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Abstract

Silicon-based microdialysis chip with integrated 
fraction collection and biofouling control

by
George López Subrebost

Doctor of Philosophy in Robotics
Carnegie Mellon University
Prof. Gary K. Fedder, Chair

Providing the medical tools to measure and report biomolecules without interference from 
other impeding molecules or from triggering the body’s immunoresponse is far from trivial. For 
the past 30 years, microdialysis has been extensively used as an in vivo bioanalytical measurement 
procedure to recover biomolecules from tissue or organs. These biomolecules can provide 
physicians an early and subtle indication of the onset of disease, supplying a view of the cellular 
and molecular inner workings of the body. 

This thesis presents a monolithic microdialysis chip that integrates sample acquisition, 
fraction collection, and biofouling control on the same silicon substrate. A microfabrication 
technology that allows an in situ, porous cellulose acetate membrane to be suspended over silicon 
microchannels using standard spin coat deposition is shown. These membranes were created using 
phase inversion techniques and adhesion of the organic cellulose acetate membrane to the 
inorganic silicon substrate was characterized. Based on the physical parameters of the cellulose 
acetate lacquer and the surface properties of the substrate, it was possible to span 75-µm wide 
cavities. Cellulose acetate membranes were fouled with a myoglobin protein solution and then 
characterized. Permeability tests indicate a decreased analyte flux, while visual observation using 
scanning electron microscopy shows protein aggregates on the surface that are irreversibly 
adsorbed after repeated rinsing. Isoelectric forces were explored as a method to regenerate the 
membrane to pre-fouled levels by dislodging adsorbed myoglobin molecules from the membrane 
surface. Using embedded platinum electrodes beneath the cellulose acetate membrane, an electric 
field (230 V/m) was established across the thickness of the membrane. Application of the electric 
field showed a 7.6% maximum increase in analyte flux after membrane fouling, with a 51.5% 
increase in analyte flux necessary to return the membrane to pre-fouled levels. 

Automated fraction collection is accomplished on-chip using passive microvalves that 
allow accurate temporal acquisition of analyte samples. Fraction collection is demonstrated on the 
backside of a microdialysis chip using a set of deep-etched, 6 µL-volume collection chambers 
coated with a hydrophobic polymer.
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is overcome and the first chamber fills (b, c). Continuation of the fluid flow causes 
the second pressure barrier is reached and the dialysate is then directed into the 
second chamber (d, e).    192
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1 Introduction

Real-time and continuous sampling of specific biomolecules provides an important and convenient 

means for monitoring individuals prone to high health risks. These include individuals who are 

exposed to chemical or biological hazards, are susceptible to certain health conditions, or need to 

be closely monitored following surgery or illness. Point-of-care medical devices are preferred due 

to their fast diagnostic monitoring, which can improve medical decision-making. In the area of in 

vivo bioanalytical measurement techniques, microdialysis has been used extensively to recover 

biomolecules from tissue and organs. Microdialysis is a real-time, continuous sampling method 

used in clinical and bedside settings for studying localized metabolic events by monitoring the 

extracellular chemistry around a point of interest. Although numerous groups have attempted to 

use microfabrication technology to miniaturize and batch fabricate microdialysis probes, most 

involve discrete fabrication with assembly of the separation membrane and microchannel 

components. To clarify the subsequent terminology, in vitro means outside the living body, in vivo

means inside the living body, while in situ describes a fabrication process that is monolithic with 

the other materials and processes, thus forming a single, undifferentiated whole that did not require 

assembly.

1.1.  Thesis contribution
This thesis presents an in vitro, silicon-based microdialysis chip that integrates biofouling control 

capability and fraction collection alongside an in situ semi-permeable membrane, as shown in 

Figure 1-1. In a manner similar to that for microelectronics, fabrication technologies have enabled 

the creation of a highly integrated device that can perform several different functions on the same 

silicon substrate.

The contributions are summarized as the following:
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1. A microfabrication technology is presented that allows an in situ, porous cellulose acetate 

membrane to be suspended over silicon microchannels using standard spin coat deposition. This 

microchannel fabrication technology was previously described by Russo et al. [Russo 02, Russo 

04]. This thesis explores the technology with different polymers, derives the governing principles 

for polymer spanning, demonstrates a method to counteract delamination and span long 

microchannels by using supporting platinum microbridges, and characterizes the adhesion strength 

of the organic polymer to the inorganic silicon substrate using a blister test setup. A lacquer recipe 

was attained that created porous cellulose acetate membranes with good surface porosity, a low 

number of macrovoids, and sufficient membrane integrity. Standard fabrication processes are used 

to create the microchannels, preventing the need for adhesives, substrate bonding, or other complex 

assembly procedures. Based on the surface properties of the substrate and the material properties 

of the cellulose acetate lacquer, it was possible to successfully span 75-µm wide silicon 

microchannels.

2. Integrated membrane biofouling control capability is investigated using embedded platinum, 

planar electrodes to change the local pH near the membrane’s surface-environment interface. 

Previous researchers have used the concept of electrical cleaning to regenerate fouled membranes; 

this thesis demonstrates for the first time an integrated approach to fabricating electrodes alongside 

porous membranes. A pH gradient is created when electrodes are charged with a DC or AC voltage. 

This gradient causes denaturing and isoelectric movement of myoglobin foulant molecules that are 

immobilized on the membrane surface, producing a slight improvement in analyte dialysis, yet not 

enough to return the membrane to pre-fouled permeability levels.

Figure 1-1. Full in vitro, silicon-based microdialysis chip concept. 
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3. An automated, silicon-based fraction collector is fabricated on the back side of the microdialysis 

chip, overcoming the limitations of conventional fraction collector devices by using on-chip 

passive valves. Although passive valving in silicon microchannels was previously demonstrated, 

this thesis for the first time uses the technique for microdialysis fraction collection and integrates 

the collector and sample acquisition into one monolithic device [Andersson 01]. By exploiting 

microscale surface tension effects, fluid can be passively controlled without using any moving 

parts. On-chip fraction collection is demonstrated using deep-etched (~480 micron), 6 µL-volume 

silicon chambers coated with a hydrophobic polymer.

The envisioned in vivo, silicon-based microdialysis probe is shown in Figure 1-2, where fluid flow 

is provided by an external syringe pump. By changing the rectangular chip geometry shown in 

Figure 1-1 to a key-shaped design, the chip more closely matches commercial microdialysis 

probes. This first part of the introduction chapter provides a brief overview of the microdialysis 

technique using conventional microdialysis probes, followed by a discussion of problems that they 

currently face. 

1.2.  Microdialysis overview
In intensive care units, diagnostic and therapeutic decisions by doctors are frequently based on 

measuring blood concentrations of indicator biomolecules, although it is well known that 

measuring these biomolecules at the tissue level would provide a more accurate assessment of 

illness. The customary procedure to monitor patients involves blood sampling with subsequent 

laboratory analysis. This procedure is time-consuming, doesn’t provide localized information on 

specific organs or tissues, and many times doesn’t provide relevant data for patient diagnosis. 

Results from a blood sample reflect a patient’s condition at one particular moment in the past. 

Figure 1-2. Envisioned in vivo, silicon-based microdialysis probe.
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Assessing chemistry in the tissue’s vicinity in a continuous manner should theoretically provide 

more accurate data, since most biochemical and pharmacological events take place in tissues. 

Monitoring of tissue chemistry is therefore likely to become routine practice in clinical and bedside 

settings. In the treatment of diabetes, the continuous monitoring of glucose could improve the 

process of dose optimization, determining the needed amount of insulin much more precisely and 

reducing the risk of hypoglycemic episodes. The advantages of microdialysis as compared to blood 

sampling include: 

• It allows a “preview” of tissue before any chemical events are reflected in systemic blood lev-
els. Compared to tissue culturing or biopsies, microdialysis is more representative of normal 
body physiology and keeps all metabolic paths intact. 

• There is no loss of fluids. Samples acquired through microdialysis are ready for analysis, and 
there is no need for sample cleanup that causes loss of analyte. There is no loss of blood or 
other body fluids, since analytes diffuse directly into a microdialysis probe. 

• Implantation is long-term. More frequent sampling is possible by having a probe implanted 
over days to weeks.

• It is minimally invasive. There is less trauma for the patient, since probes have a smaller diam-
eter (usually <500 microns) than syringes used for blood sampling.

• Delivery of drug to site can be done while simultaneously sampling. 

The advent of microdialysis goes back to a paper by Bito et al. in 1966 describing the possibility 

of using a semi-permeable membrane to sample free amino acids and other electrolytes in the 

extracellular fluid of brain and blood plasma of a dog [Bito 66]. Since 1966 there have been over 

10,000 scientific papers published on microdialysis (search performed with PubMed [PubMed 

05]).

Initially, microdialysis was designed to measure concentrations of neurotransmitters in rat brains 

and was gradually adopted in other research [Chaurasia 99]. The first published application of 

microdialysis in humans was a study on interstitial glucose in 1987, and its use was initially 

confined to adipose tissue [Bolinder 93, Lonnroth 87]. Numerous reports have since appeared 

where microdialysis probes have been inserted in numerous human organs in vivo, e.g. soft tissue 

(such as skeletal muscle and adipose tissue), skin, brain, solid tumors, heart muscle, blood, lung, 

bone, and tendons [de la Pena 97, During 93, Herkner 02, Joukhadar 01, Kennergren 99, Muller 
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97, Muller 00]. By inserting a microdialysis probe in a vein, continuous monitoring of plasma 

lactate, pyruvate, glucose, creatinine, urea, adenosine, inosine and hypoxanthine has been 

performed in critically ill patients [Stjernstrom 93]. Microdialysis has been established as one of 

the major research tools in brain research to measure extracellular neurotransmitter concentrations 

[Chaurasia 99].

Insertion of the dialysis probe causes tissue damage by breaking blood vessels and disrupting cells. 

Usually the damage is limited to a short period of time (<1-2 h), thus allowing performance of 

microdialysis experiments after this period. When a physiological salt solution, called the 

perfusate, is slowly pumped through the microdialysis probe, the solution equilibrates with the 

surrounding fluid on the other side of this membrane. The determination of which molecules pass 

into the probe is accomplished by size-selective diffusion of the analyte through the semi-

permeable membrane, as shown in Figure 1-3. The top picture shows a schematic drawing of a 

basic microdialysis setup that includes a syringe pump, microdialysis probe, and collection tube. 

A schematic highlight of the probe tip, shown in the bottom picture, shows the perfusate fluid path 

along with a further close-up of the concentration gradient across the semi-permeable membrane. 

For a 10-30 kDa molecular weight cut-off, the average pore size of the dialysis probe is 

approximately 100-500 nm - large enough to allow free diffusion of solute molecules, but small 

enough to resist the transport of other macromolecules. Figure 1-4 shows a typical 1 cm long 

microdialysis probe made with polyethersulfone that has a molecular weight cut-off of 100 kDa. 

Using scanning electron microscopy, a high magnification picture shows the broken-off tip of the 

probe, with the inner cannula visible.

After a certain period of time, the solution inside the probe will contain a representative proportion 

of molecules from the surrounding fluid medium. The choice of perfusion flow rate is generally 

based upon a balance between obtaining good temporal resolution and the need to generate 

sufficient sample for analysis. Typical flow rates used during microdialysis sampling range 

between 0.5 and 2.0 mL/min. When microdialysis is performed against a protein-containing 

solution, e.g., interstitial fluid in vivo, the osmolarity on the outside of the membrane will tend to 

remove fluid from the probe interior. 
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When a microdialysis probe is placed in a biological environment, biofouling occurs immediately 

and inhibits probe functionality. Biofouling is a process that starts immediately upon contact of a 

synthetic material with the body when cells, proteins and other biological components adhere to 

the surface of the foreign material. Membrane fouling or biofouling usually occurs because of a 

specific physical or chemical (attractive) interaction between the various molecules in the process 

environment and the membrane, in combination with the effects of various hydrodynamic forces. 

Biofouling remains a problem for any separation medium, such as a microdialysis membrane, that 

is exposed to biological particles or molecules. Most membranes used for microdialysis sampling 

Figure 1-3. (Top) A typical microdialysis setup involving a syringe pump that provides 
the perfusate flow into a microdialysis probe, which is positioned for sampling an 
environment (in vitro for this case). The analyte then flows into a collection tube for 
later analysis. (Bottom) Close-up of microdialysis probe tip displaying the fluid flow 
path. The area around the semi-permeable membrane is expanded to demonstrate the 
concentration gradient into the probe interior.
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exhibit a significant degree of interaction with proteins [Torto 98]. The surface porosity is a 

controlling factor in biofouling, since larger pores have a tendency to become blocked. Membranes 

fabricated using immersion precipitation are typically asymmetric in structure, having a dense, low 

porosity top layer over a thicker support layer that has larger pores. 

The effluent that leaves the probe (often called the dialysate) is collected and later analyzed in the 

laboratory or by the bedside for clinical microdialysis. Depending on the availability of an 

appropriate analytical assay, various analyte molecules in the interstitial space fluid can be 

quantified by microdialysis. The collected sample may be fractionated using a fraction collector or 

may be injected into the analytical system on-line using an injection valve. In traditional fraction 

collectors, a series of tubes are sequentially filled with the dialysate. 

Glucose is the analyte for which the greatest number of sensor systems have been developed. This 

is due to the importance of monitoring glucose level in patients suffering from diabetes mellitus in 

order to avoid hypo- and hyper-glycemic events [Meyerhoff 92]. Some of the applications also 

include continuous monitoring of glucose for diabetic patients. Vering et al. and Hinkers et al. used 

Figure 1-4. A 1 cm long CMA/20 microdialysis probe is shown in the upper left hand. A scanning 
electron microscope (SEM) photograph shows the broken-off tip of the probe. Higher 
magnification shows the porous structure of the membrane surface in the bottom left.
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conventional microdialysis equipment to develop a wearable, portable system for this purpose 

[Hinkers 95, Vering 98]. Microdialysis samples are often analyzed by liquid chromatography, 

immunoassay, or capillary electrophoresis. In recent years, there have been attempts to make 

continuous measurements of substances in dialysate by coupling the microdialysis probe to an on-

line electrochemical enzyme sensor [Berners 94, McCormick 97, Moscone 92, Palmisano 93]. 

1.3.  Problem statement
Conventional microdialysis probes are custom made, expensive, and difficult to standardize their 

performance amongst researchers. These probes are hand-assembled in a serial fashion, usually 

with a polymeric dialysis tube concentrically placed over a smaller catheter tube, with inlet and 

outlet tubes usually epoxied at one end. Current microdialysis systems are discrete, with fluid 

pumping, sample acquisition, and fractionation as three separate components. This leads to 

significant fluid dead volume between components, critically affecting the temporal resolution.

The detrimental effects of membrane biofouling have hindered the progress of microdialysis as a 

widely used process in clinical care, especially for long-term in vivo applications. Biofouling 

during membrane separation is a complex problem due to the enormous range (and properties) of 

the biofoulants which may be present. The need to control biofouling is of fundamental importance 

to extend the usable life of microdialysis membranes.

The drawbacks of timed fraction assay techniques primarily stem from the lack of integration 

between fraction collection and real-time sensing. Current fraction collectors are bulky, measuring 

tens of centimeters or more in each dimension, and expensive, costing hundreds to thousands of 

dollars. These drawbacks lead to a lack of portability, which in hospital settings restricts patient 

freedom.

There is no prior work that address the issue of integrating numerous functionalities (biofouling 

control, fractionation, etc.) for microdialysis applications. This thesis explores the fabrication of an 

multi-functional microdialysis chip, integrating analyte acquisition and fractionation, onto one 

platform. An external syringe pump is used to provide a fluid flow to the microdialysis chip.

1.4.  Previous work
Microfluidic technology represents a revolution in laboratory experimentation, bringing the 

benefits of miniaturization, multiplicity and automation to various industries such as genomics and 
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proteomics research. Miniaturized analytical instrumentation is attracting growing interest due to 

the potential for enhanced sensitivity and speed as well as the large reductions in overall size and 

weight. Researchers have been exploring the possibility of using miniaturization in microdialysis 

systems to add integrated functionality (e.g., fluid pumping, analyte sensing, fraction collection), 

batch fabrication capabilities using semiconductor technology, as well as the inherent advantages 

of using smaller devices. Continuous monitoring of specific analyte levels can contribute to more 

successful treatment of both chronic diseases and acute incidents. 

The majority of microfabricated microdialysis devices have been obtained by the integration of 

pre-fabricated polymeric membranes into the final device [Bohm 00, Gao 01, Hinkers 95, Hsieh 

05, Kuo 03, Meyerhoff 92, Metz 04, Rosenbloom 04, Xiang 99, Xie 99, Xu 98]. Polymeric 

materials have been employed to enhance the functionality of purely silicon or glass-based 

technologies. A miniaturized microdialysis device for efficient desalting of both DNA and protein 

samples prior to analysis has been shown by Xu et al. [Xu 98]. A commercial microdialysis 

membrane with a molecular weight cutoff (MWCO) of 8 kDa was sandwiched between two 

polycarbonate substrates containing serpentine channels, which were fabricated using laser 

ablation. Xiang et al. illustrated a dual-microdialysis device constructed using laser 

micromachining techniques for the rapid fractionation and cleanup of complex biological samples 

constructed in a manner similar to that of Xu et al. [Xiang 99]. Xiang et al., Xu et al., and Jiang et 

al. have used adhesives and screws to integrate the semi-permeable membrane into a 

microfabricated device [Jiang 01]. 

In order to integrate membranes, researchers have explored other bonding techniques. Instead of 

using adhesives or screws, Kuo et al. created three-dimensional fluidic networks that integrate a 

permeable membrane by using the intrinsic bonding capability of treated poly(dimethylsiloxane) 

polymer sheets. A similar three-dimensional technique was used by Ismagilov et al. [Ismagilov 

01]. Hsieh et al. perform the integration by using a lamination bond at elevated pressure and 

temperature to apply a polycarbonate track etched membrane to resist-based microchannels, 

creating a chip-based glucose microdialysis system [Hsieh 05]. Metz et al. use a similar lamination 

technique to create a polyimide-based nanoporous filtration chip with pores created with ion 

irradiation [Metz 04].
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More integrated approaches have been shown by Zahn et al. and Song et al. [Song 04, Zahn 00, 

Zahn 01]. Zahn used two approaches to create a flow-through microdialysis needle, one used a 

sacrificial oxide layer to create a diffusion path while the other used a porous polysilicon layer 

[Zahn 00]. The thin polysilicon membrane is fragile, making it difficult to use with pressure-driven 

fluid flows in microchannels. Song and colleagues have developed porous polymer monoliths that 

have been incorporated into a fused-silica substrate [Song 04]. Nanoporous membranes were 

fabricated inside a 5 mm long microchannel using a phase separation polymerization technique 

with a shaped laser beam. Two different molecular weight membranes were fabricated, the first one 

with a MWCO of 5700 Daltons for desalting protein samples, and the second one with a higher 

MWCO for size-based fractionation of proteins.

Other researchers have focused on miniaturizing the detection systems. Dempsey et al. 

incorporated a conventional microdialysis probe for intravascular monitoring, then added an ex 

vivo mini-shunt arrangement that incorporated a miniaturized flow cell/sensor array [Dempsey 97]. 

Bohm et al. constructed a micromachined microdialysis probe connector that formed an integral 

part of a double lumen type probe [Bohm 00]. The connector was a sandwich construction of two 

multistep KOH-etched silicon wafers, which, after bonding, allowed the insertion of two 

concentric silica capillaries and also guided the dialysate into a flow cell with space for integrated 

sensors. 

1.5.  Thesis organization
Demonstrating an integrated microdialysis chip with multi-functionality is the primary goal of this 

thesis. Using integrated circuit fabrication techniques, the advantages of miniaturization, 

multiplicity, and automation are extended to medical diagnostic tools, specifically to analyte 

acquisition and fractionation. A porous polymer membrane is fabricated to perform selective 

diffusion of analyte molecules. The detrimental effects of membrane fouling on analyte flux are 

presented along with a technique for regenerating the membrane back to its virgin, non-fouled 

state. Automated, on-chip fraction collection is demonstrated by using passive microfluidic valves 

that exploit surface tension effects.

The remainder of this thesis is organized as follows. In Chapter 2, the creation of a porous cellulose 

acetate film is discussed using phase inversion techniques. Various polymers and solvents are 
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explored in fabricating spin-coated, porous membranes. Using optical, scanning electron, and 

atomic force microscopy, membranes are characterized to determine process parameters for 

maximum structural porosity and structural rigidity. 

Chapter 3 describes the procedure to create a silicon-based microdialysis chip. The 

microfabrication of the silicon microchannels along with fluidic interconnect assembly is 

discussed. Platinum microbridges span the channels to support the spin-cast porous cellulose 

acetate membrane. Deep reactive ion etching (DRIE) is used to create inlet/outlet fluidic ports on 

the back side of the microfluidic chip. 

Chapter 4 discusses the adhesion characteristics of the organic polymer, cellulose acetate, and the 

inorganic substrate silicon. Experimental data from a blister test setup were used to measure the 

critical pressure point of substrates with both chemically and mechanically modified surfaces. The 

governing theory behind polymer spanning is presented along with the measured physical 

properties of the cellulose acetate lacquer. Entrapped air within the silicon microchannels is shown 

to counteract the penetrant capillary forces. Based on the surface properties of the substrate and the 

material properties of the cellulose acetate lacquer, it was possible to successfully span silicon 

microchannels.

In Chapter 5 the permeability of cellulose acetate membranes is characterized before and after 

myoglobin adsorption onto the membrane surface. Electrical charging of platinum electrodes near 

the membrane surface interface is explored as a means for creating a local pH gradient, causing 

isoelectric movement of adsorbed myoglobin. The goal is to desorb the foulant protein molecules 

and restore the analyte flux to pre-fouled levels. Experimental results, both from scanning electron 

microscopy and fluorescein permeability measurements, confirm decreased analyte flux due to 

membrane biofouling. Electrical charging across the membrane thickness did not show any 

significant improvement in analyte flux.

Finally, Chapter 6 presents data from various chip designs as well as the integration of a silicon-

based microfluidic fraction collector onto the back side of the microdialysis chip. Straight and V-

shaped microchannel designs for the microdialysis chip are compared. A silicon-based fraction 

collector, which has a concentric arrangement of three collection chambers, each of 6 µL volume, 
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is demonstrated on the back side of the microdialysis chip. The conclusion summarizes the 

contributions of the research and describes areas of potential future work.
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2 Fabrication of porous polymer 
membranes using phase inversion 
techniques

This chapter provides an overview of porous membrane fabrication, highlighting the immersion 

precipitation phase inversion method used in this thesis. Information is also provided on selecting 

the right type of porous material for microdialysis applications. The last section details 

experimental results of creating cellulose acetate porous membranes using the phase inversion 

method. Various parameters are tuned, such as polymer concentration and spin speed, to produce 

thin, uniform, and macrovoid-free membranes. Visual characterization of the membranes is done 

using scanning electron and atomic force microscopy. Chapter 4 later discusses the adhesion 

characterization of the cellulose acetate membranes, while Chapter 5 highlights the permeability 

of these membranes.

2.1. Porous membrane fabrication
Porous materials have gained interest in the fields of filtration, drug delivery, cell 

immunoprotection, and protein separation. Devices that perform these applications typically 

integrate pre-fabricated, porous materials into a fluidic manifold to create the final system [Bohm 

00, Hinkers 95, Hsieh 05, Meyerhoff 92, Metz 04, Rosenbloom 04, Xiang 99, Xie 99, Xu 98]. 

These porous materials can be either organic [Hsieh 05, Metz 04, Song 04] or inorganic [Desai 00, 

He 99, Zahn 00] in nature.

The main function of a porous membrane is to allow a specific set of molecules, called the solute, 

to permeate the membrane while hindering the transport of other molecules, as shown in Figure 2-
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1. An optimal separation membrane should be able to maintain suitable permeation through a 

membrane over time, create a “permselective” barrier to permit small molecular weight solute 

permeation while preventing large molecular weight permeation, and be of a suitable thickness to 

minimize diffusional lag times while maintaining mechanical strength. To allow solute 

permeation, fluid flow must be able to pass through the membrane material, thus requiring that the 

membrane have an open cell structure. Open cell materials have internal cavities that are 

interconnected, creating tortuous paths throughout the cell’s entire thickness. Two other important 

factors affecting mass transport are membrane thickness and pore density, the latter referring to the 

number of pores in a cubic volume. High solute permeation occurs when the membrane thickness 

is minimized and the pore density is maximized.

One method for classifying membranes is based on their morphology as shown in Figure 2-2. The 

morphology of the membrane structure dictates the separation mechanism and application in which 

the membrane is used. Symmetric membranes can range from 10-200 µm in thickness, and mass 

transfer is determined by the total membrane thickness. Asymmetric membranes have a top layer 

with pores that are smaller than those within the internal membrane structure (the top layer being 

0.1-0.5 µm thick, while the sublayer is usually 50-200 µm thick). Since mass transfer is mainly 

controlled by the thin top layer, these membranes have high selectivity and permeation rates.

Figure 2-1. Schematic showing the 
function of a semi-permeable 
membrane. The small red molecules 
are small enough to diffuse into the 
probe interior, while large molecules 
are excluded.
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Both membrane morphologies, symmetric and asymmetric, can be constructed with inorganic and 

organic materials. The following sections discuss the different fabrication technologies for porous 

materials, based on an inorganic and organic classification framework.

2.1.1.  Inorganic porous materials

Inorganic membranes are mainly used when superior membrane strength is needed. These 

membranes are particularly suited for harsh environments with high temperatures or exposure to 

caustic chemicals such as acids or bases. They also have better lifetime properties and can 

withstand varying degrees of harsh biological environments, yet the exact degree of 

biocompatibility of these materials is still being researched to this day [Desai 00, Gomez-Vega 01]. 

Inorganic membranes are generally more expensive to fabricate than polymeric membranes and 

tend to be more brittle. One of the benefits of inorganic porous materials is the ease of surface 

functionalization using silanes with negligible loss of mechanical stability. In contrast, the surface 

functionalization of cellulose acetate membranes is achieved via hydrolysis and oxidation.

The following three sections present three different inorganic porous materials along with their 

fabrication procedures. These include aerogels, microfabricated silicon structures, and porous 

silicon. Advantages and disadvantages of each porous material are highlighted.

Membrane 
morphologies

Symmetric 
morphology

Asymmetric 
morphology

Porous

Porous with integrally 
skinned toplayer

Composite with 
top layer

Non-porous, 
dense

Porous, 
cylindrical

Porous, 
sponge-like

Figure 2-2. Schematic showing cross-sections of different symmetric and asymmetric membrane 
morphologies.
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2.1.1.1.   Aerogels

Silica aerogel consists of bonded silicon and oxygen atoms joined in “beads” linked randomly 

together with pockets of air between them. Fabricated using sol-gel processing, silica aerogels 

were at first dismissed as laboratory curiosities in the early 1930s. Aerogels are currently being 

used in electronics packaging and in ultralarge-scale integrated circuits, since they have a very low 

dielectric constant. By increasing the density of air pockets, the average dielectric constant of the 

thin insulating film is reduced. Aerogels have the capability of tailoring the pore volume, a ratio of 

the air pocket volume to the material volume, from 0% to 99.5%. The pore volume is controlled 

by the sol-gel synthesis conditions (the siloxane monomer content), but can also be controlled by 

a sintering process. Size scales of pores in films can range from 10nm to 100nm. Large volumes 

of solvent must be removed to create extremely porous structures; unfortunately, this creates poor 

mechanical properties due to shrinkage and macroscopic crack formation. The porous structure in 

an aerogel can crack during liquid impregnation because of the capillary forces that arise during 

filling [Woignier 04]. 

There are numerous companies that manufacture aerogels for the microelectronics industry. 

Honeywell Electronic Materials fabricates a line of spin-on porous dielectrics offered in organic, 

inorganic, and hybrid materials. A spin-on nanoporous silica coating called NANOGLASS 

(Honeywell Electronic Materials, Tempe, AZ), is used as a low-k dielectric layer in integrated 

circuits. An equivalent material called SiLK (Dow Chemical Company, Midland, MI) is a 

polymer semiconductor dielectric material with a closed pore structure formed by non-

interconnecting pores. This prevents chemicals from chemico-mechanical polishing, a method 

used to finely polish silicon wafers, from being trapped and outgassing, therefore enhancing 

electrical yields. An inorganic membrane filter material called ANOPORE (Whatman 

Corporation, Florham Park, NJ) is made from a unique form of aluminum oxide. This membrane 

is composed of a high purity alumina matrix that is manufactured electrochemically, creating a 

non-deformable honeycomb pore structure with no lateral crossovers between individual pores. 

The advantages of these materials are a highly controlled, uniform capillary, open pore structure 

as shown in Figure 2-3. Due to this feature, the membrane provides an excellent filtration medium 

for HPLC mobile phase filtration, bacterial analysis, and liposome extrusion.
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The unique characteristics of aerogels such as high relative surface area, low dielectric constant, 

light weight, and low thermal conductivity have motivated non-electronic applications. Fan et al. 

from UCLA have used aerogels as a new class of thin film material for MEMS fabrication [Fan 

01]. Photolithographic patterning, etching, and structural release of aerogel thin films made from 

silica and alumina were demonstrated. The pores of these aerogel films are in the range of 60-80 

Å. Therefore, they are too small for fluid filtration but are adequate for gas flows. Mesoporous (2-

50 nm) sol-gel silica films have been fabricated by numerous researchers [Besson 00, Johnson 99, 

Zhao 98]. Gomez-Vega and colleagues were able to show apatite formation on a mesoporous silica 

film with the eventual goal of creating a coating that can be used for medical implants [Gomez-

Vega 01].

A variety of approaches are used by synthetic chemists in the preparation of both open- and closed-

cell aerogel porous networks that have optimized pore sizes and distributions. By curing in ‘neat 

methanol’ to resist pore collapse, Lucas et al. were able to obtain gels with a larger mean pore-size 

(~30 nm mean pore size) and more cumulative pore volume [Lucas 04]. Macroporous silica 

aerogels can be prepared by combining tetramethoxysilane (TMOS), polyethylene oxide (PEO) 

and acetic acid [Ishizuka 98, Shrinivasan 04]. Aerogels made with 10,000 MW PEO resulted in 

macroporous regions with diameters ranging between ~5-7 µm. These gels were employed as 

stationary phases in capillary HPLC and microchip-based electrochromatography.

Figure 2-3. SEM views of ANOPORE aluminum 
oxide aerogel membrane having a cylindrical pore 
structure. The top picture shows a honeycomb pattern. 
The bottom picture shows cross sectional membrane 
view with retention of cells and particulates above the 
membrane. Photo courtesy of Whatman Corp.



Fabrication of porous polymer membranes using phase inversion techniques

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

36

2.1.1.2.   Microfabricated Silicon Structures

Inorganic separation membranes based on silicon micromachining techniques offer an alternative 

to the conventional polymeric materials typically used in commercial microdialysis systems. 

Microfabricated pores provide advantages such as the ability to finely control surface architecture, 

topography and feature size with the ability to batch fabricate in large quantities. Yet creating 

micromachined pores is limited by the smallest resolution possible with photolithography and 

etching techniques. As a consequence, the pore density is significantly smaller for microfabricated 

porous structures as compared to polymeric ones. Rijn et al. were able to use laser interference 

lithography to create a suspended silicon nitride membrane with perforations that range in size 

from 0.5 to 10 microns in diameter [Rijn 97]. He and his colleagues designed a micromachined 

filter by anisotropically etching quartz wafers to create 8-10 micron high posts spaced 1.5 µm apart 

[He 99]. Using lateral percolation it is possible to filter cells and dust larger than the post spacing 

between these posts, thereby preventing them from entering an analytical device.

One technique to overcome the limitations in lithography was used by Desai et al. It involves the 

selective removal of a sacrificial oxide layer, making it possible to achieve pore sizes in the tens of 

nanometers and as small as 7 nm [Desai 00]. These nanoporous micromachined membranes exhibit 

selective permeability and low biofouling. Desai mentions that, compared to polymeric 

membranes of similar pore size, micromachined silicon membranes allowed more than twice the 

amount of glucose diffusion after 240 minutes with complete albumin exclusion. Due to the 

inorganic nature of the membranes, there was no visible morphological change or degradability in 

the presence of biological proteins and fluids at 37°C. Zahn et al. fabricated a flow-through 

microdialysis needle that used technology similar to that of Desai, where a thermally grown oxide 

layer was removed to create a diffusion path [Zahn 00].

2.1.1.3.   Porous silicon

Porous silicon is produced by an electrochemical dissolution of silicon in hydrofluoric acid. 

Stewart et al. provide a review describing some applications of porous silicon which include 

biological and chemical capabilities [Stewart 00]. Typical pore sizes range from 2-20 nm with 

porosity between 50-80%. Porous silicon can be integrated with other silicon-based device 

fabrication technologies. Hydrofluoric acid will etch away numerous other materials; therefore, it 
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is necessary to sequence fabrication steps to avoid this problem. As with aerogel materials, one of 

the drawbacks of porous silicon is the fragility of the final porous structure. Zahn et al. discuss the 

fabrication of microneedles with a permeable polysilicon layer [Zahn 00]. The thin polysilicon 

membrane is extremely fragile, making it susceptible to fracture.

There has been significant research in the past few years in making free-standing porous silicon 

and silicon carbide membranes. Porous silicon layers can be released from the bulk substrate by 

increasing the current density during the electrochemical formation to form membranes suspended 

over microchannels, as shown by Tjerkstra et al. [Tjerkstra 00]. The pore size of the resulting 

porous silicon membrane was approximately 7 nm, too small to allow biomolecules to pass 

through. Kaltsas et al. demonstrated a microfluidic flow sensor, using a similar fabrication 

technology that involves a buried microchannel covered with porous silicon, as shown in Figure 2-

4 [Kaltsas 03]]. The thickness of the capping porous layer is 1.8 µm. Free-standing, nanoporous 

silicon carbide membranes with a 29 kDa molecular weight cut-off and the capability to resist 

protein adsorption have been developed by Rosenbloom et al. [Rosenbloom 04].

Figure 2-4. SEM photo from Kaltsas et al [Kaltsas 03]. Channel cross 
section showing suspended porous silicon layer over buried cavity.
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2.1.2.  Organic porous materials

Polymer porous materials can be fabricated in 

situ, removing the dependency on discrete 

polymer and silicon technology assembly. 

Polymeric membranes have a broad pore size 

distribution; therefore, they do not provide an 

absolute size or molecular weight cut-off. Wang 

et al. provide a review of various techniques to 

integrate polymeric membranes into 

microfluidic systems [Wang 01]. Some of the 

fabrication technologies to generate porous 

polymers include stretching, phase inversion 

techniques, ion track etching, and pyrolysis, as 

shown in Figure 2-5. Each of these fabrication 

techniques will be briefly discussed in the 

following section. The final morphology of the 

membranes obtained will vary greatly depending 

on the fabrication technique as well as the 

material and process conditions. 

2.1.2.1.   Stretching

This fabrication technique involves taking an 

extruded, polymeric material and stretching it 

perpendicular to the direction of the extrusion. 

The mechanical stress from the stretching causes 

small ruptures to occur, creating a porous 

structure. Stretching produces membranes with a high porosity, yet it can be used only with 

polymeric materials that have a crystalline structure. Kurumada et al. have developed porous PTFE 

membranes by using a biaxial stretching methodology [Kurumada 98]. Small holes in a PTFE sheet 

are formed after extrusion and rolling, and these can be enlarged into slits with further stretching. 

Figure 2-5. SEMs of various organic porous 
materials created using different fabrication 
technologies. These include nuclear track 
etched (top), phase inversion (middle), and 
stretched polymer (bottom). Micrographs 
courtesy of Mulder [Mulder 91].
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2.1.2.2.   Phase inversion or phase separation process

Phase inversion is a fabrication technique whereby a polymer is “inverted” in a controlled manner 

from a liquid phase to a solid phase. Phase inversion membranes have been extensively used and 

documented by numerous researchers [Baker 04, Boom 92, Kesting 85, Reuvers 87, Smolders 92]. 

Solidification is initiated by the transition from one liquid state into two liquids (liquid-liquid 

demixing). At a certain stage during demixing, one of the liquid phases (the high polymer 

concentration phase) will solidify so that a solid structure is formed, while the other liquid phase 

(the low polymer concentration phase) will remain liquid. This process is often called phase 

separation, a term used to describe this class of membranes along with phase inversion. 

Phase separation can be induced in five different ways: 1) solvent evaporation (dry-case method) 

[Matsuyama 00], 2) thermal precipitation [Matsuyama 03], 3) immersion precipitation (wet-cast 

method) [Smolders 92], 4) vapor precipitation, and 5) UV light precipitation [Song 04, Yu 00]. 

2.1.2.3.   Nuclear (ion) track etched 

One way to manufacture porous membranes is to bombard a polymer film with high energy ions 

applied perpendicular to the film, followed by chemical etching of the track left by the ions; these 

are known as nuclear or ion track etched membranes. This technique produces very uniform pores, 

yet can only be applied to a select few polymers such as polycarbonate. The pore size is controlled 

by the chemical etching time, while the pore density is controlled by the exposure time to the 

radiation. Metz et al. have shown polyimide-based, microfluidic channels with integrated 

nanoporous membranes that were created using ion track etching [Metz 04]. Nanopores were 

created in the polyimide channel walls by irradiating with swift, heavy ions and subsequent 

chemical etching of the ion tracks. Typical diameters of the cylindrical pores produced range from 

10 nm to 2 µm, with the capability of adjusting pore diameter and density.

2.1.2.4.   Pyrolysis

Pyrolysis involves using copolymers consisting of thermally stable and unstable blocks; pore 

formation is started by thermolysis of the thermally unstable block. Takeichi et al. showed that, 

upon thermal treatment of a poly(urethane-imide) film at 300 to 400°C, the thermally less stable 

urethane domains decomposed, leaving porous polyimide films [Takeichi 99]. With increasing 
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urethane content, the apparent pore density decreased, but the size of the pore did not increase 

significantly. A group from IBM has prepared copolymers consisting of thermally stable polyimide 

or poly(phenylquinoxaline) and different thermally unstable blocks; these include poly(propylene 

oxide), poly(methyl methacrylate), and poly(-methyl styrene), successfully forming nanopores by 

pyrolysis [Hedrick 99].

2.1.3.  Comparison of membrane fabrication technologies

Each set of porous membrane fabrication procedures has a specific set of advantages and 

disadvantages, as highlighted in Table 2-1. Each fabrication technology is rated on its integrability, 

pore density, fragility of the final membrane structure, equipment resources needed to 

manufacture, and difficulty in fabrication. Each fabrication technology is rated either ‘H’ for high 

or ‘L’ for low. 

