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Analytical chemistry is an area of chemistry primarily focused on the study 

and use of instruments for separation, identification, and quantification of an analyte 

of interest.  Specifically, separation science within analytical chemistry often refers to 

the process of dividing mixtures into their small component parts based on 

differences in their physical and chemical properties; this can be preparative or 

analytical chromatography. With advances in microfabrication and microfluidic 

technologies in recent years, miniaturization of the analytical process has been a 

priority. However, traditional preparative scale separation processes are equally 

impactful because of their use for isolating components on a greater scale to allow for 

isolation of highly pure products for further use.  

These traditional preparative separation methods, when employed in natural 

product extraction and isolation, can yield a highly purified product in enough 

quantity to perform further studies. The first research chapter describes the use of 

centrifugal partition chromatography (CPC) for the preparative-scale isolation and 



 

 

purification of xylindein from the fungi, Chlorociboria aeruginosa. Solvent system 

compositions for xylindein isolation using CPC were explored, resulting in a new 

solvent system appropriate for purification of xylindein. The separation technique 

was optimized and used to isolate naturally sourced xylindein in amounts suitable for 

further study.  

Though preparative scale separations are useful and impactful for natural 

product extraction, interest in miniaturization and microfluidic technologies has 

grown tremendously in the past decades owing to their benefits in many fields of 

applications. In the following chapter, a novel approach to fabrication employing a 

high-speed CO2 laser for etching was used for rapid fabrication of polymethyl 

methacrylate-based microfluidic devices. The fabrication method provides a simple 

approach for the production of microfluidic chips, and offers the versatility needed to 

achieve different designs and features for a wide variety of applications. The 

microfluidic chips fabricated using this technique were used to perform on-chip 

electrophoresis with rhodamine B as a standard test dye. The electropherograms 

obtained from the fabricated microchips were reproducible and comparable to a 

polymethyl methacrylate (PMMA) standard chip. 

Microfluidic devices can integrate the entire analytical process, including 

sample handling, preparation, reaction, separation, and detection, onto a single chip. 

The system also allows for size reduction of instrumental components, and enhances 

the development of portable analytical tools for field-testing applications. The final 

section of this work includes the utilization of a smartphone as the detection platform 

for a well developed, relatively inexpensive, commercially available clinical 



 

 

chemistry assay as a model for rapid and inexpensive field-portable diagnostic 

testing. It was possible to quantify glucose over its clinically important concentration 

range (30–515 mg/dL) with good linearity (R2 = 0.9994, n = 5). Data collected using 

the iPhone 4 and canine serum samples were in agreement with results from the 

instrumental “gold standard” (Beckman Coulter AU480 Chemistry System).  

Presented herein are applications in analytical chemistry and separation 

science. Preparative scale isolation of naturally extracted xylindein was achieved in 

good yield using CPC; a novel fabrication technique for a polymeric microfluidic 

device was developed and used for on-chip CE; the applicability of smartphone 

technology for glucose detection was demonstrated for use as a portable analytical 

tool. Finally, though analytical chemistry is a broad field, the methods and techniques 

described within this dissertation have contributed to furthering science and 

knowledge in the subfields of preparative scale separations, microfabrication and 

microfluidic technology, and smartphones as detectors for clinically relevant analytes. 
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CENTRIFUGAL PARTITION CHROMATOGRAPHY, 

MICROFABRICATION, AND A SMARTPHONE-BASED DETECTION 

PLATFORM: ANALYTICAL CHEMISTRY FROM PREPARATIVE-SCALE 

SEPARATION TO MICRO-SCALE ANALYSIS 

 

CHAPTER 1 

 

INTRODUCTION TO XYLINDEIN, CENTRIFUGAL PARTITION 

CHROMATOGRAPHY, AND POLYMERIC MICROFLUIDIC DEVICES 

 

This chapter is written in three parts. The first section is a review of naturally derived 

xylindein-based compounds including the sources, characterization, and current use 

of these fluorophores. The next section introduces centrifugal partition 

chromatography. This separation technique was employed for the preparative scale 

isolation of xylindein from fungal cultures. The final section introduces polymer-

based microfluidic devices and the microfabrication technologies used to create these 

analytical devices.  

 

 



 

 

2 

1.1 Xylindein 

1.1.1 Introduction to xylindein and Chlorociboria species 

Xylindein is a blue-green pigment secreted by the wood infective fungi 

Chlorociboria aeruginosa and C. aeruginascens, which can be found in temperate 

forests throughout North America and widely distributed around the world [1,2].  The 

blue-green color of xylindein within the fungi has been a focus of scientific 

discussion for over 2 centuries due to its unique properties and the challenges 

associated with isolating and characterizing the pigment. The insolubility of xylindein 

in common aqueous and organic solvents used for natural product extraction 

prevented its isolation and structural determination until Lieberman obtained the 

crystallized pigment by extracting green, fungi-infected wood with aqueous phenol 

[3]. The planar, heavily-conjugated, extended quinone structure of xylindein was 

elucidated in the mid-1960s after extensive studies by many chemists [4-10]. 

Recently, the (3S, 3’S) absolute configuration of xylindein and its tautomeric 

structure was established by introduction of a heavy atom containing bis para-

bromobenzyl group into derivatized xylindein from extracted natural materials, 

followed by analysis via X-ray crystallography (Figure 1.1) [11]. 



 

 

3 

 

Figure 1.1 Absolute configuration of xylindein (8,16-Dihydroxy-3,11-dipropyl-
3,4,11,12-tetrahydro-pyrano[4,3- h]pyrano[4',3';5,6]xantheno [2,1,9,8-
klmna]xanthene-1,7,9,15-tetraone) elucidated by Saikawa et al. via  X-ray 
crystallographic analysis of derivatized bis para-bromobenzyl xylindein  extracted 
from natural materials. 

 

1.1.2 Sources of xylindein 

1.1.2.1 Synthesis attempts 

While xylindein is widespread in nature and its absolute configuration and 

structure are now better understood, extensive studies on alternative synthetic 

methodologies for production of the extended-quinone xylindein, and precursors, are 

still ongoing. First in 1979 and later in 1990 Giles and coworkers sought an 

alternative synthetic source of this compound [12,13]. With direction from the earlier 

structural determination [8], they developed a method to dimerize the lactone 

precursors.  However, attempts to apply their strategies were unsuccessful. Further 

synthesis attempts were pursued by Donner et al. in 2004 and 2012 [14,15] with 

minimal success. In summary, in over 30 years of attempts at chemical synthesis of 

xylindein, no single synthetic approach has advanced to completion.  Thus, isolation 
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of useful quantities of xylindein from natural sources remains of great interest to 

researchers. 

1.1.2.2 Natural sources 

 The unique blue-green xylindein pigment is produced by Chlorociboria spp., 

which is abundant in many wood sources and appears as green stains. The natural 

production of xylindein occurs within the fungi hyphae and fruiting bodies, but often 

the xylindein pigment diffuses into the surrounding substrates [16]. The unique 

mechanism of diffusible pigment secretion not only allows for a greater amount of 

secreted pigment to be produced, but it also facilitates pigment isolation without 

destruction of the organism. Since synthetic approaches towards complete xylindein 

structure remain challenging and have not yet advanced to completion, this research 

effort made use of renewable, naturally-derived materials as the sole source of the 

pigment for further study. 

1.1.3 Production of xylindein 

The xylindein pigment can be extracted directly from green stained wood 

infected with Chlorociboria spp. [17], which are widely distributed in temperate 

forests. More conveniently, xylindein can be obtained from Chlorociboria cultures 

grown in aqueous malt extract in an agar-based plate format (Figure 1.2a). Robinson 

et al. have extensively studied the growth stimulation of Chlorociboria in order to 

maximize xylindein production under laboratory conditions; this includes 

modification of culture conditions and studies on a variety of host wood species, 

which later were introduced into the culture system as fungal growth additives 
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[18,19]. 

Most recently, Weber et al. presented an effective approach to accelerate 

pigment production, including xylindein production, using a water carrier (liquid 

culture format, Figure 1.2b) [20]. In brief, non-pathogenic Chlorociboria aeruginosa 

fungi was pre-cultured on 10-cm plates containing 2% malt extract and 1.5% agar in 

water as culture media using a method described by Robinson et al. [19]. The culture 

materials were incubated at room temperature for several months or until the colony 

area was deemed sufficient. Fungal material was then transferred into a batch reaction 

flask containing 2% malt in water as liquid culture media. The culture batches were 

incubated at room temperature on a shaker at 110 rpm for several weeks. With longer 

incubation time, greater pigment production was obtained. 

 

Figure 1.2 Chlorociboria aeruginosa cultures (a) on agar-based solid media (2% malt 
extract and 1.5% agar in water) in a 10 cm plate, and (b) in aqueous culture media 
(2% malt in water) in 500 mL culture flasks. 
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1.1.4 Isolation of xylindein from natural sources 

Due to the limited solubility of xylindein in aqueous and organic solvents 

commonly used for purification of natural products, extraction of xylindein from 

pigmented wood has been performed using aggressive solvents such as phenol [3] and 

hot chloroform [9,11]. More convenient isolation methods have been used when 

isolating the pigment from fungal culture. Halogenated solvents such as chloroform 

or dichloromethane have been reported to efficiently extract xylindein from the 

fungal culture; this is due to xylindein’s solubility and stability in these solvents [21].  

Solid phase extraction (SPE) with a phenyl-bonded column was recently 

reported as a useful approach to extract high purity of the pigment from liquid fungal 

culture with a phosphate buffer (pH 2.8)/acetonitrile/chloroform eluent system [20]. 

After conditioning the column, the xylindein-containing liquid media was loaded, 

washed using 50% acetonitrile in water containing 0.01% H3PO4, and collected in 

chloroform (Figure 1.3). 

 

Figure 1.3 The solid phase extraction (SPE) of xylindein from Chlorociboria 
aeruginosa liquid culture: (a) loading liquid culture media, (b and c) washing step 
using 50% acetonitrile in water, containing 0.01% H3PO4 (d and e) eluting and 
collecting fractions using chloroform. 
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1.1.5 Applications of xylindein 

Xylindein is particularly attractive because of its intense blue-green color. 

Wood stained with xylindein has been used in decorative wood and other decorative 

purposes since 15th century [22]. Current interest primarily involves the controlled 

introduction of pigment into high-value wood products [23,24]. Some researchers 

have considered potential applications outside of the decorative wood markets such as 

textile coloration [25], and organic semiconductors [26,27]. Herein, we present an 

application for xylindein and its derivatives as a highly fluorescent fluorophore used 

as a vacancy detection agent in microscale analytical devices.  

 

1.2 Centrifugal partition chromatography 

1.2.1 Introduction to centrifugal partition chromatography 

Centrifugal Partition Chromatography (CPC), a form of Counter-Current 

Chromatography (CCC) is a promising alternative separation tool for isolation of 

various molecular targets. The technique is particularly attractive for the purification 

of natural products from complex mixtures. Figure 1.4 shows the number of articles 

published each year from 1993 to 2013 that describe solvent systems for natural 

product purification using CPC and CCC techniques [28]. The trend has been steadily 

increasing. 
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Figure 1.4 The number of publications published between 1993 and 2013 describing 
solvent systems for natural product purification using CPC and CCC techniques after 
reference [28]. 

