A78 consisted 

of the following obtained from Sigma-Aldrich: 50% basal medium eagle, 25% Earle’s balanced 

salt solution, 23% heat inactivated horse serum, 25 U/mL penicillin-streptomycin, 1 mM L-

glutamine, and 41.6 mM D-(+)-glucose. Medium B 225 was composed of the following materials 

obtained from Gibco (Invitrogen, Carlsbad, CA): 50% opti-MEM, 25% horse serum, and 25% 

Hanks’ balanced salt solution with phenol red, and 1% D-(+)-glucose (from Sigma-Aldrich, St. 

Louis, MO). Medium B was filtered through a Nalgene 0.1 µm polyethersulfone filter (Fisher 
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Scientific, Waltham, MA). The two culture media were refrigerated until use, at which point they 

were warmed to 37 °C. The following were also purchased from Sigma-Aldrich unless stated 

otherwise. Gey’s balanced salt solution (GBSS) was supplemented with D-(+)-glucose (27.5 

mM) and MgSO4 (2.7 mM, filtered). GBSS was refrigerated until use. HEPES buffered salt 

solution (HBSS) contained (mM) 143.4 NaCl, 5.0 HEPES, 5.4 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 

2.0 CaCl2, and 10 D-(+)-glucose diluted with Millipore Synthesis A10 system 18 MΩ purified 

water (Millipore, Billerica, MA). The pH was adjusted to 7.40 using 0.5 mM NaOH solution 

prior to filtration through a 0.45 µm nylon Whatman filter (Maidstone, England). HBSS was 

frozen until use, at which point it was warmed to 37 °C. Propidium iodide (PI) solution was 

prepared at a final concentration of 0.35 mM in GBSS and frozen until use. 3% agarose type-V 

(Sigma-Aldrich) in Hanks’ balanced salt solution with phenol red was used for method 

validation. 

6.2.2 Tissue culturing procedure 

Organotypic hippocampal slice cultures were prepared as described previously.78 The University 

of Pittsburgh IACUC authorized the following procedures. Hippocampi were excised from 

seven-day postnatal Sprague-Dawley albino rats. The tissue was cut into slices (at different 

thicknesses, as indicated) using a McIlwain tissue chopper (The Mickle Laboratory Engineering, 

Surrey, England). Tissue slices were laid on a porous Millicell insert membrane (Millipore, 

Billerica, MA) and incubated at 37 °C in 95% air/5% CO2 over either medium A or B for up to 

14 days in culture. Medium was exchanged twice per week. 
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6.2.3 Tissue thickness measurements 

An insert containing one or two tissue slices was placed over culture medium on an inverted 

microscope (Olympus IX-71, Melville, NY) in order to monitor visually the procedure under 

bright field. The inset of Figure 6.1 shows the measurement setup. A 1 mm diameter platinum 

wire was submerged in the culture medium and connected to a multimeter (Fluka, Everett, WA) 

to monitor resistance. The other terminal of the multimeter was connected to a 1 mm diameter 

stainless steel rod. One end of the rod was polished to create a flat surface. The rod was 

lowered using an electronic micromanipulator (MP-285, with ROE-200 controller and MPC-200, 

Sutter, Novato, CA) until its polished end made contact with either the insert membrane or the 

tissue. Contact was indicated by the multimeter reading changing from “open circuit”, to less 

than 16 MΩ, indicating a completed circuit. Contact and rod location were visually confirmed 

using the microscope. At the point of contact, the resistance and manipulator position were 

recorded. Reproducibility of the micromanipulator was tested by recording the position after 

making contact with the fluid bath, and repeating eight times. For all tissue measurements, the 

probe was centered primarily on cell bodies of the trisynaptic loop or on apical dendrites of the 

pyramidal cells, near the pyramidal cell layer. Each tissue culture thickness was calculated from 

the difference in the averages of four readings from the surface of the insert membrane 

readings and four tissue readings. With one exception, thicknesses of ten or eleven tissue 

cultures were measured and averaged for each day in culture. Twenty-five cultures were 

measured for day zero in medium A. All day zero tissue culture thicknesses were measured 30 

minutes to 2 hours following explantation. Errors reported in Figure 6.1 are the standard error 
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of the mean, SEM, for each day in culture. Standard deviations reported in Table 5.1 are the 

standard deviations of the measured values at each condition. 