Integrability provides an indicator of how easily the fabrication technology can be integrated with 

microfluidic technology to create a microdialysis system. Aerogels, microfabricated silicon, 

porous silicon, and phase inversion porous materials have shown that they can be integrated 

without requiring any type of non-conventional assembly methods such as adhesives, screws, or 

laminations. Although this set of technologies is listed with high integrability, some of the 

manufacturing procedures require very high temperatures, caustic chemicals, or vacuum pressures, 

which might affect other constituent materials.

Fabrication technology Integrability Pore density Fragility Fabrication 
difficulty

Aerogels H H H H

Microfabricated silicon H L H H

Porous silicon H H H H

Stretching L H L L

Phase Inversion H H L L

Nuclear track etched L H L H

Pyrolysis L H H H

Table 2-1. Overview of the porous membrane technologies discussed. ‘H’ stands for high, 
while ‘L’ stands for low.
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As stated previously, pore density is the measure of the number of pores in a cubic volume; it can 

be alternatively defined as the number of surface pores in a cubic area. Using scanning electron 

microscopy, a quantitative measure can be determined from visual observation of pores under high 

magnification. All of the fabrication technologies except for microfabricated silicon have a high 

pore density. This is due to the inherent limitations of lithography and semiconductor fabrication 

technology. Fragility indicates how delicate the final membrane structure is to stresses from either 

functional use or further post-fabrication processes. Inorganic-based porous materials, such as 

glass and silicon, are very brittle in nature; therefore, they have a tendency to fracture easily. Due 

to the thin cross section of porous membranes, there is an increased likelihood of fracture.

Fabrication difficulty provides a measure of the amount of equipment resources and fabrication 

steps needed to arrive at the final porous membrane structure. By far the easiest technology is the 

phase inversion method. The only equipment requirement for this method is a tool that can spread 

a uniform polymer lacquer film, such as a spin coater or a doctor blade. In addition, the phase 

inversion method does not require special fabrication conditions such as elevated temperature, 

radiation treatment, or vacuum deposition procedures.

Due to the advantages listed above, the phase inversion method is the clear fabrication technology 

choice to create a porous microdialysis membrane. The following section provides an overview of 

the immersion precipitation process used to fabricate the membranes.

2.2. Porous membranes used in microdialysis applications
The majority of microdialysis membranes are fabricated using phase inversion techniques. Hollow 

fiber membranes are traditionally used for microdialysis applications, and these are available in a 

variety of diameters and wall thicknesses [Kesting 85]. Hollow fibers for microdialysis 

applications usually have outer diameters of about 500 µm and wall thicknesses that are 20 to 50 

µm in thickness, as shown in Figure 2-6. Since microdialysis probes need to withstand insertion 

and pressure differentials, some probes are composite mixture of a thin porous film supported by 

a substrate with macroscopic pores that provides mechanical support.

A microdialysis membrane is very similar in structure and function to a conventional filter. It has 

a rigid, highly voided structure with randomly distributed, interconnected pores. However, the 

pores differ from those in a conventional filter by being extremely small, as average pore sizes are 
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on the order of 0.01 to 0.1 µm in diameter. Unlike conventional filters in ultrafiltration and 

microfiltration applications, which use a pressure gradient as the driving force, dialysis 

applications use a concentration gradient as the driving force. Separation of solutes by porous 

membranes is mainly a function of molecular size and pore size distribution. Proteins and other 

larger biological molecules are generally excluded, since they often have a molecular weight (MW) 

approaching 100,000 Da and a size of several nanometers. By choosing a membrane with carefully 

controlled pore sizes it is even possible to separate molecules with modest differences in size, such 

as sucrose (MW 342 Da) and vitamin B-12 (MW 1300 Da). 

2.2.1.  Material selection

A requirement of any dialysis membrane is that the pores must be filled with a liquid during use; 

therefore, wettability of the polymer membrane is a primary consideration. Usually hydrophilic 

Figure 2-6. (Top) SEM micrograph showing a hollow fiber membrane from a CMA 20 
polyethersulfone microdialysis probe. (Bottom) SEM micrograph close-up on the top surface of the 
porous polyethersulfone membrane, frayed region is location of membrane tear.

Inner Cannula

Polyethersulfone membrane

Inner Cannula

Cross section of PES membrane
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polymers are used in dialysis applications since they are easily wettable. A large surface area-to-

volume ratio of porous membrane media is particularly important for achieving rapid buffer 

exchange during microdialysis and for obtaining ultrahigh concentrations of adsorbed enzymes for 

various biochemical reactions. 

Cellulose acetate has been one of the early membrane materials used for ultrafiltration, 

microfiltration, and reverse osmosis. CA membranes are relatively easy to manufacture, are cost 

effective, and result in membranes with a high flux. The raw material for cellulose acetate is 

cellulose, which is a polymer of beta-1,4 linked glucose units, having renewable and non-toxic 

properties. Cellulose acetate is prepared from cellulose by acetylation, i.e., in a reaction with acetic 

anhydride, acetic acid, and sulfuric acid. Cellulose acetate drawbacks include a fairly narrow 

temperature range of usage (maximum 30ºC), a narrow pH range restricted to pH 2-8, and greater 

compaction phenomena which reduce membrane lifetime and high biodegradability. At low pH, 

the beta-glucosidic linkages in the backbone of the cellulose polymer can be degraded, reducing 

the effective molecular weight and causing loss of structural integrity, while at high pH, cellulose 

acetate membranes can deacetylate [McCray 85]. This has made other polymer materials such as 

polyethersulfone (PES), polyvinylidenefluoride (PVDF), polysulfone (PS), polycarbonate (PC), 

and regenerated cellulose more popular for microdialysis applications. Polyethersulfone 

membranes (PES) usually contain a small amount of polyvinylpyrrolidone (PVP) as an alloying 

agent. The PVP provides the requisite wetting, although there may still be very small diameter 

pores that are inactive during dialysis because of the exclusion of water.

The membrane in widest use for dialysis is regenerated cellulose, sometimes referred to by its 

commercial brand name of Cuprophane. This can be fabricated from cellulose acetate by 

performing an additional hydrolysis step, using an alkaline solution that deacetylates the 

membrane and reverts it to cellulose. Deacetylation affects selectivity and integrity, and is known 

to increase the porosity of bulk dialysis membranes [Rubinson 81]. The regenerated cellulose 

membranes are atypical in that they contain a high percentage of water, yet do not lose their 

mechanical integrity unless they dry out. 
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2.3. Immersion precipitation technique for porous polymer fabrication
The easiest way to create phase inversion membranes with consistent properties is by using the 

immersion precipitation technique. This technique involves dissolving a polymer in a miscible 

solvent, which is then cast as a thin film and subsequently immersed in a nonsolvent liquid bath. 

Precipitation occurs as the solvent diffuses out of the casting solution (called the lacquer), and the 

nonsolvent diffuses into the casting solution. This process consists of a single membrane material, 

yet the porosity and pore size change in different layers of the membrane. An asymmetric structure 

is obtained that consists of a very thin (0.1 to 1 µm), selective skin layer on a highly porous thick 

substructure. The very thin, dense top layer represents the separation membrane where size 

exclusion takes place, while the porous layer underneath serves as a support and has little effect on 

separation characteristics or the mass transfer rate of the membrane.

Porous membranes produced using immersion precipitation started with the development of 

reverse osmosis membranes by Loeb and Sourirajan in 1962 [Loeb 62]. Membranes made of 

cellulose acetate were first obtained, but later it became apparent that the process of immersion 

precipitation is just a special case of a general procedure. The morphology for immersion 

precipitation films can be tuned to create membranes for reverse osmosis, which have very small 

pore sizes of several Angstroms, or for microfiltration, which have pore sizes in the micrometer 

range. The focus of this discussion will be on cellulose acetate phase inversion membranes, since 

these are used for the experimental work.

The immersion precipitation process starts with a homogenous polymer lacquer, formed when a 

polymer is dissolved in a miscible solvent. Commercial membranes are usually multi-component 

solutions, containing other additives. In many cases, the porosity, pore size, and skin layer 

thickness can be modified by the addition of non-solvents, inorganic salts, or polymers to the 

lacquer. The lacquer is viscous and is usually either spread with a knife edge or spin-coated to form 

a thin layer. Spin-coated membranes can vary in thickness from tens of microns to hundreds of 

microns by controlling the spin speed. After a film is formed, the solvent immediately begins to 

evaporate from the surface, causing polymer to come out of solution and create a thin, semi-solid 

top layer. 
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When the thin film is plunged into a nonsolvent bath (usually called the quench or coagulation 

bath; in this thesis the term ‘quench bath’ is used) such as water, the polymer in the lacquer rapidly 

precipitates. Thermodynamic and kinetic processes govern the structure formation of phase 

separation polymers. These, in turn, determine whether a polymer solution is homogeneous and 

stable or inhomogeneous and prone to phase-separate. The ratio of in-diffusion of nonsolvent and 

out-diffusion of solvent to a large part controls the ultimate membrane structure. As the polymer 

precipitates, the nonsolvent begins to diffuse into the polymer lacquer, and the solvent begins to 

diffuse into the quench liquid bath. The rapid precipitation leads to clumping or coagulation of the 

polymer and decomposes the cast film into two phases: a polymer-rich solid phase and a solvent-

rich liquid phase. At a certain stage during the phase demixing, the polymer-rich phase is solidified 

into a solid matrix by crystallization or vitrification, while the polymer-poor phase develops into 

the pores. This precipitation process initially starts at the surface of the film. Due to the very steep 

gradient of nonsolvent to solvent at the surface, there is a rapid depletion of the solvent and a net 

movement of polymer perpendicular to the surface, which leads to an increase in the polymer 

concentration on the top layer. This concentrated surface layer forms the skin of the membrane and 

hinders further transport, creating a rate-limiting barrier of nonsolvent coming into and solvent 

coming out of the lacquer. 

2.3.1.  Controlling membrane morphology

A porous polymer created using the immersion precipitation technique tends to have an 

asymmetric membrane morphology demonstrated by a pore size gradient throughout its thickness 

as shown in Figure 2-7. The pores near the surface of the film are much smaller as compared to the 

pores within the polymer. Using scanning electron microscopy (SEM) to provide the necessary 

structural characterization, it is possible to tune the various parameters to create porous membranes 

with a different morphology. Immersion precipitation recipes are very empirical. The formation of 

membranes depends on a large number of material and process-specific parameters, some of which 

are the composition of the lacquer, the environmental conditions (temperature and humidity) of the 

casting environment, and parameters of the quench bath (composition and temperature). 

Microporous phase inversion membranes can be made in a large variety of pore sizes with different 

chemical, thermal, and mechanical properties based on these parameters [Schwarz 89].
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2.3.2.  Macrovoid formation

Macrovoids are large open cavities (10-100 µm in size) interspersed throughout the other smaller 

pores in the sublayer beneath the top layer skin. Large macrovoids are generally formed during 

Figure 2-7. (Top) Cross section SEM showing the asymmetric film structure of a 
cellulose acetate membrane fabricated using immersion precipitation. (bottom) SEM 
showing a top view of the same membrane. Lens is focused on the surface of the 
membrane where a dust particle resides while porous substructure remains out of 
focus.

Top skin

Porous Interior

Dust particle
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high precipitation rates when instantaneous demixing occurs, as shown in Figure 2-8. A factor that 

has a major impact on the pore size and distribution is the rate of precipitation in the quench 

medium. Very high precipitation rates always lead to a finger-like structure, while slow 

precipitation rates lead to an asymmetric membrane with a sponge structure. Creation of these 

voids is to be avoided since they create weak mechanical support [Smolders 92]. Due to the quench 

Figure 2-8. Macrovoids are visible on the cross-section (top) and surface (bottom) 
of this cellulose acetate membrane. Polymer lacquer composition 10% CA 398/394, 
70% DMAc, 10% PEG 600, 10% water.

Macrovoids

Macrovoids
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bath used during immersion precipitation, polymer lacquers experience a high precipitation rate, 

as the polymer begins to immediately precipitate upon contact with a nonsolvent. It is very difficult 

to prevent macrovoids from forming; therefore, counteracting mechanisms are used, one of them 

involving the use of lacquer additives.

2.3.3.  Lacquer (casting) additives

Frequently, additives are used in the lacquer to influence membrane structure. These additives 

create a spongy membrane structure by preventing macrovoid formation, enhancing pore 

formation, improving pore interconnectivity, and introducing hydrophilicity. The addition of pore 

former in the lacquer results in the formation of pores on the membrane surface due to 

thermodynamical instability, which enhances precipitation and porosity [Kim 98a, Liu 03, Xu 04]. 

Another side effect of the addition of these additives is an increase in the viscosity of the polymer 

lacquer. Mahendran et al. noticed that, when polyethylene glycol (PEG) was increased from 2.5 to 

10%, the MWCO values increased from 20 kDa to greater than 69 kDa [Mahendran 04].

Polyethylene glycol (PEG) acts as pore former with a high degree of hydrophilicity. PEG is a 

linear, non-charged polyether typically used in biomedical and chemical applications. The 

hydrophilic property and the size of long chain make a PEG coating an excellent protection against 

protein attachment to surfaces. It has been shown that adding PEG 600 to the lacquer of pure 

cellulose acetate enhances the water content of membranes [Mahendran 04]. Pure water flux 

through cellulose acetate membranes increased from 25.3 m-2hr-1 to 171.1 m-2hr-1, while water 

content increased from 77.74% to 82.90% when the concentration of PEG 600 went from 0% to 

10%. Poly(vinylpyrrolidone) (PVP) is another additive used in lacquers. Boom and colleagues 

found that the addition of PVP suppresses the formation of macrovoids in the sublayer [Boom 92]. 

PVP is a hydrophilic polymer that is water soluble and compatible with a number of polymers such 

as polyethersulfone (PES), polyimide (PI), and cellulose acetate (CA) [Barzin 04]. 

2.4. Experimental: Fabrication of porous membranes using immersion precipitation

2.4.1.  Materials

Cellulose acetate CA394-60S (Mw=239,000 Da, acetyl content 39.5%) and CA398-3 (Mw=88,600, 

acetyl content 39.8%) were supplied by Eastman Chemical Products, Kingsport, TN. Polyamide-
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imide (Mw=63,000 Da, product name Torlon AI-10) and polyethersulfone (Mw=40,000 Da, 

product name Radel H-2000) were supplied by Solvay Advanced Polymers, Alpharetta, GA. In 

order to easily identify each polymer in later sections, Table 2-2 displays the shorthand that will be 

used for each.

Lacquer additives polyethyelene glycol (PEG), with molecular weight of 600, and 

poly(vinylpyrrolidone) (PVP), with molecular weight of 10,000 Da, were supplied by Sigma-

Aldrich, St. Louis, MO. Deionized water with resistivity 18 MOhm-cm was used in both the 

lacquer and the quench media. Anhydrous isopropanol (Sigma-Aldrich) was used as a fluid 

exchange to avoid pore collapse and in preparing the silane agent. The solvents n,n-

dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), and acetone were investigated for 

dissolving the polymers (DMAC supplied by Sigma-Aldrich; all others supplied by Fisher 

Scientific, Pittsburgh, PA). Four-inch diameter, double-polished, <100> oriented, n-type, 510-µm 

thick prime silicon wafers with 1 µm of thermally grown silicon dioxide were used (Silicon Quest 

International, Santa Clara, CA). Wafers were cleaved with a diamond scribe into 1 cm x 1 cm 

squares and used as the substrate for the polymer lacquer spin coat. Octadecyltrichlorosilane 

(OTS), 90+% (Sigma-Aldrich) was used as a coupling agent to improve adhesion between the 

polymer films and the silicon substrate. 

2.4.2.  Preparation of the lacquer and coating surface 

The protocol shown in Figure 2-9 illustrates the steps for creating the lacquer. Lacquers were 

prepared from dehydrated cellulose acetate, polyamide-imide, and polyethersulfone powder. 

Polymer powders were dried at 80° C for at least 24 hours in a convection oven to remove any 

traces of moisture, since polymers such as polyethersulfone may contain up to 2-3% water. Given 

that water is a strong precipitant for most polymers, the effects of even low amounts of water in the 

Polymer Shorthand

CA394-60S CA-HI

CA398-3 CA-LO

Polyamide-imide Torlon AI-10 PAI

Polyethersulfone Radel H-200 PES

Table 2-2. Shorthand used for each polymer.
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lacquer may be quite pronounced. If adequate dehydration was not performed, large polymer 

clumps were visible in the polymer lacquer. 

Lacquers were prepared by dissolving polymer powders in a suitable solvent at varying 

concentrations between 5 and 15% (w/w). Additional components to the lacquers include 5-20% 

polyethylene glycol 600, which is used as a pore former and hydrophilic agent, and 5-20% distilled 

water, which assists in the polymer phase separation. These mixtures were placed on a rotary mill 

until the polymer was fully dissolved in the solvent forming a viscous liquid (lacquer), usually 

taking 2-3 h. Certain solvents had less solubility than others and required more or less time. 

Solubility was determined by visually observing the lacquer and noticing any powder aggregates 

or clumps that were in the mixture. By rotating the vial that contained the lacquer, it can be easily 

determined if a completely mixed, homogenous lacquer was attained. After adequate mixing, the 

homogeneous mixture was allowed to stand for at least 2 h in a closed container to remove all air 

bubbles. 

The 1 cm x 1 cm silicon substrates were dehydrated at 100°C in a convection oven to remove any 

moisture from the surface. The front side of the substrates was placed in an oxygen plasma for 10 

min to clean organics from the surface and to expose hydroxyl groups. A self-assembled 

monolayer was created on the surface by placing 2% (v/v) solution of OTS in anhydrous 

isopropanol on the substrate for approximately one hour. Substrates were then rinsed with acetone 

and isopropanol and dried at 100º C for 15 minutes. 

2.4.3.  Spin casting onto substrate and polymer precipitation

The casting environment was purged with pre-purified nitrogen, providing a low relative humidity 

(10-30%), and room temperature varied between 65-72°F. The 1 cm x 1 cm silicon substrates were 

Figure 2-9. Preparation steps for creating polymer lacquer. 1) Drying the polymer 
to remove any moisture, 2) Dissolves the polymer in a suitable solvent, 3) After a 
few hours a homogeneous solution is obtained. 

1 2 3
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vacuum-mounted onto a spinner unit, as shown in Figure 2-10 (Laurell Technologies, model # 

NPP-LITE, North Wales, PA). The polymer lacquer was filtered with a 5 µm polypropylene filter 

and then coated onto the substrate at maximum acceleration (20kRPM/s) for 6 seconds at various 

spin speeds between 1 and 4 kRPM. The substrate was then immediately placed in a room 

temperature, deionized water bath for at least 2 h to remove the solvent in the lacquer and 

precipitate the polymer. To avoid pore collapse from capillary forces, the polymer film was always 

kept wet with water or flushed with isopropanol and then dried. 

2.4.4.  Scanning electron microscopy

Membrane surfaces were imaged using a field emission gun, scanning electron microscope 

(Philips XL-30, Eindhoven, Netherlands). Accelerating voltage was set between 2 and 5 kV to 

prevent excessive electron damage to the cellulose acetate. Cross sections of the polymer were 

imaged by cryogenically fracturing a membrane chip that had a polymer coating. The fracturing 

was done by dipping the chip into a liquid nitrogen bath for a few seconds and upon removal, 

immediately cleaving the chip using a diamond scribe. Membrane samples were allowed to dry for 

15 minutes and then coated with a thin gold layer to enable the transport of electrons from the 

electron beam to the sample. This 5 nm thick layer can have an important effect on the quality and 

reliability of the final image. SEM, which allows the visualization of pores from 50 nm up to 

several microns in diameter, was used to investigate and compare the surface and sublayer 

morphology of different phase inversion membranes. 

Figure 2-10. Final protocol steps for preparing phase separated cellulose acetate membranes. 1) Polymer 
is cast onto the substrate, 2) Placed in a water bath at room temperature, 3) Removal of the solvent from 
the lacquer causes polymer precipitation, 4) Substrates are placed in isopropanol and then dried.

1 2 3 4
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Because of their small size, the pores usually close when samples are dried and placed in a vacuum 

for electron microscopy, due to capillary forces. Equation 2-1 describes the force pulling a pore 

shut as it dries. As r becomes very small, the force is enormous. The effect is greatest on the 

smallest pores. 

(2-1)

where γ is the surface tension, θ is the liquid-solid contact angle, r is the pore radius, and P is the 

pressure. Assuming a surface tension of water, a low contact angle of 30°, and pore radii from 10 

nm to 50 nm, the pores experience a pressure of 7.3 MPa to 1.5 MPa. With such a high pressure it 

can be assumed that the drying step does drastically affect the morphology of the top layer. 

Therefore, top layer structural information derived from using electron microscopy will be skewed.

2.4.5.  Atomic force microscopy

Membrane surfaces were imaged using an atomic force microscope (Nanoscope III, Veeco, Santa 

Barbara, CA) in tapping mode, which provides intermediate contact with the surface using an 

oscillating tip. Imaging was carried out in bidirectional scan mode with a scan rate of 1.495 Hz at 

512 x 512 resolution in a scan window of 1 µm x 1 µm. 

Atomic force microscopy produces topographical images by scanning a sharp tip, situated at the 

end of a microscopic cantilever, over a surface. During the scanning procedure, the vibration 

amplitude of the tip is kept constant by changing the scanner height. The technique produces 

images that reach atomic level resolution; it has been applied to the study of membranes to provide 

useful information about surface morphology, surface pore size distributions and surface porosity 

[Bowen 99, Stamatialis 99]. A few advantages of AFM over SEM are i) resolution is much higher, 

ii) characterization can be done in a dry or wet state without any pretreatment or prep work, and 

iii) no electron damage occurs to the membrane. 

2.5. Results and discussion
Using the immersion precipitation technique, various recipes were explored to achieve a porous 

polymer membrane with the following properties: sufficient structural integrity to create a 

membrane that did not crack, craze, or delaminate after formation; display of sufficient surface 

porosity; and no indication of macrovoid formation. 

∆P 2γ θcos
r

------------------=
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2.5.1.  Polymer lacquer composition

Various polymer lacquers were prepared, using combinations of the polymers cellulose acetate, 

polyethersulfone, and polyamide-imide and the solvents DMAC, DMSO, and acetone, as shown 

in Tables 2-3, 2-4, 2-5, and 2-6. Each of the tables indicates the shorthand used for description of 

the lacquer along with the weight percentage composition of polymer, solvent, nonsolvent, and 

additive. The last column indicates whether that lacquer was completely miscible when all of the 

Lacquer composition 
shorthand

Polymer 
concentration 

Solvent 
concentration

Nonsolvent 
concentration

Additive 
concentration

Miscibility?

DMAC-LO1 5% CA-LO 75% DMAC 20% water 0% No

Table 2-3. Lacquer compositions that used DMAC solvent and cellulose acetate polymer.
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components were mixed together. The only requirement before creating a membrane is that no 

demixing or precipitation occur in the lacquer; therefore, all components must be miscible with 

each other. Polymer lacquers that were clear and homogenous signified good compatibility among 

the polymer, solvent, nonsolvent, and lacquer additives (PEG or PVP). 

DMAC-LO2 5% CA-LO 65% DMAC 20% water 10% PEG Yes

DMAC-LO3 5% CA-LO 65% DMAC 20% water 10% PVP No

DMAC-LO4 10% CA-LO 70% DMAC 10% water 10% PEG Yes

DMAC-LO5 10% CA-LO 70% DMAC 10% water 10% PVP No

DMAC-LO6 10% CA-LO 80% DMAC 10% water 0% Yes

DMAC-LO7 15% CA-LO 65% DMAC 10% water 10% PEG Yes

DMAC-LO8 15% CA-LO 65% DMAC 10% water 10% PVP No

DMAC-HI1 10% CA-HI 70% DMAC 10% water 10% PEG Yes

DMAC-HI2 10% CA-HI 70% DMAC 10% water 10% PVP No

DMAC-HI3 10% CA-HI 70% DMAC 20% water 0% No

DMAC-HI4 10% CA-HI 80% DMAC 10% water 0% Yes

DMAC-HI5 15% CA-HI 70% DMAC 15% water 0% No

DMAC-HI6 15% CA-HI 65% DMAC 10% water 10% PEG Yes

DMAC-HI7 15% CA-HI 65% DMAC 10% water 10% PVP No

DMAC-Mix1 5% CA-LO
5% CA-HI

70% DMAC 10% water 10% PEG Yes

DMAC-Mix2 5% CA-LO
5% CA-HI

70% DMAC 10% water 10% PVP No

DMAC-Mix3 5% CA-LO
5% CA-HI

70% DMAC 20% water 0% No

DMAC-Mix4 7.5% CA-LO
7.5% CA-HI

70% DMAC 15% water 0% No

DMAC-Mix5 7.5% CA-LO
7.5% CA-HI

70% DMAC 10% water 5% PEG Yes

DMAC-Mix5 7.5% CA-LO
7.5% CA-HI

70% DMAC 10% water 5% PVP No

Lacquer composition 
shorthand

Polymer 
concentration 

Solvent 
concentration

Nonsolvent 
concentration

Additive 
concentration

Miscibility?

Table 2-3. Lacquer compositions that used DMAC solvent and cellulose acetate polymer.
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The lacquers that most likely yield good membranes are immediately apparent by examination of 

the color of the precipitated polymer membrane coating. During precipitation in the quench bath, 

an opaque or transparent coating is formed on the substrate and is visible through the water quench 

bath. When polymer films were clear, no pores were found under microscopic inspection. When 

the polymer film became opaque, pores were observed on the surface and within the internal 

structure of the film. The appearance and mechanical properties of the membrane surface, such as 

shininess and brittleness, provide additional clues as to membrane structure. 

Lacquer composition 
shorthand

Polymer 
concentration 

Solvent 
concentration

Nonsolvent 
concentration

Additive 
concentration

Miscibility?

DMSO-LO1 10% CA-LO 80% DMSO 10% water 0% Yes

DMSO-LO2 10% CA-LO 70% DMSO 10% water 10% PEG Yes

DMSO-LO3 10% CA-LO 70% DMSO 10% water 10% PVP No

DMSO-LO4 10% CA-LO 70% DMSO 20% water 0% No

DMSO-LO5 15% CA-LO 65% DMSO 10% water 10% PEG No

DMSO-HI1 10% CA-HI 80% DMSO 10% water 0% Yes

DMSO-HI2 10% CA-HI 70% DMSO 10% water 10% PEG No

DMSO-HI3 10% CA-HI 70% DMSO 10% water 10% PVP No

DMSO-HI4 10% CA-HI 70% DMSO 20% water 0% No

DMSO-HI5 15% CA-HI 65% DMSO 10% water 10% PEG% No

Table 2-4. Lacquer compositions that used DMSO solvent and cellulose acetate polymer.

Lacquer composition 
shorthand

Polymer 
concentration 

Solvent 
concentration

Nonsolvent 
concentration

Additive 
concentration

Miscibility?

ACET-LO1 10% CA-LO 80% acetone 10% water 0% Yes

ACET-LO2 10% CA-LO 70% acetone 10% water 10% PEG Yes

ACET-LO3 10% CA-LO 70% acetone 10% water 10% PVP Yes

ACET-LO4 10% CA-LO 70% acetone 20% water 0% Yes

ACET-LO5 15% CA-LO 65% acetone 10% water 10% PEG Yes

ACET-HI1 10% CA-HI 80% acetone 10% water 0% Yes

ACET-HI2 10% CA-HI 70% acetone 10% water 10% PEG Yes

ACET-HI3 10% CA-HI 70% acetone 10% water 10% PVP Yes

ACET-HI4 10% CA-HI 70% acetone 20% water 0% Yes

ACET-HI5 15% CA-HI 65% acetone 10% water 10% PEG% Yes

Table 2-5. Lacquer compositions that used acetone solvent and cellulose acetate polymer.
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2.5.1.1.   Solvent choice

The best solvents are those with aprotic properties, such as acetone, DMSO, and DMAC, since they 

precipitate rapidly when immersed in water to give porous, anisotropic membranes. Aprotic 

solvents describe a solvent molecule that does not contain an O-H bond. These molecules show 

miscibility with water, causing rapid solvent-nonsolvent exchange during immersion precipitation. 

Acetone is the most widely studied solvent for membrane formation, especially for cellulose 

acetate, having the properties of polarity, clear, low boiling temperature, and high volatility. Both 

DMAC and DMSO are polar and clear as well, yet they have a high boiling temperature and low 

volatility, showing very high solvating power for many organic and inorganic substances and 

having miscibility with water. 

Out of all three solvents used, acetone had the highest solvating power, as shown in Table 2-5. Due 

to the high volatility of acetone, membrane coatings prepared with acetone lacquers began to 

immediately precipitate during the spin coating process, as the acetone evaporated very quickly. 

Slow precipitation produces dense, less anisotropic membranes, while rapid precipitation produces 

porous, anisotropic membranes. Therefore, using acetone as the solvent produced very porous 

membranes, as shown in Figure 2-11; yet these membranes had a tendency to delaminate from the 

substrate. Delamination usually occurred immediately after spin coating the membrane or while 

the membrane was immersed in water. The high volatility of acetone and immediate solvent-

nonsolvent exchange cause the polymer membrane to rapidly precipitate and undergo a 

considerable amount of residual stress due to in-plane shrinkage. Any shrinkage of the polymer is 

Lacquer composition 
shorthand

Polymer 
concentration 

Solvent 
concentration

Nonsolvent 
concentration

Additive 
concentration

Miscibility?

PAI1 20% PAI 70% DMAC 10% water 0% Yes

PAI2 40% PAI 50% DMAC 10% water 0% Yes

PAI3 40% PAI 40% DMAC 10% water 10% PEG No

PAI4 50% PAI 40% DMAC 10% water 0% No

PES1 20% PES 80% DMAC 0% water 0% Yes

PES2 20% PES 75% DMAC 5% water 0% Yes

PES3 20% PES 60% DMAC 10% water 10% PEG No

PES4 30% PES 60% DMAC 10% water 0% No

Table 2-6. Lacquer compositions that used DMAC solvent and PAI and PES polymer.
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constrained since the coating collapses in the through-plane (z) direction, while being constrained 

by the substrate in the in-plane (x,y) direction due to adhesion to a rigid silicon substrate. This 

delamination phenomenon was observed with all acetone lacquer compositions, no matter the 

thickness of the membrane created during spin coating.

As can be seen from Figure 2-11, depending on the spin speed either a lacy or an open cell 

morphology is created, with cellulose acetate membranes prepared with acetone as the solvent. A 

lacy morphology consists of a network formed by beaded polymer strings connected by nodules 

that has a high porosity since there is higher volume of voids to polymer structure. The open cell 

morphology, also called percolating foam morphology, is formed by coalesced or communicating 

hollow spheres and has a low porosity since there is lower volume of voids to polymer structure. 

This phenomenon was not mentioned in any of the literature on spin-coated cellulose acetate 

membranes by Russo et al. [Russo 02, Russo 04]. The different morphology is probably due to the 

evaporation rate of acetone; high spin speeds create a high evaporation rate (less acetone 

concentration in membrane resulting in a higher porosity) while low spin speeds create a low 

evaporation rate (high acetone concentration in membrane resulting in a lower porosity). The open 

cell morphology is characteristic of membranes that have solidified from immersion precipitation, 

while the lacy morphology is characteristic of membranes created by solvent evaporation.

Membranes made using DMAC and DMSO solvents had better adhesion to the substrates, yet 

showed a denser top layer with less surface porosity as shown in the cross sectional micrographs 

Figure 2-11. SEM micrographs showing the surface of a cellulose acetate membrane prepared with ACET-LO5 
lacquer coated onto substrate at 1 kRPM (left) and 2 kRPM (right). Depending on the spin speed an open cell (left) 
or lacy (right) morphology can be created.
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in Figure 2-12. Many of the DMAC and DMSO lacquers, such as those that included the additive 

PVP and a higher nonsolvent percentage, were not miscible. It seems that adding the lacquer 

additive and nonsolvent inhibited the ability of the solvent to completely dissolve the polymer. 

This miscibility issue predominately occurred with the solvent DMSO when compared to DMAC. 

Since lacquers with acetone tend to delaminate and DMSO has problems with forming miscible 

lacquers, DMAC was the solvent used to form lacquers for the PES and PAI polymers, as shown 

in Table 2-6. PAI lacquers were light yellowish to brown in color while PES lacquers were clear. 

Due to the lower molecular weight of the PES and PAI polymers, a higher polymer concentration 

was needed to create the viscous lacquer needed for spin coating purposes. Polymer concentrations 

for PAI varied from 20 to 50%, while PES varied from 20 to 30%. Lacquers that had the addition 

of PEG (namely, lacquers PAI3 and PES3) were immiscible, probably due to the reduced solvent 

concentration when the additive is used. All PES and PAI lacquer compositions created 

membranes that delaminated from the silicon substrate, no matter the thickness of the membrane 

created during spin coating. 

Due to delamination problems from lacquers prepared with PES, PAI, and acetone, as well as 

miscibility issues with DMSO, the subsequent sections in this chapter use cellulose acetate and 

DMAC as the default for membrane analysis.

Figure 2-12. SEM micrographs showing the cross section of a cellulose acetate membrane prepared with DMAC-
LO4 (left) and DMSO-LO2 (right). Both lacquers were coated onto substrate at 4kRPM for 6 seconds and then 
immediately immersed in water, a dense top layer is visible with both membranes. 

Top layer Toplayer

Membrane

Membrane
X-section

X-section
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2.5.1.2.   Polymer concentration and molecular weight

Polymer concentration and molecular weight played a dominant role in whether the spin coated 

lacquers would adhere to the chemically modified silicon surface. Octadecyltrichlorosilane (OTS) 

is an eighteen-carbon chain molecule that self-assembles on the silicon surface, creating a 

monolayer that promotes adhesion. Low molecular weight cellulose acetate (lacquers composed 

with CA-LO) tended to delaminate from the silicon substrate, while high molecular weight 

cellulose acetate (lacquers composed with CA-HI) adhered to the substrate. The same delamination 

phenomenon occurs with low molecular weight polyethersulfone and polyamide-imide polymers. 

This can be explained by the inability of these low molecular weight polymers to entangle with the 

self-assembled monolayer of OTS on the silicon substrate. The adhesion topic is further discussed 

in Chapter 4.

The polymer concentration determines the viscosity of the lacquer. When the polymer 

concentration was too low, represented by the 5% cellulose acetate lacquers DMAC-LO(1-3), the 

lacquer displayed a viscosity similar to that of water. These lacquers created a thin, non-continuous 

coating across the substrates, as shown at the bottom of Figure 2-13. Low polymer concentrations 

also created membranes that had a low mechanical rigidity. The inability to relieve stress within 

the polymer network during precipitation caused low polymer concentration membranes to shrink 

and curl. Polymer concentrations that were greater than 10% tended to be very viscous, forming a 

thick membrane with a considerably rough surface, as shown at the top of Figure 2-13. 

It was observed through atomic force microscopy that increasing the polymer concentration in the 

lacquer reduced the porosity. Figure 2-14 shows AFM top layer scans from three different 

cellulose acetate membranes with different polymer concentrations (5%, 10%, and 20%). Color 

intensity on the scans shows the vertical profile of the membrane surface, with light regions being 

the highest points and dark regions being pores and depressions. Large darker areas are associated 

with depressions on the surface, while large light areas correspond to nodule aggregates. The 

higher the polymer concentration, the less defined and blurry is the topographical information from 

the surface layer of the cellulose acetate. By comparing the 5% to the 15% polymer concentration 

samples, the nodular structure of the membrane surface has better resolution and fidelity at the low 

polymer concentration. If the nodular surface is assumed to be pore outlines, this indicates that 
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higher polymer concentration membranes have less surface porosity than lower polymer 

concentration membranes. 

Figure 2-13. SEM micrographs showing the surface of a cellulose acetate membrane 
prepared with ACET-LO5 lacquer (top) and a peeled membrane prepared with ACET-
LO1 lacquer (bottom). The high polymer concentration creates a thick, rough 
membrane while a low polymer concentration caused peeling and uniformity 
problems.
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Figure 2-14. These set of AFM scans show the 
surface of a set of membranes with different 
polymer concentrations. Lacquer composition 
DMAC-LO2 with 5% cellulose acetate 
concentration is shown at the top, DMAC-LO4 
with 10% cellulose acetate concentration is 
shown in the middle, and DMAC-LO7 with 
15% cellulose acetate concentration is shown at 
the bottom. The higher the polymer 
concentration, the less defined and blurry is the 
topographical information from the top layer of 
the cellulose acetate. Color intensity shows the 
vertical profile of the membrane surface with 
light regions being the highest points and dark 
regions being pores and depressions. 
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2.5.1.3.   Macrovoids

Due to the relatively large dimensions of macrovoids, they can be easily detected by using optical 

microscopy. They appear as light circular spots when observed under transmitted light. Scanning 

electron microscopy can also be used to detect macrovoids by noting any large surface indentations 

as well as by viewing the cross section of a membrane after fracturing. 

Figure 2-15 shows photographs from three different lacquer compositions, all spin coated at 4 

kRPM. The top photograph uses a 10% low molecular weight cellulose acetate lacquer and shows 

significant circular spots in the membrane, an indication of significant macrovoid formation. By 

using a 10% high molecular weight cellulose acetate lacquer, as shown in the middle photograph, 

macrovoid formation is reduced. Similarly, when a casting additive is added to the low molecular 

weight lacquer, in this case 10% PEG, the occurrence of large macrovoids is reduced, although 

some smaller macrovoids still appear. During precipitation in the quench bath, the hydrophilic 

PEG molecules leach out while water enters the membrane matrix, leading to greater pore 

formation. The experiments show that using a high molecular weight polymer, along with a casting 

additive to the lacquer, reduces the likelihood of macrovoid formation. Zeman et al. showed that 

dry cast cellulose acetate membranes prepared with higher molecular weight cellulose acetate were 

virtually free of macrovoids, displayed less skinning, and provided better hydraulic permeabilities 

[Zeman 93]. 