 

Pioneered by Ito et al. [29], CPC is a sub-class of CCC and is also known as a 

hydrostatic countercurrent chromatography (Figure 1.5) [30,31]. CPC is a 

preparative, support-free, liquid-liquid chromatographic technique. The technique 

requires two immiscible solvent phases: one liquid phase remains in the column as 

stationary phase; the other solvent phase passes through the stationary phase. The 

principle of separation in CPC involves the partitioning of a solute between these  two 

immiscible solvent phases (one stationary and one mobile). CPC provides many 

advantages over solid-support liquid chromatographic techniques: high loading 

capacity, low solvent consumption, high sample recovery, no secondary adsorptive 

interactions as can occur with a solid support, high selectivity attained by skilled 

design of a solvent system, and relatively easy scale-up [32,33]. Therefore, CPC 



 

 

9 

serves as an efficient alternative liquid chromatographic technique for preparative 

separations and purifications at laboratory and often industrial scales. 

 

Figure 1.5 A cluster tree diagram of liquid−liquid separation techniques showing 
CPC as a sub-technique of countercurrent separation and other related liquid-liquid 
chromatographic techniques after reference [30].  

 

1.2.2 CPC separation mechanism 

The separation mechanism in CPC is based on differing partition coefficients 

(KD) of various solutes between two immiscible solvent systems. One liquid phase 

acts as a pseudo stationary phase and remains in the column, owing to the application 

of an external centripetal field, while the second liquid phase is pumped through the 

stationary phase in the CPC column cells, acting as a mobile phase. In Figure 1.6, two 

immiscible solvent phases, a stationary phase and mobile phase, are separated under a 
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centripetal field due to their different densities [34]. In this case, the heavy lower 

phase is selected as the stationary phase, and the light upper phase is used as the 

mobile phase. By pumping a sample mixture dissolved in the mobile phase along the 

column cells, each component in the mixture can be separated based on different 

partitioning levels in each solvent phase. As shown in Figure 1.6, components A, B, 

and C, for example, have different solubility in the mobile phase and stationary 

phase; component A has higher preference for the mobile phase while component C 

has higher preference for the stationary phase. As a result, the components will elute 

from the column cells with different retention times. 

 

Figure 1.6 The separation mechanism of CPC, demonstrating the separation of three 
components (A, B and C) in a sample mixture. The three components have different 
preferences for the mobile phase and stationary phase (different KD values). For 
example, component A has higher solubility in the mobile phase while component C 
has higher solubility in the stationary phase. By pumping a sample mixture dissolved 
in the mobile phase along column cells, each component in the mixture can be 
separated and eluted from the column cells with different retention times. 

 



 

 

11 

1.2.3 Instrumentation 

Though several variations of the CPC system are available, the basic CPC 

setup is similar. In general, the CPC setup includes a solvent introduction system 

(solvent reservoirs and pump), a sample introduction system (sample loop and 

injection valve), a CPC instrument (CPC rotor and switching valve), and a sample 

collection and analysis system, as shown in Figure 1.7 [35].  

 

Figure 1.7 The basic components of CPC instrumental setup, including solvent 
reservoirs, a pump system, sample introduction loop, controlling valves (injection 
valve and switching valve), CPC rotor, detector, recorder, and fraction collector. 

 

The main component inside the CPC instrument is its rotor (Figure 1.8a). The 

rotor is made of stacked stainless steel discs, which contain engraved column cells 

and ducts on each side (Figure 1.8b), which are separated and sealed by interdisc 

gaskets (Figure 1.8c). The CPC separation occurs in these cells: the liquid stationary 

phase is held in the column by the centrifugal field generated from the spinning rotor, 
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the mobile phase is then pumped through the stationary phase. The switching valve is 

a part of the CPC instrument.  

Depending on the solvent system selected, the CPC allows for operation in 

each of two modes: ascending or descending. In the ascending mode, the lighter 

liquid phase is the mobile phase and migrates through the stationary phase (Figure 

1.8d). In the descending mode, the roles are reversed and the heavier solvent descends 

(as the mobile phase) through the lighter solvent (the stationary phase) (Figure 1.8e) 

[36]. The CPC system is widely appreciated as being flexible, and is easily adapted to 

accommodate various polarities of samples as well as solvent systems.  

 

 

Figure 1.8 The CPC rotor components and the operation modes allowed by a CPC 
switching valve: the upper view of CPC rotor (a), the engraved separation cells and 
ducts on a rotor disc (b), the interdisc gaskets used to separate and seal the disc (c), 
the two operation modes in CPC: ascending mode (d) and descending mode (e). 
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1.2.4 CPC separation procedure 

The CPC process is different from other conventional solid-support 

chromatographic techniques such as high-performance liquid chromatography 

(HPLC) in many ways. The countercurrent chromatography literature contains 

numerous methods of CPC operation that further differentiate the possibilities. A 

general instructional guide for CPC operation is shown in Figure 1.9 [32,33, 37-39].  

 

 

 

Figure 1.9 Flow chart describing the general procedure for the CPC operation and 
analysis of a sample mixture. 
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1.2.5 Selection of solvent systems 

Appropriate selection and optimization of a solvent system is crucial for 

successful application of CPC. The selection of a solvent system for CPC is similar to 

the selection of solvents for other chromatographic methods such as HPLC [40]. 

Hoppman et al. discussed the primary selection criteria for identifying “good 

solvents” for a target analyte to be isolated using CCC/CPC: high solute solubility 

and capacity, and ability to form a biphasic liquid solvent system [41]. Solvent 

optimization is then conducted by adjusting the solvent composition to ensure the 

distribution ratio of the solutes centers near 1. 

The most commonly applied biphasic solvent system for CPC is the 

“Arizona” system, also referred to as HEMWat, representing heptane (or hexane), 

ethyl acetate, methanol and water). A review of solvents employed in CPC/CCC 

separations from 1984 to 2014 is shown in figure 1.10 [28]. The most frequently used 

solvents are water, ethyl acetate, methanol and hexane, indicating the popular use of 

the HEMWat system. 
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Figure 1.10 Abundance and diversity of solvents used as components of solvent 
systems for natural product purification by CPC/CCC in the 1984 to 2014 time period 
after reference [28]. 

 

Biphasic liquid solvent systems for CPC usually contain a mixture of three or 

four solvents.  The number of options for implementing biphasic systems is almost 

limitless; this makes CPC a versatile and powerful method for the purification of a 

wide variety of compounds. Various solvent systems have been proposed, studied, 

and successfully applied in different countercurrent separations over the years. A 

range of systems with various solvent polarities provides an initial guide and may 

lead to selection of an appropriate solvent system for separation of target analytes is 

shown in Figure 1.11 [36]. 
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Figure 1.11 A diagram demonstrating solvent systems proposed for separation of 
various classes of natural products, arranged based on polarities after reference [36]. 

 

1.2.6 Applications of centrifugal partition chromatography to natural products 

CPC is a powerful preparative-scale separation technique that offers 

advantages for separation, isolation, and purification of many kinds of extracts, as it is 

complementary to HPLC. The CPC technique is attractive for the fractionation of 

natural products in particular. Figure 1.12 demonstrates the articles published during 

2008 and 2013 in countercurrent separation applications [30]. With a total of 657 

published articles, a majority of publications are in the field of natural product 

isolation (75%). Other publication categories include columns/configurations, review 

articles, protein separations, modeling/theory, and more as shown in Figure 1.12. 
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Figure 1.12 A chart illustrating a total of 657 published articles on countercurrent 
separations between 2008 and 2013 with a majority of the articles in the field of 
natural product purification after reference [30]. 

 

 The separation of a wide variety of compounds from natural materials using 

the CPC/CCC technique has been reported. Figure 1.13 shows a compilation of 

classes of compounds separated using CPC/CCC techniques [28].  Flavonoids and 

flavonolignans are by far the most popular classes of natural products separated by 

CPC/CCC, followed by alkaloids and terpenoids, respectively. Further applications 

and examples of CPC/CCC separations and purifications can be found in many 

articles [42-44]. 
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Figure 1.13 A diagram showing reports of natural products, divided by class, 
separated using CPC/CCC techniques between 1984 and 2014 after reference [28]. 

 

1.3 Polymeric microfluidic devices 

1.3.1 Introduction to microfluidics 

Since its introduction in the early 1990s, interest in miniaturization and 

microfluidic concepts has grown rapidly due to the advantages that miniaturization 

offers in a variety of fields of application [45]. Over the last 20 years, significant 

progress has been made in the development of new types of microsystems by 

incorporating fluid manipulation components (such as microchannels, mixers, valves, 

and pumps) with separation and detection techniques (such as chromatography, 

electrophoresis, spectrophotometry, fluorescence, and electrochemical detection) into 

a single analytical system. 
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 Microfluidics, applied in many areas including lab-on-a-chip (LOC) 

technology, is the study and application of fluid manipulation and control in order to 

perform unit operations on a small scale.  In the LOC example, microfluidic 

components are combined in to achieve an analytical result while requiring only 

picoliter to low-microliter sample volumes.  The advantages of miniaturization have 

led to considerable interest in LOC technology. These advantages include: reduced 

sample and reagent consumption, decreased waste generation, lower operational cost, 

decreased analysis time, and high sample throughput. These devices also allow for 

size reduction of instrumental components, and enhance the development of portable 

analytical tools for field-testing applications. In addition to these advantages, 

microfluidic technology allows the entire analytical process, including sample 

handling, preparation, reaction, separation, and detection, to be conducted on a single 

chip; this is known as a micro-total analysis system (µTAS). This µTAS integration 

process minimizes sample loss and manual procedure steps, and enables the 

development of portable devices and rapid analysis approaches. 

1.3.2 Microfluidic chip substrates 

In microfluidic technology, various devices and units (e.g. pumps, valves, 

injectors, mixer, and microchannels) have been developed using various materials and 

fabrication techniques over the past 20+ years. This development also encouraged the 

introduction of new fabrication processes and materials in µTAS. Glass was initially 

used as a substrate for fabrication of microfluidic channels due to its well-established 

manufacturing process, including standard photolithography and chemical etching 

methods [46,47], and other benefits such as optical transparency, chemical resistance, 
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and biocompatibility. Despite these advantages, the high per-unit manufacturing cost, 

laborious fabrication processes and time-consuming production methods are 

limitations of glass microchips [48]. These drawbacks have driven innovators and 

manufacturers to seek alternative materials for the fabrication of microfluidic chips. 

Polymers, as alternative microchip materials, offer possible solutions to those 

fabrication challenges. Owing to their unique material properties, polymers are 

available for use in various fabrication methods and specific applications. Polymeric 

substrates offer low manufacturing cost and facile fabrication. They are also suitable 

for both high volume production and rapid prototyping. These attributes make 

possible the development of single-use, disposable devices, which also enhance the 

µTAS concept. 