To compare the proposed method to a known method of measuring thickness, 5 (400 

µm initial slice thickness) and 3 (350 µm initial slice thickness) were cultured for 5 days. On day 

5 in culture, each of the tissue culture thicknesses was measured using the probe. The 8 tissues 

were divided into 3 groups. The first group of tissue cultures (N = 3 tissue cultures) was 

separated from any excess membrane using an X-Acto knife, and the tissue cultures were sliced 

to 600 µm thick along the same axis as CA1 axons using the tissue chopper. Each tissue culture 

yielded approximately 4 slices that contained at least one of the following regions: dentate 

gyrus, CA1-CA4, or the subiculum. The slices were set on a coverslip along the freshly sliced 

edge and imaged over the IX-71 microscope under bright field using an Olympus U Plan Apo 4× 

objective lens. The second group of tissue cultures (N = 3 tissue cultures) were fixed using 4 % 

paraformaldehyde in PBS (Boston Bioproducts, Ashland, MA) for 1 hour, after which the tissue 

cultures were sliced and imaged as in the first group. Tissue cultures in the third group (N = 2 

tissue cultures) were sliced, then fixed in paraformaldehyde and imaged. Each image yielded 3 

to 8 thickness measurement and measurements of the insert membrane thickness. The 

thickness measurements of all the sections of the same tissue culture were averaged and 

compared to the measured thickness of the same tissue culture using the probe method. 

6.2.4 Viability measurements 

Thirty tissue cultures were selected at random to check if the process of measuring tissue 

thickness compromised viability. Following the thickness measurements, medium was 
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exchanged with fresh 37 °C medium supplemented with PI solution, to a final PI concentration 

of 7 µM. Following a 24 hour incubation period, the medium was exchanged with 37 °C GBSS 

and incubated for 30 minutes. The GBSS was exchanged and incubated again for a second 30 

minute interval. A final exchange to 37 °C HBSS and incubation for 30 minutes preceded 

imaging analysis. Negative control tissues followed the same exchange procedure. The negative 

control tissues remained in the incubator following exchanges. To serve as a set of positive 

controls, a drop of methanol was placed on top of tissue cultures prior to PI exposure. Methanol 

ensures cell death of both glia and neurons throughout the tissue culture.215 PI fluorescence 

indicating cell death was imaged using a U-MGIW2 cube (Olympus) and Simple PCI software 

(Compix, Cranberry, PA). Exposure times were set according to the fluorescence intensity of the 

positive controls. Analysis of tissue culture images were done with Simple PCI. Average 

intensities of regions of interest encompassing the laminar structure of the tissue cultures were 

collected and analyzed using Equation 1.215 The intensity results for all the controls were 

averaged within their given treatments, resulting in an average PI intensity for the specific day in 

culture.  

% Cell Death= PI intensity (experimental )-Average PI intensity (negative control)
Average PI intensity (positive control)- Average PI intenstiy (negative control)

×100% (1) 

6.2.5 Method validation 

Agarose gel (3% w/v) was cut to approximately 3.5 mm thick slab. The gel was laid on 

its end on a coverslip over the microscope and was imaged in bright field. Several thickness 

measurements were made at different points along the length of the slab. The procedure was 

repeated for the same gel slab on the opposite face. The gel was then laid on an insert membrane 
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over HBSS, like the tissue setup. The thickness of the slab was measured by averaging 

manipulator readings from 4 points of contact with the steel rod, and subtracting from the 

readings of 4 points of contact with the membrane. Once complete, two sides of the slab were 

again imaged and measured using Simple PCI software on a coverslip.  