2.5.1.4.   Spin cast speed 

Spin coating speeds were varied from 1 to 4 kRPM. Higher molecular weight polymers created 

lacquers with a high viscosity, requiring a higher spin speed to form a uniform film across the 

substrate. Plots for membrane thickness and surface roughness versus spin speed were created for 

membranes made from lacquers with a high, low, and mixed molecular weight cellulose acetate, 

as shown in Figure 2-16. Measurements were performed with a stylus profilometer (Dektak 3, 

Veeco Metrology, Tucson, AZ). A set of five spin coats were performed using the same lacquer 

and spin speed to determine the thickness variability. Factors that affect the membrane thickness 

include the surface cleanliness, temperature/humidity, and the consistency of the polymer lacquer 

from the source supply. From the set of spin coats, the thickness standard deviation was higher for 
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Figure 2-15. A set of photographs 
from an optical light microscopy show 
the occurrence of macrovoids in 
cellulose acetate films. Lacquer 
composition DMAC-LO6 is shown at 
the top, lacquer DMAC-HI4 is shown 
in the middle, and DMAC-LO4 is 
shown at the bottom. All lacquers 
were spin coated at 4 kRPM. The 
appearance of round spots on the 
photographs indicate the appearance 
of a macrovoid.
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thicker films (for thicknesses >50 µm, the standard deviation was +/- 2.1 µm) then for thinner films 

(for thicknesses<50 µm, the standard deviation was +/- 0.2 µm).

Through the use of atomic force microscopy, the surface of cellulose acetate membranes spin 

coated at 2 kRPM (45 µm) and 4 kRPM (15 µm) were compared, as shown in Figure 2-17. The 

noticeable smearing of node boundaries at the higher spin speed of 4 kRPM signifies that the 

surface is smoother than that at 2 kRPM. A small roughness signifies a membrane that has a 

uniform thickness as well as less likelihood of biofouling when exposed to foulant particles such 

as proteins. Table 2-7 summarizes the AFM output from cellulose acetate membranes prepared 

Figure 2-16. Comparison of film thickness and average surface roughness for lacquer composition 
DMAC-HI1, DMAC-MIX1, and DMAC-LO4. (Top) Plot showing film thickness versus spin speed (y-
axis is logarithmic). (Bottom) Plot showing average roughness versus spin speed. Measurements were 
performed using a Dektak 3 stylus profilometer.
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Spin coat speed (RPM) Ra (nm) z (nm)

2 kRPM 104.6 357.3

3 kRPM 50.5 205.1

4 kRPM 23.1 46.2

Table 2-7. Roughness parameters for a cellulose acetate membrane (lacquer composition 
DMAC-HI1) measured using atomic force microscopy.

Figure 2-17. AFM scan of a cellulose acetate film (lacquer composition 
DMAC-HI1) spin coated onto a silicon wafer at 2 kRPM (top) and 4 kRPM 
(bottom). The membrane thickness at 2 kRPM is 45 µm while at 4 kRPM is 
15 µm.
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with lacquer DMAC-HI1 that were spin coated at different spin speeds. The difference between the 

highest and the lowest point within the given area is z, while Ra is the mean roughness, which 

represents the mean value of the surface relative to the center plane. As can be seen from the table, 

membranes spin coated at the highest revolution (4 kRPM) produce a surface with less roughness 

compared to lower revolutions.

2.5.2.  Regenerated cellulose

As mentioned previously in Section 2.2.1, cellulose acetate membranes can be converted to 

regenerated cellulose using an alkaline solution. This deacetylation procedure increases the 

permeability of the polymer membrane. Although this method offers a way to increase the porosity 

of cellulose acetate, the alkaline solutions used for this process, such as NaOH and KOH, are not 

compatible with the other materials used in the microdialysis chip.

2.6. Summary of results
The three main parameters monitored for the various cellulose acetate membranes created were 

membrane structural integrity, surface porosity, and macrovoid appearance. Membrane structure 

integrity was immediately apparent by observing whether a given membrane was cracking, 

peeling, or delaminating from the substrate. Observations were made through the entire membrane 

fabrication process, from the point of creating the membrane with the polymer lacquer, through 

precipitation with nonsolvent, to eventual drying of the membrane. Surface porosity was 

characterized using both scanning electron and atomic force microscopy, while macrovoids were 

detected by using scanning electron and optical microscopy. 

The effect of the main variables on surface porosity and macrovoid appearance is listed in Table 2-

8. If each variable listed in the 1st column is increased, the resulting effect on surface porosity is 

Variable (if increased) Effect on surface porosity Effect on macrovoids

Polymer concentration in lacquer Decreases Decreases

Non-solvent addition in lacquer Increases Decreases

Solvent addition in quench bath Decreases Decreases

Casting additives Increases Decreases

Evaporation time Decreases Decreases

Table 2-8. Effect of increasing listed variables on surface porosity and macrovoid 
appearance.
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shown in the 2nd column, and the resulting effect on macrovoid appearance is shown in the 3rd 

column. As can be seen from the table, the best situation is when surface porosity increases, while 

macrovoid appearance decreases. This circumstance is found when the amounts of nonsolvent and 

casting additives in the lacquer are increased. These results are consistent with those showed by 

Kesting and Mulder [Kesting 85, Mulder 91].

The other variables (polymer concentration, solvent addition to quench bath, and evaporation time) 

should be kept to a minimum, in order to avoid their detrimental effect on macrovoid appearance. 

As was determined by micrographs in Figure 2-14, increasing the polymer concentration has the 

effect of decreasing surface porosity. Adding an evaporation step after spin coating the polymer 

and before immersing into the quench bath is to be avoided. The spin coating and then quench bath 

immersion should be performed as quickly as possible in order to avoid formation of a thick top 

layer on the cellulose acetate membrane, as was observed with the SEM and AFM. The addition 

of solvent to the quench bath causes a slower precipitation rate by reducing the rate of solvent-

nonsolvent demixing. Delayed demixing creates membranes that are dense, less anisotropic, and 

show lower porosity. These results are similar to those documented by Kunst et al. and Kutowy et 

al. [Kunst 73, Kutowy 72], in which an increase in the solvent-polymer ratio increases the number 

of pores in cellulose acetate membranes, while an increase of nonsolvent to polymer ratio results 

in pore enlargement on the membrane surface.

The lacquer compositions that showed the best results were DMAC-HI1 and DMAC-MIX1. 

DMAC-HI1 consists entirely of high molecular weight cellulose acetate while DMAC-MIX1 has 

a mixture of both low and high molecular weight cellulose acetates. Both these lacquers used a 10% 

cellulose acetate concentration, which provided sufficient viscosity to create thin, uniform 

membranes. The high molecular component in each lacquer allowed good adhesion to chemically 

modified silicon substrates. Both these lacquers also had 10% PEG and 10% nonsolvent in their 

lacquer composition, two factors that increased the surface porosity and decreased the likelihood 

of macrovoid formation.

2.7. Conclusion
Thin, porous membranes were created by spin coating a cellulose acetate lacquer onto a silicon 

substrate using an immersion precipitation, phase inversion technique. The optimal recipe for 
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creating membranes with a high porosity and low macrovoid formation involves adding non-

solvent and a casting additive (such as PVP or PEG) to the polymer lacquer. In addition, a lacquer 

that used both high and low molecular weight cellulose acetate and DMAC as the solvent created 

membranes with sufficient structural integrity that adhered to the silicon substrate.
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3 Silicon-based microdialysis chip 
fabrication: microchannel and fraction 
collector

This chapter describes the procedure for creating a silicon-based microdialysis chip. The first 

section provides an overview of micromachining and microfluidic technologies, while the last 

section presents two different fabrication processes for creating silicon microchannels with a top 

capping layer. One process employs a silicon etch through a thin gas-permeable membrane to 

create microchannels or voids, while the second process uses a polymer spin coat over an etched 

silicon trench. The trench is designed with a regular array of thin film microbridges that keeps the 

polymer from entering the channel, thus enabling the formation of a suspended membrane. 

3.1. Micromachining and microfluidics overview
Microfluidic technology represents a revolution in laboratory experimentation, bringing the 

benefits of miniaturization, multiplicity and automation to various industries such as genomics and 

proteomics research. The exploration of microfluidics to improve laboratory methods in genetics, 

proteomics and the life sciences has been progressing quickly in the past several years. The 

advantages and various applications of this technology are presented along with the material and 

fabrication processes needed to create microfluidic devices. Microchannel fabrication technologies 

are then covered in detail, along with an overview of polymeric material and silicon integration 

approaches. 

3.1.1. Advantages and applications of microfluidics

In a manner similar to that for microelectronics, microfluidic fabrication technologies enable the 

creation of highly integrated devices for performing several different functions on the same 

substrate. Additionally, researchers are turning to microfluidics because of the benefit of reducing 

fluid handling volumes, which leads to faster analysis times and improved analytical resolution. 
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Researchers also find that the ability to miniaturize and batch fabricate microfluidic systems makes 

for parallel processing and greater portability. 

With advances in integrated circuit technology in the 1980s, along with the introduction of silicon 

micromachining in the early 1990s, researchers have been able to create complex analytical 

systems such as DNA micro-arrays and chemical and biological lab-on-a-chip systems. 

Micromachining technologies have been used in such diverse areas as gas chromatography 

[Hannoe 97], liquid chromatography [Manz 90, Wang 02], polymerase chain reaction [Wilding 

94], electrophoresis [Effenhauser 93], chemical analysis systems [Chiem 97], microreactors 

[Kamper 97], and assays [Hadd 97]. The bulk of ongoing research today focuses on developing 

various applications and fabrication techniques, while also understanding the physics of fluid flow 

scaling.

3.1.2. Materials and fabrication processes

Materials such as silicon, glass and polymers along with processes such as wafer bonding and 

replica molding have been explored for the fabrication of microfluidic systems [Freaney 97, 

McDonald 00]. Table 3-1 provides a comparison of the different materials. In addition to the 

benefits listed in the table, each material uses a specific set of either conventional or 

unconventional fabrication processes. Conventional processes tend to be used by microelectronic 

foundries due to their high repeatability, geometric preciseness and low cross-contamination. 

Materials Properties

Silicon • Sensitive to stress, temperature, EM fields, radiation

• Many etching techniques for various configurations

• Allows for integration of electronics
Glass • Materials such as soda-lime, borosilicate, quartz

• Can be bonded to itself

• Transparent, easy to functionalize the surface
Polymer • Materials such as poly(dimethylsiloxane), poly(methylmethacrylate)

• Inexpensive and easy to fabricate

• Compatible with biological fluids

Table 3-1. Comparison of various materials used for microfluidic systems, along with some of their material 
properties.
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These include processes such as chemical vapor deposition (CVD) and reactive ion etching (RIE). 

Less conventional processes tend to be non-automated processes with low yield, such as wafer 

bonding and laser ablation, yet they allow use of a multitude of different materials. In the next three 

sections, each class of material (silicon, glass, and polymer) is discussed in more detail along with 

the various fabrication technologies specific to each. 

3.1.2.1. Silicon-based fabrication

Miniaturizing bioanalytical systems by adopting silicon micromachining technology was first 

introduced at Stanford University in 1979 by Terry et al. [Terry 79]. Silicon has been used 

extensively because of the availability of conventional fabrication processes, ease of constructing 

micromachined channels, and silicon’s compatibility with standard integrated circuit (IC) films 

such as silicon dioxide, silicon nitride, metal, and polysilicon. An integrated circuit consists of 

numerous semiconductor devices, mainly transistors, fabricated and interconnected by these sets 

of layers. A variety of etching techniques are available for silicon. These include wet isotropic 

etching, dry isotropic etching, deep reactive ion etching (DRIE), and anisotropic wet etching using 

KOH and EDP [Gardeniers 99]. Although it lends itself to numerous fabrication techniques, silicon 

is not as widely used in current microfluidic systems. Applications that use high electrical fields, 

such as capillary electrophoresis, cannot be created in silicon due to silicon’s electrical 

conductivity. Another drawback is that silicon is not optically transparent in the visible and UV 

wavelength regimes typically used for detection in biological systems.

3.1.2.1.1. Biocompatibility of silicon

From a clinical point of view, a biomaterial is one that shows biocompatibility, meaning the ability 

of a material to interface with a natural substance without provoking a natural response. The human 

body typically reacts to contact with synthetic materials by depositing proteins and cells from body 

fluids at the surface of the materials. This reaction can cause infection and biological rejection of 

devices manufactured from non-compatible materials. The majority of today's medical devices are 

made from organic materials such as polyvinylchloride, polypropylene, polycarbonate, and 

fluorinated plastics, as well as some non-reactive metals such as stainless steel and titanium. These 

materials are tolerated by the human body and are described as bioinert. Silicon as an implantable 

material does not demonstrate biocompatible properties, although it has shown bioinert and 



Silicon-based microdialysis chip fabrication: microchannel and fraction collector

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

72

nontoxic properties when implanted in cortical tissue [Edell 92, Stensass 78]. In order to make 

silicon materials biocompatible for in vivo applications, they are usually coated with an organic 

film such as polyethylene glycol or polyethylene oxide [Sharma 05]. Rosengren et al. demonstrated 

that implanted porous silicon elicited a soft-tissue reaction comparable to that of titanium 

[Rosengren 02].

3.1.2.2. Glass-based fabrication

For applications such as capillary electrophoresis that require substrates with a high voltage 

breakdown, glass or quartz materials are used [Bousse 97, Harrison 92, Jacobson 94]. In addition, 

glass (silicon dioxide) is optically transparent down to short wavelengths and has a very low 

autofluorescence, the intrinsic background fluorescence of a material. Channels in glass substrates 

are usually fabricated using wet isotropic etchants, consisting of hydrofluoric acid (HF) and nitric 

acid (HNO3). Pure glass, such as fused silica, which does not have any impurities, can be dry 

etched. Thru-holes and fluidic ports can be machined in glass using ultrasonic, diamond tip, or 

electrochemical-discharge drilling. Using conventional RIE with certain fluorocarbon gases, it is 

possible to obtain anisotropic sidewalls in silicon dioxide. In 1999, a new deep-etch process for 

silicon dioxide was developed using inductively coupled plasma, similar to the deep-etch, 

anisotropic process for silicon. The process can etch doped and undoped silicon oxide films to 

depths in the range of 6-50 µm, with the finished structure having aspect ratios (ratio of structure 

depth to width) on the order of 10:1.

3.1.2.3. Polymer-based fabrication

Polymers are widely used in current microfluidic technologies because of the inexpensive material 

cost and fabrication equipment as compared to that of silicon micromachining tools. Using such 

fabrication processes as injection molding [McCormick 97], hot embossing [Martynova 97], and 

casting [Duffy 98] allows for cheap mass production of polymeric devices. UV-laser photoablation 

[Roberts 97] and plasma etching of polymers [Rossier 99a] are other techniques used for 

microsystem fabrication. While these methods are not conventional IC fabrication processes, they 

often require standard silicon or glass microfabrication to create the master mold. However, SU-8 

is an epoxy-type negative photoresist that is spun into thick layers (>100 µm) and patterned; thus 

it can be used as a mold for poly(dimethylsiloxane) (PDMS) casting and also as a microchannel 



Silicon-based microdialysis chip fabrication: microchannel and fraction collector

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

73

structural layer [Heuschkel 98]. Once peeled from the master mold, these flexible PDMS substrates 

can be easily hole punched, avoiding the need for drilling techniques. The softness of polymer 

unfortunately leads to poor dimensional tolerance and stability. In addition, autofluorescence is 

usually a problem.

Some of the other polymer materials used in microfabrication processes include polycarbonate 

(PC), polystyrene (PC), polyamide (PA), and poly(methylmethacrylate) (PMMA). PMMA and PC 

are the most popular materials for fabrication with hot embossing and injection molding 

techniques. The variety of polymers allows for different surface properties such as hydrophobicity, 

transparency, or roughness. Techniques for sealing polymer devices include lamination [Rossier 

99b] and plasma bonding [Duffy 98].

3.1.2.4. Mixed material fabrication

Using different materials has the benefit of combining “the best of many worlds” to create 

microfluidic devices with added versatility compared to those restricted to one material. Man et al. 

demonstrated a fabrication technology for a bioanalytical chip that merges two levels of 

functionality: a top polymer level made of parylene that acts as the fluidic interface, while a bottom 

silicon level provides an electronic interface for control and detection using CMOS technology 

[Man 97]. The microfluidic channels are conformal to the substrate and are completely sealed in a 

batch manner. This fabrication process has been used by Webster et al. to construct a capillary 

electrophoresis stage made of the polymer parylene above a silicon substrate [Webster 97]. The 

substrate contained sample reservoirs, platinum electrodes and a passivated diode designed for the 

detection of migrating DNA fluorescing fragments. Su et al. demonstrated a bonding scheme for 

plastics-to-silicon, plastics-to-glass, and plastics-to-plastics assembly [Su 01]. Thin aluminum 

wires were deposited and patterned as resistive heaters for the purpose of localized heating to assist 

in melting a plastic substrate. Pressure is also applied along with the heat. This process enabled the 

integration of polymer-based substrates without using additional adhesive and without damaging 

temperature-sensitive substances on the bonding substrate. 

3.1.3. Microchannel fabrication

A microchannel is a fundamental component of most microfluidic systems, typically used for 

reactant delivery, biochemical reactions, and particle separations as well as for heat exchanging. 
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Each material discussed in the previous section has intrinsic properties that govern the 

microchannel geometry, the number of microchannels that can be fabricated per unit area, the 

freedom of microchannel design (e.g., bends, channel depth), and the roughness and 

biocompatibility of the inner walls of the microchannels. Rasmussen et al. and Voldeman et al. 

provide a review of various microchannel fabrication techniques and related issues [Rasmussen 01, 

Voldman 99].

Pressure-driven flows and protection from contaminants such as dust require channels to be closed 

(i.e., bounded in all four directions by walls). The initial processing step for microchannels creates 

a trench (a three-walled structure), requiring a sealing step that does not clog the channels, change 

their physical parameters, or alter their dimensions. Microchannel sealing techniques are usually 

divided into two categories of discrete and integrated fabrication; both will be described in the 

following paragraphs. 

3.1.3.1. Discrete microchannel fabrication 

This class of processes comprises separate construction of microchannel components and then 

assembly into a whole. Techniques include substrate bulk etching or creating patterned films on a 

substrate, followed by various bonding techniques to create a four-walled microchannel (with 

silicon, glass, or polymeric material). Fusion bonding is used for bonding silicon-to-silicon, anodic 

bonding is used for silicon-to-glass, eutectic bonding is used for metal-to-metal, thermal bonding 

is used for glass-to-glass and polymer-to-glass, while plasma bonding is used for polymer-to-

polymer. 

A drawback of these bonding processes is that electronic components cannot be present on the 

substrate, since high temperatures and voltages will alter the electronic characteristics of the silicon 

devices. Bonding surfaces must also be free of debris to create a high bond strength. In addition, 

they must be topographically flat in order to allow intimate contact to avoid microvoid formation. 

Discrete bonding techniques require a high degree of alignment between substrates. For silicon and 

glass-based bonding, requirements include having a surface roughness within 5 Å and wafer 

flatness on the order of 5 µm [Schmidt 98].
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More unconventional processes used to bond substrates for microchannel creation involve 

adhesive wafer bonding technology that uses epoxies and laminations, which tend to provide low 

reproducibility and yield. These processes use an intermediate layer (e.g., spin-on glass, polymers, 

resists) for bonding. The main advantages of this method are: surface planarization, encapsulation 

of structures on the wafer surface, particle compensation and decrease of annealing temperature 

after bonding. A dielectric polymer layer called benzocyclobutene (BCB) made by Dow Chemical

is used for manufacturing and packaging of 3D ICs to act as a stress buffer and has been used as 

an interlevel dielectric in GaAs ICs [Niklaus 01]. The advantage of this polymer is that it produces 

high-quality void-free bonds and can withstand wet etching processes, most organic solvents, and 

high temperatures up to 350°C. Epoxies provide a permanent bond between components, but the 

occurrence of flow channel occlusion during epoxy application, component assembly and resin 

curing is likely, since excess epoxy is squeezed between two joined surfaces [Ekstrom 90]. 

Lamination usually involves a thin polymer film that is coated with a melting adhesive layer (5-10 

µm), which is rolled onto the structure with a heated roller [Roberts 97, Soane 98]. 

3.1.3.2. Integrated microchannel fabrication 

Integrated microchannel fabrication, which uses thin films to create the structural layers of a 

microchannel, exploits conventional IC fabrication processes. The advantage of using these 

techniques are the capability for automation and faster fabrication throughput. These techniques 

include substrate bulk etching with subsequent sealing by film deposition, such as low-pressure 

chemical vapor deposition (LPCVD) [Tjerkstra 97], as well as surface micromachined channels 

created by the removal of a sacrificial material [Man 97]. Sealing by film deposition is usually 

performed on buried microchannels that have small openings on the surface, requiring a short 

amount of time until a seal is made. Surface micromachined channels use LPCVD low-stress 

silicon nitride or polysilicon as the structural material, while the sacrificial material is usually 

glass-based, thus easily removed using hydrofluoric acid. An advantage of this process is that 

multiple levels of microchannels can be produced. 

Both integrated fabrication procedures have limited microchannel geometry and design. Bulk 

etched microchannels sealed by film deposition create tapered microchannels; these have a large 

width at the bottom tapering to a small width at the top. Surface micromachined channels have a 
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microchannel geometry that is controlled by the sacrificial material; therefore channel height is 

relatively low (<10 µm), has a rectangular shape, and requires openings to allow etching of the 

sacrificial material. 

3.2. Integration of polymeric membranes and silicon microchannels
Two new fabrication processes for microchannels are presented in this section. These processes are 

classified as integrated microchannel fabrication since they don’t necessitate any substrate bonding 

or assembly, as in discrete microchannel fabrication. In addition, both processes integrate porous 

polymeric membranes and silicon microchannels, combining the benefits of each material into a 

monolithic microfluidic device. 

Numerous groups have explored the integration of porous polymeric membranes with microfluidic 

systems as discussed in Section 2.1. Polymeric materials have been employed to enhance the 

functionality of purely silicon or glass-based technologies. Commercial microdialysis membranes 

have been combined with microfabricated channels for desalting and sample cleanup. Xiang et al., 

Xu et al., and Jiang et al. have used adhesives and screws to integrate the semi-permeable 

membrane into a microfabricated device [Jiang 01, Xiang 99, Xu 98]. Kuo et al. created three-

dimensional fluidic networks that integrate a permeable membrane by using the intrinsic bonding 

capability of treated poly(dimethylsiloxane) polymer sheets. A similar three dimensional technique 

was used by Ismagilov et. al [Ismagilov 01]. Hsieh et al. perform the integration by using a 

lamination bond at elevated pressure and temperature to apply a polycarbonate track etched 

membrane to resist-based microchannels, creating a chip-based glucose microdialysis system 

[Hsieh 05]. Metz et al. use a similar lamination technique to create a polyimide-based nanoporous 

filtration chip with pores created with ion irradiation [Metz 04]. Integrated approaches have also 

been demonstrated by some researchers. Zahn et al. fabricated a flow-through microdialysis needle 

that used microfabrication techniques to create a diffusion path from a sacrificial oxide layer and 

also fabricated a needle with a permeable polysilicon layer [Zahn 00, Zahn 01]. Song and 

colleagues have developed porous polymer monoliths within a fused-silica substrate [Song 04]. 

Two different molecular weight membranes were fabricated, the first with a MWCO of 5700 

Daltons for desalting protein samples, and the second with a higher MWCO for size-based 

fractionation of proteins.
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The first fabrication process, called “etch-through,” uses a gas-permeable polymer membrane as 

the top roof of a microchannel, allowing xenon difluoride (XeF2) etchant to pass unobstructed to 

the silicon substrate. Areas that have exposed silicon on the wafer are then etched isotropically. 

The second fabrication process, called “spanning,” uses an array of microbridges over a silicon-

etched trench to support the spanning of a cellulose acetate membrane. This spanning process 

integrates a porous, suspended polymer membrane over etched silicon microchannels, allowing for 

a microdialysis chip that is described later in the thesis.

3.2.1. Etch-through microchannels

3.2.1.1. Fabrication

The fabrication process begins with a lithography step that defines the location where the 

microchannel will be created, as shown in step 1 in Figure 3-1. Silicon dioxide is used as the 

masking material, defining the exposed silicon regions and protecting the areas that will not be 

etched. Other masking materials, such as metal or photoresist, can be used instead of silicon 

dioxide. 

Masking Material

1

2

3

Silicon

PDMS

Microchannel

Figure 3-1. Schematic showing the fabrication steps for creating etch-through microchannels. Step 1: Defining 
the microchannel area using a masking material, Step 2: Coating the PDMS-film over the substrate, Step 3: 
Isotropic etching of the silicon using xenon difluoride etchant.
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A gas-permeable polymer, poly(dimethylsiloxane) (PDMS), a readily available polymer 

commonly used in microfluidic applications, is then deposited over the entire substrate, as shown 

in step 2 in Figure 3-1. PDMS is typically spin-cast at a high angular revolution to create thin films. 

Polysiloxanes have a much higher permeability to gases than most polymers; yet, due to their 

hydrophobic nature, fluids are excluded. Other gas-permeable materials can be used instead of 

PDMS and can be deposited using other methods such as plasma or vapor deposition. 

Step 3 in Figure 3-1 illustrates the final step for microchannel fabrication. Xenon difluoride 

(XeF2), a small molecule that passes through the permeable polymer, is used to isotropically etch 

exposed silicon regions. Xenon difluoride is a room-temperature, isotropic gas phase chemical that 

can be used for bulk or thin film etching of silicon without plasma excitation [Chu 97]. Since XeF2

does not require external energy or ion bombardment for silicon etching, it easily penetrates the 

polymer without damaging it. Chemical species that are by-products of the XeF2 and silicon 

reaction pass out through the PDMS membrane. The major by-product during the etching process 

is silicon tetrafluoride.

3.2.1.2. Results and discussion

Four-inch diameter, single-side polished wafers with 1000 Å of silicon dioxide were used in the 

fabrication. A 1.3-µm thick layer of photoresist (Shipley S1813, Microchem Corp.) was coated 

onto the oxide layer at 4000 RPM. After exposure and development, the oxide layer was etched in 

a 6:1 buffered hydrofluoric acid bath for 15 min (etch rate ~100 Å/min). The PDMS polymer 

(Sylgard 184, Dow-Corning) was mixed at a 10:1 ratio with its curing agent and then placed for 

one hour in a vacuum desiccator to remove any air bubbles. The prepolymer was then spun at 

speeds up to 6000 RPM for 60 s to create a 10-µm thick film. To create thinner films, the mixing 

of thinning agents can be used to lower the viscosity of the polymer. To harden the prepolymer 

solution, the wafer was placed in a convection oven at 100°C for one hour. After curing, the sample 

was then placed into a XeF2 etching system (Xetch, XACTIX) where it was pulsed at 60 s intervals 

using 4 Torr of XeF2 for 60 cycles (a total of 60 min). A microchannel created using the etch-

through process is shown in Figure 3-2. 
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At various locations across the sample, the PDMS demonstrated some small reaction to the XeF2

etch, as shown in the left of Figure 3-3. Small concentrations of hydrofluoric acid are produced in 

the etching chamber due to the combination of fluorine radicals and moisture, which could explain 

the phenomena observed. The addition of nitrogen to XeF2 has the effect of slowing the total etch 

rate of silicon, as shown on the right in Figure 3-3. This was observed when adding 10 Torr N2 to 

the etching mixture of 4 Torr XeF2, while keeping the etching parameters of cycles and time 

Figure 3-2. (a) SEM micrograph showing cross section of a PDMS-roofed silicon microchannel etched for 
60 min with xenon difluoride. (b) Schematic representation that shows the masking material, silicon dioxide, on 
both sides of the microchannel.

Silicon

PDMS Film

Microchannel

PDMS Film
Microchannel

Silicon Substrate Oxide 

(a) (b)
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constant (60 cycles, 60 seconds/cycle). The etch depth was measured to be 2 µm using a stylus 

profilometer.

The topography of a microchannel created with and without PDMS covering the substrate was 

compared, also with a stylus profilometer. The total etch rate was considerably lower, while the 

microchannel surface roughness was higher with the PDMS film. The etch rate without a 10 µm 

thick PDMS layer is 35 times greater than having the PDMS layer covering the silicon and 

impeding the xenon difluoride as shown in Figure 3-4. The average surface roughness of 

microchannels without the PDMS layer was 0.03 µm while microchannels with PDMS was 

measured to be 0.15 µm.

The effect of PDMS thickness also plays a role in the silicon etch rate, as shown in Figure 3-5. Two 

different PDMS thicknesses (5 µm and 20 µm) were compared while keeping the etching 

parameters constant. After a 60 min etch run, the etch depth of the 5-µm thick PDMS was 

approximately 12 µm, while the etch depth of the 20-µm thick PDMS was negligible. The SEM 

Figure 3-4. Surface topography of a silicon trench etched without any PDMS film (left) and with PDMS film 
(right) covering the silicon area. Measurements were done using a stylus profilometer. Etching conditions: 
4 Torr XeF2, 60 cycles, 60 seconds per cycle.

Silicon Silicon

Etched trench without 
PDMS film

Etched trench with 
PDMS film

-160

-140

-120

-100

-80

-60

-40

-20

0

20

0 50 100 150 200 250 300 350 400

Distance across microchannel (um)

D
ep

th
 (u

m
)

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 100 200 300 400 500

Distance across microchannel (um)

D
ep

th
 (u

m
)

RA= 0.15 µm

Without PDMS Film With PDMS Film



Silicon-based microdialysis chip fabrication: microchannel and fraction collector

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

81

micrograph in Figure 3-5 shows that small pits were etched into the silicon at random locations 

through the 20-µm thick PDMS layer.

3.2.1.3. Cellulose acetate and xenon difluoride 

Unfortunately, the limited permeability of the PDMS means that the microchannel height is very 

shallow. In addition, the permeability of PDMS is restricted to gaseous molecules due to the 

hydrophobic nature of the material; therefore, it cannot be used for microdialysis applications. 

Also, this “etch-through” microchannel fabrication technology cannot be applied to the cellulose 

acetate membranes created in Chapter 2, since the fluorine radicals from XeF2 react with the 

cellulose backbone structure as shown in Figure 3-6. Since the XeF2 etching system requires 

Figure 3-5. Comparison of etch rate for different PDMS thickness. (Left) SEM micrograph showing cross section 
of a PDMS-roofed silicon microchannel with 5-µm thick PDMS. (Right) SEM micrograph showing cross section 
of a PDMS-roofed silicon microchannel with 20-µm thick PDMS. Etching conditions: 4 Torr XeF2, 60 cycles, 60 
seconds per cycle.

Silicon substrate

PDMS

Silicon substrate

5 µm PDMS 20 µm PDMS

Small  pits

Figure 3-6. Reaction of cellulose acetate to xenon difluoride etchant shown at low magnification (left) and high 
magnification (right). Etching conditions: 4 Torr XeF2, 60 cycles, 60 seconds per cycle.
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samples to be placed under a vacuum of 3-4 Torr during the etching process, the cellulose acetate 

membranes tend to dry out and crack in numerous locations. 

3.2.2. Spanning microchannel process

The second microchannel fabrication process, “spanning,” is presented in this section. Using 

semiconductor fabrication techniques, the procedure to create silicon trenches with platinum 

microbridges and fluidic interconnect ports is presented. This microchannel fabrication process 

allows liquid permeable membranes to be fabricated over silicon microchannels without needing 

discrete bonding or a sacrificial material to provide mechanical support.

3.2.2.1. Fabrication

Four-inch diameter, double-polished, <100> oriented, n-type, 510-µm thick prime wafers with 

1 µm of thermally grown silicon dioxide were used (Silicon Quest International, Santa Clara, CA). 

The fabrication process begins with a lithography step that defines the location where a set of six 

Figure 3-7. Schematic showing the “spanning” microchannel fabrication process. (1) Patterning of the 
front side oxide layer to define microchannels, (2) Lift-off of platinum film to define location of 
microbridges, (3) Back side patterning of the oxide and subsequent deep silicon etch, (4) Front side 
anisotropic and isotropic etch to create microchannels and link to back side port, (5) Bonding of PDMS 
sheet to back side to enclose collection chamber and fluidic access port, (6) Spin coat of cellulose acetate 
onto front side.
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80-µm wide microchannels, arranged side-to-side, will be created. A 4-µm thick layer of 

photoresist (Shipley S1813, Microchem Corp., Newton, MA) was coated onto the oxide layer at 

2 kRPM. This thicker than normal photoresist layer is used in order to withstand the subsequent 

dry etching of the silicon dioxide layer. After exposure and development, the oxide layer can either 

be dry etched by reactive ion etching (RIE) using a trifluoromethane (CHF3) and oxygen mixture 

for 40 min, or wet etched using a 6:1 buffered hydrofluoric acid (BHF) bath for 15 min (etch rate 

~100 Å/min), as shown in step 1 of Figure 3-7. The RIE creates anisotropically etched sidewalls, 

while the BHF etch creates isotropically etched sidewalls. If BHF etching is performed, it is 

necessary to protect the back side oxide layer by using photoresist. The wet BHF etch was used the 

majority of the time due to its simplicity and speed.

Platinum microbridges of 5-µm width and spacing are patterned on the front side over the silicon 

dioxide microchannel pattern using a lift-off process (step 2 in Figure 3-7). Using a contact aligner 

(Karl Suss MA56), the wafer was aligned to the oxide pattern and patterned with a 1.3-µm thick 

layer of photoresist (Shipley S1813) coated at 4 kRPM. The wafer was then loaded into a vacuum 

chamber and DC magnetron sputtered with 50 Å of titanium (100 W, 5 mTorr, 30 s) and 0.1 µm 

of platinum (75 W, 17 mTorr, 2.5 min). The titanium layer was used as an adhesion layer for the 

platinum. The wafer was next placed in an acetone bath for 1 h and then ultrasonically agitated for 

5 min to lift off the photoresist layer.

Back side lithography was necessary to create the ports for the fluidic interconnect and the fraction 

collection chambers. A back side aligner (MA6, Karl Suss, Waterbury Center, VT) was used to 

pattern a 13-µm thick photoresist (AZ4620, Clariant Corporation, Somerville, NJ) coated at 

1.3 kRPM with reference to the front side topography. The thick photoresist was needed to mask 

the deep silicon etch to be performed on the back side. After coating the thick photoresist, it was 

necessary to place the wafer in a vacuum for 10 min to remove any trapped air bubbles. The 

photoresist was subsequently soft baked at 100°C for 10 min and next allowed to cool for another 

15 min. The back side oxide layer was then patterned using a 6:1 BHF bath for 15 min (etch rate 

~100 Å/min).

Deep reactive ion etching (DRIE) (Surface Technology Systems, UK) was performed on the back 

side of the wafer until 30 µm of silicon remained (step 3 in Figure 3-7). The DRIE process 
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parameters were set to a 12 s etch cycle time (130 sccm SF6, 13 sccm O2, 23 mTorr chamber 

pressure, 600 W coil power, 20 W platen power), and 8 s passivation cycle time (85 sccm C4F8, 

12 mTorr chamber pressure, 600 W coil power, no platen power). The etch rate of the system 

varied between 2.0 and 2.3 µm/min. In the same process chamber, the wafer was then coated with 

a hydrophobic polymer film by using solely the C4F8 fluorocarbon gas (85 sccm C4F8, 12 mTorr 

chamber pressure, 600 W coil power, and no platen power). The wafer was mounted onto a carrier 

wafer using thermal release tape in order to provide better mechanical support during processing, 

and also periodically inspected during the etching process to ensure the appropriate silicon etch 

depth. After the processing was finished, the wafer was placed on a hot plate to release it from the 

carrier. The wafer was then set in an acetone and hot stripper bath to remove the remaining 

photoresist from the back side.

In step 4 of Figure 3-7, formation of the front side microchannels and completion of the through-

wafer connection to the fluidic inlet port was made with a 25 min DRIE, using the same parameters 

as on the back side etch and an 8 min isotropic etch (130 sccm SF6, 50 mTorr chamber pressure, 

600 W coil power, 12 W platen power). Silicon etch rate was 3.2 µm/min using this recipe. This 

process releases and undercuts the platinum microbridges, as shown in Figure 3-8. These 

microbridges support the porous cellulose acetate film that gets coated over the microchannel 

region. Figure 3-9 is a micrograph showing the fluidic access ports on the back side of the wafer, 

which are aligned to the front side silicon microchannels.

Microbridge array

Microchannels

Figure 3-8. SEM micrograph showing a 
set of silicon trenches (each 100-µm wide x 
75-µm deep, spaced 20-µm apart) with 
platinum microbridges (5-µm width and 
spacing) serving as the ceiling.
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Substrates were dehydrated at 100°C in a convection oven to remove any moisture from the 

surface. The back side silicon surface and a PDMS sheet were cleaned and activated in an oxygen 

plasma chamber (PEIIA, Technics RIE) for 10 min and subsequently bonded to each other (step 5, 

Figure 3-7). The PDMS sheet has a hole punched into it to accommodate fluidic tubing. The front 

sides of the substrates were then exposed to an oxygen plasma for 10 min, removing organics from 

the surface and exposing hydroxyl groups. To assist in the adhesion of the polymer, a self-

assembled monolayer was created on the surface by placing 2% (v/v) solution of 

octadecyltrichlorosilane (OTS) in anhydrous isopropanol on the substrate for approximately one 

hour. Substrates were then rinsed with acetone and isopropanol and dried at 100º C for 15 min.

Backside fludic ports

Microchannels

Figure 3-9. (Top) SEM micrograph 
showing the back side fluidic ports 
connecting with the front side 
microchannels. (Bottom) Photography 
from an optical microscope of the front 
side microchannels and spanning platinum 
microbridges when looking through the 
back side port.
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The polymer lacquer was spin coated at 4 kRPM for 6 s at maximum acceleration (20 kRPM/s) 

over the front side, coating the platinum microbridges, yet not falling into the silicon trenches. The 

substrate was then immediately placed in a room temperature, deionized water bath for at least 2 

hours to remove the solvent in the lacquer, precipitate the polymer, and form a 10-µm thick porous 

membrane. Spanning the cellulose acetate lacquer across the silicon microchannels is dictated by 

the physical properties of the lacquer and the substrate surface and will be further discussed in 

Chapter 4. An example set of parallel microchannels is shown in Figure 3-10. A more detailed 

protocol of the fabrication process is listed in Appendix A.

Figure 3-10. (Top) SEM micrographs showing the cross section of a set of six silicon microchannels trenches 
(each 80-µm wide x 80-µm deep, spaced 80-µm apart) with suspended 10-µm thick cellulose acetate 
membrane. (Bottom) Close-up of one microchannel showing the porous interior of the cellulose acetate and the 
broken-off platinum microbridge. 
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3.2.2.2. DRIE characteristics

Three characteristics of DRIE played an important part in the successful fabrication of a wafer with 

numerous microdialysis chips. These are:

• Etch lag or aspect ratio-dependent etching (ARDE): Dependency of the silicon etch rate on the 
amount of silicon surface area.

• Etch depth or degree of etch anisotropy: non-uniform etching across large silicon open areas

• Degree of wafer-scale etch uniformity: non-uniform etching across a four-inch wafer.