1.3.3 Polymeric microchip substrates 

Polymers are macromolecular substances consisting of many repeating 

monomer structural units. With more than 1000 monomeric units, polymers have a 

relatively large molecular mass, typically between 10 – 100 kDa. Polymers are bulk 

materials, usually amorphous, but occasionaly microcrystalline. The length of their 

chains varies in the bulk material, and therefore, their melting temperature varies. For 

this reason, melting point is often defined as a temperature range where the polymer 

viscosity transitions into a highly viscous fluid mass. The decomposition temperature 

is another characteristic property, and is defined as that temperature where the 

polymer begins to break down into smaller components [49].  

 Another characteristic parameter of polymers, which is particularly important 
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for manufacturing a microfluidic device, is the glass transition temperature (Tg). The 

glass transition temperature is defined as the temperature range in which the polymer 

substrate transforms from a hard, brittle, glass-like form to a soft, plastic-like form 

[50]. This glass transition temperature differs from the melting temperature (Tm) 

where a molten polymer starts to flow, and generally occurs at higher temperatures 

(Tg > Tm). At temperatures above Tg, the polymer becomes moldable; this is especially 

useful for fabrication processes where the polymer substrate is modified into a 

specific desired shape in a mold. When the mold and its contents are cooled below Tg, 

the part becomes geometrically stable. Table 1.1 shows Tg and Tm values along with 

structures for polymeric materials commonly used for microfabrication [51]. 
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Table 1.1 Thermal properties of some polymer materials commonly used for 
microfabrication after reference [51]. 
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Polymers can be classified into three categories based on their molding 

behaviors, which is related to the interconnection of the monomers in the polymer 

chains: thermoplastic, elastomeric, and duroplastic polymers [49]. Thermoplastics are 

frequently used in the microfabriation process. Physical and chemical properties of 

the most commonly used thermoplastic polymers are shown in Table 1.2 and Table 

1.3 [49].  

 

Table 1.2 Thermoplastic polymers and their physical properties after reference [49]. 
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Table 1.3 Thermoplastic polymers and their chemical properties after refernce [49]. 
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A wide choice of available polymer materials allows manufacturers to select a 

material with suitable properties for specific applications. Certain properties such as 

chemical resistance, mechanical durability, and UV stability should also be 

considered. Laser-induced fluorescence (LIF) detection, for example, has been 

developed and applied in microfluidic systems. This detection method typically 

incorporates a glass microchip owing to the minimal auto-fluorescence background 

generated in glass substrates. Polymer materials, however, generally contain higher 

fluorescence background in comparison to a glass substrate, and therefore detection 

sensitivity suffers. With a suitable polymer, such as poly(methylmethacrylate) 

(PMMA) and specialty grade polycarbonate (PC), which show significantly less auto-

fluorescence background, a polymer-based microfluidic system incorporating LIF 

detection can be achieved. 

1.3.4 Fabrication techniques for polymer-based microfluidic devices 

Many fabrication technologies and methods have been reported for 

manufacturing polymeric microfluidic devices, including laser ablation [52,53], hot 

embossing [54-57], injection molding [58], photolithography [59,60], thermoforming 

[61], casting [62,63], and micro-milling processes [64]. Figure 1.14 is a schematic 

overview of polymer fabrication processes for a microfluidic system [65]. Each 

fabrication method varies and has its own advantages. Some are applicable for mass 

replication technologies through a master template (such as injection molding and hot 

embossing); some are suitable for rapid prototyping (such as casting and laser 

micromachining [66-68]). The manufacturing process is comprised of three main 

steps: design, fabrication, and back-end processing. The selection of a fabrication 
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method is determined by several factors including available tools, speed, cost, device 

geometry, and application purposes. 

 

 

Figure 1.14 A diagram demonstrating the process of polymer microdevice fabrication 
after reference [65]. 

 

1.3.5 Bonding techniques for assembling microfluidic devices 

Following the fabrication of microstructures on polymer substrates, 

encapsulation of open microchannels is often necessary to generate a fully functional 

microfluidic device. This is usually accomplished by bonding the microchannel-

containing layer to another, blank (featureless) piece of substrate material as a cover. 

A variety of bonding techniques have been developed including thermal bonding [69-

73], solvent bonding [74,75], plasma oxidation [76,77], lamination [78], adhesive 

bonding [79-81], surface treatment [82,83], and laser welding [84]. An overview of 

bonding techniques for polymer-based microfluidic devices is shown in Table 1.4 and 

Table 1.5  [85]. Each bonding method offers advantages and limitations for specific 
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applications. Depending on the required functionality of the final microfluidic system, 

bonding parameters (such as bonding strength, solvent compatibility, surface 

chemistry, optical properties, and material compatibility) must be considered when 

selecting an appropriate bonding method. 

 

Table 1.4 An overview of bonding techniques and bonding parameters for polymer-
based microfluidic devices after reference[85]. 
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Table 1.5 An overview of bonding techniques and their advantages and limitations 
for polymer-based microfluidic devices after reference [85]. 
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CHAPTER 2 
 

CENTRIFUGAL PARTITION CHROMAOGRAPHY: A PREPARATIVE TOOL 
FOR ISOLATION AND PURIFICATION OF XYLINDEIN FROM 

CHLOROCIBORIA AERUGINOSA 
 

 

2.1 Abstract 

A centrifugal partition chromatography (CPC) method was developed for the 

preparative-scale isolation and purification of xylindein from the wood-staining fungi, 

Chlorociboria aeruginosa. Xylindein, a blue-green pigment naturally secreted from 

the hyphae and fruiting bodies of the fungus, has great value in the decorative wood 

industry and textile coloration. Xylindein has great potential for use as a fluorescent 

labeling agent as well as in organic semiconductor applications. However, a primary 

limitation of xylindein is its poor solubility in most common HPLC solvents. 

Consequently, it is arduous to purify using preparative liquid chromatography or 

solid-phase extraction (SPE). Support-free, liquid-liquid chromatographic methods, 

including CPC, where solutes are separated based on their different distribution 

coefficients (KD) between two immiscible solvent systems, are promising alternatives 

for the purification of the compound on a preparative scale. In this work, a new 

biphasic solvent system suitable for CPC separation of xylindein was developed. 

Various groups of solvents were assessed for their suitability as xylindein extractants. 

A new solvent system suitable for CPC separation of xylindein, composed of 

heptane/THF/MEK/acetonitrile/acetic acid/water, was developed. This solvent system 

yielded a KD value for xylindein of 1.54 ± 0.04, as determined by HPLC (n = 3). The 
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compositions of the upper phase and lower phase of the solvent system were 

determined by Heteronuclear Single Quantum Correlation (HSQC) NMR and proton 

NMR. A CPC system, equipped with a fraction collector, was used for the isolation of 

xylindein from crude extracts. The xylindein fractions isolated by the CPC were then 

analyzed using HPLC and presented as a fractogram. Based on the CPC fractogram, 

the purified xylindein fractions were achieved after 30 minutes CPC separation time, 

yielding 71% extraction efficiency. The developed CPC method allowed for isolation 

of this naturally sourced xylindein in amounts suitable for further study. 

 

2.2 Keywords 

Centrifugal partition chromatography; Biphasic solvent system; Preparative 

chromatography; Chlorociboria aeruginosa; Xylindein 

 

2.3 Introduction 

Xylindein [1] (8,16-Dihydroxy-3,11-dipropyl-3,4,11,12-tetrahydro-

pyrano[4,3-h]pyrano[4',3';5,6] xantheno[2,1,9,8-klmna]xanthene-1,7,9,15-tetraone) 

(Figure 2.1), a planar, heavily conjugated blue-green pigment with an extended π-

system, shows significant promise for use as a fluorescent labeling agent as well as in 

organic semiconductor (OSCs) applications. The chemical structure of xylindein was 

elucidated in the mid-1960s [2,3] and more recently, the (3S, 3’S) absolute 

configuration of xylindein was established [4]. The core structure of the xylindein 

molecule is peri-xanthenoxanthene (PXX), a derivative of which was incorporated 

into a highly flexible thin film organic light emitting diode (OLED) device by Sony in 
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2010 [5-7]. Based on its known structure, it is likely that xylindein would be 

amenable to derivatization for further optimization and applications. 

 

 
Figure 2.1 Structure of xylindein. 

 

Blue-green wood stained with xylindein has been utilized commercially for 

decorative wood products, such as intarsia inlays, since the 1600s [8]. Several 

applications using xylindein as coloration dye in spalting and textile have been 

studied [9,10]. In natural environments and in culture, xylindein is produced and 

secreted by the non-pathogenic wood-staining fungi Chlorociboria aeruginosa and C. 

aeruginascens as a secondary metabolite [11-13]. Attempts at chemical synthesis of 

xylindein have not yet advanced to completion [14-16]. Isolation from an abundant 

natural source may therefore be the most cost-effective, efficient, and nearest-term 

alternative. An effective separation technique is necessary to optimize and isolate 

naturally sourced xylindein in amounts suitable for further study. 

Isolation of xylindein from fungal cultures can be done by liquid-liquid 

extraction using halogenated solvents such as chloroform [4] or dichloromethane 

[17]. Solid phase extraction (SPE) with a phenyl-bonded column also serves as a 

useful approach to extract the pigment. However, extraction time, high cost, and low 
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sample loading volume are drawbacks of this technique, suggesting that alternative 

means of preparative isolation of the pigment for further applications merit 

consideration. Preparative HPLC could be one of these alternatives for isolation of 

xylindein from culture, as it has proven to be useful for the isolation of other 

compounds from natural products [18-20]; however, the low solubility of xylindein in 

aqueous solutions and most polar organic HPLC solvents and the cost of preparative 

scale columns makes this approach less attractive. 

Centrifugal partition chromatography (CPC) is one of the embodiments of 

countercurrent chromatography (CCC) [21-23]. CPC is a preparative, support-free, 

liquid-liquid chromatographic technique. The separation mechanism in CPC is based 

on differences in distribution coefficients (KD) of analytes between two immiscible 

solvent systems. While one liquid remains in the column as the stationary phase by 

conforming to the application of a centrifugal field, the other is pumped through as 

the mobile phase. CPC possesses many advantages such as high selectivity attained 

by skilled design of a solvent system, high loading capacity, low solvent 

consumption, high sample recovery, no adsorption onto a solid support, and relatively 

easy scale-up [24,25]. Therefore, CPC serves as an efficient alternative liquid 

chromatographic technique for preparative separations and purifications at a 

laboratory scale. 

In addition to the advantages of the CPC technique, with the wide variety of 

solvent combinations available to form a biphasic solvent system and skilled design 

of such systems, high selectivity for the targeted compounds can be obtained. Once 

the solvent combination for a freely soluble analyte has been determined in both 
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organic and aqueous phases, it is important to adjust the solvent ratio to obtain a KD 

of the target analyte between 0.5 and 2 [26]. The solvent system plays the critical role 

in selectivity of compounds separated in CPC. 

In this work, a CPC method for preparative isolation and purification of 

xylindein was developed. Due to the low solubility of xylindein in common HPLC 

solvents, development of a biphasic solvent system as is commonly used in CPC can 

be a major challenge. Solubility information for xylindein in various solvents would 

therefore provide valuable insight for the solvent system study; thus the solubility of 

xylindein in various pure solvents was determined. Solvent system compositions for 

xylindein isolation using CPC were then explored and optimized, resulting in a new 

solvent system appropriate for CPC purification of xylindein. The xylindein-

containing fractions isolated from the fraction-collector equipped CPC were analyzed 

using HPLC and presented as a fractogram. The CPC separation technique was 

optimized and used to isolate naturally sourced xylindein in amounts suitable for 

further study. 