6.3 RESULTS 

6.3.1 Tissue culture thickness 

 

Figure 6.1. Measured thicknesses over time 

Points show the average thicknesses on the specified days in culture and the standard errors of the mean. 

Purple exes represent medium A tissues with an initial slice thickness of 500 µm. Red squares represent 

medium B and 300 µm initial slice thickness. The blue diamonds represent medium B and 400 µm. The green 

triangles represent medium B and 500 µm.  Inset: The setup of the measurement circuit. 
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Table 6.1. Values corresponding to Figure 6.1 

Medium A 

Slice Thickness (µm) Day Average Thickness (µm) SEM (µm) n Standard Deviation (µm) 

500 0 398 11 25 56 
500 1 298 14 10 45 
500 2 233 20 10 63 
500 3 156 10 10 32 
500 4 158 7 10 22 
500 5 140 11 10 35 
500 6 148 15 10 47 
500 7 138 13 10 40 
500 8 158 13 10 41 
500 9 166 14 10 44 
500 10 152 15 10 46 
500 11 171 7 10 22 
500 12 161 9 10 27 
500 13 165 8 10 24 
500 14 181 8 10 25 

Medium B 
300 4 135 7 10 22 
300 6 137 9 10 30 
300 7 186 9 10 27 
300 8 178 8 10 25 
300 10 139 16 10 52 
300 12 159 7 10 23 
300 14 151 10 10 30 
400 4 165 9 10 30 
400 6 194 8 11 28 
400 7 229 9 10 29 
400 8 186 8 10 24 
400 10 154 11 10 34 
400 12 177 9 10 28 
400 14 169 7 10 22 
500 0 301 25 10 78 
500 2 176 10 10 31 
500 4 184 6 10 20 
500 6 169 9 10 27 
500 7 207 8 11 25 
500 8 204 10 10 31 
500 10 189 6 10 18 
500 12 201 4 10 13 
500 14 189 7 11 23 
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The proposed method measured tissue culture thicknesses to be 40 ± 9 µm (N = 8) more thick 

than when the same tissue cultures were sacrificed and measured in bright field images. Figure 

6.1 shows the average thicknesses of tissue cultures for three different initial slice thicknesses 

(set by the tissue chopper) and two different culture media. See Table 6.1 for a table list of values 

corresponding to Figure 6.1. Day 0 tissue culture thicknesses were measured 30 minutes to 2 

hours following explantation. Tissues cultured in medium A were measured every day in culture 

from day 0, directly after tissue extraction, until day 14. The other points represent tissues 

cultured in medium B with different initial slice thicknesses. Tissue culture thickness levels off 

between days 4 and 14, during which time the average tissue thickness is 158 ± 3 µm for 

medium A with an initial slice thickness of 500 µm. Medium B produces average tissue 

thicknesses for days 4 – 14 in culture of 155 ± 4, 182 ± 4, and 192 ± 3 µm, with initial slice 

thicknesses of 300, 400, and 500 µm, respectively. The two different culture media result in 

statistically different tissue culture thicknesses over this time period, with p < 0.0001. Single-

factor ANOVA of 500 µm initial slice thickness cultured over either medium shows that there is 

a slight dependence of thickness on the day in culture. Single-factor ANOVA shows that initial 

slice thickness affects medium B tissue culture thickness (p < 3 × 10-10).  

On a given day in culture, thicknesses can vary as evidenced by the standard deviations in 

Table 6.1. Thicknesses of tissues cultured in medium B are less variable than thicknesses of 

slices cultured in medium A. For example, for a slice thickness 500 µm on day 6 in culture (n = 

10), the SEM in tissue thickness for medium B, 5 % of the mean, is smaller than those cultured 

in medium A, 10 % of the mean. Positioning of the micromanipulator includes a 14 µm standard 

deviation (n = 8). 
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6.3.2 Viabilty 

An average of 3.9 ± 1.2 % cell death is incurred in the tissue cultures as a result of thickness 

measurements as compared to negative and positive controls.  