These set of characteristics contributed to the final yield (the percentage of successful chips) after 

fabrication was completed. The large process parameter spaces for silicon etching, some of which 

include pressure, power, and flow rates, allow for the tailoring of etching rate, anisotropy, and 

uniformity. 

Etch lag, also called the microloading effect, has been described by numerous researchers [Ayon 

99a, Ayon 00, Bourouina 04, Zhu 02]. ARDE was evident by comparing the silicon etching of the 

back side collection chambers and inlet port to the front side microchannels. Silicon surface areas 

for the back side were in the millimeter-size range and demonstrated an etch rate of 2.4-2.6 µm/

min, while silicon surface areas on the front side were micron-size range and showed an etch rate 

of 1.5-2.0 µm/min. This slower etch rate on the front side was caused by the inhibition of etching 

species from entering the narrow 5-µm spacing between the platinum microbridges as the etch 

depth increased. The spacing was restricted to 5 µm in order to allow for the polymer spanning. 

Increasing the etch time on the front side compensates for this slower etch. Figure 3-11 shows the 

difficulty of isotropically removing silicon from the bottom of a silicon trench. After performing a 

DRIE for 25 min, silicon baffles are created from the masking of the platinum microbridges, as 

shown in the top micrograph. With an etch rate of 3.2 µm/min, an isotropic silicon etch for 5 min 

should remove the baffles and completely undercut the microbridges, yet the floor of the silicon 

trench still has remnant baffles, as shown in the middle micrograph. In addition, the top of the 

silicon trench is starting to be much wider than the bottom of the silicon trench, showing the 

discrepancy in the silicon etch rate from the top to the bottom of the trench. If the isotropic silicon 
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Figure 3-11. SEM micrographs showing silicon trench fabricated after performing a DRIE for 25 min (top) 
followed by an isotropic silicon etch for 5 min (middle). By extending the isotropic silicon etch for a total of 
8 min the baffles at the bottom of the trench are removed (bottom). 
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etch is increased another 3 min (total of 8 min), the baffles are completely removed, as shown in 

the bottom micrograph.

Since DRIE is optimized for narrow gap and high aspect ratio trench geometry, significant 

variations are exhibited when wide gap, low aspect ratio trenches are etched [Ayon 00, Frederick 

03]. Large etched silicon open areas exhibited a variation in etch rate, as shown in Figure 3-12. The 

etch profile for a 4-mm diameter fraction collection chamber exhibited a convex shape, where the 

locations near the edge of the chamber showed a higher etch rate compared to those at the center 

of the chamber. The edges of the chamber were shown to be 30 µm deeper than the center of the 

chamber. This effect is called edge depth, believed to be caused by excessive passivation from the 

polymer deposition in the center of an etched chamber or cavity. Large cavities allow the C4F8

plasma to dip into the cavity region, increasing the polymer film deposition [Ayon 99b]. In 

addition, a noticeable undercut is visible when viewing the cross section profile of the chamber. A 

constant etch rate across the entire chamber is of critical importance to avoid overetching in some 

areas of the chamber and possibly etching through the entire wafer thickness. By increasing the 

platen electrode power, ion etching species are effectively accelerated with greater directionality 

towards the silicon, thereby increasing etching anisotropy. One side effect was that increasing the 

ion bombardment energy increased the etching rate of the photoresist relative to that of the silicon, 

thereby decreasing the selectivity. Even with recipe alterations, the edge depth effect was not 

completely removed.

Figure 3-12. (Left) Micrograph of two 4-mm diameter silicon open areas are shown on the left and right, these 
etched areas are for the silicon-based fraction collector and were etched for 3 h 38 min. The dotted white line 
shows the region were a stylus profilometry scan was performed. (Right) Plot showing the etch profile across 
the etched silicon area. Notice the faster etch rate closer to the walls.
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To achieve a uniform cavity bottom, a grating pattern was created using a design similar to that of 

Frederick [Frederick 03]. By replacing the large 4-mm diameter silicon open area with a set of 

discretized 50-µm wide open areas spaced 20 µm apart, the etching is performed on narrow gaps, 

which is the feature size for which the DRIE tool was optimized during recipe characterization. The 

grates created after deep silicon etching are subsequently undercut and removed approximately 450 

µm of silicon etch depth. This leaves an open flat bottom with a 10.7 µm peak-to-peak ripple, as 

shown in Figure 3-13.

The variation of wafer-scale etch uniformity was a significant problem that affected the final 

device yield. Geometric arrangement of the coil power coupling, gas feed schemes, temperature 

uniformity across the wafer, and local rates of plasma density affect the etch uniformity across a 

wafer [Ayon 99a]. An average 0.9% etch variation was discovered over a set of six deep-etched 

silicon wafers. This variation was characterized by measuring the maximum etch depth at five 

different locations across the wafer (center, top, bottom, left, and right). Measurements showed that 

the microdialysis dice at the periphery of a wafer had a smaller etch rate compared to the center 

die. One approach to reduce this non-uniformity is to concentrate dice toward the center of the 

wafer, away from the periphery. Back side overetching is avoided in order to prevent certain areas 

of the wafer from punching through the wafer. Therefore, to compensate for the underetching on 

the periphery, the front side of the wafer was etched for a longer time period to guarantee 

connection of the back side inlet port with the front side microchannels. 

Figure 3-13. (Left) Photograph showing an fraction collector chamber with visible remnants of the grating used 
to obtain a flat etch profile. (Right) Plot showing the etch profile across the etched collection chamber. The small 
hills and valleys at the bottom of the silicon chamber are the result from the grating design.
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3.2.2.3. Platinum thin film stress

In order to have flat microbridges that span the silicon microchannels, the platinum residual stress 

needs to be controlled. This residual (internal) stress can be caused by thermal expansion (thermal 

stress) or by the microstructure of the deposited film (intrinsic stress). Thermal stress occurs after 

a high temperature deposition, when the difference of the thermal expansion coefficients between 

the substrate and the film induces stress in the film. Intrinsic stress depends strongly on the 

deposition method and parameters and can be either compressive or tensile [Burnett 93, Hoffman 

77, Ljungcrantz 93]. A tensile stress will bend a substrate so that the film surface is concave, and 

a compressive stress will bend a substrate so that it is convex, as shown in Figure 3-14 [Knuyt 00]. 

The governing phenomenon for the stress in the platinum fixed-fixed beams is intrinsic stress; 

therefore, methods to control this stress will be further discussed. In the following discussion, the 

terms ‘beams’ and ‘bridges’ are used interchangeably.

Kim et al. reported a transition from tensile to compressive stress in aluminum films based on 

increasing the working pressure or substrate bias in a sputtering system [Kim 98b]. This stress 

control is achieved by varying the degree of energetic particle bombardment during the sputtering 

process [Kunst 73]. Compressive stress is attributed to an ‘atomic peening’ mechanism in which 

reflected neutral atoms bombard the growing film at low sputtering pressures [Thornton 77]. By 

increasing the sputtering pressure, the frequency of gas phase collisions also increases, thus 

reducing the kinetic energy of sputtered neutral atoms and reflected neutrals as they bombard the 

growing film. This reduction in atomic peening reduces compressive stress.

The amount of bending from residual stress depends on a number of factors, including the 

thickness and biaxial elastic modulus of the substrate. By measuring the radius of curvature of a 

Figure 3-14. Conceptual diagram showing the effect of a compressive (a) and tensile (b) film on a substrate. 

(a) (b)
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substrate due to the residual stress in a deposited film, the magnitude of the film’s residual stress 

can be determined using Stoney’s equation [Sze 94]:

(3-1)

where Runcoated and Rcoated are the radii of curvature of the silicon substrate before and after 

deposition of the platinum film, respectively, Esub is the Young’s modulus of the silicon substrate, 

ν is the Poisson’s ratio of the silicon substrate, tsub is the thickness of the silicon substrate, and tfilm

is the thickness of the film. 

To determine the correct sputtering chamber pressure that creates relatively flat platinum 

microbridges, the chamber pressure of the argon gas in a DC magnetron sputtering system (Super 

System, Lesker, Clarion, PA) was varied between 5 mTorr and 30 mTorr in a series of platinum 

depositions. Using Equation 3-1, the residual stress of a platinum film at various sputtering 

chamber pressures was determined as shown in Figure 3-15. The DC power was set to 75 W, the 

target diameter was 2 inches, and the throw (the distance between the target and the substrate) was 

3.5 inches. The film thickness was determined by measuring the height of a shadow-masked step 

using a stylus profilometer. This same profilometer was used to measure the radii of curvature of 

the substrate before and after platinum film deposition (model P2, KLA/Tencor, San Jose, CA).

σfilm
Esubt2

sub
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Runcoated
---------------------- 1

Rcoated
-----------------– 
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Figure 3-15. Measured stress in sputtered platinum film as a function of deposition chamber pressure. 
Parameters: Argon gas was used to provide the necessary chamber pressure, DC power 75 W, throw: 3.5 inches, 
target diameter: 2 inches.
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Figure 3-16. SEM micrographs 
showing suspended platinum 
microbridges that were DC sputter 
deposited at 5 mTorr (top), 20 mTorr 
(middle), and 30 mTorr (bottom) 
chamber pressure. The 30 mTorr 
pressure causes the platinum to 
delaminate, creating cantilever beams 
instead. The sputtering parameters 
were DC power at 75 W, 2.5 min, at 
specified chamber pressure.

Oxide film overhang
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As expected, the stress is compressive (negative) at low pressures and rises with pressure to 

become tensile (positive), as shown in Figure 3-15. Platinum deposited at 5 mTorr is very 

compressive, having a residual stress close to −1 GPa, while platinum deposited at 30 mTorr is very 

tensile, having a residual stress close to 600 MPa. Whereas a compressive stress causes bridges to 

buckle, a tensile stress causes bridges to fracture, as shown in the bottom micrograph in Figure 3-

16. The fracture occurs at the root of the bridges and causes the beam to bend upwards.

From the plot in Figure 3-15, it can be determined that 23 mTorr chamber pressure is the zero stress 

point, allowing bridges with no compressive or tensile stress. Yet due to process variation, this 

pressure value can fluctuate. In addition, a factor contributing to the platinum film stress and 

whether the microbridges buckle is the amount of silicon undercut when the microbridges are 

released. The platinum film is deposited over a 2 µm silicon dioxide layer that insulates the 

platinum from the silicon. During the front side DRIE and isotropic silicon etch that creates the 

microchannels, there is an undercut that leaves a small strip of silicon dioxide suspended, as shown 

in Figure 3-17. The effective residual stress on this composite beam can be shown to be the 

following:

(3-2)

where ∆eff is the effective displacement, EPt is the Young’s modulus of platinum, and Lbeam is the 

length of the platinum beam, as shown in the bottom of Figure 3-17. The effective displacement 

can be defined as:

(3-3)

where ∆ox and ∆Pt are the effective displacement of the silicon dioxide and platinum films, 

respectively, σox and σPt are the intrinsic stress of the silicon dioxide and platinum films, 

respectively, Eox is the Young’s modulus of silicon dioxide, and δ is the undercut dimension. Using 

textbook values of EPt = 140 GPa, Eox = 72 GPa, and σox = −30 MPa, and measured values of σPt

= 20 MPa, Lbeam = 80 µm, and δ = 20 µm, the effective residual stress of the platinum microbridge 

is −9.2 MPa. This lower effective residual stress is the result of the compressive stress in the silicon 

dioxide film counteracting the tensile platinum film stress.
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To determine whether this effective residual stress will cause the microbridges to buckle, the Euler 

buckling criterion is used. This criterion provides the critical compressive stress under which a 

beam of given dimensions will buckle [Popov 68]. This critical stress criterion is given by the 

following equation:

(3-4)

Substituting EPt = 140 GPa, Lbeam = 80 µm, and tfilm = 0.1 µm, the critical stress is calculated to 

be −0.72 MPa. Since the effective residual stress (−9.2 MPa) is a larger compressive stress than the 

critical stress value, the microbridges will buckle.

Figure 3-17. (Top) Released platinum microbridges that are undercut by 20 µm are shown in this SEM 
micrograph. The strip of suspended silicon dioxide is seen on both sides of the microchannel, anchoring the 
microbridge. (Bottom) Schematic drawing showing a platinum bridge of length Lbeam that is undercut δ on 
each side.
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An experimental way of determining the effective residual stress of the platinum/silicon dioxide 

composite is by fabricating an array of microbridges with different length dimensions, as shown in 

Figure 3-18. By varying Lbeam, each bridge will have a corresponding critical stress using the Euler 

criterion after the bridges are released from the silicon substrate. The critical beam length is the 

length of the bridge that demarcates the shorter, unbuckled bridges from the longer, buckled 

bridges. This method allows for a very accurate way of measuring the compressive stress in 

microbridges [Guckel 85]. A test structure array of platinum microbridges are fabricated and out-

of-plane displacements are measured with optical and scanning electron microscopy. Using this 

Figure 3-18. (Top) SEM micrograph showing a series of microbridges made of 0.1-µm thick platinum sputtered 
at 28 mTorr and undercut by 5 µm. (Bottom) Photograph from an optical microscope showing the buckling 
microbridges, the shadow region in the center of each bridge indicates an out-of-plane displacement. 
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technique it was observed that all platinum microbridges (beam lengths from 10-100 µm), 

sputtered at 23 mTorr (corresponding to a tensile stress, σPt = 20 MPa), and with a 20 µm undercut 

were buckled, as shown in Figure 3-19. This figure uses white light interferometry to provide 3D 

surface topography of the test structures, which indicated that all of the microbridges were 

deflecting out-of-plane. With the minimum beam length of the test structure array being 10 µm, 

the effective residual stress is calculated from Equation 3-2 and 3-3 to be −213 MPa, while the 

maximum beam length (100 µm) provides a residual stress of −3.3 MPa. Therefore, the 

experimental results from the test array agree with the theory, which predicts that all microbridges 

are under compressive stress. In order to reduce the buckling it is necessary to achieve as small an 

undercut as possible, since the larger the undercut, the greater the influence of the compressive 

silicon dioxide film.

3.3. Conclusion
The fabrication of silicon microchannels with a top, porous polymer layer and backside fluidic 

interconnect involves a set of six processing steps. The microchannel is designed with a series of 

platinum microbridges (5 µm width, 80 µm length, 5 µm spacing) that provide structural support 

to a 10-µm thick spin-coated cellulose acetate lacquer, enabling the formation of a suspended 

Figure 3-19. Photograph from Wyko NT 3300 optical interferometer showing released platinum microbridges 
that are undercut by 20 µm. The red areas signify a buckled microbridge that represents an out-of-plane 
displacement of 5 µm (out towards reader), while the green and blue areas represent the zero displacement and 
the etched undercut distance of 20 µm (into page), respectively.

30 µm
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membrane. Due to etch lag from the DRIE process, a longer isotropic silicon etch is necessary to 

undercut the platinum microbridges. The etch profile for a large diameter silicon collection 

chamber exhibited a convex shape and was corrected by increasing the platen power and creating 

a grating pattern that divided the large silicon area into smaller sections. was created where the 

locations near the edge of the chamber showed a higher etch rate compared to those at the center 

of the chamber. To compensate for the smaller etch rate of periphery dice, designs were 

concentrated near the center of the wafer and a longer etch time was used. By controlling the 

sputter pressure during platinum deposition and the amount of undercut during release, platinum 

microbridges with minimal out-of-plane displacement were attained. 
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4 Cellulose acetate membrane spanning and 
adhesion properties

To create a suspended, organic membrane over an inorganic substrate with large topographical 

features requires various strategies. This chapter discusses the spanning of a cellulose acetate 

membrane across silicon microchannels and the method used to provide good adhesion between 

cellulose acetate and the substrate. An overview of adhesion theory is first discussed along with 

factors that affect adhesion and techniques used to characterize adhesion strength. 

Porous polymer films, prepared using phase inversion techniques, are coated onto inorganic silicon 

substrates and then characterized for adhesion strength. Experimental data from a blister test setup 

were used to measure the critical pressure point when a leak was observed on both chemically 

modified and mechanically modified surfaces with a spin-coated, phase-separated cellulose acetate 

film. These films were observed to have the best adhesion when surfaces were treated with 

octadecyltrichlorosilane (OTS), withstanding pressures above 50 kPa. The last section of this 

chapter presents the theory and experimental results for spanning cellulose acetate membranes 

across silicon microchannels. Based on the surface properties of the substrate and the material 

properties of the cellulose acetate lacquer, it was possible to successfully span 75-µm wide silicon 

microchannels. 

4.1. Polymer adhesion overview
Polymeric films are widely used in the microelectronic industry in such application areas as 

photoresists, interlayer dielectrics, and packaging [Kim 97]. Porous polymers, such as those 

formed using the phase inversion process, have sparked interest in the fields of filtration, drug 

delivery, protein separation, and microdialysis [Wang 01]. Unfortunately these films undergo a 

considerable amount of residual stress after formation, causing them to delaminate from the 

substrate. In order to enhance film adhesion, microfabricated structures as well as chemical 
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coupling agents have been employed to adhere polyimide films to silicon substrates [Jiang 93, Jou 

93]. This section offers a short background on the theory of adhesion, characterization techniques 

used to gauge the adhesion strength, and factors that affect adhesion quality.

4.1.1. Theories of adhesion

Adhesion is defined as the state in which two surfaces are held together by physical and/or 

chemical attraction. The main adhesion theories include (i) mechanical interlocking, (ii) 

interdiffusion, (iii) adsorption and surface reaction, and (iv) electrostatic surface attraction. The 

next four sections provide a description of each theory. Due to the variety of materials and the 

diversity of adhesion conditions, the field of adhesion is a complex topic, which cannot be defined 

solely by a single model or theory. In reality, several adhesion theories are involved simultaneously 

to describe an adhesion interface. In the following discussion, the terms ‘coating,’ ‘film,’ and 

‘membrane’ are used interchangeably.

4.1.1.1. Mechanical interlocking theory.

The mechanical interlocking theory of adhesion proposes that surface irregularities, such as 

cavities, pores, and asperities, shown in Figure 4-1, are the determining factor for adhesion strength 

between a coating and a substrate, due to the ability of the coating to key and latch to the substrate. 

The situation is analogous to using a dovetail joint to hold two pieces of wood together. In many 

cases, the improvement in adhesion due to mechanical interlocking structures can be attributed to 

the increase in the interfacial area derived from surface roughness (as long as the wetting of the 

surface occurs). Surface roughness increases the adhesive strength of films by promoting wetting 

as well as by providing mechanical anchoring sites. Packham and coworkers found high values of 

peel strength for polyethylene on metallic substrates when a rough and fibrous-type oxide surface 

was formed on the substrate [Packham 83]. Jiang et al. used mushroom-shaped silicon 

microstructures to adhere a polyimide film to the substrate [Jiang 93].

Figure 4-1. (left) Smooth surface. (right) rough surface on a microscopic scale allowing for interlocking 
with coating.

Chip
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One of the criticisms of the mechanical interlocking theory is that the adhesion improvement does 

not necessarily result from the latching or keying mechanism, but that the surface roughness can 

increase the energy dissipated viscoelastically around a failure point [Lee 04].

The scale of the roughness of surfaces can vary from macroscopic to submicroscopic. The factor 

that controls the rate of penetration of a liquid into cavities and crevices is analogous to the rate of 

penetration of a liquid into a capillary. The rate of penetration is greatest if the surface tension of 

the coating is high and it is fastest when the contact angle is zero. In this circumstance, the surface 

tension of the liquid is less than that of the solid substrate. The main coating property that an 

experimentalist can control is the viscosity. The lower the viscosity, the more rapid the penetration. 

Yet total penetration of an adhesive into cavities and pores is not always possible because of back 

pressure from entrapped air within these cavities. 

Mechanical interlocking structures were explored as a mechanism to improve adhesion of thin 

cellulose acetate membranes onto silicon wafers. Unlike the polyimide films investigated by Jiang 

et al., the films prepared are porous, are suspended over microcavities, and undergo delaminating 

forces from pressure-driven fluid flow. 

4.1.1.2. Interdiffusion theory

This theory proposes that two materials adhere by forming an interphase region where there is 

mutual interdiffusion of surface layers. Similar to the mechanical interlocking theory, 

interdiffusion involves interpenetration of the adhesive material onto the substrate, yet this is done 

at the molecular level. The interdiffusion theory was originally proposed as a way to explain the 

autoadhesion (the capability of a material to adhere to itself) of rubbery polymers [Voyutskii 63]. 

When two polymer samples are brought to intimate contact, the polymer chains in the rubbery state 

possess enough mobility to diffuse across the initial interface. After some time the interface is 

blurred, and the interfacial adhesion strength becomes close to the bulk cohesion strength.

Solvent bonding or welding is an interesting case of coupling by interdiffusion. Solvent bonding is 

a process whereby the surfaces of polymers to be joined are treated with a solvent. This swells and 

softens the surfaces and, by applying pressure on the joint and with the evaporation of the solvent, 
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the two surfaces bond. Interdiffusion presumably occurs in the presence of the solvent, even if the 

polymers are immiscible to each other in a lacquer. 

4.1.1.3. Adsorption and surface reaction theory

The adsorption theory of adhesion is the most widely applicable. It assumes that adhesive materials 

will adhere to a substrate due to interatomic and intermolecular forces at the interface. The most 

common interfacial forces are from van der Waals and Lewis acid-base interactions and, less 

frequently, ionic, covalent, or metallic interfacial bonds. The magnitude of these forces can be 

generally related to fundamental thermodynamic quantities, such as the surface free energies of 

both the adhesive and the adherend. Covalent bonds are generally considered the strongest bonding 

force in comparison with physical interactions such as van der Waals, which are secondary force 

interactions. The typical strength of a covalent bond is of the order of 100 to 1000 kJ/mol, while 

van der Waals interactions and hydrogen bonds do not exceed 50 kJ/mol. The formation of 

chemical bonds relies on the reactivity of both the coating and the substrate.

The best adhesion method is by multiple, strong linkages across the interface between two 

materials. Two distinct surface modification methods that provide a large number of linkages to 

improve adhesion based on adsorption theory are surfactants and silane coupling agents. In 

addition, it is possible to modify the polymer structure to improve adhesion to the substrate by 

using polymer graft copolymerization. A brief overview of these modification methods follows.

4.1.1.3.1. Surfactants

A surfactant is a substance that has the property of adsorbing onto surfaces and altering the free 

energy of these surfaces [Rosen 89]. Surfactants essentially lower the surface tension of coatings. 

They are usually organic compounds that are amphipathic, meaning they contain both hydrophobic 

groups (the ‘tail’ of the molecule) and hydrophilic groups (the ‘head’ of the molecule). These two 

different chemical groups are such that one end is compatible with the liquid to be modified and 

the other has a lower surface tension. Therefore, they are typically soluble in both organic solvents 

and water. A surfactant can be classified by the presence of charged groups in its head; that is, a 

nonionic surfactant has no charge groups in its head, while the head of an ionic surfactant carries 

a net charge. If that net charge is negative, the surfactant is more specifically called anionic; if the 
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net charge is positive, it is called cationic; if both positive and negative charges are present, then it 

is called zwitterionic. 

Since most surfaces are negatively charged in order to make those surfaces hydrophobic by use of 

a surfactant, the best type is a cationic surfactant. This surfactant will adsorb onto the surface with 

its positively charged hydrophilic head group oriented toward the negatively charged surface and 

its hydrophobic group oriented away from the surface. Prakash used a roughened surface along 

with a cationic surfactant called BMDSAC (benzyl, methyl, distearyl ammonium chloride) for 

adhering cellulose acetate membranes [Prakash 01]. Using a cationic surfactant allowed 

attachment of the surfactant onto the silicon surface and provided a hydrophobic surface that 

excludes moisture, allowing for better adhesion between the cellulose acetate and the surface. 

Surfaces can also be rendered hydrophobic by using silane coupling agents, as will be discussed in 

the following section.

4.1.1.3.2. Silane coupling agent

The strongest interaction between a substrate surface and a film occurs when covalent bonds are 

formed instead of the easily displaced hydrogen bonds. One approach is to use reactive silanes, as 

these enhance the adhesion of materials to hydroxyl surfaces such as glass and silicon dioxide. The 

most common silane coupling agent has the general structure X3Si(CH2)nY, where n = 0 to 3, X is 

a hydrolysable group on silicon, and Y is an organofunctional group usually selected for reactivity 

to the film coating. 

A variety of reactive silanes are available; all have a trialkoxysilyl group attached to a short 

hydrocarbon chain, while the other end has a functional reactive group such as amine, mercaptan, 

epoxy, etc. The alkoxysilyl group reacts with the hydroxyl groups on the surface of the silicon 

dioxide, causing covalent bonds to be formed that have a series of hydrocarbon tails with reactive 

groups on the end. Experimental evidence has shown that typically the silane primer layer is not a 

monolayer but is about 2 to 100 nm in thickness. Thinner layers are deposited from the solutions 

containing lower concentrations of silane.

The benefit of silane coupling agents is the enhancement of the environmental resistance of the 

interface, specifically to moisture. Thus, hydrophobic silane coupling agents generate a water-
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resistant interface between the organic polymer and the inorganic substrate. Coupling agents are 

usually applied from dilute aqueous solutions of organic solvents, and must undergo initial 

hydrolysis and oligomerization prior to interacting with the chosen substrate. The silanes may 

interact with the substrate initially through hydrogen bonding to surface hydroxyl groups, with the 

subsequent condensation reaction generating siloxane structures. It is possible that lateral 

polymerization occurs without the formation of bonds to the surface; this leads to a siloxane 

agglomerate that creates a cloudy appearance on the substrate. 

Reactive silane groups can chemically react with a polymer film coating. Even without covalent 

bonds, a degree of interpenetration is sufficient for polymer chains to diffuse and establish an 

entangled network. The polysiloxane layer has an open porous structure; a film coating may 

penetrate this and then harden to form an interpenetrating network interphase region. The 

interdiffusion of macromolecular chains requires both polymer and silane functionalized surfaces 

to have sufficient solubility and the chains to have sufficient mobility. Jenkins et al. showed that a 

trend of increasing adhesion energy with increasing chain length was observed for CH3-terminated 

silanes, while an opposite trend of decreasing adhesion energy with increasing chain length was 

found for vinyl-terminated silanes [Jenkins 04]. Jang et al. reacted long hydrocarbon chains of 

varying length onto an acrylic-based trimethoxysilane substrate [Jang 89]. Improvements in initial 

adhesion and durability of glass-reinforced polyester laminates and castings were noted. Abdel-

Sadek et al. showed that different silanes (APTES, GOPTS, CIPTMS) were used as adhesion 

promoters for polyethylene and polytetrafluoroethylene sheets [Abdel-Sadek 01].

In this thesis, octadecyltrichlorosilane, an eighteen-carbon chain silane, is shown to considerably 

improve the adhesion of cellulose acetate membranes to a silicon substrate.

4.1.1.3.3. Polymer graft copolymerization

Many times a polymer has surface characteristics that are less than optimal for adhesion to another 

substrate. One technique to assist with attaching an organic polymer to inorganic surfaces is to 

modify the polymer for easier bonding to the surface. Polymer grafting techniques allow the 

controlled modification and functionalization of the polymer surface. When the polymer surface to 

be modified possess reactive groups (either intrinsic or externally introduced) capable of coupling 

with other components, surface modification can be conducted by chemical reactions. Surface 
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modification via grafting and graft copolymerization appears to be a very effective means of 

molecularly redesigning the polymer surface for adhesion. 

A good review of grafting porous membranes, the membranes and techniques utilized and the 

behavior of the modified membrane, is provided by Ritchie [Ritchie 03]. Surface functionalization 

for a cellulose acetate membrane is achieved via hydrolysis and oxidation. Graft copolymerization 

was used to graft dichlorodimethylsilane (DCDMS) onto cellulose acetate in a solution of acetone 

[Abdel-Razik 96]. Cellulose acetate was oxidized in a mixture of oxalic acid and potassium 

dichromate. This surface grafting method leaves reactive silicon molecules on the surface of the 

cellulose acetate, which can then be covalently bonded to a silicon substrate. Unfortunately, this 

method proves inadequate, since the process causes some membrane degradation. The cellulose 

acetate is exposed to an acidic solution during the hydrolysis, when the chlorine atoms from the 

DCDMS combine with hydrogen to form hydrochloric acid. Hydrolysis brings about the loss of 

acetyl side groups from the cellulose acetate backbone, causing membrane degradation and 

reverting the material back to cellulose. 

4.1.1.4. Electrostatic surface attraction theory

The electronic theory of adhesion proposed in 1948 suggests that an electron transfer mechanism 

between the substrate and adhesive film occurs, which equalizes the Fermi levels. This 

phenomenon forms a charge layer called the electrical double layer (EDL) at the interface, which 

causes electrostatic forces. For example, when an organic polymer is brought into contact with 

metal, electrons are transferred from the metal into the polymer, creating an attracting EDL. These 

electrostatic forces across the interface contribute to adhesion strength, analogous to a capacitor. 

An example of this theory can be seen when using static electricity to make a balloon stick to a 

wall. This has been a controversial theory, as many have doubted the actual significance of the 

forces involved and they theory’s usefulness to explain all occurrences of adhesion.

4.1.2. Characterization of adhesion

Adhesion is usually referred to as the energy required to break chemical bonds across an interface 

[Mittal 76]. Identifying a means to characterize and quantify this energy is difficult, since it does 

not accurately reflect the toughness of an interface in real-world situations. Energy can be 

dissipated by other means such as plasticity, which increases the fracture resistance of interfaces. 
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Thus the measured adhesion strength depends not only on the intermolecular bonding strength, but 

also on the plastic and viscoelastic deformation processes. Therefore, it would seem that the 

minimum measured value for adhesion strength reflects the best estimate, since the material 

deformation is usually avoided. One way to quantify the adhesion strength is to determine the 

maximum mechanical stress that can be attained normal to the interface. This stress is influenced 

by variables such as bulk modulus and thickness of the film, type of mechanical loading, 

environmental conditions, etc. A number of techniques have been developed to quantify the 

adhesion strength between a deformable adhering layer and a rigid substrate. Many of the 

techniques, such as the peel test, the tape test, the pull-off test, and the scratch test, are easy to 

perform, yet usually provide qualitative information and are difficult to relate directly to 

mechanical properties of the interface. For example, with the peel test, the main limitation is that 

the majority of mechanical energy supplied in peeling is dissipated or stored in deforming the test 

specimen and little of the energy contributes to the fracture process. 

A blister test provides a quantitative method to measure the film/substrate adhesion, yet sample 

preparation proves somewhat of a challenge compared to the other methods [Hohlfelder 98]. The 

test sample consists of a perforated substrate, with the film to be tested placed on the substrate’s 

top surface as, shown in Figure 4-2. A liquid, typically water, is then injected through the back side 

perforation of the substrate at a certain pressure. As the pressure applied is increased, the film starts 

to bulge from the substrate, forming a circular ‘blister’ that can continue to grow larger. The critical 

pressure point is the pressure value when the radius of the blister starts to grow, indicating that 

debonding has been initiated. This is the primary measure for determining the adhesion of a film. 

Other than by visually observing the initiation of debonding, the critical pressure point can be more 

accurately determined by installing an in-line pressure sensor that monitors the pressure in the fluid 

line leading to the blister test setup, and by noticing when a dip in the pressure is observed in the 

Film

P+∆P

a+∆aSubstrate

Figure 4-2. Schematic showing the blister test.



Cellulose acetate membrane spanning and adhesion properties

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

107

data, indicating film debonding or initiation of a leak. After the critical pressure point is reached, 

the blister becomes unstable and propagates along the interface with increasing diameter. To obtain 

adhesion values, either as maximum stress or bonding energy (work of adhesion), both the height 

and diameter of the blister must be monitored using microscopy or interferometry. Unfortunately, 

the surface of the porous cellulose acetate is difficult to image, since it wets during fluid application 

on the back side and becomes transparent. The porosity of the cellulose acetate membranes causes 

the pores to be filled up with liquid.

Advantages of the blister test over other methods include: (1) no direct mechanical contact to film 

that can affect debonding, (2) small detachment angles and low debonding rates that minimize the 

energy dissipative effect of the film, and (3) the applied forces being uniform and symmetric 

without requiring any force alignment.

4.1.3. Factors that affect adhesion

4.1.3.1. Molecular weight

Molecular weight is an important factor affecting the mechanical properties of a polymer film. The 

adhesion between a polymer and a substrate often shows a maximum as a function of the number 

of intermingling chains or density of ‘stickers’ along a chain. Low molecular weight, 

characterizing uncrosslinked glassy and semi-crystalline polymers such as cellulose acetate, tend 

to be very brittle. Cohesive failure for these low molecular weight polymers normally occurs by 

chain scission or pullout with little deformation. As the molecular weight increases, the toughness 

and tensile strength increase rapidly, as craze and yield zones begin to form and dissipate energy 

close to a crack or debond area. The higher the molecular weight, the higher the viscosity. 

4.1.3.2. Internal film stresses

Internal residual stresses in films are forces that counteract adhesion. These result from the 

inability of coatings to shrink as they form films on rigid substrates. When a coating adheres to a 

rigid substrate, shrinkage (after solidification) can occur only in the thickness direction. Frustration 

of in-plane shrinkage leads to tensile stress. These stresses occur for many different reasons, such 

as varying thermal expansion coefficients between a film and substrate as well as evaporation of a 

solvent from a film. Stresses can result not just from volume contractions, but also from volume 
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expansions, such as swelling of films during exposure to high humidity and water immersion 

[Wicks 99]. In addition to biaxial in-plane stress (which acts normal to a cross-section of the 

coating), peeling and interface stress are also present in a solidified coating. Peeling stresses act in 

a direction normal to the plane of the substrate, while interface stresses act at the coating and 

substrate interface. Excessive stress is a major concern with regard to film coating performance and 

quality, because defects such as peeling, curling, cracking, crazing, rippling, buckling, and bending 

often occur to relieve that stress. For example, if the local stress exceeds the local cohesive strength 

of a coating, the result is cracking. Good adhesion can be obtained if the interface can sustain 

sufficient stress to induce dissipative forms of deformation such as flow, yield, or crazing in the 

polymer.

Residual stresses can also cause other problems such as hillock and void formation, variation in 

grain size, and film delamination. In addition, nonuniform films that have defects or imperfections 

can lead to localized stresses that adversely effect adhesion [Basin 84]. Localized imperfections 

result in greater stress and greater probability of crack formation. If the crack propagates to the 

coating-substrate interface, stress concentration can cause the film to delaminate.

In one example, the drying of cellulose acetate (CA) coatings cast in acetone, final stress increased 

from 10 to 45 MPa, as coating thickness decreased from 60 to 10 µm [Vaessen 02]. This thickness-

dependent coating stress for a solvent-cast polymer coating is attributed to (1) less shrinkage in 

thicker coatings due to more trapped solvent (from skinning), and (2) greater amounts of polymer 

stress relaxation in thicker coatings. For porous cellulose acetate coatings prepared by dry-cast 

phase separation, Vaessen et al. showed that final in-plane stress ranged from 20 MPa for coatings 

with small pores (~1 µm) to 5 MPa for coatings containing small pores and macrovoids (~200 µm) 

[Vaessen 02]. 

4.1.3.3. Wetting

A liquid spreads spontaneously on a substrate if the surface tension of the liquid is lower than the 

surface free energy of the solid. Wetting is a major factor for forming uniform, adhered coatings 

on substrates. If the film coating does not spread over a substrate so that there is intermolecular 

contact between the substrate and the coating, there can be no interactions and hence no adhesion 

between the film and the substrate. 
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If a coating has a relatively high surface tension and is applied to a substrate that has a 

comparatively low surface energy, the coating will not wet the substrate. Mechanical forces, such 

as centrifugal forces, may spread the coating on the substrate surface, but, since the surface is not 

wetted, surface tension forces draw the liquid coating toward a spherical shape. As this occurs, 

solvent is evaporating, causing viscosity to increase so that, before the coating forms a sphere, the 

liquid essentially stops. This results in an uneven film thickness with areas having little if any 

coating next to areas that have an excessive film thickness; this is commonly called crawling. 

4.2. Materials and experimental setup

4.2.1. Chemically modified substrates (GOPTS, APTES, and OTS)

Experiments were performed with three different silane solutions: 

• 1% solution of (3-glycidyloxypropyl)trimethoxysilane (GOPTS) (98%, Sigma-Aldrich, St. 
Louis, MO) in toluene (HPLC grade, Fisher Scientific, Pittsburgh, PA), 

• 3% solution of 3-aminopropyltriethoxysilane (APTES) (95%, ACROS, Morris Plains, NJ) in 
acetone (extra dry, ACROS), and

• 3% solution of octadecyltrichlorosilane (OTS) (90+%, Sigma-Aldrich) in 2-proanol (anyhy-
drous 99.5%, Sigma-Aldrich). 

The molecular structure of the three silanes is shown in 

Figure 4-3. GOPTS is an expoxide functional group that 

was selected to provide interfacial chemical bonding with 

the hydroxyl groups in cellulose acetate. Epoxide groups 

tend to react in high pH conditions (typically 11-12 pH) 

with hydroxyl groups [Hermanson 96]. During the 

coupling process, ring opening of the epoxide group occurs 

to form a β-hydroxyl group on the epoxy compound. These 

create secondary ether bonds when coupled with hydroxyl 

groups. To activate the epoxide groups on the GOPTS-

treated substrates for coupling with the hydroxyl group on 

the cellulose acetate, the substrate was placed into a 0.1 N 

sodium hydroxide (NaOH) solution with pH 10 for 

approximately 2 h. The substrate was then triple-rinsed 

GOPTS

APTES

OTS

Figure 4-3. Molecular structure of the 
silanes GOPTS, APTES, and OTS.
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with deionized water to remove any remaining NaOH. It was not possible to add NaOH to the 

polymer lacquer, since this hydrolyzed the cellulose acetate, causing it to precipitate out of 

solution.

The chlorosilane (OTS) reacts with the alcohol, producing an alkoxylsilane and HCl acid. Mild 

warming of the OTS solution was performed to promote completion of the reaction. Part of the HCl 

acid reacts with the alcohol to produce small quantities of alkyl halide and water, causing the 

formation of silanols from alkoxysilanes that can condense onto the substrate.

In order to prepare the substrates for chemical modification, silicon wafers with 1 µm of silicon 

dioxide (Silicon Quest International, Santa Clara, CA) were treated in an oxygen plasma at 15 sccm 

of O2, 0.230 mTorr pressure, and 100 W of platen power using a Technics PE-IIA/B RIE system. 