 

2.4 Experimental 

2.4.1 Chemicals 

All organic solvents used for CPC separation were chromatography grade 

except for acetic acid, which was analytical grade. Acetonitrile, tetrahydrofuran 

(THF), and dichloromethane (DCM) were purchased from EMD Millipore (Billerica, 

MA).  Methyl ethyl ketone (MEK) was obtained from Sigma-Aldrich (St. Louis, 

MO). Heptane and acetic acid were purchased from Fisher Scientific (Pittsburgh, 
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PA). Chloroform used for HPLC characterization was obtained from Avantor (Center 

Valley, PA). Phosphoric acid (H3PO4) and monosodium phosphate monohydrate 

(NaH2PO4·H2O) were purchased from Mallinckrodt (St. Louis, MO). Water was 

ultrapure grade (Milli-Q EMD, Billerica, MA). NMR experiments were performed in 

chloroform-d, acetone-d6, and DMSO-d6 (Cambridge Isotope Laboratories Inc., 

Andover, MA). 

 

2.4.2 Fungal culture 

The fungi Chlorociboria aeruginosa (Oeder) Seaver strain UAMH 11657 

(isolated from a hardwood log from Ontario, Canada) were kindly provided by Dr. 

Sara C. Robinson, Department of Wood Science and Engineering, Oregon State 

University [9-13, 17, 27]. The fungi were initially cultured on a 10 cm plate of active-

growth fungal media (2% malt, 1.5% in deionized water) with 5-point inoculation. 

After a 24-week incubation at room temperature (23 ± 1 ˚C), the pre-cultured fungal 

materials were chopped into approximately 5 mm cubes and transferred into a 500 

mL flask containing 250 mL liquid culture media (2% malt in deionized water). The 

liquid culture flask was allowed to incubate at room temperature on a shaker (MaxQ 

model 2000, Thermo Scientific, Waltham, MA) at 110 rpm for a period of 10 weeks. 

 

2.4.3 CPC apparatus 

CPC separations were performed on an FCPC® 50 Kromaton Technologies 

apparatus (Robatel Inc., Pittsfield, MA) with a 50 mL rotor. The FCPC rotational 

speed was variable between 200 and 2000 rpm and the system supported pressures up 
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to 900 psi (62 bar). Solvents were pumped using a gradient HPLC pump (Model 500 

G, Analytical Scientific Instruments Inc., Richmond, CA), which can deliver 

programmable flow rates from 0.1 mL/min to 80 mL/min with a maximum pressure 

of 1000 psi (69 bar). Samples were introduced manually into the FCPC column via a 

6-port high-pressure injection valve (Rheodyne 7725i, IDEX Health & Science, Oak 

Harbor, WA) equipped with a 5 mL sample loop. CPC fractions were collected using 

a Bio-Rad model 2110 fraction collector (Hercules, CA). The CPC experiments were 

conducted at room temperature (23 ± 1 ˚C). 

 

2.4.4 Preparation of the crude xylindein extract 

The crude xylindein was prepared from the 10-week incubation liquid fungal 

culture by liquid-liquid extraction using DCM at room temperature (23 ± 1 ˚C), an 

adaptation of a method previously developed in our group [27]. In brief form: The 

liquid culture (250 mL) was first ground using a house blender (Oster Precise Blend 

model 200, Boca Raton, FL) for approximately 30 seconds or until the agar cultural 

media was transferred into a fine colloid to increase surface area and homogeneity to 

promote extraction. The ground liquid culture was transferred back into the culture 

flask and DCM (100 mL) was then directly added. The flask was stirred at 300 rpm 

using a stir bar for 30 minutes to facilitate the extraction of xylindein from the liquid 

media phase into the DCM phase. The extraction mixture was then transferred into a 

separatory funnel (500 mL), and rested for 30 minutes to allow for phase separation. 

The DCM layer containing the pigment was collected into a round bottom flask, and 

evaporated under vacuum at 30 ˚C using a rotary evaporator (Yamato model RE300, 
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Santa Clara, CA) to yield 62 mg of dry, crude xylindein. The crude extract was stored 

at -18 ˚C until needed for the CPC separation. 

 

2.4.5 Distribution coefficient measurement  

Identification of the proper CPC mobile phase for the isolation of xylindein is 

essential and was therefore the subject of the next investigation. Xylindein has not 

been widely studied, and for that reason it was necessary to first determine its 

solubility characteristics in a variety of pure solvents. A wide variety of solvent 

combinations and solvent ratios were then formed as biphasic solvent systems based 

on the insight gained from the solubility study. Each biphasic solvent system was 

evaluated for KD values by HPLC. The HPLC system (Agilent 1100 Series, Santa 

Clara, CA) was comprised of a phenyl-hexyl analytical column (XSelect CSH, 2.1 

mm × 150 mm, 3.5 µm, Waters, Milford, MA) and diode array detection (DAD). To 

perform the HPLC analysis, a small amount of sample (ca. 1 mg) was added into the 

equilibrated solvent system (1 mL each phase) in a test vial. The vial was vigorously 

shaken. Once settled, each phase was sampled and directly injected into an HPLC 

through an autosampler with a 2 µL sample volume. The isocratic separation was 

conducted using a mobile phase composed of 30% phosphate buffer (50 mM, pH 2.8) 

and 70% acetonitrile (v/v) with the flow rate of 200 µL/min. The detection was 

carried out at 254 nm. The KD value was calculated based on the ratio of the HPLC 

peak areas; the peak area of the xylindein upper phase sample was divided by that of 

the lower phase. Three replicate experiments at room temperature were conducted. 
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The solvent system which had a KD closest to 1 was selected for CPC isolation of 

xylindein. 

 

2.4.6 Preparation of CPC solvents 

The biphasic solvent systems were prepared by mixing the solvents in a 

separatory funnel. The selected solvent system of 

heptane/THF/MEK/acetonitrile/acetic acid/water was used at ratios of 2/5/2/2/0.1/2 

(v/v), respectively (detailed in section 3.1). After adding all components in the 

separatory funnel, the solvent mixture was vigorously shaken, and allowed to settle at 

room temperature for at least 1 hour or until both phases became transparent. The 

solvent system was freshly prepared immediately before use. 

 

2.4.7 Determination of phase composition by NMR 

The solvent compositions of the two liquid phases were analyzed by two-

dimensional HSQC NMR and proton NMR spectroscopy. The 2D HSQC NMR was 

used to qualitatively characterize the solvents in the solvent system and the proton 

NMR was used to quantitatively analyze the composition of the liquid phases. A 200 

µL aliquot of each phase was dissolved in 300 µL of the following solvents: 

chloroform-d/acetone-d6 (50/50, v/v), and DMSO-d6 for upper phase and lower 

phase, respectively. The NMR spectra were obtained, using a 400 MHz Bruker 

Avance spectrometer (Bruker, Germany) at a constant temperature of 298 K with 4 

scans, 256 increments, and a 1 s relaxation delay. The chemical shifts of carbon for 

chloroform and DMSO were assigned as reference peaks for upper phase and lower 
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phase, respectively. The solvents present in each phase were identified based on the 

correlated carbon and proton chemical shifts in the NMR spectra. The solvent 

compositions were calculated based on the method described by Amarouche et al. 

[26]. The proton NMR signals of each solvent were integrated and calculated as 

percent volume (%V), defined as %V = (A/n) × (M/d), where A = signal area, n = 

number of proton(s), M = molecular weight of the solvent, and d = density of the 

solvent at 298 K. 

 

2.4.8 CPC separation procedure 

In CPC separations, either the lighter phase (upper phase) or the heavier phase 

(lower phase) of the biphasic solvent system can be used as a mobile phase. Based on 

the measured KD values, the aqueous, heavier phase was selected to be the stationary 

phase and the organic, lighter phase was the mobile phase. Therefore, the CPC was 

run in ascending mode. The CPC column first was entirely filled with the aqueous 

stationary phase at a 10 mL/min flow rate without rotation. After that, the rotation 

was increased to 1800 rpm. The mobile phase was then pumped into the column in 

ascending mode with a 2 mL/min flow rate. Once the mobile phase emerged from the 

column and hydrodynamic equilibrium was reached, 10 mg/mL crude xylindein 

dissolved in 50% mobile phase and 50% stationary phase was introduced through the 

5 mL injection loop. 2 mL fractions were collected at 1 minute intervals.  

 

2.4.9 Xylindein reference standards and HPLC analyses 
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Because pure xylindein is not commercially available, xylindein “reference 

standards” were produced from our own liquid cultures using phenyl-bonded SPE 

cartridges (Phenomenex, Torrance, CA) with a phosphate buffer (pH 

2.8)/acetonitrile/chloroform eluent system. After conditioning the column, the 

xylindein-containing liquid media was loaded, washed using 50% acetonitrile in 

water containing 0.01% H3PO4, and collected in chloroform. The collected xylindein 

SPE fraction was further washed and recrystallized in methanol. This protocol was 

adapted from methods previously developed in our group [27], and though labor-

intensive, yields highly purified xylindein. A series of xylindein reference standards 

of 1, 2, 3, 4, and 5 µg/µL were prepared from this recrystallized material in 

chloroform and filtered through 0.45 µm Millipore (Billerica, MA) filters. The HPLC 

analysis of the xylindein reference standards was performed using the method 

previously described (section 2.5). A standard curve was constructed based on the 

integrated area of xylindein for each concentration of xylindein reference standards. 

 

2.4.10 HPLC analyses of CPC fractions 

The collected fractions were analyzed by HPLC to determine the extraction 

efficiency of the CPC method for the isolation of xylindein from the crude sample. As 

illustrated in Figure 2.2, the collected CPC fractions were evaporated to dryness in a 

fume hood; a suitable volume of chloroform was added to each fraction to adjust the 

concentration of xylindein in that fraction such that it would fall in the range of the 

established calibration curve. The HPLC analysis of the fractions was performed 

using the method previously described (section 2.5). The procedure was repeated for 
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the remaining CPC fractions. The CPC extraction efficiency, presented as % 

efficiency, for xylindein was defined as (X/Y) × 100%, where X = the total amount of 

collected xylindein and Y = the amount of injected crude xylindein. The total amount 

of collected xylindein from the CPC method was determined by combining the 

masses of xylindein from each fraction (determined using the calibration curve in 

Figure 2.4). The amount of injected crude xylindein was obtained from the 

multiplication of the crude concentration (10 mg/mL) and the CPC injection volume 

(5 mL sample loop). 
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Figure 2.2 Flow chart describing the procedure followed for the preparation and 

analysis of the collected CPC fractions. Following this process allowed for 

calculation of the extraction efficiency of the CPC method. 