6.3.3 Method validation 

Images of the gel slab taken before probe thickness measurements resulted in a thickness of 3.44 

± 0.03 mm. The slab thickness measured using the proposed probe technique was 3.51 ± 0.05 

mm. The thickness measurement of the slab using image analysis following the probe 

measurements was 3.52 ± 0.02 mm. 

6.4 DISCUSSION 

Current methods available for measuring OHSC thickness have significant drawbacks. Most 

OHSC users chop the OHSC perpendicularly to the insert membrane in order to image and 

optically measure the thickness. When we made an attempt using this method in our laboratory, 

we found it to be unreliable. The tissue cultures were consistently measured thinner once 

chopped compared to when measured with the probe. The primary concern relates to “pinching” 

of the OHSC along the chopped edges. Furthermore, manipulation of the chopped OHSCs is 

challenging. The chopped OHSC has a tendency to dry out or not lay perfectly perpendicular to 

the coverslip. As stated earlier, the use of ion-selective microelectrodes is cumbersome, and 

therefore was not used as a method of validation. The use of a 3% gel slab allows for optical 
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measurements without risking dehydration of the gel. In order to position the slab on its end for 

optical measurements, the gel thickness must be large enough to stand on its side. Gel slabs of 

similar thickness to OHSCs tend to fall over during optical measurements. In addition, the gel 

composition consists of Hanks’ balanced salt solution, such that the multimeter responds when 

the stainless steel probe contacts the surface of the gel. Optical thickness measurements 

confirmed thickness measurements made with the stainless steel probe, thus validating the 

proposed method of thickness measurements. Some error in the measurements is due to the 14 

µm standard deviation of the manipulator positioning. 

Figure 6.1 shows a significant loss of thickness within the first few days. Measurements 

taken within a couple of hours following explantation show that the tissue thickness is 20% 

(medium B) to 30% (medium A) less than the chopper setting. There is no observable 

dependence of tissue culture thickness on time within the 30 minutes to 2 hour time-span 

following explantation. These results show thinning occurring on a shorter timescale compared 

to Stoppini’s original estimation of one week..84 The two media produce slightly different tissue 

thicknesses once the tissue thicknesses level off. The different thicknesses may arise from 

differences in glial cell proliferation.158, 226 Visual inspection confirms a small extension of glia 

that line the edges of the tissue cultures84 in medium B compared to medium A.  

The standard deviations in Table 6.1 show variation in thicknesses among tissue cultures. 

Variations among the tissue cultures could be due to varying cell differentiation rates and glial 

cell proliferation,152 since there is a dependence on the medium. Once in culture, reactive 

astrocytic glia blanket the surface of the sectioned tissue.224, 226 Other factors affecting tissue 

thickness are related to surgery and incubation. Some of those factors are variations in time spent 

outside of the culture environment and degree of oxygenation.  



 122 

Measuring tissue thickness is effective for screening and characterizing brain tissue 

cultures prior to use in experiments. Brain tissue slices or cultures that are of thicknesses other 

than expected are likely unhealthy tissues.18  The technique can be useful in real time 

measurements of tissue swelling under various stress conditions, as opposed to final 

characterization methods requiring sacrifice of the tissue culture.84, 223 Characterizing tissue 

cultures prior to experiments also allows for proper placement of sampling and measurement 

probes and capillaries.93, 215 Furthermore, sampling analytes from the extracellular space is 

affected by tissue thickness.93, 215, 216, 221  Variations in thicknesses among the tissue cultures 

strengthen the argument that tissue culture thickness should be measured. 

The method proposed in this paper is easy, effective, expeditious, and inexpensive. It 

causes negligible cell death, and does not require the tissue cultures to be submerged in a bath. 

Furthermore, none of the components are fragile. This simple technique may be applied for 

characterization and screening of any tissue slice or culture that is not submerged in solution. 
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