This oxygen plasma removes any organics and oxidizes the surface of the silicon, providing a 

native oxide layer that has numerous hydroxyl groups. Substrates were then placed in a convection 

oven at 100°C to avoid any moisture condensation on the surface, after which they were removed 

from the oven and allowed to cool for 5 min. The silane solutions were then placed on the substrate 

and incubated for 1 h with OTS and APTES, while the GOPTS were incubated for 18 h. All silane 

treatments were performed in a closed container to avoid solvent evaporation. It was important to 

keep the fluidic interconnect made of poly(dimethylsiloxane) (PDMS) away from any of the 

solvents, since this polymer tended to swell if exposed. Afterwards, the substrates were rinsed 

repeatedly with acetone, dried with nitrogen, and placed in a 100°C oven for 15 min. 

4.2.2. Adhesion chip design

The polymer lacquer is coated over three different adhesion chip designs (the spanning criteria 

being discussed later in this chapter), each being 1 cm x 1 cm in size, as shown in Figure 4-4. Each 

design has a different set of pressure openings that were used to apply pressure to the back side of 

the cellulose acetate membrane. The first design consists of a grid hole pattern that has a varying 

number of circular holes and either a silicon dioxide or a platinum surface. These grid hole designs 

either have 400 holes in a 20 x 20 array (each hole being 30 µm in diameter and spaced 10 µm 

apart, as shown in the top of Figure 4-5), or have 9 holes in a 3 x 3 array (each hole being 30 µm 

in diameter and spaced 300 µm apart, as shown in the bottom of Figure 4-5). The second design 

consists of a set of five microchannels with spanning platinum microbridges, as discussed in 
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Chapter 3 and shown in Figure 3-8. These platinum microbridges are 5-µm wide and are spaced 

5 µm apart, with the length of one microchannel set being 1500 µm. The smallest width and 

spacing are used to guarantee that the polymer is supported by the microbridges during stresses 

caused by precipitation and that it does not fill into the silicon microchannels.

4.2.3. Mechanically modified surfaces (interlocking structures)

To determine whether mechanical interlocking structures can adhere cellulose acetate to the 

inorganic silicon substrate, a series of silicon posts were fabricated alongside the pressure openings 

Figure 4-4. Photography from an optical micrograph showing an adhesion chip with the center grid hole design 
along with some test structures at the four corners.

Figure 4-5. (Top) Photography showing the back side of the an adhesion test chip showing the 20 x 20 array 
of  30-µm diameter holes that are spaced 10 µm apart. (Bottom) SEM micrograph showing the surface of an 
adhesion chip with the 9 x 9 array of 30-µm diameter holes (only 6 of the holes are showing) that are spaced 300 
µm apart. These holes also have a patterned 100 µm x 100 µm platinum square. 

Cellulose acetate film
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(both the grid hole pattern and microchannel openings described in the previous section). Two 

different spike patterns were used, one with sparse tall posts and the other with dense short posts. 

One pattern used 58-µm tall, 75-µm diameter silicon posts spaced 400 µm apart, as shown in 

Figure 4-6, with an average roughness, Ra, equal to 14 µm. The second pattern used was 20-µm 

tall, 40-µm diameter silicon posts spaced 200 µm apart, with an Ra equal to 0.02 µm. Silicon posts, 

created by using platinum as the masking material during an isotropic silicon etch, were placed a 

distance of 100 µm from pressure openings, as shown in Figure 4-7. By controlling the time of the 

silicon etch, the height of the posts can be controlled. 
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Figure 4-6. (a) Using a stylus profilometer a surface scan was taken, the plot shows the topography of silicon 
posts that are 58 µm in height (b) Using an white light interferometer the surface of the silicon posts was 
imaged. Red corresponds to a height of 58 µm while blue represents a height of 0 µm. (c) SEM micrograph 
showing the surface of an adhesion chip with an array of silicon posts coated with a 22-µm thick cellulose 
acetate membrane made from the DMAC-HI1 lacquer.

(a) (b)

(c)
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4.2.4. Adhesion test chip fabrication

There are two different fabrication processes, one for creating chemically modified surfaces with 

silane coupling agents, and the other for creating mechanically modified surfaces with interlocking 

structures. Fabrication of the chemically modified and mechanically modified substrates are 

separately outlined in Figure 4-8 and Figure 4-9, respectively, and will be discussed in this section. 

These fabrication steps are very similar to those used to fabricate the microdialysis chip; therefore, 

certain fabrication details are excluded. For more fabrication specifics, see Section 3.2.1.1

Both fabrication processes begin by using four-inch diameter, double-polished, <100> oriented, n-

type, 510-µm thick prime wafers with 1 µm of thermally grown silicon dioxide (Silicon Quest 

International, Santa Clara, CA) as the starting substrate. Lithography is used to define either a grid 

hole pattern or platinum microbridges on the front side of the wafer, as shown in Step 1 in both 

Figure 4-8 and Figure 4-9. This area is the location where underside pressure will be applied to the 

Figure 4-7. (a) Schematic showing a top view 
of the fluidic inlet port and microchannels with 
respect to silicon post array. (b) Cross section 
A-A’ from (a) showing the fluidic port, 
platinum microbridges, and silicon posts. (c) 
SEM micrograph showing drawing SEM 
micrograph showing an array of silicon posts 
adjoining a set of microchannels. 
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Silicon post array
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cellulose acetate film. Mechanically modified substrates also have squares patterned alongside this 

location, as shown on the left side of Step 1 in Figure 4-9, which will eventually serve as a mask 

for silicon posts. To test the spanning capability of the lacquer, test microchannels were also 

patterned, as shown on the rightside of Step 1 in both Figure 4-8 and Figure 4-9. 

For adhesion chips with platinum microbridges, deposition and patterning of the platinum are 

performed using lift-off as described in Section 3.2.1.1. Back Side lithography was necessary to 

pattern the area where the inlet port will be etched. This inlet port will apply fluidic pressure to the 

back side of the cellulose acetate. A back side aligner (MA6, Karl Suss, Waterbury Center, VT) 

was used to pattern a thick-film photoresist onto the wafer. The back side oxide layer was then 

patterned using a wet silicon dioxide, as shown in Step 2 in both Figure 4-8 and Figure 4-9.

Deep reactive ion etching (DRIE) (Surface Technology Systems, UK) was used to etch the silicon 

on the wafer back side to create the fluidic inlet port, as shown in Step 3 in both Figure 4-8 and 

Figure 4-9, leaving 30 µm of silicon (i.e., ~490 µm deep). DRIE parameters can be found in 

Section 3.2.1.1. 

Figure 4-8. Fabrication procedure for producing adhesion test chips with a chemically modified surface. 
Patterning of the front side and back side 1 µm-thick silicon dioxide film (Step 1 and 2), followed by a deep 
reactive ion etch on the back side to create the fluidic inlet port (Step 3). Front Side deep reactive ion etch 
produces allows connection between the front side pressure openings and to the back side port (Step4). 
After an oxygen plasma is used to clean the wafer, PDMS is bonded to the back side and cellulose acetate 
lacquer is spin coated onto the front side.
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Mechanically modified surfaces were created by performing a combination of anisotropic and 

isotropic silicon etches on the front side of the wafer, as shown in Step 4 of Figure 4-9. This front 

side etch also provided a connection between the front side pressure openings and back side inlet 

port. To create the 58-µm tall posts with Ra = 14 µm, a 15 min DRIE anisotropic etch followed by 

a 10 min isotropic etch was used. The 20-µm tall posts with Ra = 0.02 µm were created using a 

5 min DRIE anisotropic etch, followed by a 5 min isotropic etch.

Chemically modified surfaces did not have any topography patterned onto the surface. It was 

necessary to connect the back side fluidic port with the front side pressure openings by performing 

a 25 min DRIE and an 8 min isotropic silicon etch on the front side, as shown in step 4 of Figure 4-

8. For wafers with platinum microbridges, this process releases them from the substrate, as 

previously shown in Figure 3-8. 

Wafers were then cleaved into 1 cm x 1 cm sized chips using a diamond scribe. To assist in the 

cleaving, a 200-µm wide boundary around the chips was patterned and etched during the front side 

Figure 4-9. Fabrication procedure for producing adhesion test chips with a mechanically modified surface. 
Patterning of the front side and back side 1 µm-thick silicon dioxide film (Step 1 and 2), followed by a deep 
reactive ion etch on the back side to create the fluidic inlet port (Step 3). Front side isotropic etching produces 
the silicon posts used for mechanical interlocking and also connects the front side pressure openings to the 
back side port (Step4). After an oxygen plasma is used to clean the wafer, PDMS is bonded to the back side 
and cellulose acetate lacquer is spin coated onto the front side.
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silicon etching. This boundary allowed for easier fracturing of the silicon. Chips were dehydrated 

at 100°C in a convection oven to remove any moisture from the surface. The back side silicon 

surface and a PDMS sheet were cleaned and activated in an oxygen plasma chamber (PEIIA, 

Technics RIE) for 10 min and subsequently bonded to each other (Step 5, Figure 4-8 and 4-9). The 

PDMS sheet has a hole punched into it to accommodate fluidic tubing that will apply the back side 

fluidic pressure for the blister tests. The front sides of the substrates were then exposed to an 

oxygen plasma for 10 min, removing organics from the surface and exposing hydroxyl groups. For 

chemically modified surfaces, a silane coupling agent was used to modify the surface, as described 

in Section 4.2.1. 

Five different polymer lacquers (DMAC-LO4, DMAC-HI1, DMAC-MIX1, ACET-HI1, ACET-

HI2) were spin coated onto the substrates at speeds from 1 to 4 kRPM and then immediately placed 

in a deionized water bath. Lacquer compositions can be found in Table 2-3. After 2 h in the bath, 

the substrates were removed from the water and allowed to air dry over 6 h. The film adhesion was 

tested using a scratch pick initially. Subsequently, films were immersed in a deionized water bath 

for 1 to 2 h to observe any delamination from the surface.

4.2.5. Blister test setup 

Adhesion of the polymer to the substrate is quantified by using a blister test setup, shown in 

Figure 4-10. A syringe pump (CMA/102, CMA Microdialysis Inc, North Chelmsford, MA) set to 

10 mL/min provides increasing water pressure to the back of the polymer film. The pump has an 

RS-232 connection allowing it to be plugged into a computer’s serial port. This allows the pump 

to be controlled as well as providing flowrate and fluid volume output. 

The chip is mounted onto a custom-made sample holder, which has four support legs about 1-inch 

in height. This setup allows fluidic tubing to be connected to the back side of a chip, as shown in 

Figure 4-10. Two different pressure transducers were used to measure the inline pressure on the 

tubing leading into the microdialysis chip. One pressure transducer (163PC, Honeywell, 

Morristown, NJ) was for lower pressures reaching a maximum pressure rating of 11.77 kPa, with 

a sensitivity of 3.67 V/kPA. The other pressure transducer (MPX2050, Freescale Semiconductor, 

Austin, TX) was for higher pressures reaching a maximum pressure rating of 50kPa, with a 

sensitivity of 0.80 mV/kPa. The sensors were calibrated by using a static fluid column as a standard 
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pressure source. By varying the height of the fluid in the column, different hydrostatic pressures 

were attained. Using a measuring tape, the height of the fluid column was measured, while the 

output of the sensor was recorded. A calibration curve is shown in Figure 4-11. 

A probe station (PM 5, Karl Suss) was used as the base setup for a microscope (Zoom 70, Thales-

Optem, Fairport, NY, with an objective of 10X) and a camera (TMC-7N, Pulnix, San Jose, CA) 

attached to the top end of the microscope. The output of the camera was ported through a VCR and 

then connected to a framegrabber (FlashBus MV Lite, Integral Technologies, Indianapolis, IN) 
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Figure 4-10. Blister test setup for adhesion measurements. Syringe pump was the pressure source for a buffer 
solution, which was connected directly to the back side of an adhesion chip. A pressure sensor provided a way to 
measure the critical pressure point, while the microscope was used for visualizing any leaks.

Syringe Pump

Chip

Pressure Sensor
T-connector

Figure 4-11. (Top) Calibration curve for Honeywell pressure 
sensor. Governing equation between voltage and pressure is 
listed on graph. (Right) Setup used to generate calibration 
curve. A varying height water column provides different 
hydrostatic pressures.
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installed on a computer (Intel Pentium III, Intel Corp., Santa Clara, CA). The camera was used to 

gauge the film delamination and fluid leaks.

The computer was running LabVIEW software (National Instruments, Austin, TX), along with a 

data acquisition card (PCI-6023E, National Instruments). These were used to sample the pressure 

transducers over a certain time period. Since Microsoft Windows is not a real-time operating 

system, the LabVIEW code takes approximately 30 ms to complete one sample acquisition. Due 

to this constraint the sampling rate needed to be set higher than 30 ms; therefore, a sampling period 

of 100 ms was used in the acquisition software.

Leak testing of the adhesion test setup was performed using adhesion chips coated with SU-8 

epoxy film. SU-8 25 was spin coated at 2 kRPM to form a 17-µm thick film that covered the 

pressure openings. After softbaking the chip at 100°C, a hard, impervious film was formed.

4.2.6. Adhesion chip and setup preparation

In order to avoid any trapped air bubbles, deionized water was pumped into all of the tubing that 

connected the syringe pump, pressure sensor, and T-connector. The tubing that connects to the 

sample chip was open to the atmosphere, as the syringe pump was flushed at 20 µL/min. After a 

visual inspection determined that no bubbles were in the fluidic tubing, the tubing was connected 

to the back side of the adhesion chip. A schematic of the chip setup for the adhesion measurements 

is shown in Figure 4-12. 

Figure 4-12. (Left) Schematic of chip setup for adhesion experiments. (Right) Photograph showing a adhesion 
test chip with cellulose acetate film delaminated.

Polymer film
Microchannel

Silicon spikes

PDMS

Backside holeSilicon

Fluidic Tubing

PDMS

Adhesion Chip

Back Side fluidic tubing



Cellulose acetate membrane spanning and adhesion properties

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

119

A 4-mm thick PDMS layer, with a 1/16” circular hole punch, is bonded to the back side of the 1 cm 

x 1 cm chip by first activating the surface with an oxygen plasma set to 100 W for 15 s. Fabrication 

of PDMS sheets is described in Chapter 3. The back side hole is approximately 1.5 mm in width. 

In every experiment, a constant volumetric flow rate of 10 µL/min was used to test film adhesion. 

As the volume underneath the film fills up with fluid, the pressure reading from the sensor is 

monitored to determine the point of debonding and leak formation. Pressure is recorded as a 

function of time. Also, the surface of the film is recorded using video camera to observe any leaks 

or cracks in the film.

4.3. Results and discussion

4.3.1. Chemically modified surfaces

Of all the silane coupling agents, OTS provided the best adhesion of cellulose acetate membranes 

to a silicon substrate, as shown in Table 4-1 and Table 4-2. APTES- and GOPTS-treated surfaces 

caused the cellulose acetate to delaminate from the surface, as shown in Figure 4-13. This 

delamination occurred either when the adhesion chip was exposed to water or when the polymer 

dried and began to peel from the substrate. The reason for this phenomenon can be explained by 

the intrinsic hydrophilic properties of APTES and of the modified GOPTS after high pH exposure 

(this process creates β-hydroxyl groups). A hydrophilic surface allowed water to interfere with the 

cellulose acetate-silicon interface, disrupting any weak bonds that were formed due to van der 

Waals forces. 

Cellulose Acetate Film

PDMS

Chip

Figure 4-13. Photograph of Chip APTES1 
showing delamination of the cellulose acetate 
from the chip’s surface. Delamination was 
observed for all chips coated with APTES.
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All OTS-treated surfaces provided critical pressure points greater than 50 kPa, the maximum 

pressure reading sustainable by the pressure sensor used during experimentation. There were no 

observable leaks from the microscope/camera system that was focused onto the region of the 

pressure openings. The OTS surface has organic compounds that contribute to a relatively low 

surface energy, difficult-to-wet surface. Due to this hydrophobicity, it was critical to spin coat the 

film quickly and immediately precipitate the polymer; otherwise, surface tension causes the 

polymer to ball up onto the center of the substrate, as shown in Figure 4-14. A spin cycle of only 

6 s was used, since longer times caused the complete removal of the lacquer from the chip’s surface 

due to problems of surface wetting. This hydrophobic surface also caused problems for low spin 

coat speeds, as the polymer film would accumulate on the boundaries of the adhesion chip, causing 

Adhesion chips Chip type Critical pressure point

Chip OTS1
OTS, DMAC-HI1, 1 kRPM

400 circular holes, 
silicon dioxide surface

>50 kPa

Chip OTS2
OTS, DMAC-HI1, 1 kRPM

9 circular holes, 
silicon dioxide surface

>50 kPa

Chip OTS3
OTS, DMAC-HI1, 1 kRPM

9 circular holes, 
platinum surface

>50 kPa

Chip OTS4
OTS, DMAC-HI1, 4 kRPM

400 circular holes, 
silicon dioxide surface

>50 kPa

Chip OTS5
OTS, DMAC-Mix1, 2 kRPM

400 circular holes, 
silicon dioxide surface

>50 kPa

Chip OTS6
OTS, DMAC-Mix1, 4 kRPM

400 circular holes, 
silicon dioxide surface

>50 kPa

Chip OTS7
OTS, DMAC-Mix1, 4 kRPM

Microchannels with 
platinum microbridges

>50 kPa

Chip OTS8
OTS, DMAC-LO4, 2 kRPM

400 circular holes, 
silicon dioxide surface

3.53 kPa

Chip OTS9
OTS, DMAC-LO4, 4 kRPM

400 circular holes, 
silicon dioxide surface

1.45 kPa

Chip OTS10
OTS, DMAC-MIX1, 4 kRPM

Microchannels with 
platinum microbridges

>50 kPa

Chip OTS11
OTS, DMAC-MIX1, 2 kRPM

Microchannels with 
platinum microbridges

>50 kPa

Table 4-1. Set of adhesion chips coated with OTS silane (Chips OTS1 - OTS11).
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an edge bead. The advantage of a hydrophobic surface is that water does not disturb the cellulose 

acetate-silicon interface, allowing for adsorption and interdiffusion mechanisms of adhesion.

All lacquers, except lacquer DMAC-LO4, adhered to OTS-treated substrates. DMAC-LO4 is made 

with low molecular weight cellulose acetate. This lacquer did not provide sufficient adhesion, as 

these membranes tended to become brittle and lose mechanical integrity. High molecular weight 

cellulose acetate allowed for more interdiffusion and intermingling between the longer polymer 

chains and the 18-carbon self-assembled monolayer created by the OTS. 

Adhesion chips Chip type Critical pressure point

Chip APTES1
APTES, DMAC-Mix1, 4 kRPM

400 circular holes, 
silicon dioxide surface

Delaminated

Chip APTES2
APTES, DMAC-HI1, 4 kRPM

9 circular holes, 
platinum surface

Delaminated

Chip APTES3
APTES, DMAC-HI1, 1 kRPM

9 circular holes, silicon 
dioxide surface

Delaminated

Chip GOPTS1
GOPTS, DMAC-MIX1, 4 kRPM

400 circular holes, 
silicon dioxide surface

Delaminated

Chip GOPTS2
GOPTS, DMAC-HI1, 4 kRPM

9 circular holes, silicon 
dioxide surface

Delaminated

Chip GOPTS3
GOPTS, DMAC-HI1, 1 kRPM

9 circular holes, 
platinum surface

Delaminated

Table 4-2. Set of adhesion chips that include APTES-treated (Chips APTES1-APTES3) and 
GOPTS-treated (Chips GOPTS1-GOPTS3). 

Figure 4-14. Two SEM micrographs showing the effect of the hydrophobic OTS-treated surface on the cellulose 
acetate lacquer. Wetting of the surface was difficult, causing the lacquer to form a ball on the substrate due to 
surface tension forces. This problem was avoided by spin coating the problem for a short period and immediately 
precipitating the polymer.
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No difference was observed among the different adhesion chips with varying pressure opening 

designs. Both large and small numbers of circular holes, as well as silicon dioxide and platinum 

surfaces, provided greater than 50 kPa critical pressure values. In addition, no difference was 

observed among different thickness films based on controlling the spin speed. 

After coating a thin cellulose acetate film over platinum microbridges, as was done for Chip OTS7, 

the film was held on one end by a sharp pair of tweezers and pulled back in order to qualitatively 

test adhesion. This delamination causes the platinum microbridges to break from the microchannel 

and adhere to the cellulose acetate. SEM imaging of the cellulose acetate in Figure 4-15 shows 

platinum microbridges that have been broken off from the microchannels. As can be seen from the 

picture, the cellulose not only spans across the gaps between the microbridges but forms a strong 

bond by wrapping around them.

4.3.2. Mechanically modified surfaces

Mechanically modified surfaces did not provide sufficient adhesion, as shown by the results in 

Table 4-3. Although films appeared well-adhered, upon further inspection with SEM, it was 

determined that the cellulose acetate film was held solely by the tops of the silicon posts; there was 

Figure 4-15. SEM micrograph from Chip OTS7 showing the bottom side of a cellulose acetate film 
peeled from the chip’s surface. The platinum microbridges that span the silicon microchannels are ripped 
from the chip and adhere to the film as shown.

Pt microbridges
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little contact with the remaining substrate, as shown in the top of Figure 4-16. The large topography 

of the 58 µm-tall spikes (Ra = 14 µm) caused difficulties when spin coating thin films, as is the case 

for spin speeds above 2 kRPM. Silicon posts seemed to act as stress concentration points for very 

thin cellulose acetate films, causing the film to break into numerous sections, as shown in the 

middle of Figure 4-16. Low spin speeds allowed thicker films to be created, minimizing the effect 

of stress concentration sites from the silicon posts, as shown in the bottom of Figure 4-16. The best 

adhesion from the set of mechanically modified surfaces was provided by surfaces with Ra = 

0.02 µm, with the highest critical pressure point of 1.15 kPa coming from Chip Mech3. This 

particular chip used polymer lacquer with only high molecular weight cellulose acetate and was 

spin coated at the lowest spin speed of 1 kRPM, which created a 286 µm-thick film. Time-based 

pressure data from the blister test are shown in Figure 4-17. This plot shows a comparison of an 

OTS-treated surface (Chip OTS1) with mechanically modified surfaces of different average 

roughness values (Chip Mech3, Ra = 0.02 µm and Chip Mech1, Ra = 14 µm). With the OTS-treated 

surface, pressure increases linearly with time, indicating that the film did not delaminate or leak 

from the surface. Chip Mech3 shows pressure increasing at the same rate as Chip OTS1, yet begins 

to lose built-up pressure after a few seconds and reaches a plateau that signifies the film has 

Adhesion chips Chip type Critical pressure point

Chip Mech1
Ra=14 µm, DMAC-HI1, 1 kRPM

400 circular holes, 
silicon dioxide surface

0.42 kPa

Chip Mech2
Ra=14 µm, DMAC-MIX1, 2 kRPM

9 circular holes, silicon 
dioxide surface

0.31 kPa

Chip Mech3
Ra=0.02 µm, DMAC-HI1, 1 kRPM

400 circular holes, 
silicon dioxide surface

1.15 kPa

Chip Mech4
Ra=0.02 µm, DMAC-MIX1, 2 kRPM

9 circular holes, silicon 
dioxide surface

0.95 kPa

Chip Acet1
OTS, ACET-HI1, 1 kRPM

400 circular holes, 
silicon dioxide surface

0.90 kPa

Chip Acet2
OTS ACET-HI2, 1 kRPM

400 circular holes, 
silicon dioxide surface

1.23 kPa

Chip Acet3
OTS, ACET-HI1, 1 kRPM

9 circular holes, silicon 
dioxide surface

1.24 kPa

Table 4-3. Set of adhesion chips that include mechanically modified surfaces (Chips Mech1-
Mech4), and OTS surfaces coated with lacquers composed of acetone (Chips Acet1-Acet3).
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Figure 4-16. (Top) SEM micrograph showing cellulose acetate membrane coated over 58 µm-tall silicon post 
(Ra = 14 µm). As can be seen from this cross section, the film is help solely by the silicon posts and is suspended 
above the substrate. DMAC-HI1 spin coated at 2 kRPM (Middle) SEM micrograph showing cracking of 
cellulose acetate film deposited over 20 µm-tall silicon posts (Ra = 0.02 µm). DMAC-HI1 spin coated at 4 
kRPM. (Bottom) SEM micrograph showing Chip Mech4 after coating (DMAC-MIX1 at 2 kRPM). The thicker 
cellulose acetate film minimized the cracking and peeling problems.
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delaminated. A similar outcome occurs to Chip Mech1, with the film immediately delaminating 

upon application of back side pressure.

4.3.3. Solvent affect on adhesion

Polymer lacquers that used acetone as the solvent (ACET-HI1 and ACET-HI2) were explored as 

an alternative to lacquers that used dimethylacetamide as the solvent (DMAC-HI1, DMAC-MIX1, 

DMAC-LO4). As discussed in Chapter 2, cellulose acetate lacquers that used acetone showed a 

considerable amount of surface porosity, yet delaminated due to the large residual stress caused by 

Figure 4-17. Results from blister test that compares chemically modified surface treated with OTS (Chip 
OTS1) and mechanically modified surfaces of Ra = 0.02 µm and Ra = 14 µm (Chips Mech3 and Mech1, 
respectively). As pressure is increased at 10 µL/min using a syringe pump, the OTS-treated surface 
shows superior performance when compared to the two mechanically modified surfaces.

0

2

4

6

8

10

0 5 10 15 20 25 30 35
Time (s)

Pr
es

su
re

 (k
Pa

)
Chip OTS1
Chip Mech3 (Ra=0.02um)
Chip Mech1 (Ra=14um)

-0.2

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50

Time (s)

Pr
es

su
re

 (k
Pa

)

Figure 4-18. Results from performing a blister test on Chip Acet1, which used lacquer ACET-HI1 at 
1 kRPM. The two peaks in the plot could represent the cellulose acetate film delaminating from the surface 
as pressure is increased 
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evaporation of the solvent. This phenomenon was shown to be dependent on the thickness of the 

cast cellulose acetate film, as thicker films provide more material for residual stress relaxation and 

likelihood of delamination. Chips Acet1, Acet2, and Acet3 were coated with lacquers ACET-HI1 

and ACET-HI2 at a low spin speed of 1 kRPM. The blister test results from Chip Acet1 (ACET-

HI1 at 1 kRPM) are shown in Figure 4-18. As fluid enters the backside of the adhesion chip, two 

sharp pressure peaks are sensed by the pressure sensor, yet the pressure does not steadily increase 

with time. The pressure peaks probably represent certain locations on the cellulose acetate film 

delaminating from the substrate. It was observed through the microscope/camera that the film was 

leaking after 15 seconds of application of starting the blister test, as shown in Figure 4-19.

4.4. Membrane spanning and polymer characterization
Spanning of cellulose acetate membranes over cavities was previously demonstrated by Russo et 

al., yet little theory was provided for explaining the phenomenon [Russo 02, Russo 04]. Thin 

silicon nitride windows with etched openings were used to support a porous cellulose acetate 

membrane created using immersion precipitation techniques, with a molecular weight cut-off of 

350 Da. Similarly, in this thesis a cellulose acetate lacquer is spanned over etched silicon trenches 

that contain platinum microbridges, creating the roof for fluidic microchannels, as shown in 

Chapter 3 (for the fabrication of the microdialysis chip) as well in Chapter 4 (for the fabrication of 

adhesion test chips). Spanning the cellulose acetate casting solution across these silicon trenches 

is dictated mainly by the physical properties of the cellulose acetate and the substrate surface, as 

will be derived in the following section. 

Figure 4-19. Photographs of Chip Acet1 before the blister test is initiated (left) and after 15 seconds of 
starting the blister test (right). The shading on the right photograph is water that delaminated the film.
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4.4.1. Governing theory

A fluid’s wetting characteristics are largely responsible for its ability to penetrate or span a void 

[Deutsch 79]. The governing equation for this phenomenon is similar to capillary flow in a porous 

material, in that gravitational and non-continuum effects are negligible. Capillary flow is a surface 

tension-driven flow, and, for an open-ended capillary opening, as shown in Figure 4-20, it can be 

represented by:

(4-1)

where µ is the dynamic viscosity of the liquid, r is the radial coordinate, u is the axial velocity, and 

the term on the right is the applied pressure gradient, ∆P, over the depth of the penetrating fluid, z. 

The solution to this partial differential equation is given by Poiseuille flow with:

(4-2)

where R is the characteristic flow dimension (for a tube, the radius is used). As can be seen, the 

flow velocity is dependent on the radial position.

Volumetric flow rate for Poiseuille flow can be shown to be 

(4-3)

For a constant area tube, mass flow rate can also be written as 
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l
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Figure 4-20. Schematic showing a lacquer penetrating a distance z into an open-ended cavity of diameter 2R 
and length l.
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(4-4)

Equation 4-4 can be equated to Equation 4-3 to arrive at:

(4-5)

The driving force for capillary action, which is a function of the surface tension of the liquid-gas 

interface, the contact angle, and the size of the opening is given by:

(4-6)

where γ is the surface tension of the liquid and θ is the contact angle that the liquid makes with the 

capillary tube wall, as illustrated in Figure 4-20. Dividing this force over a given area provides the 

capillary pressure:

(4-7)

Equation 4-7 can be substituted into Equation 4-5 to arrive at:

(4-8)

Integrating by using the lower limit of z = 0 at t = 0, the penetration time at for a given penetration 

length z = l is given by:

(4-9)

Equation 4-9 is the Washburn equation and is valid for continuum fluid mechanics where the 

minimum defect dimension is much larger than the intermolecular distance of the liquid [Deutsch 

79]. In addition, since gravitational effects are negligible, the rate of penetration is independent of 

the orientation of the defect.

If the gravity force caused by the film weight above the opening is acting in the same direction as 

capillary flow, it can be defined as:

(4-10)
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where ρ is the density of the lacquer and g is the acceleration due to gravity equal to 9.8 m2/s. The 

gravitational force is dependent on the volume of lacquer directly above the opening, which is 

given by zπR2. If gravity alone is used to penetrate an opening, the penetration time is:

(4-11)

As can be seen from this equation, when the density of the lacquer decreases, it takes a longer time 

for the lacquer to penetrate an opening. In addition, the 1/R2 dependence of the gravity term means 

that, as the size of the opening is larger, it takes a shorter amount of time for the lacquer to penetrate 

the opening. 

For a non-circular cross section, Cartesian coordinates can be used for Equation 4-1. Given an 

opening with an elliptical shape that has width a and length b, neglecting gravitational forces, it 

can be shown that the penetration time is:

(4-12)

When openings are close-ended, as shown in Figure 4-21, the trapped air will reduce the effective 

pressure gradient, thus reducing flow rate and increasing penetration time. Deutsch showed that the 

governing equation for penetrating liquid with a close-ended opening is written as [Deutsch 79]:

(4-13)
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Figure 4-21. Schematic showing a lacquer penetrating a distance z into an close-ended cavity of diameter 2R 
and length l.
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where Po is the atmospheric pressure and P1 is the pressure of the trapped air (which was initially 

atmospheric). This equation takes into account capillary forces as well as the resistive force from 

entrapped air. The solution for Equation 4-13 can be shown to be:

(4-14)

From Equation 4-14, it is determined that flow will cease when:

(4-15)

4.4.2. Spin coat cavity test

In order to experimentally determine the opening size permitting polymer spanning, a series of 

varying cavity widths and length were fabricated in silicon as shown in Figure 4-22. Using a silicon 

dioxide as a masking material, cavities were etched to 100 µm of depth. Four different lacquers 

were used (DMAC-HI1, DMAC-MIX1, DMAC-LO1, and DMAC-LO4) and spin coated at 

various spin speeds from 1-4 kRPM. 

The thinner the lacquer spin coated onto the cavity test chip, the greater the problems with spanning 

the film across the cavity. As was discussed in Chapter 2, the fabrication process for porous 

cellulose acetate membranes creates a considerable amount of residual stress due to precipitation 

of the polymer [Vaessen 02]. It was noted that longer channels caused the membrane to break off 
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Figure 4-22. SEM micrographs showing coated cavity openings of varying width and length. Lacquer DMAC-
MIX1 was spin coated at 4 kRPM over the substrate. Cavities that are 100-µm wide and varying length are 
shown on the left, while cavities of 50-µm wide and varying length are shown on the right.
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from one edge of the cavity and shrink, as shown at the left in Figure 4-23. In this micrograph, 50-

µm wide cavities were fabricated alongside each other with lengths of 25, 50, 75, 100, 200, and 

500 µm. The cavities with 25, 50, and 75 µm-lengths did not show any significant tears or film 

shrinkage, while cavities with lengths greater than 100 µm demonstrated spanning problems. 

It was necessary to fabricate a series of platinum microbridges that spanned the top of the cavities, 

in order to provide more structural support to the cellulose acetate membrane. The right 

micrograph in Figure 4-23 shows a coated substrate (lacquer DMAC-MIX1 at 2 kRPM) with a 50-

µm wide cavity that was 1000 µm in length. A series of 5-µm wide, 50-µm spacing platinum 

microbridges are visible through the membrane, providing adhesion points that allow the highly 

stressed membrane to span the entire length of the cavity. Small tears are visible on the surface of 

the cellulose acetate; therefore, a closer spacing between the microbridges is used, as shown in 

Figure 4-24. As was seen in Figure 4-15, the cellulose acetate slightly penetrates into the 

microchannel, undercoating the platinum microbridges. This undercoating allows for better 

adhesion of the cellulose acetate to the substrate, as the membrane undergoes residual stresses from 

the immersion precipitation process. It was critical that the platinum microbridges be as flat as 

possible in order to avoid any surface incongruities on the substrate that might hinder the spanning 

of the polymer. This problem was apparent when very thin cellulose acetate films were spin coated 

(>3 kRPM), as shown in the left micrograph of Figure 4-25. The polymer spanning capability was 

shown to be very dependent on environmental conditions. Any moisture that condensed onto the 

Longer channels

Microbridges

Film tears

Figure 4-23. SEM micrographs showing residual film stress in cellulose acetate spanned films. (Left) SEM 
micrograph showing the effect on the cellulose acetate film when creating longer channels. DMAC-HI1 spin 
coated at 3 kRPM. (right) SEM micrograph showing a coated microchannel with supporting platinum 
microbridges and film tears marked. DMAC-MIX1 spin coated at 2 kRPM
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substrate surface drastically affects the contact angle that the lacquer makes with the substrate. 

Contaminants on the surface, such as organics or by-products from any semiconductor processes, 

affect whether the silane coupling forms a continuous self-assembled monolayer on the substrate. 

As can be seen in the right micrograph of Figure 4-25, penetration of the cellulose acetate occurred 

in certain instances when environmental and process conditions were not carefully controlled. 

4.4.3. Cellulose acetate lacquer and OTS-treated substrate properties

In order to theoretically determine, using Equation 4-12, whether cellulose acetate will span a 

cavity, physical properties for the cellulose acetate lacquer and substrate surface need to be 

determined. These properties, which include surface tension, viscosity, and contact angle, are 

characterized to determine the spanning capability of a specific polymer lacquer.

Figure 4-24. SEM micrographs showing substrate coated with lacquer DMAC-MIX1 at 2 kRPM. Platinum 
microbridges of 5 µm-width, 5 µm-spacing were used to provide structural support to phase separated cellulose 
acetate membranes

Figure 4-24. SEM micrographs showing substrate coated with lacquer DMAC-MIX1 at 2 kRPM. Platinum 
microbridges of 5 µm-width, 5 µm-spacing were used to provide structural support to phase separated cellulose 
acetate membranes

Figure 4-25. (Left) SEM micrograph showing coating problems with platinum microbridges that buckle and 
thin cellulose acetate membranes (DMAC-LO1 at 2 kRPM). (b) SEM micrograph showing problems with 
cellulose acetate penetrating into a set of microchannels (DMAC-MIX1 at 4 kRPM). 
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4.4.3.1. Viscosity

Viscosity, the resistance to flow, is the probably the most important characteristic of film coatings. 

A high viscosity liquid requires a considerable force to produce a change in shape. 

Viscometric properties of aqueous polymer solutions were determined using a cone and plate 

viscometer (Brookfield cone and plate viscometer model LVDVII+). 1.0 mL of solution is added 

to the sample cup then raised to the rotary system, allowing a small clearance between the cone and 

the plate. The cone can be rotated at any desired number of revolutions per minute, and the torque 

is measured. The angle of the cone is designed to make the shear rate, which is proportional to the 

rotation speed and to shear stresses from the shaft torque, constant throughout the sample. The 

viscometer provides an LCD display showing the shear stress, shear rate, torque reading, and 

viscosity measurement. Temperature is controlled by passing temperature-controlled water 

through the plate. Since the cellulose acetate lacquer is solvent-based, measurements must be 

quickly done to avoid evaporation. Viscosities are measured at two rotational speeds to improve 

the accuracy of the measurement and to observe whether viscosity is dependent on shear rate.

Table 4-4 shows the measured viscosity of four different lacquers (DMAC-HI1, DMAC-MIX1, 

DMAC-LO1, DMAC-LO4) that are commonly used for creating spanned cellulose acetate 

membranes. As can be seen from the table, lacquers that have high molecular weight cellulose 

acetate create a very viscous lacquer, with DMAC-HI1 and DMAC-MIX1 showing a viscosity 

greater than 1000 centipoise. Lacquers made with strictly low molecular weight cellulose acetate, 

DMAC-LO1 and DMAC-LO4, show low viscosity values.

Polymer lacquer Measured viscosity

DMAC-MIX1 1478.0 +/- 100.0 centipoise (@ 0.3 RPM)
1523.0 +/- 200.0 centipoise (@ 0.2 RPM)

DMAC-HI1 3320 +/- 100.0 centipoise (@ 0.3 RPM)
3405 +/- 200.0 centipoise (@ 0.2 RPM)

DMAC-LO1 68.8 +/- 1.0 centipoise (@ 6 RPM)
64.2 +/- 2.0 centipoise (@ 3 RPM)

DMAC-LO4 95.2 +/- 1.2 centipoise (@ 5 RPM)
93.1 +/- 2.4 centipoise (@ 2.5RPM)

Table 4-4. Viscosities for various polymer lacquers made with dimethylacetamide.



Cellulose acetate membrane spanning and adhesion properties

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

134

The viscosity of a polymer solution will usually increase with the solvating power of the solvent at 

a given concentration, because this allows the polymer to stretch out further and to become 

entangled with other polymer molecules more easily. A poorer solvent forces the polymer to 

become more compact and to occupy a smaller volume, resulting in a lower viscosity. 