 

2.5 Results and discussion 

2.5.1 Solvent selection strategy 

The selection of a solvent system for CPC is similar to the selection of a 

column and mobile phase for HPLC [28]. Each of the solvents used must fully 

dissolve the sample without compromising its stability [26]. Additional criteria for 

selection of appropriate CPC solvents include volatility, toxicity, availability, 

environmental friendliness, and cost. Hoppman et al. discussed selection of “good 

solvents” for a target analyte isolated using CCC/CPC [29]. Once good solvents with 

high solvent solubility and capacity have been selected, options for the biphasic liquid 

solvent system (i.e. the liquid mobile phase and stationary phase) can be considered. 

Then, solvent optimization is performed by adjusting the solvent composition to 

ensure the distribution ratio of the solutes falls into a useful range of values; this 

generally centers KD near 1, in contrast to more conventional chromatographic 

methods [28]. 

The most widely applied biphasic solvent systems for CPC include: the 

“Arizona” system (also referred to as HEMWat, representing heptane (or hexane), 

ethyl acetate, methanol and water) [30]; the Oka scale (as named after Oka et al.) 

which is composed of hexane, ethyl acetate, n-butanol, methanol, and water [31]; and 

the acetone scale which is composed of heptane, toluene, acetone, and water [32]. 

The biphasic liquid solvent systems for CPC often contain a mixture of three or four 
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solvents, and the number of options for implementing biphasic systems is vast. This 

makes CPC a versatile and powerful method for the separation of a wide variety of 

compounds; however, development of a small set of useful phases to fit with a given 

application remains challenging. The development of a biphasic CPC solvent system 

is similar to the selection of an HPLC column and eluents. 

The development of the biphasic solvent system for xylindein separation was 

made particularly challenging by xylindein’s solubility constraints: it exhibits low 

solubility in both aqueous systems and most common HPLC organic solvents. The 

reactivity of xylindein with pyridine and DMSO limits the solvent options even 

further. The most widely applied biphasic solvent systems will not work with 

xylindein due to its poor solubility, and for that reason it was necessary for us to 

develop an entirely new biphasic solvent system. 

Xylindein solubility in various pure solvents was initially investigated, with 

the goal of building a basic set of components from which to work in assembling a 

new biphasic system, with heptane and water establishing the upper and lower limits 

of hydrophobicity. The properties of the solvents studied and their mutual miscibility 

parameters are listed in Tables 1 and 2, respectively. 

 

Table 2.1 Physico-chemical properties of the solvents used in these studies. 

Solvent 
Molecular 

weight [33] 

Density 

(g/cm3)a [33] 

Boiling 

point 

(˚C) [33] 

Vapor 

pressure (kPa)a

 

[29,34] 

Viscosity 

(mPa·S)a 

[33] 

Dielectric 

constant 

[33] 

Heptane 100.20 0.6795 (25) 98.4 6.1   (25) 0.387 (25) 1.92 

THF 72.11 0.8833 (25) 66.0 21.6 (25) 0.456 (25) 7.52 

MEK 72.11 0.7999 (25) 79.6 12.7 (25) 0.405 (25) 18.6 
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a Reference temperature in ˚C is indicated in parentheses. 

 

Table 2.2 Miscibility among the solvents used in these studies [35]. 

 

 

 

In a comprehensive study, the ratios of the various solvents were adjusted to 

optimize (maximize) the solubility of xylindein, adjust the KD for xylindein to fall 

between 0.5 and 2, and to maintain a two-phase solvent system having a density 

difference sufficient to allow for CPC. THF and MEK were added based on their 

ability to dissolve xylindein and their miscibility with heptane. Acetonitrile and acetic 

acid were added due to their miscibility with water. These additional solvents ensured 

improved solubility of xylindein in both the organic and aqueous phases, and adjusted 

the KD of xylindein to be quite close to 1.   

Acetonitrile 41.05 0.7825 (20) 81.6 9.6   (20) 0.369 (25) 36.6 

Acetic acid 60.05 1.0446 (25) 117.9 2.1   (25) 1.056 (25) 6.20 

Water 18.02 0.9970 (25) 100.0 3.1   (25) 0.890 (25) 80.1 

Heptane      Miscible 

THF      Poorly miscible 

MEK       

Acetonitrile       

Acetic acid       

Water       

 Heptane THF MEK Acetonitrile Acetic acid Water 
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After a number of biphasic solvent system ratios were investigated, the 

composition of heptane/THF/MEK/acetonitrile/acetic acid/water of 2/5/2/2/0.1/2 

(v/v) was selected due to an improved KD of 1.54 ± 0.04, which was determined by 

HPLC (n = 3). After thorough shaking followed by a suitable time for phase 

separation, the initial compositions of the upper phase and lower phase of the system 

were determined by HSQC NMR and proton NMR as shown in Table 3. As expected, 

the upper phase of the solvent system was primarily composed of THF, heptane, 

MEK, and acetonitrile, while the lower phase of the solvent system was primarily 

composed of water, THF, acetonitrile, and MEK. The NMR data did not provide 

insight regarding acetic acid. 

 

Table 2.3 Solvent ratio for the optimized solvent system. 

Solvent system 
Heptane 

%v/va 

THF 

%v/v 

MEK 

%v/v 

Acetonitrile 

%v/v 

Acetic acid 

%v/va 

Water 

%v/va 

Upper phase 23.38 41.58 18.30 16.75 - - 

Lower phase - 24.70 10.03 15.33 - 49.93 
a Negligible values measured by the detection method. 

 

2.5.2 Xylindein reference standards 

Xylindein was isolated from culture media using a phenyl-bonded SPE 

approach with a phosphate buffer (pH 2.8)/acetonitrile/chloroform eluent system. The 

collected xylindein was further washed and recrystallized in methanol. This purified 

xylindein was used as a xylindein reference standard, the xylindein being identified 

by LC-ESI-MS (Hewlett Packard Series 1100 MSD), giving m/z = 569 [M + H]+ and 

m/z = 567 [M - H]- in agreement with the molecular formula of C32H24O10 and 
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correlating with data from the literature [4]. The crystallized xylindein reference 

standard, reconstituted in chloroform, exhibits a characteristic xylindein UV-visible 

spectrum as shown in Figure 2.3.  

 

 
 

Figure 2.3 UV-visible absorbance of crystallized xylindein reconstituted in 

chloroform. The xylindein was obtained from the developed SPE method. The 

characteristic UV-visible absorption of purified xylindein collected by an HP Model 

8453 UV-visible spectrophotometer (Santa Clara, CA) was displayed between 200 

and 800 nm. 

 

The xylindein reference standard was used to prepare a calibration curve using 

the HPLC method described above. The crystallized xylindein reference standard was 

reconstituted in chloroform to prepare a series of dilutions. A calibration curve 

covering a concentration range from 1 to 5 µg/µL xylindein was constructed based on 

the integrated area of the xylindein peak determined at 254 nm (n = 3) (Figure 2.4). 

The calibration curve was utilized to directly quantify the amount of xylindein in 
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fractions eluted from a CPC experiment based on the relationship between the HPLC 

peak area and xylindein concentration.  

 

 
 

Figure 2.4 The calibration curve for xylindein reference standards constructed from 

the HPLC data. 

 

2.5.3 CPC separation 

The separation mechanism in CPC is based on differential partition 

coefficients of components between two immiscible solvent systems. This CPC 

separation was conducted in the ascending mode, with the lower phase acting as the 

stationary phase and the upper phase as the mobile phase. The 10 mg/mL crude 

xylindein was prepared in 1:1 (v/v) mixture of the two CPC solvent system phases 

[36,37]. The sample was injected and separated using the conditions described in 

section 2.8 with the CPC system as shown in Figure 2.5.  
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Figure 2.5 The CPC system. From the left: pump, manual injection valve with 5 mL 

sample loop, CPC apparatus, and fraction collector.  

 

The fractions eluted from the CPC separation were collected over a 60 minute 

experimental period. Each fraction was analyzed by HPLC using a method identical 

to that used for the xylindein reference standards. The HPLC retention time (RT) of 

the xylindein in the CPC fractions matched the retention time of the xylindein 

reference standard at 9.2 minutes. The HPLC data (xylindein peak area as determined 

at 254 nm) for all of the xylindein-containing CPC fractions was then used to 

reconstruct a CPC fractogram, shown in Figure 2.6. Two additional major 

components of the crude xylindein solution were also eluted and collected, and had 

HPLC retention times of 4.8 minutes and 13.2 minutes, respectively.  As shown in the 

CPC fractogram reconstruction, these coeluted with xylindein at the leading edge of 

the xylindein elution, allowing for them to be eliminated from the sample simply by 

pooling only those CPC fractions collected after the 30 minute mark, yielding 

xylindein at 71% extraction efficiency. 
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Figure 2.6 CPC fractogram constructed from HPLC data. The red and blue peaks 

represent additional components from the crude xylindein sample. The green peak 

represents xylindein. Inset: HPLC chromatograms for CPC fractions collected at 27, 

33 and 45 minutes. 

 

2.6 Conclusion 

Xylindein was isolated by SPE from crude extracts from Chlorociboria 

cultures. The washed, recrystallized xylindein was then used as a reference standard 

to develop an HPLC method and further to generate standards for quantitative 

analysis by HPLC. Following this, a CPC method was developed for use in 

preparative scale purification of xylindein from large quantities of culture extracts.  

This required the development and optimization of a new CPC solvent system. Based 

on a CPC fractogram reconstructed from CPC fractions analyzed by HPLC, it was 
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determined that fractions collected beyond the 30 minute retention threshold could be 

pooled, resulting in a 71% extraction efficiency. The purified xylindein fractions were 

combined and stored for future study. Additional optimization of CPC parameters 

could be undertaken to further improve extraction efficiency and speed the separation. 

To scale up the separation of xylindein, a larger CPC column could be used. The CPC 

method developed here allowed for isolation of naturally sourced xylindein in 

amounts suitable for further study. 
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CHAPTER 3 

 
RAPID FABRICATION FOR POLYMERIC MICROFLUIDIC CHIPS ENABLED 

BY CO2 LASER PROCESSING AND POLYCAPROLACTONE BONDING 
 

 

3.1 Abstract 

A novel approach to fabrication employing a high-speed CO2 laser for etching 

of features and low-temperature polycaprolactone adhesive bonding is presented.  

This approach was used for rapid fabrication of polymethyl methacrylate-based 

microfluidic devices. The CO2 laser was used to write microchannels directly onto the 

polymethyl methacrylate (PMMA) substrate by ablating away the substrate surface to 

generate channels. The chip was designed to perform capillary electrophoresis. The 

influence of various laser parameters on resulting microstructure dimensions was 

studied for PMMA. 10% laser power (5 W), 100% laser travel speed (100 mm/s), and 

1000 point-per-inch resolution identified as optimal settings for the fabrication of 

microchannels of 145 ± 8 µm (n = 3) depth and 112 ± 4 µm (n = 3) width. A simple, 

rapid, polycaprolactone (PCL) bonding technique was successfully applied for 

assembly of PMMA/PCL/PMMA microchips. Bonding pressure was studied at 70 °C 

constant temperature. The microfluidic chips fabricated using this technique were 

used to perform on-chip electrophoresis using rhodamine B as a standard test dye. 

The electropherograms obtained from the fabricated microchips were reproducible 

and comparable to a PMMA standard chip. The proposed fabrication method is 
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simple, cost efficient, and useful for rapid production of PMMA-based microfluidic 

chips due to the very short cycle time of production, and may be applied for 

microchip-based electrophoresis. 

 

3.2 Introduction 

Interest in microfluidic devices and means for their production has grown 

rapidly due to the wide range of possible applications for these devices. Microfluidic 

devices, also often referred as lab-on-a-chip (LOC) systems, are promising platforms 

for chemical and biological analyses and processes including DNA analysis [1,2], 

polymerase chain reaction (PCR) amplification [3,4], immunoassays [5,6], protein 

separations [7,8], enzymatic assays [9,10], point-of-care diagnostics [11,12], and 

environmental analysis and monitoring [13,14]. These systems offer all of the 

benefits of miniaturization including low reagent consumption, low operating cost, 

short analysis time, and high sample throughput. In addition, LOC devices are the 

point of entry for micro-total analysis systems (µTAS), which are envisioned as 

comprehensive suites of analytical capabilities rendered in a single, small, low-

power-consumption platform [15-17]. This level of integration minimizes sample loss 

and contamination opportunities by minimizing the number of sample handling steps, 

and promises to enhance the rate of development of portable devices that are capable 

of rapid, on-site analysis. 

Since the first introduction of LOC’s in the early 1990s [18], various 

microfabrication techniques have been developed for their production. These 

fabrication techniques offer various benefits and suitability for different applications. 
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Rapid fabrication and prototyping methods are intriguing to researchers who are 

developing microfluidic systems. Due to the short fabrication times and low 

production costs associated with some of these methods, new ideas can be explored 

efficiently and successful designs can be moved from the research scale to a larger-

production scale with, in theory, only minor adjustments. 

Fabrication of a microfluidic network can be achieved on many types of 

substrates including silicon, glass, and polymers. Polymer materials have become 

popular owing to some key advantages over conventional materials (e.g. silicon and 

glass), such as low cost and ease of fabrication. These advantages further enhance the 

speed of prototyping of microfluidic devices. Polymethyl methacrylate (PMMA) is 

one of the most widely used substrates, in part due to its excellent optical 

transparency, and it has been used to build devices for on-chip analyses in many 

applications [19-23]. 

Fabrication of microstructures on PMMA substrates can be done through 

either master/template transfer or direct machining; methods include hot embossing 

[24-26], injection molding [27-28], micro-milling [29-30], and laser ablation [31-33]. 

While the template-transfer approach allows for rapid duplication, the creation of a 

master is time-consuming and costly. Laser direct-writing is promising for rapid 

production of microfluidic systems due to its comparatively modest cost, high speed, 

and non-contact characteristics, which allows for rapid adjustments to be made during 

investigation of a new design. Recently, CO2 laser systems have gained popularity as 

methods for direct patterning on PMMA substrates [34-37]. CO2 laser ablation is a 

photo-thermal process in which the desired pattern is achieved by essentially 
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thermally evaporating select regions of the substrate. As it travels through the 

substrate surface, the laser beam creates microstructures only where it impinges on 

the surface [38,39].  

Regardless the fabrication method employed, a complete microfluidic device 

is usually comprised of an open microchannel layer and a blank cover layer. Bonding 

these layers to achieve a gas- or liquid-tight seal without clogging channels or wells is 

important to achieve a finished, enclosed microfluidic chip. Several methods for 

bonding PMMA microfluidic chips have been developed including thermal bonding 

[40-43], surface modification-assisted bonding [44], and solvent bonding [45,46]. 

Thermal bonding is the most commonly used method, and can be performed by 

placing the layers in contact with one another in a thermal press. Recently, Koesdjojo 

and coworkers proposed biodegradable polycaprolactone (PCL) as an alternative 

bonding material [47]. PCL has low melting point (60 °C) and a very low glass 

transition temperature (-60 °C), which makes it nearly ideal for use in rapid assembly 

of microfluidic chips. 

In this chapter, a rapid fabrication method for complete PMMA-based 

microfluidic chips using a combination of a high-speed CO2 laser processing and 

rapid PCL-assisted thermal bonding is described. This approach was achieved by first 

coating a thin film of PCL on a PMMA sheet. The PMMA sheet served as a 

microchannel substrate while PCL facilitated the microchip bonding. A CO2 laser was 

then used to fabricate microstructures on the PMMA/PCL substrate, cutting directly 

through the PCL layer into the PMMA layer. Appropriate laser parameters, including 

laser power, were studied in detail and their effects on microchannel dimensions were 



 

 

73 

observed using an optical microscope. Optimal laser parameters were employed to 

fabricate the desired microchannel designs on the PMMA/PCL substrate. 

Microfluidic chips were assembled by placing the microchannel layer in contact with 

a blank PMMA cover layer, sandwiching the PCL adhesive between the two PMMA 

layers, and heating the stack to a temperature of 70 °C under 400 psi pressure using a 

thermal press. The characteristics of the assembled microchips were observed under a 

conventional microscope. In preliminary studies, the transparent PMMA microchips 

fabricated using this method were used in the on-chip fluorescence detection of 

rhodamine B dye in order to demonstrate the feasibility of employing the microchip 

in ensuing electrophoretic operations. This method of chip fabrication was shown to 

be appropriate for rapid prototyping of a complete microfluidic device in minutes. 

 

3.3 Experimental 

3.3.1 Materials and apparatus 

A commercially available 1-mm-thickness PMMA sheet purchased from 

McMaster-Carr (Santa Fe Springs, CA) was used as a microchip substrate. Pelletized 

polycaprolactone (PCL) with average molecular weight (Mn) 70000 – 90000 was 

purchased from Sigma-Aldrich (St. Louis, MO). Chloroform used for the preparation 

of PCL solution was obtained from Avantor (Center Valley, PA). A Laurell spin 

coater (Model WS-650-23, North Wales, PA), equipped with nitrogen purge chamber 

and programmable spinning controls was used for the preparation of PCL-coated 

PMMA substrates. A commercially available CO2 laser-engraving system was 

purchased from Universal Laser Systems (VLS 3.5, Scottsdale, AZ). A thermal press 
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was used to assemble the microchips (Carver Instruments, Summit, NJ). A Zeiss 

optical/fluorescence microscope equipped with AxioVision software (Carl Zeiss 

Microscopy, Thornwood, NY) was used to characterize the fabricated 

microstructures. Rhodamine B dye used for testing of microchannels was obtained 

from Lambda Physik (Acton, MA). Sodium tetraborate used to prepare buffer 

solutions was purchased from Integra (Renton, WA). The instrument used for 

electrophoretic operation of the microchips was a Micralyne Microfluidic Tool Kit 

(µTK, Micralyne Inc., Edmonton, Alberta, Canada). Water was ultrapure grade 

(Milli-Q EMD, Billerica, MA). 

3.3.2 Microfluidic chip designs 

In this study, a simple two-layer PMMA-based microchip was designed and 

used to demonstrate this novel fabrication technique. Here, the fabrication method 

combined the benefits of both a high-speed CO2 laser processing and rapid PCL 

adhesive bonding. A PMMA substrate was prepared and a microchip was fabricated 

as shown in Figure 3.1.  First, a PMMA sheet was coated with a PCL solution using a 

spin coater. CO2 laser etching was then employed to pattern microchannels directly 

onto the PCL-coated PMMA substrate. A blank PMMA sheet containing solution 

reservoirs, produced also by laser cutting, was used as a cover layer. The assembly of 

the complete microchip was performed via bonding the microchannel layer and the 

cover layers using a thermal press. 
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Figure 3.1. A schematic of the fabrication process used to create a 

PMMA/PCL/PMMA microfluidic chip: (a) a PMMA substrate was first coated with a 

PCL film using a spin coater, which later this thin PCL layer served as a bonding 

agent; (b) a microfluidic chip design was fabricated directly on PMMA/PCL substrate 

using a CO2 laser engraving system; (c) a blank uncoated PMMA chip containing 

access holes, thoroughly cut using the laser system, was used as a cover layer for the 

patterned microchannel layer; (d) A completed microfluidic chip was achieved by 

assembling the microchannel layer and the cover layer employing a thermal press. 
 

3.3.3 Preparation of a PMMA/PCL substrate 
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The first step of this fabrication method is the deposition of a PCL layer on a 

PMMA substrate. These two material layers have different purposes; PMMA served 

as a microchannel layer while PCL was a bonding layer. The PMMA substrate was 

initially prepared by cutting a PMMA sheet into a circle (150 mm diameter) or a 

square (120 mm × 120 mm) using the laser processing system. A 3% w/v PCL 

solution was made by dissolving the PCL pellets in chloroform, achieved overnight at 

room temperature. In order to prepare a smooth PCL thin film on the PMMA 

substrate, a spin coating process was used. The prepared PMMA sheets were placed 

on the spin coating chuck, and 10– 15 mL of the PCL solution was directly 

transferred onto the PMMA at the center of the substrate. The spin coating process 

was carried out at room temperature using the following spin coating cycle: 200 rpm 

for 10 s, 500 rpm for 20 s, 2000 rpm for 15 s, and 0 rpm for 10 s. This spin coating 

protocol was adapted from methods previously developed in our group [47]. The 

PMMA/PCL substrate was allowed additional solvent evaporation in a fume hood as 

necessary (at a minimum, 10 minutes at room temperature). 

 

3.3.4 Microstructure designs and laser processing characterization 

Designs of the microstructures were first drawn using computer-aided design 

(CAD) software (SolidWorks, Dassault Systemes, Waltham, MA). The drawing files 

were then re-opened on a 2D drafting program (DraftSight, Dassault Systemes, 

Waltham, MA) in order to transfer the designs to the Universal laser processing 

system. 
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The CO2 laser had a wavelength of 10.6 µm with a maximum power of 50 W. 

The Universal Control Panel (UCP) program was used to control the laser system, 

and to optimize the beam outputs as a function of laser parameters. These parameters 

included laser power (P) and beam-traveling speed (S), which were presented as 

percent values. These two parameters strongly affect the profile of fabricated 

channels. Another laser parameter was pulse frequency, indicated as pulses per inch 

(PPI). The usable range of the tool is 1 - 1000 PPI, and this setting primarily affects 

the channel wall smoothness; in general, a higher PPI value provides a smoother 

channel. 

In order to investigate the effects of the various laser parameters on the PCL-

coated PMMA microchannels from both fabrication modes (vector and raster), a test 

layout was designed. As shown in Figure 3.2, the test layouts consisted of several 

straight lines for vector mode and several rectangular areas for raster mode with 

various laser powers used as indicated in the figure. In this study, the laser beam-

travelling speed and PPI were set to their maximum values (100% as 100 mm/s and 

1000 PPI, respectively) and the tests were performed to investigate the correlation 

between the laser power and the channel dimensions. The tests were repeated three 

times to evaluate the reproducibility of the laser processing method. Measurements of 

the microstructure dimensions were performed using the Zeiss microscope. 
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Figure 3.2. Test layouts comprised of (a) several straight lines (5 mm in length) and 

(b) rectangular areas (0.7 mm × 4 mm) across the test piece were used to characterize 

varying laser processing powers parameters.   
 