4.4.3.2. Contact angle

Contact angle (θ) is defined as the angle (measured in the liquid) that is formed at the junction of 

three phases -- solid, liquid, and gas as shown in Figure 4-26. Contact angles are used to quantify 

the wetting characteristics of a liquid and substrate. When a drop is placed on a surface that is 

smooth, planar, and level, the liquid either spreads out to a thin surface film, or forms a sessile 

droplet with a finite angle of contact. The magnitude of this angle depends on the force of attraction 

between the solid and the liquid and the surface tension of the liquid. Liquids wet surfaces when 

the contact angle is less than 90°. Surfaces can be classified as either low or high energy. Low 

energy surfaces, such as polymers, have low surface free energies, thus requiring more energy to 

wet the materials. Higher energy surfaces, such as metals, have surface free energies typically 

greater than 500 mJ/m2, and require less work to wet and form a film coating. 

Although one may assume that a contact angle of 0° is essential for the formation of a strong bond, 

this is just the requisite for wetting. Spreading a material onto a surface is not a requisite for good 

adhesion on thermodynamic grounds, yet it is desirable for maximizing contact area and 

Figure 4-26. (Left) Schematic drawing depicting a droplet of liquid on a substrate and the corresponding 
surface tensions and contact angle. (Right) Photograph from a goniometer showing the contact angle of 
lacquer DMAC-HI1 with a substrate treated with OTS silane coupling agent.
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minimizing interfacial flaws and defects. For a liquid to span cavities and openings, the contact 

angle should be as large as possible, in order to prevent penetration of the lacquer into the 

microchannel.

A Rame-Hart contact angle goniometer is used to measure the maximum reproducible contact 

angle of four different lacquers, as shown in Table 4-5. A small pipette is used to place small 

droplets on the surface of the substrate, while a camera system is used to record the contact angle 

of the liquid. Automated software determines the location of the droplet boundaries and calculates 

the contact angle. Measurements are taken on a freshly formed drop; adding additional lacquer to 

the drop allows for a series of 6-7 readings before the droplet breaks down. The maximum 

equilibrium contact angle is used as the default contact angle between the lacquer and the substrate. 

The original contact angle of the silicon substrates with 1-µm thick silicon dioxide is 25° +/- 1°.

Substrates were treated with OTS and dehydrated for 10 min in a 100°C oven before measurements 

were made. All four lacquers produced contact angles between 50.2° and 61.5°. When water 

instead used on the surface instead, the contact angle was 110°, showing the hydrophobic 

characteristics of the silane.

4.4.3.3. Surface tension

Surface tension is the mutually attractive force that operates on a surface and acts perpendicular 

and inward from the boundaries of the surface, tending to decrease the area of interface. Surface 

tension is a property of the two phases that form an interface; in contrast, a contact angle requires 

three phases for its characterization. Every liquid has a specific surface tension value. Liquids with 

high surface tensions such as water (73 dynes/cm) demonstrate a high intramolecular attraction and 

have a strong tendency to bead up. Liquids with low values, such as acetone, have a low 

intramolecular attraction and a weak tendency to bead up. 

Polymer lacquer Measured contact angle 
on OTS-treated substrate

DMAC-MIX1 61.5° +/- 1.0° 

DMAC-HI1 54.0° +/- 1.0° 

DMAC-LO1 50.2° +/- 1.0° 

DMAC-LO4 55.1° +/- 1.0° 

Table 4-5. Contact angles for various lacquers on an OTS-treated substrate.
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A Du Nouy ring method was used to measure the surface tension of four polymer lacquers 

(DMAC-HI1, DMAC-MIX1, DMAC-LO1, DMAC-LO4). The method uses a platinum ring of 

precisely known dimensions, which is suspended from a counter-balanced lever arm. The arm is 

held by torsion applied to a wire. As the ring is dipped into the lacquer and then raised, it carries a 

film of the lacquer.

The work of adhesion, Wa, is the thermodynamic work necessary to separate the liquid from the 

solid without performing any viscous or elastic deformation of either the solid or the liquid. The 

Young-Dupre equation defines the work of adhesion as the following:

(4-16)

where γlv is the surface tension of the liquid in equilibrium with the vapor and θ is the contact angle 

between the liquid and substrate. Table 4-6 shows the work of adhesion values calculated for the 

four cellulose acetate lacquers. Intuitively, to form a high adhesion strength, Wa should be as large 

as possible. Yet the work of adhesion takes into account only the macro scale properties of surface 

tension and contact angle, not the intermolecular forces occurring between the liquid and solid. For 

example, although cellulose acetate can easily spread across a surface with hydroxyl end groups, 

such as a bare silicon dioxide surface, the polymer can be easily delaminated due to high moisture 

conditions. Water molecules couple to the hydroxyl end groups on the surface, displacing the 

polymer film.

4.4.4. Theoretical calculation of penetration time

Using the viscosity, surface tension, and contact angle values from the previous sections, a 

theoretical penetration time can be determined. This time is used to judge the spanning capability 

of four different lacquers (DMAC-HI1, DMAC-MIX1, DMAC-LO1, DMAC-LO4). The larger the 

Polymer lacquer Measured surface tension Work of adhesion

DMAC-MIX1 44.9 +/- 1.4 dynes/cm 66.3 dynes/cm

DMAC-HI1 48.6 +/- 1.0 dynes/cm 61.3 dynes/cm

DMAC-LO1 39.8 +/- 0.8 dynes/cm 65.3 dynes/cm

DMAC-LO4 40.3 +/- 0.2 dynes/cm 63.4 dynes/cm

Table 4-6. Surface tension values for various polymer lacquers. Work of adhesion calculated 
using Equation 4-16 and contact angle values from Table 4-5.

Wa γlv 1 θcos+( )=
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penetration time, the longer it takes for the polymer lacquer to enter the microchannel cavity. 

Table 4-7.lists parameters used in determining the penetration time for an elliptical-shaped 

opening of width 5 µm and length 80 µm. This opening size is representative of the spacing 

between the platinum microbridges, which are located 5 µm apart and are 80 µm in width. A 

penetration depth of 10 µm is used as an arbitrary value. Using polymer lacquer values for 

viscosity, contact angle, and surface tension from Table 4-4, Table 4-5, and Table 4-6, 

respectively, the penetration time is calculated according to Equation 4-12, as summarized in 

Table 4-8. The lower molecular weight lacquers show a smaller penetration time. This is controlled 

mainly by the lower viscosity, since only the surface tension and contact angle measurements were 

relatively similar between high and low molecular weight cellulose acetate. The millisecond times 

shown in Table 4-8 are representative of the strong capillary forces that can wick the polymer 

lacquer into a cavity opening.

Using Equation 4-11, the penetration time can be calculated if gravity is the sole acting force on 

the spanning lacquer, thus excluding capillary forces. Using the density of the lacquer (1.06 g/mL), 

a viscosity for DMAC-MIX1, penetration depth of 10 µm, and a cavity opening with radius of 

Parameters Value

Opening width, a 5 µm

Opening length, b 80 µm

Atmospheric pressure, Po 1.013 x 106 dynes/cm2

Penetration depth, l 10 µm

Density of lacquer, ρ 1.06 g/mL

Table 4-7. Parameters used to determine penetration time.

Polymer lacquer Penetration time according to 
Equation 4-12

DMAC-MIX1 2.63 x 10-3 s

DMAC-HI1 4.43 x 10-3 s

DMAC-LO1 1.02 x 10-4 s

DMAC-LO4 1.56 x 10-4 s

Table 4-8. Penetration time for various polymer lacquers using Eqs. 4-12 and 
4-16.
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80 µm, it would take 1.8 s for gravity to pull the lacquer into an opening. This time is clearly larger 

than the times calculated in Table 4-8 for capillary forces acting on the lacquer.

Equation 4-15 is used to calculate the z/l ratio (lacquer penetration depth to total cavity depth), 

when the lacquer will stop filling into the opening due to entrapped air. Assuming a circular 

opening of radius equal to 80 µm, and surface tension and contact angle values for DMAC-MIX1 

as shown in Table 4-9, the ratio is calculated to be 0.63%. This means that the lacquer will not 

penetrate 98.37% of depth of the cavity due to back pressure from entrapped air. Since this 

equation is independent of viscosity, the spanning capability of lacquers is observed for all 

cellulose acetate lacquers.

4.4.5. Cellulose acetate membrane physical properties

4.4.5.1. Young’s modulus

Using an indentor (TriboIndenter, Hysitron Inc., Minneapolis, MN), the Young’s modulus of 

various cellulose acetate films was characterized. A hard probe is forced with a known load into a 

material, and the resulting depth of the impression is measured. In-situ scanning probe microscopy 

(SPM) imaging of the sample surface is done using the same tip that is used for mechanical 

property testing. The surface microscopy provides pre- and post-test observation of the material 

surface. The load-displacement (P-h) curve enables evaluation of the Young's modulus. Using 

three different force applications (250, 750, 1000 µN), the Young’s modulus was measured for the 

four polymer lacquers (DMAC-HI1, DMAC-MIX1, DMAC-LO1, DMAC-LO4), as shown in 

Table 4-10.

As can be seen, higher molecular weight lacquers, DMAC-HI1 and DMAC-MIX1, have a much 

higher Young’s modulus. As discussed in Section 4.1.3.1, higher molecular weight polymers have 

Parameters Value

Radius, R 80 µm

Atmospheric pressure, Po 1.013 x 1010 dynes/m2

Viscosity, µ 1523.0 centipoise 

Contact angle, θ 55 degrees

Surface tension, γ 4.49 x 103 dynes/m

Table 4-9. Parameters used to calculate z/l ratio.



Cellulose acetate membrane spanning and adhesion properties

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

139

a better toughness and tensile strength than lower molecular weight polymers. Longer chains in the 

polymer allow craze and yield zones to form, which restrict deformation of the polymer.

4.4.5.2. Residual film stress

Unfortunately, phase-separated polymer films undergo a considerable amount of stress as a liquid 

solution is transformed into a viscoelastic solid. As these films precipitate, large volume changes 

occur due to solvent removal. This residual stress is evident when cellulose acetate membranes are 

spanned across microchannels, as shown in Figure 4-27. 

The magnitude of a film’s residual stress can be determined by measuring the bending curvatures 

of a substrate before and after the film is deposited [Nix 89]. Using Stoney’s equation shown in 

Equation 3-1, DMAC-HI1 lacquer was spin coated onto a 3-inch wafer. Profilometry 

measurements before and after coating the wafer were used to determine the radius of curvature of 

the wafer. Spin coating lacquer DMAC-H1 at 1 kRPM creates a 44-µm thick cellulose acetate film 

with a residual stress of 2.7 MPa. When the lacquer was coated at 2 kRPM, creating a 22-µm thick 

Polymer lacquer Measured Young’s Modulus

DMAC-MIX1 3.98 +/- 0.8 GPa

DMAC-HI1 5.24 +/- 1.2 GPa

DMAC-LO1 2.45 +/- 0.9 GPa

DMAC-LO4 2.78 +/- 0.8 GPa

Table 4-10. Surface tension values for various polymer lacquers. Work of 
adhesion calculated using Equation 4-16 and contact angle values from 
  Table 4-5.

Figure 4-27. SEM micrographs showing residual film stress in cellulose acetate spanned films (DMAC-HI1 
spin coated at 4 kRPM).
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film, the residual stress increased to 114 MPa. Although thinner membranes are desired to reduce 

the film residual stress, the disadvantage is the reduced permeability of the membrane. Thicker 

membranes require the diffusing species to travel a longer path through the porous interior. 

4.5. Conclusion
Silicon substrates that are chemically modified with OTS provided the best adhesion of cellulose 

acetate membranes. These membranes were able to withstand pressures that exceeded 50 kPa as 

determined from a blister test setup that used a syringe pump for fluid pressure. Substrates that 

were mechanically modified, used APTES or GOPTS as silane agents, solely used low molecular 

weight cellulose acetate, or used acetone as the lacquer solvent, demonstrated poor blister test 

results. According to the governing theory for spanning polymer lacquers across cavities, 

entrapped air is the main force that opposes capillary penetrant forces. From measured values of 

contact angle and surface tension, the polymer lacquer will only penetrate 0.63% of the cavity 

depth due to back pressure from entrapped air. From indentor measurements, higher molecular 

weight polymers have a higher toughness and tensile strength. Thicker membranes result in a lower 

film stress yet reduce the permeability of the membranes.
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5 Cellulose acetate permeability properties 
and protein biofouling 

The permeability of porous membranes can be drastically affected by fouling materials that can 

block pores and restrict the passage of analyte. In this chapter, the permeability of cellulose acetate 

membranes is characterized before and after protein adsorption onto the membrane surface. 

Electrical charging of platinum electrodes near the membrane surface interface is explored as a 

means for denaturing adsorbed proteins and restoring analyte flux to pre-fouled levels. 

The first section in this chapter provides an overview of porous membrane characterization 

techniques, with emphasis on using solute transport methods. The permeability of cellulose acetate 

membranes is characterized using a fluorescein solution in a static and dynamic test setup. 

Experimental results, both from electron microscopy and fluorescein recovery measurements, 

confirm that membrane biofouling occurs when the membrane is exposed to myoglobin, a 

hemoprotein. Electrical charging of electrodes near the membrane surface shows no effect on the 

fluorescein recovery or any significant improvement in restoring a fouled membrane back to 

original, pre-fouled state.

5.1. Overview of porous membrane characterization
A porous membrane is a barrier that separates two phases and restricts the transport of various 

chemical species [Mulder 91]. A membrane can have different configurations from symmetric to 

asymmetric in structure, or thin to thick film, as well as variations in pore size. Characteristics of 

the membrane (porosity, composition, etc.), the nature of the permeating analyte (size, shape, 

charge, etc.), and the process parameters of the dialysis (temperature, flow rate, hydrostatic 

pressure) are all factors that affect transport across the membrane.
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5.1.1. Parameters used for porous characterization

Porous media are generally characterized by a number of parameters, the most common of which 

are the porosity, mean pore size, pore size distribution, and molecular weight cut-off. Values for 

these measures are obtained by fitting experimental data to one of many models and reporting the 

corresponding property of the model. 

5.1.1.1. Average pore size and pore size distribution

The characterization of amorphous materials is difficult because the structure of the materials is 

enormously complex; therefore, average properties (or distributions) are commonly used. Average 

pore size is typically described with a single value, usually a diameter. The reported data represent 

diameters of idealized circular disks having cross sectional areas equal to those measured by the 

characterization equipment. In general, these measures cannot be reliably interpreted at a 

microscopic level, since they provide only a partial description of the material’s pore size, making 

additional information on the material’s morphology necessary. Most measurement techniques 

used by analytical instruments (primarily mercury instrusion and adsorption-based techniques) 

report pore size information as a distribution of data points instead of one average value [Kesting 

85, Mulder 91]. Pore size distributions are generally interpreted qualitatively, in order to determine 

how crystalline or amorphous a material is or whether the distribution is unimodal or bimodal. 

Since the pore shape of phase inversion membranes is far from an idealized circular shape, these 

techniques cannot be trusted for accurate pore characterization. 

5.1.1.2. Porosity

Porosity is defined as the ratio of a material’s pore volume to the total volume of the material (pores 

plus solid material). Porosity is often measured gravimetrically by filling the material with a gas or 

liquid and obtaining the volume of the pores from the mass of the adsorbed fluid. This procedure, 

while accurate for large pore materials is inaccurate for microporous and mesoporous materials. In 

such materials, where the ratio of surface area to volume is very high, the influence of the pore 

walls on the packing of gas or liquid molecules may not be negligible and will lead to erroneous 

values for porosity. In addition, for anisotropic membranes such as those produced from the phase 

inversion method, the average porosity ranges from 0.7 to 0.8, but the porosity of the skin layer 

that performs the actual separation may be as low as 0.05 [Baker 04]. Due to the asymmetric nature 
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of the cellulose acetate membranes and the submicron pore size of the dense top layer, porosity 

measurements will provide a skewed pore characterization. 

5.1.1.3. Molecular weight cut-off

The molecular weight cut-off (MWCO) parameter for membranes provides a method to determine 

the rejection behavior of membranes. The MWCO of a membrane corresponds to the molecular 

weight above which 90% of the solute is retained by the membrane. Therefore, molecules or solute 

having a molecular weight larger than the MWCO of a membrane will not pass through the 

membrane. The solute rejection percentage, R, can be represented by the following equation:

(5-1)

where Cdialysate is the concentration of the dialysate, the receiving fluid that initially has no species 

concentration, yet over a steady state time has a representative concentration, and Csample, which 

is the concentration of the sample solution that contains the species. 

When a species is chosen that provides a solute rejection percentage of 90%, the molecular weight 

of that species is identified as the MWCO of the membrane. This method, when it is used to 

calculate the MWCO for membranes, is called either the solute transport or solute rejection 

method. It characterizes the permeability properties of membranes by measuring the transport of 

various solutes of increasing molecular weights or hydrodynamic sizes. 

Molecules such as poly(ethylene glycol), dextrans, or spherical molecules such as proteins, are 

commonly used, since they can be easily stepped up in molecular weight. The permeation of 

solutes across membranes depends on the relative sizes of solutes and pores, yet caution is urged 

when defining MWCO, because rejection can depend on other factors such as molecular shape and 

charge. MWCO is typically expressed in units called Daltons and can be used as a measure of the 

nominal pore size of ultrafiltration and nanofiltration membranes. A Dalton is equal to one atomic 

mass unit (AMU), which in turn is equal to 1/12 the mass of the most abundant isotope of carbon, 

namely, carbon 12. Therefore, a kiloDalton (kD or kDa) is equal to 1,000 MWCO. 

One of the terms commonly used in microdialysis is ‘relative recovery’, also known as ‘extraction 

fraction’ or ‘percentage recovery’, E. It is defined as:

R 1 Cdialysate

Csample
-------------------– 

  100⋅=
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(5-2)

Other than having a predefined MWCO, microdialysis probes are usually calibrated with various 

sample solutes to determine the relative recovery of the probe. The cutoff value does not describe 

the surface porosity of the membranes (how many pores per unit area exists for analyte diffusion), 

nor does it provide any indication of possible analyte interactions with the membrane material. 

Recovery of a given analyte depends on numerous factors, some of which include the flow rate of 

the perfusion flow, the surface area of the dialysis membrane, and any fouling on the probe that 

inhibits transmembrane diffusion. All of these factors are included in the term ‘relative recovery’ 

to define the performance of a microdialysis probe.

5.1.2. Methods used for porous characterization

Characterization of porous membranes can be done two different ways: 1) using structure-related 

parameters that determine average pore size, pore size distribution, and surface porosity, and 2) 

using process-related parameters such as solute flux and molecular weight cut-off. Since pore 

structure (size and shape) is not well defined, it is difficult to relate process-related parameters 

directly to structure-related parameters. Results from process-related characterization typically use 

pore models that have a cylindrical or packed spheres morphology, which deviates with the actual 

morphology of most phase inversion membranes. 

There are many structure-related and process-related methods to characterize porous membranes. 

Some of the major ones used for characterization include bubble-pressure breakthrough, mercury 

porosimetry, solute transport, electron and atomic force microscopy, adsorption-based methods, 

and nuclear magnetic resonance (NMR) measurements. All of these characterization methods have 

specific constraints on their measurement capacity (such as a narrow pore size range) and also can 

modify the membrane in different ways. In particular, some methods, such as scanning electron 

microscopy, require the membranes to be completely dry, while others, such as solute transport, 

use wet membranes. The morphology of a wet membrane is usually different from that of a dry 

membrane, because capillary forces upon drying may damage the structure and often cause 

considerable film residual stress. Since functional membranes are usually used in a wetted state, 

characterization techniques that use wet samples are preferred.

E Cdialysate

Csample
------------------- 100⋅=
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5.2. Membrane transport theory
By analyzing the factors that determine membrane permeability, useful correlations and rules of 

thumb can be derived in guiding the fabrication of membrane materials with the optimum permeate 

flux and selectivity properties. 

In this thesis, we will focus on using solute transport, which is a wet method, for porous membrane 

characterization. The following section provides a derivation for solute transport in a static, two-

compartment case and also in a dynamic flow case.

5.2.1. Static diffusion case

When a linear concentration gradient exists across a porous membrane that is situated between two 

compartments, the instantaneous concentration gradient within the membrane is:

(5-3)

where C‘
I and C‘

II represent the surface concentration of the diffusing species in the membrane at 

the donor (I) and the receptor (II) sides of the membrane, and l represents the thickness of the 

membrane, as shown in Figure 5-1. 

Since the concentration of the species in the liquid solution can be different from the concentration 

of the species on the membrane surface, the partition coefficient, Kd, is used to express that 

dC
dx
------- CI

′ C′
II–

l
------------------- 
 –=

Figure 5-1. Schematic showing two compartments, each with their respective concentration and volume, 
separated by a porous membrane of thickness l and partition coefficient Kd. The blue line represents the 
concentration profile between the two chambers.

VI VIIKd
CII’

l

x

C

CI’
CI

CII
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differential. The partition coefficient is the ratio of concentration of the same species in two 

different phases (in this case, out in the bulk liquid and on the surface of the solid membrane). 

Assuming the partition coefficient, Kd, is independent of the solute concentration, the equation is 

rewritten as:

(5-4)

where CI and CII are the donor and receptor phase concentrations, respectively. The flux of solute 

within the membrane is described by Fick’s first law as:

(5-5)

where D is the diffusion coefficient of the species in the constituent liquid of the chambers. 

Equation 5-5 is rewritten after substituting Equation 5-4 as:

(5-6)

where the permeability (U) is defined as:

(5-7)

More information is provided in Section 5.2.3 on the membrane permeability. During steady state, 

the flux out of compartment I equals the flux into compartment II, which also equals the flux within 

the membranes.

(5-8)

and

(5-9)

where VI and VII are the volumes for compartments I and II, respectively, and A is the membrane 

area. Combining Equation 5-9, Equation 5-8, and Equation 5-6 gives:

dC
dx
------- Kd CI CII–( )

l
-----------------------------–=

J DdC
dx
-------– D C′

I C′
II–( )

l
-----------------------------= =

J DKd

l
---------- CI CII–( ) U

l
---- CI CII–( )= =

U DKd=

J VI

A
----- 
 – dCI

dt
--------=

J VII

A
------ 
  dCII

dt
----------=
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(5-10)

Equation 5-10 is valid only during steady-state flux. At the onset of steady state conditions (toss), 

the concentrations in compartments I and II are C1 and C2, while at any given time (t) after steady 

state, the concentrations are C3 and C4, respectively. Integrating both sides of the equation using 

these concentrations and times for limits of integration results in:

(5-11)

Performing the integration leads to:

(5-12)

Steady state mass balance gives:

(5-13)

(5-14)

where Co is the initial concentration in the donor compartment, CM is the solute concentration 

within the film, and VM is the film volume. The film concentration is defined as:

(5-15)

Substituting Equation 5-15 into Equation 5-13 and Equation 5-14 gives:

(5-16)

(5-17)

Substituting Equation 5-16 and Equation 5-17 into Equation 5-12 and rearranging them leads to:

(5-18)

d
dt
----- CI CII–( ) AU

l
-------- 1

VI
----- 1

VII
------+ 

  CI CII–( )– AU VI VII+( )
lVIVII

------------------------------- CI CII–( )–= =

d CI CII–( )
CI CII–( )

--------------------------
C1 C2–( )

C3 C4–( )

∫
AU VI VII+( )

lVIVII
-------------------------------dt–

toss

t

∫=

C3 C4–
C1 C2–
----------------- 
 ln AU VI VII+( )

lVIVII
------------------------------- t toss–( )–=

CoVI C1VI C2VII CMVM+ +=

CoVI C3VI C4VII CMVM+ +=

CM KD
C1 C2+

2
------------------ 
  KD

C3 C4+
2

------------------ 
 = =

C1
2

2VI KDVM+
---------------------------- CoVI C2VII– KDC2VM

2
--------------------– 

 =

C3
2

2VI KDVM+
---------------------------- CoVI C4VII– KDC4VM

2
--------------------– 

 =

CoVI C4 VI VII KDVM+ +( )–
CoVI C2 VI VII KDVM+ +( )–
------------------------------------------------------------------ 
 ln AU VI VII+( )

lVIVII
------------------------------- t toss–( )–=
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In the limit as Kd is small and toss approaches zero, C2 also approaches zero. If the membrane 

initially has zero species concentration, then steady state conditions begin immediately and there 

is a linear concentration profile established across the membrane. Equation 5-18 can be written as:

(5-19)

Performing the exponential function on each side, and solving for C4 (the concentration in 

compartment II), gives:

(5-20)

This equation provides a theoretical value for the concentration in compartment II at any time. This 

can be compared with the experimental measurements performed using a static, two-compartment 

dialysis setup.

5.2.2. Dynamic diffusion case

The recovery of an analyte using microdialysis is a mass-transport controlled process. There are 

three regions where mass transport occurs, namely: i) within the sample solution, ii) across the 

dialysis membrane, and iii) within the dialysate inside the membrane (within the chip’s 

microchannels). 

5.2.2.1. Diffusion within the sample and dialysate solution

For a small molecule such as fluorescein, which is the sample analyte in these experiments, mass 

transport within the sample and dialysate solution is governed by diffusion and is typically very 

fast. The average distance, 〈x〉, traveled by a diffusing molecule with a diffusion coefficient D in a 

time t is:

(5-21)

The diffusion coefficient of a permeating molecule is a measure of the frequency with which a 

molecules moves and the size of each movement [Baker 04]. The magnitude of this parameter is 

governed by the restraining forces of the fluid medium containing the permeating molecules. The 

1 C4 VI VII+( )
CoVI

-----------------------------– 
 ln AU VI VII+( )

lVIVII
-------------------------------t–=

C4
CoVI

VI VII+
----------------- 1 e

AU VI VII+( )
lVIVII

-------------------------------- t–

–
 
 
 

=

x〈 〉 2 Dt
π

------ 
 

1
2
---

=
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diffusion coefficient for a solute in a dilute solution can be estimated using the Stokes-Einstein 

equation:

(5-22)

where k is Boltzmann’s constant equal to 1.381 x 10-23 m2 kg s-2 K-1, T is the absolute temperature, 

µ is the viscosity of the solution, and a is the solute hydrodynamic radius. For comparison, the 

diffusion coefficient of fluorescein (MW = 329 Da) in water is approximately 5 x 10-6 cm2/s, while 

the diffusion coefficient for hemoglobin (MW = 68 kDa) in an aqueous solution is 6.9 x 10-7 cm2/s.

Using the diffusion coefficients for fluorescein and hemoglobin, Table 5-1 shows the average 

distance traveled by each molecule at various times.

Due to these fast diffusion times, mass transport limitations within the sample and dialysate 

solution are negligible. Mass transport in the dialysate is considered especially unimportant due to 

the microscale dimensions for the silicon-based channels and high flow rates obtained using a 

syringe pump. A low perfusion rate, usually less than 0.25 µL/min, can cause an analyte to have a 

residence time in the channel, in which case diffusion inside the channel would affect the recovery 

[Stenken 93]. Since the microchannel volume is approximately 0.08 µL, and perfusion flow rates 

vary from 0.5 to 2 µL/min, residence time within the microchannel is negligible. The predominant 

phenomenon is the mass transport across a porous membrane due to a concentration gradient from 

the sample analyte to the perfusate flow; this will be further discussed and modeled in the next 

section.

5.2.2.2. Diffusion across the dialysis membrane

Since perfusate solution is constantly driven into the chip, the diffusion process involved in 

microdialysis never ceases as compared to the static case. It comes to a quasi steady-state condition 

Time 〈x〉 Fluorescein molecule 〈x〉 Hemoglobin molecule

1 second 0.252 mm 0.094 mm

100 seconds 2.523 mm 0.937 mm

300 seconds 4.370 mm 1.623 mm

Table 5-1. Average distance traveled by fluorescein and hemoglobin molecule.

D kT
6πµa
-------------=
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when a dynamic equilibrium is reached between the concentrations across the membrane. The 

physical characteristics, geometry of the membrane, and flow rate of the perfusion liquid are very 

important parameters in the process [Kehr 93].

The dynamic case is shown in Figure 5-2, with the flow rate, Q, entering a discrete segment of the 

channel on the left side and exiting on the right side. A mass flux into the volume comes from the 

top porous membrane surface, which has parameters of area (∆A) and partition coefficient (Kd).

The mass balance for this system can be written as follows:

(5-23)

where ∆A = zdx, and z is the width of the membrane.

The flux, J, into the membrane is:

(5-24)

where CI is the concentration in donor compartment I, CL is the concentration within the chip, and 

l is the thickness of the membrane. D, Kd, and U were previously defined in the static case. 

Substituting Equation 5-24 into Equation 5-23 and dividing by dx:

(5-25)

This can be rewritten as:

Figure 5-2. Schematic showing discretized segment with perfusate flow rate, Q, entering on the left and 
exiting on the right. A mass flux enters from the top of the segment, through a porous membrane with area 
∆A and partition coefficient Kd. 

Q,Cx
dx

∆A, Kdz

Q,Cx+dx

0 QC x QC x ∆x+– J∆A+=

J DKD

l
----------- Co CL–( ) U

l
---- Co CL–( )= =

0 QdC
dx
-------– zU

l
---- Co CL–( )+=
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(5-26)

Rearranging and performing integration leads to:

(5-27)

which gives the following:

(5-28)

where k is a constant from the integration. Using the boundary condition of CL = 0 at x = 0, which 

is the entrance region, this solution becomes:

(5-29)

Rearranging gives:

(5-30)

Performing the exponential function on both sides, solving for CL and substituting x = L, the total 

length of the membrane, leads to:

(5-31)

where A = Lz is the entire membrane area.

This equation provides a theoretical value for the outlet concentration from the microdialysis chip, 

which allows comparison to experimental measurements performed using a dynamic test on the 

microdialysis chip. As can be seen from the equation, the analyte concentration recovered in the 

probe is independent of time due to the steady-state assumption. In addition, the flow rate of the 

perfusion solution can easily vary analyte recovery. 

5.2.3. Definition of membrane permeability

The membrane permeability, U, is defined in Equation 5-7, and is dependent on the diffusion and 

partition coefficient. A more specific definition that involves the properties of the membrane is:

dC
dx
------- zU

lQ
------- Co CL–( )=

Cd
Co CL–( )

-----------------------∫
zU
lQ
------- xd∫=

Co CL–( )ln– zU
lQ
-------x k+=

Co CL–( )ln– zU
lQ
-------x Coln–=

1 CL

Co
------– 

 ln zU
lQ
-------– x=

CL Co 1 e
UA
lQ
--------–

– 
 =
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(5-32)

where D is the diffusion coefficient of the solute, l is the thickness of the membrane, AP is the total 

cross sectional area of all pores, S represents the circumferential surface area of an average pore, 

Kd is partition coefficient, wr accounts for the increase in hydrodynamic drag as the solute diffuses 

through the pore, and τ is the tortuosity of the pore through the membrane thickness. Permeability 

can be empirically determined by plotting Equation 5-19 and 5-30 for the static and dynamic case, 

respectively. While molecular weight cutoff provides a broad indication of what size molecules can 

pass through a membrane, permeability values are specific to individual molecules and take into 

account physical and chemical interactions during membrane transport.

The ratio of AP to S can be substituted by ε, which is the porosity of the membrane. Porosity is the 

void fraction of the membrane, typically having values from 0.3 to 0.7 for phase inversion 

membranes. Tortuosity, τ, is the average length of the tortuous path that the fluid must pass through 

the membrane divided by the membrane thickness. Simple cylindrical pores that pass straight 

through a membrane have a tortuosity of one, since the average length of the pores is the membrane 

thickness. Most phase inversion membranes have tortuosities of 1.5 to 2.5 [Baker 04].

If the dimensions of the cellulose acetate membrane pores are significantly small, the diffusion 

coefficient in the pore is less than that in the free solution. The solute then experiences steric 

exclusion, a restriction of the ability of the solute to enter the pore from the bulk solution, and 

hindered diffusion, the drag effect on the solute in the pore. The steric exclusion can be represented 

by the partition coefficient, Kd, which is the ratio of the concentrations of a species in the fluid 

phase with its concentration in the membrane polymer. Hindered diffusion is represented by wr. 

An assumption is made that the fluorescein molecule is small enough, while the pores on the 

cellulose acetate membranes are large enough, so that hindered diffusion and steric exclusion 

effects do not occur in this specific circumstance. Therefore, Kd and wr are equal to 1.

By substituting the previously defined equation for the diffusion coefficient shown in Equation 5-

22 into Equation 5-32, using porosity (ε) to represent the ratio of AP to S, and using values of 1 for 

Kd and wr, we can define permeability as the following:

U D
l
---- AP

S
------ 
  Kdwr

τ
----------- 
 =



Cellulose acetate permeability properties and protein biofouling

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

153

(5-33)

Based on visual characterization using scanning electron microscopy of the surface and cross 

section of the membrane, tortuosity will be assumed to be on the high end with a value of 2.5, and 

porosity will be assumed to be in the low end with a value of 0.3. To calculate the diffusion 

coefficient for fluorescein, the assumption is made that the viscosity of the PBS buffer is similar to 

that of water. This assumption can be made since the majority constituent in PBS is water. Using 

room temperature, the viscosity of water, and a fluorescein hydrodynamic radius of 0.54nm, the 

diffusion coefficient for fluorescein is calculated to be 4.47 x 10-6 cm2/s. The membrane thickness, 

l, varies depending on the cellulose acetate lacquer composition and spin speed used.

5.3. Biofouling from protein adsorption
When a membrane is placed in a biological environment, two sequential problems that inhibit the 

probe functionality are biofouling and thrombus formation. Biofouling is a process that can occur 

in vivo or in vitro and starts immediately upon the contact of a synthetic material with the body, 

when cells, proteins and other biological components adhere to the surface of the foreign material. 

The term ‘biofilm’ is often given to biofouling that has a microbial origin such as bacteria or fungi. 

Fibrous tissue encapsulation, often called thrombus formation, is an in vivo phenomenon during 

the final stage of the wound healing response to implanted, non-degradable foreign materials. 

Since all of the permeability studies were performed in vitro, this thesis focuses on biofouling, 

specifically protein adsorption onto the cellulose acetate membrane surface.

Many researchers have tried to understand the mechanism that drives biofouling along with various 

strategies to prevent it. A review of biofouling in membrane separation processes such as 

microfiltration, reverse osmosis, ultrafiltration and nanofiltration is presented by Ridgeway et al. 

[Ridgway 96]. Topics covered include detecting and monitoring membrane biofouling, symptoms 

and consequences of membrane biofouling, and biofouling control strategies. Wiseniewski et al. 

review strategies to address biofouling, along with in vitro and in vivo methods used to characterize 

the phenomenon [Wisniewski 00]. The next sections provide an overview of membrane biofouling 

and how it affects microdialysis and drug delivery, along with strategies to prevent the 

phenomenon, with specific emphasis on electrical cleaning methods.

U D
l
---- ε

τ
-- 
  kT

6πµal
--------------- ε

τ
-- 
 = =
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5.3.1. Mechanism for membrane biofouling

Membrane fouling or biofouling usually occurs because of a specific physical or chemical 

(attractive) interaction between the various molecules in the process environment and the 

membrane, in combination with the effects of various hydrodynamic forces [Zhang 02a]. These 

physico-chemical interactions include hydrophobic interactions (dispersion forces), polar 

interactions (dipole-dipole and dipole-induced forces), and charge transfer (hydrogen bonding) 

[Mulder 91]. Factors that can contribute to fouling include surface properties (chemistry, 

morphology, etc.), hydrodynamic conditions, ionic strength, and the type and concentration of the 

solute. Material accumulation on the surface and build-up inside membrane pores eventually result 

in reduction of solute flux through membranes.

The enormous range of foulants includes proteins, organic acids, polysaccharides, and lipids. Most 

polymer membranes used for microdialysis sampling exhibit a significant degree of interaction 

with proteins Torto 98. Due to their hydrophobic properties, proteins especially tend to bind very 

severely to hydrophobic materials as compared to hydrophilic materials. When a hydrophobic 

substance is in an aqueous environment, it can reduce its total energy by reducing the area exposed 

to water. Two hydrophobic particles tend to clump together, expelling the water from the space 

between them and thereby reducing their exposed surface area. Similarly, a hydrophobic particle 

tends to be held to the surface of a membrane because of the elimination of repulsive interactions 

with the surrounding water. One way to avoid hydrophobic interactions is to create a membrane 

that is extremely hydrophilic, i.e., one that has a very strong affinity for water. Such a material 

remains wetted even in the presence of hydrophobic particles, so that the particles cannot adhere 

to the surface by excluding water. 

5.3.2. Biofouling effects on dialysis and drug delivery

Biofouling remains a problem for any separation medium, such as a microdialysis membrane that 

is exposed to biological particles or molecules. Ionic or dipolar bonds form during protein 

adsorption, and often these bonds are formed if the proteins have broken disulfides that bind with 

the polymer. Most proteins attach at many sites during adsorption; therefore, the process is quite 

irreversible, due to the unlikely probability that all attachments can be released at the same time.



Cellulose acetate permeability properties and protein biofouling

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

155

Researchers have used microdialysis to better understand how transport through different 

membranes is affected in a biological medium. Yoshioka et al. found that fluctuations in 5-

hydroxytyptamine concentrations occurred for an in vivo probe; this was attributed to adhesion and 

aggregation of platelets found on the microdialysis membrane when viewed using scanning 

electron microscopy [Yoshioka 93]. Hashiguchi et al. found that a 7-day in vitro exposure to 10, 

30, and 50 mg/mL albumin caused approximately an 11, 17, and 20% loss of glucose transport 

through a 50 kDa cut-off regenerated cellulose membrane [Hashiguchi 94]. When performed in 

vivo, the same membrane showed a gradual decrease over 7 days, with calibration factors 

decreasing to 65.7% of the value on the first day. Ishihara et al. found that Fujimori et al. examined 

the adsorption of proteins on several membranes from dialyzers right after clinical use, employing 

confocal laser scanning fluorescence microscopy [Fujimori 98]. They also found that 

polyacrylonitrile (PAN) membranes and polymethylmethacrylate (PMMA) had the most abundant 

adsorption. Unmodified cellulose hollow fibers became nearly impermeable to glucose by day 14 

of use [Ishihara 98]. 

Similar fouling results have been shown with membranes used in drug delivery. One 

pharmokinetics study, which used intravenously implanted probes in rats, showed about 20% less 

delivery of a drug component on day 10 compared to day 2 after implantation of a copolymer 

membrane [Yang 97]. Another drug delivery study in rabbit vitreous humor reported the glucose 

transport through implanted polyamide membranes after 6-10 days of implantation to be 

approximately 40% less than in the first 5 days after implantation [Waga 95].

After a polyethersulfone microdialysis probe with 100 kDa MWCO (CMA/20, CMA 

Microdialysis, North Chelmsford, MA) was used for one week in a six-protein microdialysis 

experiment, the probe was viewed under scanning electron microscopy. As seen in Figure 5-3, it 

shows aggregates collecting on the surface of the porous membrane. These aggregates range from 

1 to 5 µm in size, thus having the capability of clogging the pores of the membrane.