3.3.5 Microchannel fabrication  

The cured PCL-coated PMMA was positioned on the metal mesh of the laser 

engraving system. Laser fabrication was performed by patterning a microchannel 

design directly onto the PCL-coated PMMA substrate. Channel profiles were shown 

to be easily adjustable by varying the CO2 laser parameters. Based on the study of the 

effects of the laser parameters on the microchannel dimensions (width and depth), 

appropriate laser processing parameters were identified for use in fabrication 

microfluidic chips. While channels were fabricated by vector engraving, wells 

(sample and reagent reservoirs) were made using the raster mode. Direct-write laser 

processing allowed for the fabrication of a microfluidic chip design on each of the 

two PMMA layers within a few seconds. 

 

3.3.6 Microchip assembly 

The completed microchip was assembled by adhesive bonding. The thin PCL 

film on the channel-containing PMMA layer was softened while in conformal contact 

with the reservoir-containing PMMA layer.  This was accomplished in a thermal 

press. With the utilization of a thin PCL film coated on the PMMA microchannel 

substrate as an adhesive layer to bond the complete microchip, the microchip was 

bonded at a temperature lower than glass transition temperature of PMMA. For 

preliminary study, the bonding temperature was set at 70 ºC in order to reach the 
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temperature over melting temperature of PCL but still maintain PMMA in a solid 

state (lower than PMMA glass transition temperature). Various bonding pressures 

were investigated between 200 and 600 psi without bonding hold time as shown in 

Table 3.1. The morphology of the bonded microchips was investigated using the 

optical microscope. 

 

Table 3.1 Thermal press conditions used for investigation of PMMA microchip 

assembly via PCL adhesive bonding. 
 

Trial Temperature ± 5 (°C) Pressure (psi) Hold time (s) 

1 70 200 0 

2 70 300 0 

3 70 400 0 

4 70 500 0 

5 70 600 0 
 

3.3.7 Characterization of the fabricated microfluidic chips 

A Micralyne Microfluidic Toolkit (µTK) was used to evaluate and operate the 

completed microfluidic chips. The system contained two high voltage power supplies 

(+/- 6.0 kV) and was equipped with a 532 nm green laser to excite fluorescence, 

568.2 nm bandpass filter to select for fluorescence emission, and a PMT detector to 

quantify the emission signal. The µTK was operated and controlled using LabView 

software adapted to our specific needs by Derek Wong, an OSU undergraduate 

researcher in the Remcho lab. 

In order to benchmark the Micralyne µTK system, on-chip capillary 

electrophoresis was performed on a commercial PMMA (Microfluidic ChipShop, 
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Jena, Germany) chip. The commercial chip had overall dimensions of 16 mm × 95 

mm × 2 mm, and contained simple cross design with injection arm lengths to each 

reservoir from the intersection of 5 mm, and separation arm length of 82 mm. The 

microchannels were 100-µm in depth and 100-µm in width, terminating in reservoirs 

of 1 mm diameter.  

A 1-µM rhodamine B solution prepared in 10 mM borate buffer pH 9 was 

used as a fluorescence standard dye for on-chip CE experiments. To operate the 

microchip, reservoirs B, BW, and SW were first filled with 30 µL of the buffer while 

reservoir S was filled with 30 µL of rhodamine B dye solution. Potential was applied 

at each reservoir to achieve various operations. Table 3.2 summarizes the parameters 

used for the on-chip CE experiments. 

 

Table 3.2 Voltage operation program used for operation of the µTK system with the 

commercial (benchmark) PMMA microchip and the fabricated PMMA/PCL/PMMA 

microchips. 

Step 
Duration 

(s) 

Reservoir potential (kV) 

Sample 

(S) 

Buffer 

(B) 

Sample waste 

(SW) 

Buffer waste 

(BW) 

Injection 20 0.5 0.1 Ground 0.2 

Separation 350 2.36 2.61 2.36 Ground 
 

The microfluidic chips were then evaluated to determine their utility to 

perform microchip capillary electrophoresis by running a simple, one-component test 

sample. A schematic of the microchip layout is shown in Figure 3.3. The microfluidic 

chip consisted of a double-T junction design with 500 µm offset at the intersection, 

separation channel length (from the S junction to the BW reservoir) of 82 mm. A 1-
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µM rhodamine B solution prepared in 10 mM borate buffer pH 9 was used to 

demonstrate the performance of the microchip. The parameters used to operate the 

on-chip CE experiments for the newly fabricated chips are identical to the ones used 

in the benchmark PMMA microchip as summarized in Table 3.2. 

 

 

 

Figure 3.3. Schematic layout for the PMMA microchips fabricated by laser 

etching/laser cutting with PCL bonding. Each channel is terminated in a 1 mm 

diameter reservoir: buffer reservoir (B), buffer waste (BW), sample reservoir (S), and 

sample waste (SW). 

 

 

3.4 Results and discussion 

3.4.1 The effects of laser parameters on microchannel dimensions 

The microchannel profiles and dimensions depend on the thermal diffusivity 

of the substrate and the laser intensity distribution, determined by laser parameters 

including laser power, beam traveling velocity, and PPI. Since the thermal diffusivity 

of polymers is generally very low, the channel profile is mainly a function of laser 

intensity from the laser parameters [39]. Test pieces were prepared and used to 

investigate the laser parameters’ effect on PMMA/PCL substrates for both vector 

(line) and raster (area) fabrication modes. For the vector mode, straight lines were 
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engraved on the test pieces with different laser powers as shown in Figure 3.4 (a and 

b). The laser traveling speed and linear spot density were fixed at their maximum 

values of 100% (100 mm/s) and 1000 PPI, respectively. When observed under the 

optical microscope, the microchannels were shown to have Gaussian shaped profiles 

(Figure 3.4 (c)); this could be partly due to the Gaussian distribution of output energy 

of the laser beam [37,39]. The microscope was also used to measure the microchannel 

dimensions achieved by etching at various laser powers. The channel dimensions 

(width and depth) achieved as a function of laser power were plotted in Figure 3.4 

(d). Three replicates of these experiments were conducted. 

 

Figure 3.4. Vector mode results. The effects of laser parameters on channel 

dimensions as studied in the vector laser-engraving mode. Laser power (P) was varied 

in the range of 5 – 50% (the maximum laser power was 50 W; thus the applied power 

ranged from 2.5 – 25 W), speed = maximum (100%, 100 mm/s), linear spot density = 

maximum (1000 PPI). (a) Top view of test component, (b) side view, (c) width and 

depth measurements, and (d) dimension plot for correlating laser power to resultant 

channel dimensions (n = 3). 
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For the raster mode, rectangular areas were designed and laser written onto 

the test pieces at different laser powers as shown in Figure 3.5 (a and b). The laser 

traveling velocity and linear spot density were set to their maximum values of 100% 

(100 mm/s) and 1000 PPI, respectively. The profile of the cutout in this laser-

engraving mode was a well geometry (Figure 3.4 (c)). Based on the measurement of 

well dimensions using the microscope, the relationship between laser power and 

micro-well dimensions (widths and depths) was plotted as shown in Figure 3.4 (d). 

The dimensions of the micro-wells produced using laser powers of 5% and 10% were 

found not to be applicable due to the small feature sizes generated. Three replicate 

experiments were carried out. 

While the laser vector mode served as the most appropriate method for 

creation of microchannels, the laser raster mode was used for fabrication of micro-

reservoirs.  

 

 

 
 

Figure 3.5. Raster mode results.  The effects of laser parameters on channel 

dimensions as studied in the raster laser-engraving mode. Laser power (P) was varied 
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in the range of 5 – 50% (the maximum laser power was 50 W; thus the applied power 

ranged from 2.5 – 25 W), speed = maximum (100%, 100 mm/s), linear spot density = 

maximum (1000 PPI). (a) Top view of test component, (b) side view, (c) width and 

depth measurements, and (d) dimension plot for correlating laser power to resultant 

channel dimensions (n = 3). For power settings of 5% and 10%, dimensions of the 

resultant microstructures were immeasurable. 

 

3.4.2 Microchannel fabrication  

Using laser parameters identified as optimal in the preceding experiments, 

microfluidic chips were fabricated to meet design requirements for ensuing studies. 

Laser beam traveling speed and laser resolution were fixed at their maximum values 

of 100% (100 mm/s) and 1000 PPI, respectively. The dimensions of the desired 

microfluidic chips were achieved by adjusting only the laser power. To fabricate the 

microfluidic chip shown in Figure 3.3, a laser power of 10% (5 W) in vector mode 

was selected for the fabrication of microchannels, resulting in channel depth and 

width of approximately 145 µm and 112 µm, respectively. For the sample reservoirs, 

a laser power of 30% (15 W) in raster mode was chosen in order to create a well of 

approximately 150 µm depth. A laser power of 50% (25 W) was subsequently used to 

through-cut access holes in the cover layer, and to cut the microchips out of the 

substrate sheet-stock; repeated cutting passes were carried out as necessary.   

 

3.4.3 Microchip assembly by PCL adhesive bonding 

Assembly was carried out by bonding in a thermal press. The laser-engraved 

PCL-coated PMMA microchannel component was placed in conformal contact with 



 

 

85 

the reservoir-containing PMMA layer as cover plate. As the bonding parameters are a 

function of material substrates and dimensions, an investigation was conducted to 

determine the optimal bonding parameters for assembly of the fabricated microchip 

(95 × 16 × 1 mm) with its identical-dimension cover layer. With a fixed bonding 

temperature of 70 ºC, bonding pressures, including 200 psi, 300 psi, 400 psi, 500 psi 

and 600 psi, were assessed. The bonding process entailed placing the two layers in 

contact between two hot metal plates and heating the stack while applying pressure. 

While maintaining the bonding temperature, the bonding pressure was increased until 

it reached the target pressure without further holding time. The bonding efficacy for 

each pressure was assessed using an optical microscope at 10x magnification. 

Photographs of the bonded microchips with different bonding pressures (between 300 

and 600 psi) are shown in Figure 3.6. A microchip bonded using bonding pressure of 

200 psi was not imaged due to the disassembly of the channel and cover pieces when 

the pressure was released. 

To conduct leak tests of the fabricated microchips, a food dye solution (Winco 

Foods, Boise, ID) was used. The 10% v/v blue dye solution diluted in water was 

introduced into the microchannel through the BW reservoir using a 10 µL micro-

pipette. As observed under the optical microscope, no leaks were noted (Figure 3.6). 

While low bonding pressure can lead to poor adhesion, excessive pressure can 

cause distortion of microfluidic channels and should also be avoided.  

A 400 psi bonding pressure at a constant temperature of 70 ºC and without a 

bonding hold time was selected for further proof-of-concept use in capillary 

electrophoresis, due to the appearance of sufficient bonding conditions under the 
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microscope. No further investigations for adhesion strength were pursued. This 

fabrication method is proposed as a rapid production of a microfluidic chip with no 

bonding hold time in order to ensure maximum bonding speed. However, due to the 

low melting point of PCL (60 °C), the bonding method may be carried out at lower 

bonding temperatures and/or bonding pressures with increase bonding hold time. 