5.3.3. Strategies to prevent biofouling

Polymers are the most frequently used membrane material for in vivo applications that do not 

require structural support or contact forces. Since polymers are organic in nature, they not only 
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decrease protein and cell interactions but can encourage angiogenesis, the formation and 

differentiation of blood vessels, as a strategy to integrate better into tissue or mimic cell membranes 

when decorated with phospholipids [Wisniewski 98]. Methods to reduce adsorption and fouling of 

polymers include chemical and surface modification, surfactant or enzyme pretreatment, 

membrane morphology variation (such as pore size and polymer blending), and physical/chemical 

cleaning techniques. 

Aggregates

Aggregates

Figure 5-3. SEM micrographs showing the surface of a CMA/20 microdialysis probe after being used in a 
one week long dialysis experiment with a six protein mix. A top view (normal to the surface) is shown in the 
top micrograph, while a side, planar view is shown in the bottom micrograph.
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Surface modifications and pretreatment techniques involve physical or chemical transformation of 

the surface without significantly affecting the transport properties of the membrane. The strategies 

can be roughly grouped into the following areas: i) introduction of negatively charged surface 

groups, ii) increasing hydrophilicity, iii) introduction of steric hindrance, and iv) biomimetic 

modifications [Sun 03].

With regard to morphology variation, numerous studies have shown that membrane fouling is more 

severe with increasing pore size. One study suggests that there is an optimum pore size below 

which the membrane has enough resistance to restrict permeate flow, and above which severe 

membrane fouling and decreased flux occur [Marshall 93]. Ho et al. studied the effect of membrane 

morphologies and pore structures on protein adsorption using different track-etched, isotropic and 

asymmetric microfiltration membranes [Ho 99]. They found that fouling occurred more often with 

straight-through pores, such as those from track-etched membranes, owing to the pore blockage 

caused by deposition of large protein aggregates on the surface. The rate of blockage was a function 

of membrane porosity due to the higher probability of multiple pore blockages by a single protein 

aggregate. Membranes fabricated using immersion precipitation are typically asymmetric in 

structure, having a dense, low porosity top layer over a thicker support layer that has larger pores. 

Due to the low amount of surface pores, this morphology has the intrinsic property of low 

biofouling.

Some hydrophilic polymers -- polyethylene glycol and phosphorylcholine -- have been studied for 

their ability to reduce non-specific protein surface adsorption [Ishihara 98, Quinn 95]. Certain 

polymers also have more favorable morphology or composition, leading to a lesser likelihood of 

fouling. In one in vivo study, glucose transport through polyethersulfone (PES) membranes was 

significantly less on day 2 than on day 0, while polycarbonate (PC) membranes showed no 

significant decreases until day 8 [Wisniewski 98]. 

5.3.4. Effect of pH on proteins

A major factor affecting protein adsorption on membranes is the charge interaction between the 

surface of membranes and protein molecules. For proteins, the ionic strength and pH of the 

surrounding medium are critical parameters that determine the extent of adsorption. Based on the 

pH, the charge polarity is set on the membrane surface and on protein molecules. If the charge is 
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the same polarity, protein molecules cannot be adsorbed on the membrane surface. Proteins, being 

amphoteric species, exhibit acid-base behavior, and their net charge is dependent on the pH of the 

buffer. Proteins are positively charged at pH values below their isoelectric point and negatively 

charged above their isoelectric point, as shown Figure 5-4. The isoelectric point (or pI) of a protein 

is the pH at which the protein has an equal number of positive and negative charges. This means 

that, whenever a protein experiences a pH gradient, the protein tends to migrate toward its pI. 

Researchers have shown protein adsorption is highest at a protein’s isoelectric point; this has been 

attributed to the tighter packing of protein molecules due to their zero net charge [Suki 84]. In 

addition, pH affects proteins in two other ways: solubility and conformation (any of the spatial 

arrangements of a molecule that can be obtained by rotation of the atoms about a single bond). The 

solubility of a protein is generally lowest at its isoelectric point and increases as pH is adjusted 

away from it. 

Xu et al. investigated the adsorption of bovine serum albumin on porous polyethylene membranes 

as a function of the pH of the solution, in addition to several parameters such as concentration, 

time, and agitation speed [Xu 03]. They observed the maximum adsorption at the isoelectric point 

of the protein. Adsorption was shown to be concentration-dependent by Nystrom et al., who 

demonstrated myoglobin adsorption after ten minutes onto the surface of a cellulose acetate film 

when 300 mg/L was used as compared to 10 mg/L at a pH of 7 (the isoelectric point for myoglobin) 

[Nystrom 00]. Sample flux through a membrane placed in a protein environment was shown to be 
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Figure 5-4. Schematic showing the effect of buffer pH on the net protein charge. For a protein with a pI = 7, 
the protein exhibits no net charge at pH of 7. Increasing the negative charge on the protein occurs at high pH 
values and increasing positive charge on the protein occurs at low pH values.
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lowest at a protein’s isoelectric point by Zhang and colleagues [Zhang 02b]. The flux was shown 

to improve as the pH was moved away from the isoelectric point. 

5.3.4.1. Effect of electrical charge on protein biofouling

Although the methods discussed in Section 5.3.3 reduce fouling to some extent, hydraulic, 

mechanical, chemical and electrical techniques are sometimes employed as cleaning methods 

[Bowen 89, Chai 99, Wakeman 86]. These techniques have been shown to recover membrane 

efficiency to some extent, but never to restore membranes to their original state [Dennis 86, Deqian 

87].

Electrical cleaning methods are particularly interesting, since they have shown the ability to reduce 

adsorption by various foulants. Bowen et al. describe intermittent electric field pulses with field 

strengths of 1250 V/m (with 0.92 kA/m2 current density) that can clean membranes without 

interruption of the separation process [Bowen 89]. Experimental filtration studies using baker’s 

yeast show that this technique can improve overall membrane permeation rates by a factor of up to 

ten, with only a modest electrical energy requirement. The success of this approach was attributed 

to the fact that the cleaning process begins at the membrane surface rather than at the outer layer 

of foulant material, as in the case with backflushing or chemical cleaning. The authors suggest that 

bubble formation on the surface of the membrane forces foulant materials away. The use of DC 

electric fields to prevent particle deposition on micro- and ultra-filtration membranes was studied 

by Wakeman et al. [Wakeman 86]. Imposing an electric field of 9800 V/m caused a 25% 

improvement in flux. The authors mention that electrophoretic effects can account for much of the 

particle removal from the membrane surface, but may well be accompanied by electro-osmotic and 

viscosity-modifying phenomena. Chan et al. explored the fouling behavior of membranes and its 

correlation with the membrane’s electrical properties [Chan 99]. Biofouling was measured in situ, 

using electrical impedance spectroscopy under static conditions (no flow) as well as during 

filtration processes. The electrical measurements were made by injecting the AC current signals 

either tangentially along the membrane surface or normal to the membrane surface. When the 

thickness of the fouling layer became tens of nanometers, a decrease in membrane conductance 

was recorded.
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Vradis showed a reduction of fouling and an increase in sample flux by applying electric fields 

during the ultrafiltration of whey [Vradis 95]. An ultrafiltration cell was modified by adding two 

electrodes, one on each side of a polysulfone membrane, with the electric field strength set to 

2500 V/m causing a 44% increase in sample flux. The author showed that the electric field caused 

the pH in the sample solution to decrease, while the pH in the dialysate increased. The author 

hypothesized that changes in pH due to the electric field caused protein molecules to desorb from 

the membrane surface.

5.4. Electric fields in conducting solutions
When a pair of metal electrodes are placed in a conducting solution, an electrochemical cell is 

established. At the instant that metal is placed in such a solution, chemical reactions occur whereby 

electrons are transferred between the metal and the electrolytic solution. This results in the 

formation of an electric field near the electrode surface, which orients water dipoles to form a 

hydration sheath. Beyond this sheath are solvated counter-ions that form a monolayer (the 

Helmholtz layer) along with a more diffuse layer (Gouy-Chapman layer). The accumulation of ions 

on the surface of the electrode is called an electrical double layer (EDL). This system can be 

modeled as two capacitors that represent the electrodes, which in turn bracket a resistor, which 

represents the bulk fluid. 

For a constant DC voltage applied between a pair of electrodes, a steady current is achieved that 

reflects an equilibrium between the rates of ion generation and migration. Ionic solutes in 

conducting fluids screen the electrode potential (a phenomenon called electrode polarization) and 

effectively reduce the applied voltage across these electrodes. The voltage drop across this region 

can be between 0.5 and 1.0 V, caused by the effects from the EDL and electrolysis of water [Palkar 

97].

The electric field strength, E, across the electrodes is represented as:

(5-34)

where F is the electric force acting on a test charge, q. 

Coulomb's law states that the electric force between two charges is directly proportional to the 

product of their charges and inversely proportional to the square of the distance between their 

E F
q
---=
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centers. When applied to two charges, the source charge (Q) and the test charge (q), that are apart 

a distance d, the equation for electric force is:

(5-35)

where εo is the permittivity of free space, equal to 8.8542 x 10-12 C2 N-1 m-2. 

The electric field can then be rewritten as:

(5-36)

A special case is involved with two parallel plates that have a voltage difference, ∆V, between 

them, separated by a distance d. This creates a constant electric field:

(5-37)

5.4.1. Formation of pH gradients

The formation of pH gradient can be done electrically when hydrogen ions congregate at the anode 

and hydroxyl ions congregate at the cathode, due to electrode reactions, providing an acidic and an 

alkaline region. This results in a region of low and high pH near the anode and cathode, 

respectively, due to oxidation reactions at the anode and reduction reactions at the cathode. 

Depending on the distance between the two electrodes, a steep pH gradient can be created within 

the bulk solution. The larger the distance between the electrodes, the larger the applied field needs 

to be to generate a pH gradient. Strege et al. reported a shift of 1 pH unit both at the cathode and at 

the anode for a sodium phosphate buffer, at a concentration range from 25 to 100 mM, after a 

voltage of 25 kV was applied for several hours [Strege 93]. The development of pH gradients in 

microfluidic devices for isoelectric focusing was discussed by Macounova et al. [Macounova 00]. 

In this thesis, myoglobin is used as a fouling species that adsorbs onto the cellulose acetate surface. 

Using electrodes embedded below the cellulose acetate membrane, a high pH region can be 

created. At high pH, the pI of the myoglobin protein is less than the pH of the buffer. This causes 

the myoglobin to be negatively charged, creating a repulsive force with the intrinsic negative 

charges on the cellulose acetate backbone. This repulsive force minimizes the adsorption process 

of the protein. 

F qQ
4πεod2
----------------=

E Q
4πεod2
----------------=

E ∆V
d

-------=
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5.4.2. Electrolysis effects at electrodes

Depending on the ionic buffer used, voltages as low as 1 V lead to a faradaic current in the solution 

that results in electrolysis with the generation of gas bubbles at the electrodes. Locations where 

electrodes are situated are usually vented in order to allow removal of the gas bubbles. As the 

faradaic current proceeds, electrons are adsorbed or released by the ions, forming concentrations 

of the desired element or compound. Electrolysis can be minimized by applying high frequency 

(~1MHz) drive signals, yet the formation of pH gradients is hindered, since the time needed to 

establish a pH gradient is typically four to eight minutes [Macounova 00, Zavadil 02]. Electrolytic 

bubble generation has also been avoided by using short pulses (<1 s) [Chiu 01, Zavadil 02]. 

5.4.2.1. Effect of electrolysis in CMF-PBS buffer environment

Compounds generated at the cathode and anode during electrolytic reactions are dependent on the 

buffer used with the electrodes. Experiments conducted with pH gradients used a calcium- and 

magnesium-free phosphate buffered saline (CMF-PBS). CMF-PBS is a water-based buffer made 

up of 0.8% NaCl, 0.02% KCl, 0.02% KH2PO4, and 0.217% Na2HPO4 (all percentages are weight/

volume). When a voltage is applied within the PBS buffer, Na+ ions within the solution flow 

toward the negative electrode (cathode) and the Cl- ions flow toward the positive electrode (anode) 

with the reactions: 

Anode: 2Cl-→ Cl2+ e- (5-38)

2Cl2 + H2O → HClO + H+ + Cl- (5-39)

2H2O→ O2 + 4H++ 4e- (5-40)

Cathode: Na++ e-→ Na (5-41)

2Na+ 2H2O→ H2+ NaOH (5-42)

As can be seen from Equation 5-38 and Equation 5-39, chlorine changes form depending on pH. 

Cl2 is the main component at low pH, while hypochlorous acid (HClO) is the main component at 

neutral pH, and hypochlorous acid ion (ClO-) is the main component at high pH. A portion of Cl2

is dissolved in solution, but the majority of Cl2 is eliminated from the solution as a gas. 
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During electrolysis, oxygen (O2) is generated in a competitive reaction with Cl2. The ratio of the 

generation of Cl2 and O2 varies according to pH or the type of electrode material. In addition, a 

higher amount of NaCl in solution decreases the potential required to oxidize the ClO- ion. The 

lowest voltage necessary to start the electrode reactions listed in Eq. 5-38 through Eq. 5-42 is 

1.23V according to electrochemical theory, yet in practice a higher voltage is necessary. The 

deciding factor is a phenomenon known as overvoltage, which is the extra voltage that must be 

applied to a reaction in order to get the reaction rate at which it would occur in an ideal system. The 

overvoltage for the oxidation of water can be as large as 1 volt.

5.5. Materials and experimental setup
Two different methods were used to characterize the permeability of the cellulose acetate 

membranes used in this research work, namely using both a static and a dynamic dialysis setup. 

The static dialysis setup sets up two stationary fluid chambers separated by a porous cellulose 

acetate membrane, showing the permeability of the membranes over time. This setup is used to 

determine the functionality of the porous membrane with large-small molecule permeability 

testing. The dynamic dialysis setup, characteristic of the microdialysis technique, uses one 

stationary fluid chamber and one in continuous flux, as fluid enters and leaves the chamber. Each 

of these methods will be discussed in the following sections.

5.5.1. Static dialysis experimental setup 

Using chips from the adhesion blister test setup in Section 4.2.2, the permeability of spanned 

cellulose acetate membranes was characterized. This setup is used for characterization of large and 

small molecule permeability, as well as determination of a membrane’s intrinsic permeability and 

molecular weight cut-off. 

To test the permeability, chips were placed inside a small fluidic chamber that had 200 µL of 

calcium- and magnesium-free phosphate buffered saline (CMF-PBS) and then covered with 10 µL 

of either a 65 nM fluorescein solution or 6.5 nM of R-phycoerythrin, as shown in Figure 5-5. By 

one side of the membrane having a concentration of molecules and the other side having a standard 

buffer solution, a concentration gradient was created across the membrane. This gradient drives 

molecules across the membrane and into the buffer solution, as shown in Figure 5-5. Due to the 
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hydrophilic properties of cellulose acetate, a volume larger than a 10 µL drop placed on top of the 

membrane would wet; moreover, it had the tendency to overflow. Dialysis experiments that were 

carried out for long periods of time caused the sample solution to evaporate. One solution to this 

problem was covering the well with Parafilm (American National Can Comp., Norwalk, CT), a 

waterproof, flexible wax film. This did not, however, solve the problem, as the sample would 

condensate onto the parafilm sheet. The problem was finally corrected by creating a well out of 

silicone on top of the cellulose acetate membrane; this allowed larger sample volumes up to 

200 µL.

The CMF-PBS contained 0.1% sodium azide and had a pH of 7.4. Bubbles were excluded from the 

test setup, and the buffer solution was stirred continuously with a magnetic stir bar. After a set 

amount of time, the chip was removed from the fluidic chamber and the dialysate (the buffer 

Figure 5-5. (a) Schematic showing well used for static dialysis experiments. Concentration gradient is generated 
across the chip between the sample solution and the dialysate. (b) Photograph of the well used for static dialysis 
experiments with a 1 cm x 1 cm chip mounted inside the well. (c) Photograph of well placed on top of a stir plate 
used to magnetically rotate the stirbar.

Sample solution

Dialysate solution well

Parafilm cover

Stirbar

Microdialysis chip
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solution, which contains diffused molecules) was removed and placed into a centrifuge tube for 

later analysis. Chips were treated in a myoglobin solution to observe the effects of biofouling on 

analyte recovery.

5.5.1.1. Large-small molecule permeability characterization

To determine that spanned cellulose acetate membranes were permeable and contiguous, without 

any break or defect, membranes were tested with two different fluorochrome dyes, fluorescein and 

R-phycoerythrin (R-PE). Fluorescein, with a molecular weight of 332 Da, should pass through the 

pores of cellulose acetate membrane, while R-PE, with a molecular weight of 240,000 Da, should 

be restricted from passing through the membrane. Any crack or defect in the membrane will allow 

the larger R-PE molecules to pass. This test will, therefore, determine if pores are on the surface 

and throughout the bulk of the membrane, as well as if there are any breaks/defects in the 

membrane.

Fluorochrome dyes provide concentration quantification based on measuring the fluorescence with 

a spectrofluorimeter. Fluorochromes are essentially colored dyes that accept light energy at a given 

wavelength and re-emit it at a higher wavelength. These two processes are called excitation and 

emission. The process of emission follows extremely rapidly, commonly in the order of one 

nanosecond, and is known as fluorescence. 

Fluorescein is a fluorochrome with an absorption maximum at 495 nm. Its excitation by 488 nm 

light leads to a fluorescence emission maximum around 520 nm. The fluorescence and absorbance 

of fluorescein is very pH sensitive, with both attributes being the greatest at pH = 8 to 10. The 

isothiocyanate derivative (FITC) is the most widely used form for conjugation to antibodies and 

proteins. Fluorescein (part# F-7505, Sigma-Aldrich, St.Louis, MO) in a PBS buffer at 1 µM 

concentration is the supply source for all experiments.

R-phycoerythrin (R-PE) is a pigment found in red algae, with a molecular weight 240 kDa protein 

and an absorption maximum at 564 nm. When excited by 488 nm light, its fluorescence emission 

maximum is approximately 575 nm. This phycobiliprotein contains multiple chromophore 

prosthetic groups, which are responsible for the fluorescent properties of this protein, and generally 

result in fluorochromes of very high efficiency, commonly in excess of 90% absorbed light energy 
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transferred to chlorophyll. The large number of fluorochromes per PE molecule makes R-

phycoerythrin an ideal pigment for flow cytometry applications. Streptavidin labelled with R-

phycoerythrin (R-PE) (part# SA1004-4, CALTAG Laboratories, Burlingame, CA) in a PBS buffer 

at 5 µM concentration is the supply source of R-PE for all experiments.

5.5.1.2. Calculation of fluorescein and R-phycoerythrin concentration

Detection of the fluorescein and R-phycoerythrin molecules is done by measuring the absorbance 

and fluorescence of liquid solutions. The Beer-Lambert law states that the absorbance, A, of a 

species at a particular wavelength of electromagnetic radiation is proportional to the concentration, 

c, of the absorbing species and the length of the path, l, through which the radiation passes the 

sample containing the absorbing species. This relationship is written as:

(5-43)

where ε is the absorptivity of the species with units (M cm)-1. M is molarity of the solution 

represented by moles/liter. This equation shows that there is a linear relationship between 

concentration and absorbance. Fluorescein has an extinction coefficient of 72,000 (M cm)-1, while 

R-PE has an extinction coefficient of 1.97 x 107 (M cm)-1. The way in which the extinction 

coefficient depends on wavelength defines the absorbance spectrum of the species in question. The 

wavelength at the maximum absorbance value is called the analytical wavelength of the substance 

(495 nm for fluorescein and 564 nm for R-PE). The Beer-Lambert law is usually applied at the 

analytical wavelength of a given species. Sensitivity to concentration differences should be largest 

at that wavelength. 

The concentration value derived from an absorbance plot can then also be used for interpreting the 

emission plot from a spectrofluorimeter, which is given in units of photon counts. Just as 

absorbance is linearly proportional to concentration, so is fluorescence emission. After performing 

a standard curve that measures emission for various known concentrations, it is then possible to 

determine unknown concentrations.

A εcl=
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5.5.2. Myoglobin protein preparation for fouling experiments

Fouling experiments were conducted with myoglobin as the foulant species. Myoglobin is a single-

chain protein of 153 amino acids, containing a heme (iron-containing porphyrin) group in the 

center. With a molecular weight of 16,700 Da, it serves as an intracellular storage site for oxygen 

in muscles. Although bovine serum albumin (BSA) is the most common protein used for fouling 

studies, myoglobin has a much smaller molecular weight and has a visible brownish-red color, 

allowing for easier visual characterization.

Myoglobin protein solutions were prepared by dissolving the lyophilized protein powder into a 

calcium- and magnesium-free, phosphate buffered saline (CMF-PBS) solution (pH 7.4) at room 

temperature. A 60 µM myoglobin solution was prepared by dissolving 8.16 mg of myoglobin 

powder (Sigma-Aldrich, Cat.# M0630, derived from horse muscle) into a 9 mL CMF-PBS 

solution. The isoelectric point of myoglobin (from horse) is 7.2. The CMF-PBS solution was 

composed of 0.8% NaCl, 0.02% KCl, 0.02% KH2PO4, and 0.217% Na2HPO4 dissolved into 

double distilled water (all percentages are w/v). Buffer solutions were prefiltered through a 0.2 µm 

pore size PTFE filter; the protein solutions were then prefiltered through a 10 µm pore size PTFE 

filter to remove large particulates and any undissolved protein. In order to avoid bacterial 

contamination, protein solutions contained 0.1% sodium azide and were stored at 4°C refrigeration. 

5.5.3. Microdialysis test (dynamic dialysis) setup

Microdialysis chips that were fabricated as described in Chapter 3 were tested to determine the 

permeability of the membranes at varying perfusate flow rates. These chips have a set of six silicon 

microchannels that are 1.25-cm long, each channel having dimensions of 100-µm wide and 100-

µm deep, as shown in Figure 5-6. Unlike the static dialysis tests, which have a declining 

concentration gradient over time, the diffusion process involved in microdialysis never ceases. As 

previously discussed, a quasi steady-state condition is reached between the concentrations across 

the membrane. The microdialysis chips used in permeability tests differ from the static case in that 

inlet and outlet fluidic tubing is connected to the chips and PDMS backing is bonded to the back 

side for support of the fluidic interconnect. This setup is used to characterize the membrane’s 

permeability to fluorescein, as well as to determine the permeability of fouled and regenerated 

microdialysis chips. 
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A small well was made, using silicon rubber above the microdialysis chip, and then filled with 

200 µL of a 65 nM fluorescein solution, as shown in Figure 5-7. Fluorescein (molecular weight 

332 Da) is a small enough molecule that diffusion across the membrane is guaranteed, providing a 

method to characterize the extraction fraction as listed in Equation 5-2. The chip was connected to 

a syringe pump through the inlet port and was supplied with a phosphate buffered saline (PBS) of 

pH 7.4 at varying flow rates, as shown in Figure 5-8. The dialysate was directed into a centrifuge 

tube, and a fluid volume of 0.5 mL was collected to perform fluorimetric analysis. By controlling 

the flow rate, the fluid volume and concentration of the collected dialysate will vary. Chips were 

Figure 5-6. (Left) SEM Micrograph showing the location where the back side fluidic port connects with the front 
side microchannels on a microdialysis chip. (Right) SEM micrograph from a microdialysis chip showing a set of 
six silicon microchannels coated with a porous cellulose acetate membrane (DMAC-MIX1 at 2 kRPM).

Microchannels

Pt microbridges
Cellulose acetate film (~ 22 µm)

Figure 5-7. Photograph of a 1 cm x 1 cm microdialysis chip used for the dynamic diffusion experiments showing 
the front side (left) and the back side (right). A silicone well is visible on the surface of the cellulose acetate 
membrane. The PDMS backing is used to provide support for inlet and outlet fluidic interconnects, two small 
punctures are visible in the PDMS showing the location where interconnects are placed.

Silicon well

Inlet/Outlet ports
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treated in a 60 µL myoglobin solution in CMF-PBS for 6 hours to permit observation of the effects 

of biofouling on analyte recovery. After fouling with the protein, chips were rinsed for 24 hours in 

deionized water and a static dialysis run was performed. 

It was critical to have the syringe pump and microdialysis chip at the same height in order to avoid 

any fluid pressure gradients caused by hydrostatic forces. These pressure gradients can cause 

filtration of the sample solution, as the sample is “forced” into the perfusate by convective flow. 

Likewise, the loss of perfusate buffer can occur, as the pressure within the microdialysis chip is 

higher than that of the sample solution well. A higher sample recovery was observed when the 

Sample solution

Perfusate inlet

Stand

Microdialysis chip 
w/ PDMS backing

Dialysate outlet(a)

(b)

Figure 5-8. (a) Schematic drawing showing a microdialysis chip connected to inlet and outlet fluidic tubing 
used to pump perfusate into the chip and collect dialysate out of the chip. PDMS backing used to support 
fluidic interconnects. (b) Photograph showing microdialysis chip on stand with centrifuge tube used for 
dialysate collection. (c) Schematic showing the entire microdialysis (dynamic dialysis) test setup.
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centrifuge collection tube was moved below the height of the microdialysis chip. A fixed height 

difference of 2.5 inches was used between the microdialysis chip and the centrifuge collection tube.

5.5.4. Electrode charging test setup

In order to see the effects of pH on a microdialysis chip fouled with myoglobin, a pair of electrodes 

were used to generate a pH gradient across the thickness of the membrane. The platinum film used 

to create microbridges that support the cellulose acetate membrane was used as an electrode for 

applying DC potentials to create a pH gradient. Bond pads were fabricated around the 

microdialysis channels, allowing direct electrical connection with the platinum microbridges, as 

shown in Figure 5-9. A micromanipulator that provides x-y-z motion for a 7 µm-diameter tip 

needle probe was used to make contact to bond pads situated around the microdialysis 

microchannels (see Figure 5-10). Another micromanipulator needle probe was placed in the 

solution well, approximately 1 cm above the cellulose acetate membrane in the region where the 

silicon microchannels were located. A dynamic dialysis run was performed on the test chip before 

any probes were placed on the chip. This initial permeability run provided a baseline to observe 

any increases or decreases in the permeability of the membrane. To rule out any effects from the 

applied electric field, a dynamic dialysis run was performed with an applied voltage between the 

probes. Using a power supply connected to the micromanipulators, a constant voltage difference 

of 2.3 V was applied. A higher voltage caused electrolysis, with the formation of gas bubbles 

visible on the probe in the sample solution. The polarity of the probes was also switched, and the 

dynamic dialysis run was performed again. A protein solution (200 µL of a 60 µM myoglobin in 

Figure 5-9. Photograph showing a 
microdialysis die from a wafer. Four bond pads 
situated around the center silicon microchannels 
provide a means for applying electric fields to 
cellulose acetate. 

Bond pads

Microchannels
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CMF-PBS) was placed in the sample solution well for 6 hrs. The microdialysis chip was then 

rinsed in deionized water for 24 hours, and the dynamic dialysis run was performed for 2 hrs. to 

observe the effects of biofouling. Afterwards, a voltage difference of 2.3 V was applied across the 

probes, and the dialysis run was again taken for 2 hrs. 

Acid-base indicators were used to monitor the pH changes in the sample solution well. Bromescol 

purple and phenol red (Sigma-Aldrich, St. Louis, MO) were diluted to a 0.2 mM concentration in 

CMF-PBS buffer. 

Figure 5-10. (a) Schematic of the setup used for applying electric fields across the cellulose acetate membrane. 
One probe made contact with a bond pad on the chip, the other was placed in the sample solution well as shown 
in (b). (c) Photograph showing micromanipulators and probes contacting a microdialysis chip. (d) Photograph of 
a microdialysis chip with surrounding bond pads visible through the cellulose acetate membrane and circular 
silicone well. 
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5.6. Results and discussion

5.6.1. Static dialysis characterization of membranes

A set of chips were spin coated with lacquer DMAC-MIX1 coated at 1 and 2 kRPM. These were 

used to determine the permeability of the cellulose acetate to fluorescein and R-phycoerythrin. The 

left side of Figure 5-11 shows the absorption plot for a chip with 1 kRPM spin coat (~44 µm), 

which used a 6.5 nM R-PE sample solution placed in the well above the cellulose acetate. The 

reference adsorption for R-PE is shown with characteristic peak at ~570 nm alongside the 

absorption of three different dialysates generated from 6, 8, and 10 h static dialysis runs. After 

rinsing the chip in deionized water for 24 h, the experiment was repeated with fluorescein. The 

right side of Figure 5-11 likewise shows the absorption plot of a chip with 1 kRPM spin coat, which 

used a 65 nM fluorescein sample solution. The reference adsorption for fluorescein is shown with 

characteristic peak at 510 nm alongside the absorption of three different dialysates generated from 

6, 8, and 10 h static dialysis runs. After 10 h, a concentration of 7.4 nM is measured in the dialysate, 

signifying an 11.4% recovery of the 65 nM fluorescein solution. A similar experiment was 

conducted with a thinner (~22 µm) cellulose acetate membrane (DMAC-MIX1 coated at 2 kRPM), 

as shown in Figure 5-12. R-PE did not appear in the dialysate after performing 6, 8, and 10 h static 

dialysis runs; however, fluorescein was apparent in the dialysate after just 6 h. After 10 h, a 

fluorescein concentration of 21.6 nM was measured in the dialysate, representing a 32.3% recovery 

Figure 5-11. Large-small molecule permeability characterization of a DMAC-MIX1 lacquer spin coated at 
1 kRPM (~44 µm). Plots showing absorption plot for a static dialysis run that used a 65 nM fluorescein (left) and 
6.5 nm R-PE (right) sample solution with dialysate collected at 6, 8, and 10 h time points (fluorescein and R-PE 
reference plotted as well). As can be seen, the membrane is permeable to fluorescein, showing a 11.4% recovery 
after 10 h.
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from the fluorescein reference solution. These results indicate that these phase inverted cellulose 

acetate membranes have a low permeability, even with the relatively small molecule of fluorescein. 

This is characteristic of membranes fabricated using immersion precipitation since a low porosity 

top layer is formed that excludes the transport of larger molecules. This has benefits in providing 

membranes with low biofouling properties, as pore blocking is less likely to occur. Cellulose 

acetate membranes produced in a similar method by Russo et al. also demonstrated low 

permeability [Russo 04]. Molecules larger than 350 Da were unable to diffuse through a 120-µm 

thick membrane, limiting the applicability of these membranes to the purification of very small 

molecules, such as amino acids. Commercial microdialysis membranes typically have larger pore 

size and pore density, having molecular weight cutoffs from 10 to 100 kDa. The difference in 

surface porosity can be clearly seen by comparing a commercial membrane fabricated using the 

dry method (air cast) shown in Figure 1-4 to the wet method membranes in this thesis shown in 

Figure 2-7. These larger pores in the commercial membranes allow the sampling of large 

molecules such as proteins and aggregates.

A set of five static dialysis runs were conducted on the same cellulose acetate membrane to 

determine the repeatability of results. The permeability varied at most 5% between any set of runs. 

A critical factor in attaining consistent results is using the same fluid volumes for the sample 

solution and dialysate solution well. Any variation in volume can change the concentration 

gradient across the membrane, and therefore the permeability.

R-PE dialysis (DMAC-MIX1 at 2 kRPM)

-1

0

1

2

3

4

5

6

7

500 520 540 560 580 600

Wavelength (nm)

C
on

ce
nt

ra
tio

n 
(n

M
) R-PE reference

Static chip dialysis 10 hr
Static chip dialysis 8 hr
Static chip dialysis 6 hr

Figure 5-12. Large-small molecule permeability characterization of a DMAC-MIX1 lacquer spin coated at 
2 kRPM (~22 µm). Plots showing absorption plot for a static dialysis run that used a 65 nM fluorescein (left) and 
6.5 nm R-PE (right) sample solution with dialysate collected at 6, 8, and 10 h time points (fluorescein and R-PE 
reference plotted as well). As can be seen, the membrane is permeable to fluorescein, showing a 32.3% recovery 
after 10 h.
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With regard to the theory derived for the static, two-chamber dialysis case shown in Section 5.2.1, 

a comparison can be made to experimental results. Since the porosity and tortuosity of the cellulose 

acetate membrane are unknown, an exact determination of the permeability, U, is difficult to 

ascertain (as described in Section 5.2.3). Midpoint values with porosity equal to 0.5 and tortuosity 

equal to 2 were assumed. Parameters used to determine the theoretical permeability are listed in 

Table 5-2. Using data from a 10 hour static dialysis run, Table 5-3 compares the experimental 

concentration values measured to the theoretical concentration values from Equation 5-20. The 

smallest percent difference between experimental and theoretical concentrations was with the 1 

kRPM spin coated film (~44 µm), which showed a 9.8% difference. The thicker 2 kRPM spin 

coated film (~22 µm) displayed 51.0% greater permeability as compared to theory. Since the same 

porosity and tortuosity values were assumed between the 1 kRPM and 2 kRPM films, it seems that 

assumption is unsubstantiated by the experimental results. The higher rotational speeds for the 2 

Parameter Value

Starting concentration 65 nM

Donor and receptor 
volumes

200 µL

Diffusion coefficient 
(fluorescein)

5.0 x 10-6 cm2/s

Membrane thickness 44 µm at 1 kRPM 
22 µm at 2 kRPM

Porosity 0.5

Tortuosity 2

Area 2.83 x 10-7 m2

Time 10 hrs

Table 5-2. Parameters used for theoretical calculation of static diffusion.

Polymer film Measured conc. in 
receptor chamber (10 hrs)

Theoretical conc. in 
receptor chamber (10 hrs)

Percent difference

DMAC-MIX1 at 1 kRPM
Thickness: 44 µm

7.4 nM 8.2 nM 9.8%

DMAC-MIX1 at 2 kRPM
Thickness: 22 µm

21.6 nM 14.3 nM 51.0%

Table 5-3. Comparison of static dialysis experiments with theory after 10 hour dialysis run.
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kRPM might have caused a higher solvent evaporation rate, thus creating a higher porosity, lower 

tortuosity cellulose acetate film.

5.6.2. Fouling of membranes using myoglobin

Researchers have used various techniques to visualize the extent of fouling on micro- and ultra-

filtration and dialysis membranes [Zhang 02a]. Kim et al. used this method to study various protein 

ultrafiltration membranes, searching for BSA deposits on the surface and within the internal pore 

structure of the membranes [Kim 92]. Reichert et al. fluorescently tagged proteins and then used 

confocal microscopy to observe adsorption within the membrane’s internal pore structure 

[Reichert 02]. This method allowed the authors to simultaneously see the membrane and the 

protein bound to the pore structure. Zhang et al. have labelled proteins with a dye to better visualize 

protein adsorption on microfiltration membranes. 

After cellulose acetate membranes from the static dialysis run were treated with myoglobin, they 

were dried and coated with a thin conductive coating to allow for visualization with scanning 

electron microscopy. Figure 5-13 provides a comparison of a cellulose acetate surface before and 

after exposure to the myoglobin protein solution. Sporadic material deposits are observed on the 

surface at low magnifications, while further close-up shows a ‘strand-like’ material adsorbed onto 

the surface.

The effect that this fouling has on the permeability of the cellulose acetate membrane was explored. 

Figure 5-14 shows the absorption plot of a chip after a 10 h static dialysis run with a 65 nM 

fluorescein solution (DMAC-HI1 lacquer coated at 1 kRPM)., which shows an 11.4% recovery of 
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Figure 5-14. Plot shows the absorption spectrum from a 
10 h static dialysis run that used a 65 nM fluorescein, 
before and after biofouling. Biofouling was performed 
with 60 µM myoglobin solution for a 10 h time period. 
The chip was coated with DMAC-HI1 at 1 kRPM. 
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Figure 5-13. SEM micrograph showing the surface of a cellulose acetate 
membrane (DMAC-MIX1 at 4 kRPM) (top). The same membrane was 
placed in a 60 µM myoglobin solution for 6 hours, the fouling is visible in 
the low magnification micrograph (middle) and the high magnification 
close-up (bottom). 
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the fluorescein. After treating the chip with 60 µL myoglobin for 6 h, it was rinsed in deionized 

water for 24 h, and the 10 h static dialysis run was performed again with the same reference 

fluorescein solution. The measured concentration of the dialysate was 1.23 nM, indicating a 1.9% 

recovery of the fluorescein solution. This low permeability demonstrates the effect of protein 

biofouling on analyte recovery.

5.6.3. Microdialysis (dynamic dialysis) characterization of membranes

A set of chips were coated with the DMAC-MIX1 lacquer at 1 kRPM (44 µm) and with the more 

viscous DMAC-HI1 lacquer at 1 kRPM (286 µm) were characterized in the microdialysis test setup 

(dynamic dialysis). By decreasing the flow rate into the chip, the dialysate concentration should 

increase, as more time is allowed for fluorescein molecules to diffuse into the chip. Figure 5-15

shows the absorption plots of these two chips with varying flow rates, using a 65 nM fluorescein 

solution as the sample. As can be seen with both chips, analyte recovery increases as the flow rate 

decreases. The variation of dialysate concentration with flow rate can be compared to the 

governing equation for the dynamic dialysis, which was derived in Section 5.2.2. Figure 5-16

shows the comparison between the measured concentrations from experiments and the theoretical 

concentrations from the governing theory based on parameters listed in Table 5-2. For the DMAC-

MIX1 lacquer coated at 1 kRPM, the experimental dialysate concentrations approached the 

theoretical concentrations as flow rate was decreased, while the DMAC-HI1 coated at 1 kRPM was 

Figure 5-15. Absorption plots showing data from a pair of dynamic dialysis runs on a DMAC-MIX1 lacquer 
coated at 1 kRPM, which is 44 µm thick (left) and a DMAC-HI1 lacquer coated at 1 kRPM, which is 286 µm thick 
(right). A 65 nM fluorescein solution was used as the sample solution and the flow rate was varied from 0.5 µL/
min up to 3 µL/min. As can be seen, the thicker film has a considerably lower permeability, even after using a very 
low flow rate.
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the opposite, the experimental values more closely matching the theoretical values as flow rate 

increased.

5.6.4. Electrical regeneration of fouled membranes

Applying an electric field across a fouled cellulose acetate membrane was explored as a means for 

regenerating the analyte flux back to its original value. This electric field was used to create a pH 

gradient that caused the myoglobin protein to become negatively charged, and thus repelled by the 

similarly charged cellulose acetate membrane. To verify a pH change, the indicator dye phenol red 

was placed in the sample solution well, and then a voltage potential of 2.3 V was applied across 

the micromanipulator probes. At 2.4 V electrolysis gas bubbles were generated at the probe tip, as 

shown in Figure 5-17. Again using phenol red, a light red color was initially noticed around the 

probe, while a deep red color appeared in the vicinity of the probe tip. This dark color is indicative 

of OH- molecules, a situation which corresponds to an alkaline solution. Since the pH range of 

phenol red is 6.6-8.0, it was hard to make a quantitative determination of the pH.

A set of four data points shows that the applied field has no effect on the dialysate concentration.

Table 5-4 shows the results of four different microdialysis chips (DMAC-MIX1 coated at 1 kRPM 

and 2 kRPM, and DMAC-HI1 coated at 1 and 2 kRPM) before and after application of an electric 

field. The first table row of dialysate concentrations was collected with the dynamic dialysis setup 

at 1 µL/min for 4 h, providing a reference permeability value for a virgin, non-fouled membrane. 

A voltage potential of 2.3 VDC (230 V/m) was then applied across micromanipulator probes to 
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Figure 5-16. Plots showing the variation of concentration with flow rate for a chip coated with DMAC-MIX1 
lacquer at 1 kRPM (left) and a chip coated with DMAC-HI1 lacquer at 1 kRPM (right). Theoretical concentration 
values for the dynamic dialysis case were generated using Equation 5-31 with parameters listed in Table 5-2. 
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permit observation of the effect of an electric field on the dialysate concentration. This set of 

dialysate concentrations after applying the voltage potential is shown on the second table row in 

Table 5-4. The data indicates that the electric field does not drastically affect the permeability of 

the membrane, with the maximum percent difference before and after applying the field being 

10.6%. This set of data provides a control, ruling out any effect of the electric field on the 

fluorescein permeability. 

Conditions DMAC-MIX1 
at 1 kRPM

DMAC-MIX1 
at 2 kRPM

DMAC-HI1 
at 1 kRPM

DMAC-HI1 
at 2 kRPM

Dialysate Conc. (@ 
1 µL/min)

33.5 nM 45.6 nM 5.3 nM 23.6 nM

Dialysate Conc. (@ 
1 µL/min)
w/ 2.3 VDC applied

30.1 nM 45.2 nM 5.6 nM 26.1 nM

Dialysate Conc. (@ 
1 µL/min)
after Myg. fouling

24.5 nM 30.1 nM 3.7 nM 18.6 nM

Dialysate Conc. (@ 
1 µL/min)
after Myg. fouling 
w/ 2.3 VDC applied

26.3 nM 28.2 nM 4.5 nM 17.9 nM

Dialysate Conc. (@ 
1 µL/min)

23.3 nM 32.4 nM 3.5 nM 18.5 nM

Table 5-4. Results from electrical charging of membrane at 2.3 VDC using embedded platinum 
electrode.

Figure 5-17. Photograph showing gas bubbles 
formed on the micromanipulator probe due to 
electrolysis. Bubbles were generated in CMF-PBS 
at 2.4 Volts.

Gas Bubbles
Probe Tip
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A 60 µM myoglobin solution was used to foul the membrane for 6 h, with the resulting dialysate 

concentration shown on the third table row. All four chips showed a reduced fluorescein 

permeability after fouling, as was similarly shown in the static dialysis experiments. After fouling, 

the chips were rinsed for 24 h in deionized water to remove any protein deposits on the surface. If 

rinsing was not performed adequately, a red-brownish stain characteristic of myoglobin was visible 

on the surface of the cellulose acetate. Any adsorbed protein molecules that subsequently release 

into the sample solution well can have a drastic effect on the measured dialysate concentration. 

Since the large myoglobin molecules cannot pass from the sample solution into the microdialysis 

chip, osmosis causes the smaller solvent molecules to diffuse across the membrane from the less 

concentrated region (the perfusate within the chip) to the more concentrated solution (the sample 

solution well with the protein). 

After membrane fouling, a 2.3 VDC potential was then applied between the two micromanipulator 

probes and the dynamic dialysis run was performed, with results shown in the fourth table row. 

None of the chips showed a dialysate concentration that equaled that of the virgin, non-fouled 

membrane. The best improvement from the fouled state to the final dynamic dialysis run was the 

7.6% increase shown by the DMAC-MIX1 lacquer coated at 2 kRPM. A return to the non-fouled 

Conditions DMAC-MIX1 
at 1 kRPM

DMAC-MIX1 
at 2 kRPM

DMAC-HI1 
at 1 kRPM

DMAC-HI1 
at 2 kRPM

Dialysate Conc. (@ 
1 µL/min)

27.4 nM 44.4 nM 6.1 nM 23.3 nM

Dialysate Conc. (@ 
1 µL/min)
w/ 2.3 VAC applied

26.2 nM 37.2 nM 6.6 nM 20.1 nM

Dialysate Conc. (@ 
1 µL/min)
after Myg. fouling

16.3 nM 30.4 nM 3.6 nM 18.7 nM

Dialysate Conc. (@ 
1 µL/min)
after Myg. fouling 
w/ 2.3 VAC applied

15.5 nM 31.9 nM 2.9 nM 16.5 nM

Dialysate Conc. (@ 
1 µL/min)

17.1 nM 28.9 nM 3.3 nM 17.8 nM

Table 5-5. Results from electrical charging of membrane using embedded platinum electrode at 2.3 
VAC, 1 Hz.
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state would require a 51.5% improvement from the fouled state. The chips were then rinsed in 

deionized water before a final dynamic dialysis run, shown on the fifth table row. 

A similar set of runs was performed with 2.3 VAC, 1 Hz applied between the probes, as shown in 

Table 5-5. Similarly, the data did not show any effect on the dialysate concentration with the 

applied field after fouling of the membrane. The best improvement from the fouled state to the final 

dynamic dialysis run was the 4.9% increase shown by the DMAC-MIX1 lacquer coated at 1kRPM. 

A return to the non-fouled state would require a 68.1% improvement from the fouled state.

The lack of improvement when applying the voltage potential can be due to the small electric field 

strength of ~230 V/m (2.3 Volts over a 1 cm). The distance between the platinum electrodes on the 

surface of the chip and the probe suspended in the sample solution well was approximately 1 cm. 

Difficulty in gauging the height of the probe in the sample solution, and the danger of destroying 

the cellulose acetate membrane, prevented the attainment of a smaller distance. Other researchers 

have shown permeability improvements when using electric field strengths from 500 to 9800 V/m 

[Bowen 89, Bowen 99, Vradis 95, Wakeman 86].

Since the silicon substrate is conductive, a capacitive path exists between the metal platinum 

electrodes on the surface and the substrate. This capacitance can result in the reduction of the 

electric field through the membrane, between the platinum film and the probe within the sample 

solution. The size of the capacitance relative to the substrate is controlled by the geometrical area 

of the electrodes and the thickness of the dielectric oxide film. Sakurai and Tamaru express this 

capacitance to the substrate from a conducting trace on the surface as [Sakarai 83]:

(5-44)

where ε0 is the permittivity of free space, ερ is the permittivity of the dielectric, LB and WB are the 

length and width of the bond pads, respectively, Lt and Wt are the length and width of the traces, t

is the thickness of the trace, and d is the thickness of the dielectric layer. Using geometric values 

from the microdialysis chip, the capacitance between the platinum film and the substrate is 

0.345 nF, calculated using Equation 5-44. Assuming that the probe and the platinum film in the 

sample solution can be modeled as pair of parallel plates, the capacitance is calculated to be 

28.3 pF. The capacitance to the substrate is over 1000 times greater than the capacitance to the 
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probe in the sample solution well. This indicates that the majority of the electric field is directed to 

the substrate instead of across the membrane.

5.7. Conclusion
Both static and dynamic dialysis experiments show that cellulose acetate membranes are 

permeable to the small fluorescein molecule and impermeable to the large R-phycoerythrin 

molecule. A characteristic of these cellulose acetate membranes is the low porosity top layer, 

produced by the immediate precipitation of the lacquer when placed in a quench bath. The results 

suggest that these membranes have low permeability of molecules above 450 Da. Applications for 

these membranes are limited to the purification of very small molecules, such as amino acids or 

cytokines. This has benefits in providing membranes with low biofouling properties, as pore 

blocking is less likely to occur.

The smallest percent difference between experimental and theoretical dialysate concentrations was 

with the 1 kRPM spin coated film (~44 µm), which showed a 9.8% difference, while the thicker 2 

kRPM spin coated film (~22 µm) displayed 51.0% difference. Since the same porosity and 

tortuosity values were assumed between the 1 kRPM and 2 kRPM films, it seems that assumption 

is unsubstantiated by the experimental results. In a dynamic dialysis experiment, for the DMAC-

MIX1 lacquer coated at 1 kRPM, the experimental dialysate concentrations approached the 

theoretical concentrations as flow rate was decreased. The DMAC-HI1 coated at 1 kRPM showed 

the opposite result, the experimental values more closely matching the theoretical values as flow 

rate increased. Experimental results, both from electron microscopy and fluorescein permeability 

measurements, confirm that membrane biofouling occurs when the membrane is exposed to 

myoglobin, diminishing the fluorescein recovery. Embedded platinum electrodes and a suspended 

micromanipulator probe were used to change the local pH with a voltage bias set to either 2.3 VDC 

or 2.3 VAC, 1 Hz. None of the fouled chips showed a dialysate concentration that equaled that of 

the virgin, non-fouled membrane. It was determined that the majority of the electric field is 

concentrated between the platinum film electrode and the silicon substrate due to their proximity 

instead of across the cellulose acetate membrane. 
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6 Microdialysis channel design and fraction 
collector application

This chapter presents data from different microdialysis chip designs as well as the integration of a 

silicon-based microfluidic fraction collector onto the back side of the microdialysis chip. Pressure 

measurements within the fluidic circuit are taken at different flow rates to compare to Poiseuille 

pipe flow theory. In addition, two different microdialysis configurations are explored; a straight 

microchannel configuration and a V-shaped microchannel configuration.

The last section presents a microfabricated, silicon-based fraction collector that overcomes the 

limitations of conventional fraction collector devices. Passive fluid control was achieved by 

modifying the surface properties of silicon with a hydrophobic coating, created by plasma 

deposition of octafluorocyclobutane. By exploiting surface tension effects due to this hydrophobic 

coating, dialysate fills a set of collection chambers in a predetermined sequence without using any 

moving parts. On-chip fraction collection is attained on the back side of the microdialysis chip 

using three collection chambers, each being 6 µL in volume and concentrically located around the 

outlet port. Each deep-etched (~480 µm) silicon collection chamber is coated with a hydrophobic 

polymer. An eventual application involves integrating immunoassays directly onto the 

microfabricated collection chambers, allowing seamless integration of fraction collection and 

molecular sensing. 

6.1. Microchannel design
Two different microchannel designs were explored in the fabrication of the microdialysis chip. One 

design involves channels that follow a straight line between the inlet and outlet ports, while the 
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other has the fluid channel path in a V-shaped pattern, as shown in Figure 6-1. Both microchannel 

designs use six silicon microchannels, with each microchannel having cross-sectional dimensions 

80-µm wide and 100-µm deep. The straight microchannel design has a channel length of 1.25 cm, 

while the V-shaped microchannel design has a channel length of 3 cm. The flow in each of these 

designs is governed according to pipe flow theory given by Poiseuille’s law:

(6-1)

where µ is the viscosity of the fluid, Q is the flow rate, L is the length of the microchannel, and R

is the radius of the microchannel. For non-circular cross sections, the hydraulic diameter is used to 

calculate the radius of the microchannel. The hydraulic diameter is four times the cross-sectional 

area divided by the wetted perimeter of the cross section. For the rectangular silicon microchannel 

the hydraulic diameter is calculated to be 44 µm. 

Using the pressure sensor connecting the syringe pump and the microdialysis chip, it is possible to 

determine if Poiseuille’s law for pipe flow theory was followed. Based on the length and radius of 

the tubing used to connect the pump, pressure sensor, and microdialysis chip, an estimated pressure 

drop of 0.6 Pa was used. Fluid flow into the chip was observed, as the white cellulose acetate 

membrane becomes transparent when wet. Figure 6-2 shows the experimental and theoretical 

pressure drop versus the applied flow rate for both the straight and V-shaped channels. As the flow 

rate increases, the internal pressure of the system should increase linearly, as indicated by 

Poiseuille’s law in Equation 6-1. Both channels showed a significant difference from Poiseuille’s 

Figure 6-1. Photograph showing 
microdialysis chip with V-shaped 
microchannel pattern. Inlet port is being 
pumped with fluid, causing the cellulose 
acetate membrane to change color from 
white to transparent.Inlet Port
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law at high flow rates. When fluid was pumped into the V-shaped pattern, the fluid flow was 

observed to stop about 1 cm from the inlet port, with no fluid exiting the outlet port. 

The reason for this phenomenon is that 1) fluid is leaking due to bad fluid interconnects or 

delamination of the cellulose acetate, or 2) fluid is wetting the porous polymer network, which has 

micron-sized pores near the substrate interface. This wetting of the cellulose acetate can explain 

the non-linearity as the perfusate flows out of the microchannel and wets the membrane. Due to 

having a porous ceiling, the microdialysis channels cannot be modeled as pipe flow with 

impervious walls. Fluid losses are observed as the cellulose acetate membrane wets across the 

entire chip due to capillary forces, causing the change in color in the cellulose acetate. Fluid flow 

in the microchannels was experimentally verified by using 0.8 µm-diameter fluorescently-tagged 

polystyrene beads and viewing the microdialysis chip under an epi-fluorescent microscope, as 

Figure 6-2. Plot comparing experimental 
pressure difference across microdialysis 
channels versus theoretical calculation 
from Poiseuille flow, for straight (top) and 
V-shaped (bottom) channels.
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shown in Figure 6-3. As the flow rate increased, the velocity of the fluorescent beads increased. 

Using particle image velocimetry, it is possible to use image acquisition software to track the 

movements of the particles and determine the fluid velocity in the channel. This allows 

determination of whether a leak was formed in the fluidic circuit or fluid flow was diverted through 

the porous polymer network of the membrane.

6.2. Silicon-based fraction collector
A fraction collector is one of the key devices used for microdialysis, in order to divide a continuous 

fluid stream into timed fractions and route the fractions into mutually isolated wells. In traditional 

fraction collectors, a series of tubes are sequentially filled with the dialysate, as shown in Figure 6-

4. The liquid is directed into the vials in sequence by moving the vial base or liquid inlet tube with 

an electric motor, or by using a multi-position active valve. 

The drawbacks of current timed fraction assay techniques primarily stem from the lack of 

integration in fraction collection and the poor interface of fraction collection with the immunoassay 

platform. Although automated, current fraction collectors are an assembly of numerous macroscale 

components such as electric motors, gears, valves and vials. Such collectors have limited 

applicability to small fractions. They are bulky and expensive, costing hundreds to thousands of 

dollars, and measure tens of centimeters or more in each dimension. When used for clinical 

Figure 6-3. 1µm fluorescent beads are visible 
within the silicon microchannel through the 
cellulose acetate membrane. Platinum 
microbridges that span the microchannel create 
the grated view of the beads.



Microdialysis channel design and fraction collector application

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

187

rejection monitoring, these drawbacks lead to a lack of portability. As a result, the patient has to be 

restricted to the hospital bed, compromising patient freedom and leading to high cost of post-

surgery care. 

Current fraction collectors are also very poorly interfaced with the immunoassay platform, as 

liquid fractions must be transferred, often manually, from vials to microtiter plate wells. This labor-

intensive and error-prone procedure is a major bottleneck in timed assays. While robots can be used 

to alleviate the problem, the associated high cost makes this option prohibitive for most 

immunoassay applications. 

6.2.1. Advantages of a microfabricated fraction collector

The primary advantages of a microfabricated fraction collector include automated, passive fraction 

collection on a monolithic chip, and the potential for built-in interface between fraction collection 

and immunoassay. Small fraction volumes can be reliably and inexpensively collected and 

analyzed using well-established immunoassay procedures. Moreover, this device enables 

inexpensive and disposable bedside or point-of-care monitoring of physiologic fluids from 

indwelling catheters, such as a microdialysis chip. 

Automated fraction collection is accomplished on a monolithic chip with on-chip passive valves. 

Monolithic integration eliminates the need for assembly of discrete components and problems 

Figure 6-4. Photographs of conventional fraction collectors from CMA Microdialysis (left) and Michrom 
BioResources (right). Photo courtesy CMA Microdialysis and Michrom BioResources.
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associated with dead volume. Dead volume presents considerable difficulties for temporal 

measurements, since it provides a delay between actual event occurrences -- for example a 

decrease in analyte flux -- and when they are measured. By combining the acquisition, 

fractionation, and analysis onto one substrate, a true temporal resolution of chemical or biological 

events can be determined. 

Integration of microfluidic components and elimination of moving electromechanical components 

such as electric motors and gear systems drastically improve the reliability of fraction collection 

and remove the need for instrument maintenance. Also, with minimized device size and no open 

vials, a monolithic fraction collector is highly portable. In particular, when applied to clinical 

rejection monitoring, the patient can be monitored off the hospital, improving patient mobility and 

reducing the cost of post-transplantation care. The use of closed collection wells also prevents 

degradation of samples by evaporation or contamination. 

6.2.2. Applications

Although the microchip fraction collector presented here is intended for use in microdialysis, it is 

also practical for many other applications (e.g., chromatography, electrophoresis) where small 

volumes of separated molecules need to be collected. For clinically relevant time scales, such as in 

a hospital, a fraction collector with large collection chambers is necessary for sampling over long 

time periods, such as 24 hours. For example, monitoring organ rejection molecules would require 

microdialysis over 2-3 days to see if specific signals indicate a match between organ and patient. 

In other cases, such as monitoring the effect of a drug, a shorter time scale of 2-6 hours is necessary, 

thus a microfabricated fraction collector is more applicable.

Sample fractionation combined with immunoassay will allow convenient and rapid analysis of a 

wide variety of biomaterials in the life sciences, especially with the increasing emphasis on small 

volume fractionation and analysis. More advanced applications include integrating more 

sophisticated functionalities. The collection chambers can be further integrated with micro sensors 

for detection of target molecules, allowing for truly integrated biomedical diagnostics and 

monitoring microsystems. For example, biosensing along with electronic or colorimetric readout 

can be integrated into the fraction collection wells, and the need for reagent addition and washing 

can be minimized by developing suitable assay protocols.
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6.2.3. Previous work

Surface tension effects have been exploited in micro devices to enable unique functionalities not 

seen in the macro world [Kim 99]. In particular, passive microfluidic valves have been shown by 

Ahn et al. in a structurally programmable microfluidic system and by McNeely et al. for sample 

processing in hydrophobic microchannels [Ahn 00, McNeely 99]. Andersson et al. show passive 

microvalves created using the same fabrication technique discussed in this thesis, which involves 

plasma depositing the hydrophobic polymer octafluorocyclobutane (C4F8) onto DRIE 

microchannels [Andersson 01]. C4F8 has the unique property of having good adhesion to silicon 

and a strong resistance to chemical attack. Similarly, hydrophobic microchannels are created on-

chip in our application by using a hydrophobic polymer coating, allowing the capability of passive 

valving. The governing theory will now be presented.

6.2.4. Principle of operation

The microfluidic fraction collector exploits the dominance of surface tension, the intramolecular 

force that keeps a fluid together at an air/fluid interface. When an aqueous buffer flows through a 

hydrophobic microchannel, the liquid front will assume an ellipsoidal shape centered on the liquid 

side, and a pressure difference is generated across the liquid-air interface, as shown in Figure 6-5. 

This pressure difference is provided by the Young-Laplace equation [Adamson 97]:

(6-2)

where γ is the surface tension of the liquid/air interface, θ is the liquid contact angle on the channel 

wall, and H and W are the height and width of the channel. The pressure barrier, ∆P, that must be 

∆P P1 P2– 2– γ θ 1
W
----- 1

H
----+ 

 cos= =

Figure 6-5. Schematic drawing showing a liquid front being driven into a hydrophobic channel by a 
pressure gradient. Drawing courtesy of Bozhi Yang.



Microdialysis channel design and fraction collector application

Silicon-based microdialysis chip with integrated fraction collection and biofouling control
George López Subrebost

190

overcome to drive the fluid flow is governed by the physical properties of the surface and liquid as 

well as the channel dimensions. By adjusting the physical dimensions of the channels, the pressure 

barrier can be set, allowing control of the fluid path.

Equation 6-2 is valid for a channel that has all four sides having the same contact angle with the 

liquid front. If the channel was fabricated by sealing a different material over an etched trench, then 

a different contact angle will appear on the top surface of the channel. The Young-Laplace is 

rewritten:

(6-3)

6.2.5. Design

Figure 6-6 shows two fraction collector designs that were considered. When dialysate flows out 

from the outlet port, it gets directed into a distribution channel, for the linear design, or the 

∆P P1 P2– γ– θtrench
2h w+

hw
---------------- 
  γ– θtop

w
hw
------- 
 coscos= =

Figure 6-6. Schematic drawing showing a linear design (left) and a rotary design (right) for outlet 
fractionation.
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distribution ring, for the rotary design. The cross sections A and B, as shown in the figure, are the 

pressure barriers used to direct the dialysate through the fraction collector. They are designed such 

that cross section A is larger than cross section B; therefore, the fluid pressure needed to enter cross 

section A is smaller than that of cross section B. The dialysate will take the path of least resistance 

(the smallest pressure barrier). After the dialysate enters cross section A, chamber 1 begins to fill 

with dialysate. The time it takes to fill the chamber is dependent on the dialysate flow rate and the 

size of the chamber. After chamber 1 is completely filled, the dialysate will then proceed through 

the distribution channel/ring and again meet at the intersection of two different cross sections (A 

and B). As before, the dialysate will flow to the smaller pressure barrier path and begin to fill 

chamber 2. The same process is repeated for chamber 3. Thus the chambers will fill in a 

predetermined sequence, according to which chamber first sees the entering dialysate. 

Small air vent ports, as shown in Figure 6-6, are placed at the opposing end from where dialysate 

enters the collection chamber. As the dialysate fills the chamber, trapped air within the chamber is 

expelled through this port. These vent ports have the smallest cross section, therefore, the largest 

pressure barrier, preventing the dialysate from leaking out of the chamber.

6.2.6. Fabrication

Fabrication steps for the silicon-based fraction collector were outlined in Chapter 3. Cross section 

A was designed to be 500 µm wide, cross section B was 100 µm wide, while the vent ports were 

designed to be 20 µm wide, the smallest cross-sectional dimension. As was previously discussed 

in Chapter 3, the hydrophobic polymer octafluorocyclobutane was plasma-deposited using a deep 

reactive ion etcher. The contact angle between the hydrophobic polymer and water was calculated 

to be 105° using a Rame-Hart goniometer, as shown in Figure 6-7.

Instead of irreversibly bonding the PDMS to the back side of the microdialysis chip, a reversible 

bond can be formed just by cleaning the PDMS surface with Scotch tape. This process removes 

any organics from the PDMS such as oily fingerprints and dirt particulates. This temporary 

bonding allows for access to the dialysate in the collection chambers after they are filled.

The completed fraction collector is shown in Figure 6-8. The base of the silicon collection 

chambers shows a striped pattern, which is an after-effect from the etching process. A grating 
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pattern, discussed in Section 3.2.2.2, was used to attain uniform silicon etch rates across the entire 

collection chamber. 

6.2.7. Results and discussion

A set of three collection chambers with a volume of 6 µL each (4 mm-diameter, 480 µm-deep) 

were designed in the rotary pattern shown in Figure 6-8. For proof of concept, a concentrated 

fluorescein solution (~1 µM) was pumped into the fraction collector at a 1 µL/min flow rate using 

Figure 6-7. (Left) Photograph from a Rame Hart goniometer showing the contact angle made between a water 
droplet and a surface coated with the hydrophobic polymer octafluorocyclobutane. (Right) The hydrophobicity 
of the collection chambers as compared to the silicon dioxide substrate is shown in this photograph. Water easily 
wets the surrounding surface, which has a 1 µm-thick silicon dioxide film, yet does not fill into the hydrophobic 
chambers, which are coated with octafluorocyclobutane.

Figure 6-8. (Left) Photograph from an optical microscope showing the fraction collector on the back side of a 
microdialysis chip. Grating used for uniform deep reactive ion etching appears as stripes at the base of the 
chambers. (Right) Photograph showing an assembled microdialysis chip with PDMS backing that provides 
support for fluidic interconnect and a ceiling for the collection chambers.
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a syringe pump (CMA/102 Microdialysis Pump, CMA Microdialysis, North Chelmsford, MA). 

Tygon tubing is used to connect the chip to the syringe pump. As the fluorescein solution enters 

the chip, the collection chambers are sequentially filled, as shown in Figure 6-9. Small trapped air 

bubbles were noticed in one of the chambers. This problem can be solved by creating multiple vent 

ports around the collection chamber or creating a vent port in the PDMS top layer.

To observe the temporal response of the fraction collector, PBS buffer is pumped at a low flow rate 

of 0.2 µL/min into a microdialysis chip coated with DMAC-MIX1 lacquer coated at 2 kRPM. After 

Figure 6-9. Photographs showing the progression of a 
~1 µM fluorescein solution through the fraction 
collector. As fluid is pumped into the collector (a), the 
first pressure barrier is overcome and the first chamber 
fills (b, c). Continuation of the fluid flow causes the 
second pressure barrier is reached and the dialysate is 
then directed into the second chamber (d, e). 

(a) (b)

(c) (d)

(e)
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chamber 1 is filled (30 min elapsed time), a 65 nM fluorescein solution is placed on the sample 

solution well above the cellulose acetate membrane and then removed immediately after chamber 

2 is filled (1 h elapsed time). After all three collection chambers are filled, if the PDMS is 

irreversibly bonded to the silicon, then a sharp needle is used to puncture the PDMS and remove 

the dialysate. If a reversible bond is used, then the PDMS is removed and the dialysate is collected. 

The small dialysate volumes require dilution in order to meet the minimum required volume for 

the fluorimeter cuvette. Table 6-1 shows the fluorescein concentration of each collection chamber. 

The highest concentration is in chamber 2, since that is when the fluorescein solution was added to 

the microdialysis chip. As was discussed in Section 5.2.2.1, the small fluorescein molecules 

diffuses very quickly (in average distance of 4.4 mm in 5 min). This can be the reason for the 

fluorescein concentration that is detected in Chamber 3. The cross diffusion of fluorescein is 

limited by the area of contact between the chambers and the distribution ring (cross section A).

The limited size of the microfabricated, planar fraction collector, enables the collection of sample 

over short time periods, e.g., 2-4 hours. Monitoring the effect of a drug is a clinical application that 

involves collecting samples for short time periods. Other non-clinical applications can involve the 

fractionation of sample from liquid chromatography or electrophoresis systems, where small 

volumes of separated molecules need to be collected. A fraction collector with large collection 

chambers is necessary for sampling over long time periods, such as 24 hours; these can include 

post-surgery applications. 

6.3. Conclusion
Both straight and V-shaped microchannels show a significant difference from Poiseuille’s law at 

high flow rates. The reason for this phenomenon is due to the fluid wetting the porous polymer 

network instead of flowing through the entire microchannel path, causing a decrease in pressure. 

Due to this wetting, fluid flow within the V-shaped channel was observed to stop about 1 cm from 

Collection Chamber Concentration

Chamber 1 0 nM

Chamber 2 53 nM

Chamber 3 13 nM

Table 6-1. Variation in collection chamber concentration.
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the inlet port. A silicon-based fraction collector is fabricated on the backside of the microdialysis 

chip using deep reactive ion etching techniques and a polymer passivation of 

octafluorocyclobutane to create hydrophobic surfaces. Three collection chambers, each being 6 µL 

in volume, are concentrically located around the outlet port. Using the technique of passive 

valving, each chamber is sequentially filled as the dialysate exits through this port. To observe the 

temporal response of the fraction collector a fluorescein sample is selectively exposed to a 

microdialysis chip. Due to the thickness of the substrate and desire for using little silicon real 

estate, the fraction collector is limited to collection applications involving short time scales (2-

4 hours).
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Conclusion and Future Work

An integrated, silicon-based microdialysis chip with multiple functionality was presented in this 

thesis. On-chip integration of sample acquisition and fractionation were demonstrated using a 

porous, suspended cellulose acetate membrane on the substrate front side and etched collection 

chambers on the substrate back side, respectively. Microdialysis membranes were created using 

phase inversion techniques, which provided an easy way to control the parameters of the 

membrane such as thickness and surface porosity. Adhesion of the organic cellulose acetate 

membrane to the inorganic silicon substrate was characterized using a blister test setup. Both 

chemically and mechanically modified surfaces were characterized, with a silane agent providing 

the best adhesion. The long chain, hydrophobic silane prevented delamination of the membrane by 

excluding moisture and interdiffusing with the polymer network. The governing theory behind 

polymer spanning was presented along with measured physical properties of the cellulose acetate 

lacquer. Entrapped air within the silicon microchannels is shown to counteract the penetrant 

capillary forces.

The cellulose acetate membranes were characterized using a static and dynamic dialysis test setup 

with fluorescein recovery values compared to theory. A significant decrease in analyte flux was 

measured when membranes were treated with myoglobin, indicating that the protein molecules 

adsorbed onto the surface. Additional verification of membrane fouling was provided by scanning 

electron microscope images. Repeated rinsing of the microdialysis chip did not remove the foulant 

aggregates on the surface of the membrane. Isoelectric and electrostatic forces were explored by 

using embedded platinum electrodes and a micromanipulator probe placed below and above the 

membrane, respectively. Constant and alternating voltage potentials were applied across the 

membrane thickness, creating a change in the local pH as visualized by an indicator dye. After 

application of the electric field, the analyte flux of the fouled membrane showed a 7.6% increase 
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in analyte flux. This was relatively insignificant since a 51.5% increase in analyte flux was 

necessary to return the membrane to pre-fouled levels. 

Both a straight and V-shaped channel pattern show deviation from the Poiseuille pipe flow theory 

at high flow rates. Due to a porous ceiling, the microdialysis channels can not be modeled as pipe 

flow with impervious walls. Fluid losses to the cellulose acetate membrane were noticed when the 

white, dry polymer changed to a wet, transparent state. A silicon-based fraction collector was 

demonstrated on the backside of the microdialysis chip. Each of the three collection chambers of 

6 µL volume are sequentially filled as the dialysate exits through the outlet port. Due to the planar 

geometry of the fraction collector small liquid volumes can only be collected, limiting the 

application to short time scales (2-4 hours).

The immersion precipitation process has limited applicability for dialyzing large molecules such 

as proteins. Commercial microdialysis membranes typically have larger pore size and pore density, 

having molecular weight cutoffs from 10 to 100 kDa. The difference in surface porosity can be 

clearly seen by comparing a commercial membrane fabricated using the dry method (air cast) 

shown in Figure 1-4 to the wet method membranes in this thesis shown in Figure 2-7. These larger 

pores in the commercial membranes allow the sampling of large molecules such as proteins and 

aggregates. The permeability of the cellulose acetate membranes can be improved by using a 

different phase inversion fabrication technique, such as solvent evaporation or thermal 

precipitation. The difficulty in attempting these techniques is with creating uniform, well-adhered 

films to the silicon substrate. The silane coupling agent that assists with bonding the polymer to the 

substrate creates a hydrophobic silicon surface that causes beading, limiting the possibility of 

allowing the lacquer to evaporate. In addition, any heating or cooling of the spin-coated lacquer 

film will also encounter similar beading problems. Cellulose acetate was the material of choice due 

to the vast literature that used it for creating phase inversion membranes. In addition, cellulose 

acetate demonstrated excellent structural rigidity and adhesion to the silicon substrate. Due to the 

limited operating temperature and pH range, other materials are more desirable, especially if 

electrodes are manipulating the local pH surrounding the cellulose acetate membrane. Future work 

would investigate the use of other polymer materials that have more desirable properties. Although 

spin coating allows a user to create membranes of varying thickness (dependent on the angular 

rotation rate), chip regions closer to the axis of rotation travel a smaller path compared to those 
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regions farthest from the axis. This leads to regions on the cellulose acetate lacquer that have a 

higher evaporation rate that other locations. In addition, although a membrane with the smallest 

thickness (high spin speed) is desired in order to have high permeability, the membrane loses 

structural rigidity and begins to crack and delaminate. Further work would perform an optimization 

to determine the best thickness that permits high permeability and structural integrity.

The current microfabrication process does not lend itself to producing a microdialysis chip that 

resembles the long, slender shape of a conventional microdialysis probe. Further work can be done 

to design a needle-shaped design as envisioned in Figure 1-2. The design challenge is to situate the 

inlet/outlet microchannel paths alongside electrode metal paths used for biofouling control in a 

0.5 mm width silicon segment (equivalent to the diameter of conventional microdialysis probes). 

Using dip coating technology, it is possible to cover the entire surface of the silicon probe with 

polymer lacquer. The inlet port and fraction collection chambers are located on the handle of the 

chip, allowing easy access to fluidic tubing and electrode wiring. This key-shaped design allows 

for in vivo applications that require minimal invasiveness and a complete biocompatible coating of 

the entire device surface. Further work can be done by microfabricating a fluidic pump on the same 

microdialysis chip platform. Numerous researchers have investigated this area, current 

microfluidic pump technology provides limited and inconsistent flow rates as well as limited time 

scales due to the problem of integrating a fluid supply.

Although results indicate that electrical regeneration of a fouled membrane was not possible, there 

are certain strategies that could of been performed to enhance this technology. The electric field 

strength across the membrane was only 230 V/m due to the distance between the thin film electrode 

and the micromanipulator probe. By passivating the electrodes the effects from electrolysis are 

prevented, and higher voltages can by attained. Another approach for further research is 

substituting the micromanipulator probe with a thin film electrode situated on top or near the 

membrane, without affecting the membrane properties. Another approach can involve using multi-

addressable electrodes underneath the cellulose acetate membrane, with the distance between 

oppositely-charged electrodes controlled by photolithography. One avenue not investigated was 

whether the application of an electric field inhibits or delays the onset of biofouling. This specific 

case would involve applying an electric field as the membrane begins to biofoul, instead of after 

biofouling has occurred. As was stated in Chapter 6, certain applications require fraction collectors 
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Conclusion and Future Work

that can be used for long time scales, 24-72 hours. For these instances, the planar geometry offered 

by semiconductor fabrication does not provide the necessary volume for collection chambers. One 

solution to add more structural volume for handling fractions is bonding another layer, such as 

PDMS, to the substrate. 
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Appendix A: Detail microdialysis chip 
fabrication steps

Silanization Procedure

1) Place SiO2 wafer in the oven to dehydrate at 120°C for 10 min to remove moisture.

2) Remove from oven and place wafers in large beaker with HMDS puddle, cover with glass dish. 
Wait for 10 min to silanize both surfaces of wafer.

Frontside Patterning

1) Coat Backside (to protect from BHF)

a. Place wafer in the oven to dehydrate at 120°C for 10 min to remove moisture, HMDS 
vapor prime.

b. Spin AZ4210 at 4 kRPM onto frontside of wafer.

c. Softbake for 2:00 minutes on the hotplate set to 115°C.

2) Pattern frontside

a. Spin S1813 at 4 kRPM onto frontside of wafer.

b. Softbake for 1:30 min on the hotplate set to 115°C.

c. Expose wafer on MA56 for 5.3 s.

d. Develop wafer with AZ 400K, 1:4 dilution for approximately 1 min.

3) Oxide patterning

a. Place wafer in BHF etch solution for 20 min (~100 Å/min)

b. Agitate solution constantly to make sure small features etch.Place wafer in acetone bath 
for 5 min.

c. Place wafer in ultrasonic acetone bath for 5 minutes. Rinser/dryer, oven 120C for 5min, 
HMDS vapor prime.
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4. Liftoff patterning

a. Spin S1813 at 4 kRPM onto frontside of wafer.

b. Softbake for 1:30 min on the hotplate set to 115°C.

c. Allow wafer to cool for 1 min.

d. Align to oxide patterns and expose wafer on MA56 for 5.2 s.

e. Develop wafer with AZ 400K, 1:4 dilution with H20.

f. Rinse and dry.

5) Metal Deposition

a. Sputter titanium and platinum. Ti sputter for 20 s at 100W, 5mTorr (~50nm). Pt sputter 
for 2.5 min at 75W, 16mTorr (~0.1 µm thickness).

b. Place wafer in acetone for one hour for lift-off. 

c. Remove acetone and metal flakes, place wafer in new acetone bath, and then place in 
ultrasonic agitator for 5 min maximum.

d. Rinse with acetone and isopropanol.

Backside Patterning and Etching

1) Coat frontside first for protection from spinning, aligner, & STS etching.

a. Place wafer in the oven to dehydrate at 120°C for 10 min to remove moisture, HMDS 
vapor prime.

b. Allow wafer to cool for 1 min.

c. Spin AZ4210 at 4 kRPM onto frontside of wafer.

d. Softbake for 2 min on the hotplate set to 115°C.

e. Allow wafer to cool for 1 min.

2) Pattern backside 

a. Spin AZ 4620 at 1.3 kRPM onto backside of wafer.

b. Vacuum oven (heat off) for 10 min.

c. Softbake for 10 min on the 90°C oven.

d. Allow wafer to cool for 5 min.
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e. Start MA6. Perform alignment to frontside features through resist.

f. Expose for maximum time of 999.9 s.

g. Develop using 1:2.25 AZ400K:H20 (40mL:90mL). If resist still visible, add 10mL of 
developer. 

h. Rinse thoroughly in multiple water baths, leave no developer. 

i. Hardbake at 120C for 30 min.

3) Etch backside

a. Etch oxide layer in BHF bath for 20 min to remove oxide.

b. Hardbake at 90C for 10 min.

c. Use dev_200w recipe which etches (2.3 µm/min) for 2.5 hours. Leaves ~30 microns of 
silicon (480 µm total etch). All wafers are 500 +/- 10 µm in thickness.

d. Coat backside of wafer with 10 min of C4F8 to create hydrophobic conditions.

f. Dip wafer in acetone for >10 min. 2nd bath for another 10 min.

g. Use Q-tip to remove resist.

Frontside Etching

1) Perform frontside etch in STS.

a. Etch remaining ~30 µm of silicon by running DRIE recipe (dev_200w) on frontside for 
15.5 min followed by isotropic etch recipe (iso_tsmc) for 5 min to release and undercut fixed-fixed 
beams.

Fluidic interconnect assembly and polymer spin on

1. Clean backside of chips with O2 plasma for 10 min.

2. Bond PDMS backside using 18 s air plasma

a. Start plasma at 0.300 Torr

b. If no bond, use new PDMS.

3. Clean frontside of chips with O2 plasma for 10 minutes

4. Spin coat CA polymer for 8 s.

5. Immediately immerse in water
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