 

 
 

Figure 3.6 Photographs of bonded PMMA/PCL/PMMA microchips using a thermal 

press process with different bonding pressures. Insets are the captions of double-T 

junctions of each microchip bonded using the indicated pressure, observed under the 

optical microscope with 10x magnification. The 10% v/v food dye solution used for 

leak test was pipetted into the microchannels through the far end outlets. 

 

3.4.4 Microchip characterization and on-chip CE 

The primary objective of this work was to develop an alternative rapid 

fabrication method for microfluidic chip production using a laser engraving system 
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and PCL adhesive bonding. To demonstrate the potential of these chips for on-chip 

electrophoresis, the µTK system was used. The µTK system was first characterized 

using a commercial PMMA microchip as a standard chip. A solution of 1 µM 

rhodamine B was prepared in 10 mM sodium borate buffer, pH 9, and this standard 

fluorescent dye solution was used to assess detectivity. The “benchmark” chip was 

operated according to the program in Table 3.2. A representative electropherogram of 

the rhodamine B solution on the standard chip is illustrated in Figure 3.7 (a). 

An identical procedure was followed to assess the performance of the newly 

fabricated microchips in the on-chip capillary electrophoresis experiments. The in-

house fabricated microchips yielded reproducible signal for on-chip CE applications 

with fluorescence detection as shown in Figure 3.7 (b). The electropherograms 

obtained from the fabricated microchip shows to have broadened peaks compared to 

the ones obtained from the “benchmark” microchip. This could be due in part to the 

surface roughness of the fabricated microchip [48]. The electropherograms obtained 

from the fabricated microchips were reproducible and comparable to a PMMA 

standard chip. 

 

 

Figure 3.7 Electropherograms showing an on-chip electrophoretic operation of a 1 

µM rhodamine B testing solution using (a) standard PMMA chip and (b) the 

microchip fabricated using this technique. 
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3.5 Conclusion 

An efficient method for fabrication of complete PMMA-based microfluidic 

chips by CO2 laser processing and PCL adhesive bonding was developed. The 

fabrication method provides a simple approach for the rapid production of 

microfluidic chips, and offers versatility needed to achieve different designs and 

features for a wide variety of applications. By combining a high-speed fabrication 

method and a rapid adhesive bonding technique, rapid production of microfluidic 

chips was shown to be possible – with total manufacturing times as low as 12 

minutes/chip. To demonstrate one of the potential utilities of the microchip fabricated 

using this integrated method, the fabricated chips were tested using fluorescence dyes 

employing a typical microchip capillary electrophoresis approach. The experimental 

results showed that the fabricated PMMA/PCL/PMMA chips can be used in the CE-

LIF format, achieved here in a µTK capillary electrophoretic system.  
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CHAPTER 4 
 

CLINICAL CHEMISTRY MEASUREMENTS WITH COMMERCIALLY 
AVAILABLE TEST SLIDES ON A SMARTPHONE PLATFORM: 

COLORIMETRIC DETERMINATION OF GLUCOSE 
 

 

4.1 Abstract 

Rapidly increasing healthcare costs in economically advantaged countries are 

currently unsustainable, while in many developing nations, even 50-year-old 

technologies are too expensive to implement. New and unconventional technologies 

are being explored as solutions to this problem. In this study, we examined the use of 

a smartphone as the detection platform for a well-developed, relatively inexpensive, 

commercially available clinical chemistry glucose assay as a model for rapid and 

inexpensive clinical diagnostic testing. An Apple iPhone 4 equipped with a color 

analysis application (ColorAssist) was combined with Vitros glucose colorimetric 

assay. Color images of assay slides at various concentrations of glucose were 

collected with the iPhone 4 and quantitated in three different spectral ranges 

(red/green/blue or RGB) using the ColorAssist application. When the diffuse 

reflectance data was converted into absorbance, it was possible to quantitate glucose 

over its clinically important concentration range (30–515 mg/dL) with good linearity 

(R2 = 0.9994, n = 5). Data collected using the iPhone 4 and canine serum samples 

were in agreement with results from the instrumental “gold standard” (Beckman 

Coulter AU480 Chemistry System) (R2 = 0.9966 and slope = 1.0001). Glucose 
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determinations of serum samples made using this smartphone method were as 

accurate as or more accurate than a commercial colorimetric dry slide analyzer 

(Heska Element DC Chemistry Analyzer) and 2 glucometers: ReliOn Ultima (Abbott 

Diabetes Care) and Presto (AgaMatrix). This demonstration shows that smartphones 

have the potential to be used as simple, effective colorimetric detectors for 

quantitative diagnostic tests, and may be applicable for both point-of-care 

applications in the developed world and field deployment in developing nations. 

 

4.2 Keywords 

Smartphone; Colorimetric analysis; Glucose; Point-of-care 

 

4.3 Introduction 

The annual cost of health care in the U.S. will reach $4.8 trillion or 17.6% of 

the U.S. GDP in 2021, up from over $2.59 trillion dollars as of 2010 if current trends 

continue [1]. Rapidly growing health care spending in the U.S. is widely regarded as 

unsustainable. Of this spending the diagnostic testing component was $250 billion as 

of 2008 [2], with a majority share devoted to medical imaging products. A concurrent 

issue is that traditional health care technologies are too expensive to implement in 

many developing countries, where, for example, several dozen nations spend less than 

$100 per capita annually on health care [3].  

The nature of many diseases makes frequent monitoring necessary, such as 

glucose assay for diabetes and blood urea nitrogen (BUN) assay to track kidney 

diseases. Global healthcare expenditures for diabetes alone will reach $490 billion by 
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2030, while it is forecast that the number of diabetes cases worldwide will double 

between 2000 and 2030 to over 400 million people [4,5]. The point-of-care testing 

(POCT) concept was introduced with these figures in mind.  Benefits of POCT 

include immediate output via an electronic medical record (EMR), decreased 

turnaround time via enhanced communication efficiency, and reduction of morbidity 

and mortality. POCT devices are predicted to play a vital role in decreasing 

healthcare costs.  

Various formats of membrane-based test strips, dry chemistry slides and paper 

microfluidic devices, all designed to utilize smaller amounts of samples and reagents 

while producing faster results (often with enhanced sensitivity) have been examined 

for medical diagnostics and other applications [6-8]. To further these efforts, parallel 

projects have been pursued to develop detection approaches that can match the 

simplicity and the low cost of these paper strip approaches.  While a variety of 

detection methods, including electrochemical [9-11], chemiluminescence [12,13] and 

fluorescence [14,15], have been investigated, comparatively simple colorimetric 

methods (which have a long history) are still attractive to the market because the 

output of these assays can be visually observed and compared to a color chart to 

generate low-cost, rapid, semi-quantitative results. Truly quantitative detection of 

these paper based colorimetric reactions requires the use of bench top scanners [16] 

or cameras combined with computer-based image analysis software [17,18], or other 

commercial available sophisticated grey-scale or color intensity measuring 

instruments. Smart phone cameras have tremendous potential to supplant this 

quantitative approach given their on-board processing power, portability, wide spread 
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availability, internet connectivity, and open source programming [19-23]. The built-in 

digital camera of the iPhone, for example, combined with widely available software 

(Adobe Photoshop) has been applied to field tests for colorimetric TNT detection 

[24]. The performance of the built-in camera within the iPhone was compared to that 

of a digital single lens reflex (DSLR) camera, which resulted in a successful 

demonstration of the phone camera for semi-quantitative field testing for TNT 

explosives. 

Here, we examine the use of a smartphone camera in concert with an 

inexpensive color analysis application (app) to quantify a widely used, commercially 

available veterinary and human clinical chemistry assay coupon for glucose 

quantitation. This stands as a representative for a wide panel of rapid and inexpensive 

clinical diagnostic tests. When the diffuse reflectance data collected using the phone 

camera was converted into pseudo absorbance values, it was possible to quantitate 

glucose over its clinically relevant concentration range (30–515 mg/dL), with good 

linearity (R2 = 0.9994, n = 5). Data collected using the iPhone 4 and canine serum 

samples were in agreement with results from the instrumental “gold standard” 

(Beckman Coulter AU480 Chemistry System) (R2 = 0.9966 and slope = 1.0001). 

Results obtained for the glucose assay were compared to a commercial colorimetric 

dry slide analyzer (Heska Element DC Chemistry Analyzer) and two self-monitoring 

devices: electrochemical glucometers. The results indicated that the smartphone-

based colorimetric format outperforms glucometers, suggesting that it could be useful 

for POCT in the developed world and for field deployment in developing nations. 
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4.4 Materials and methods 

4.4.1 Chemistry of dry chemistry product 

Dry chemistry slides for clinical glucose (Figure S4.1a) assessments were 

purchased from Vitros (Ortho Clinical Diagnostics, Raritan, NJ). These slides were 

typically made of several chemical layers, each of which was designed to optimize 

specific unit operations as described below. Glucose slides are comprised of 3 major 

components (Figure S4.1b): spreading, reagent, and transparent layers. A top layer of 

TiO2-cellulose acetate was designed for sample absorption and spreading. A middle 

reagent layer contained all reagents necessary for color development, which included 

glucose oxidase (Aspergillus niger, E.C. 1.1.3.4) 0.77 U/cm2, peroxidase (horseradish 

root, E.C.1.11.1.7) 3.6 U/cm2, 4-aminoantipyrine hydrochloride 0.11 mg/cm2, and 

1,7-dihydroxynaphthalene 67 µg/cm2. The reagent layer also included appropriate 

buffers, surfactants, stabilizers, and binders. The bottom (transparent) layer was 

designed for support and enablement of detection only. The design of the spreading 

layer of the Vitros slide ensures even distribution of sample in the horizontal plane. 

Non-proteinaceous components are passed through to the underlying reagent layer, 

where the enzymatic reactions occur. The glucose slide color chemistry relies on 

Trinder reagents: peroxidase catalyzes oxidation of 4-aminoantipyrene and coupling 

of 1,7-dihydroxynapthalene to generate a dye with red color in proportion to glucose 

concentration [25] (Figure S4.2). 

 

4.4.2 Collection of reflectance spectrum with a spectrometer 
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Glucose slides were brought to room temperature (23 ± 1 °C) from storage at 

−20 °C by allowing them to warm up to room temperature for one hour immediately 

prior to each experiment. d-(+)-glucose of 400 mg/dL (Sigma-Aldrich, St. Louis, 

MO) was prepared with 10 mM PBS buffer (all buffer reagents from Mallinckrodt 

Baker, St. Louis, MO). For each slide, 10 µL of glucose was applied to the center of 

the active areas. Slides were allowed to incubate at room temperature for 5 minutes to 

generate the colored products. An AvaSpec-2048 L spectrometer equipped with an 

AvaLight-DH-S-BAL Deuterium/Halogen continuum source, an RPH-1 Reflection 

Probe Holder, and AvaSoft 7.6.0 software (Avantes, Louisville, CO) was used to 

measure the diffuse reflectance for the fully developed colored test slides in the 

wavelength range of 380 nm to 730 nm with the probe positioned 45° angle from the 

surface of the slides 

 

4.4.3 Collection of RGB values with a smartphone 

The color of the test slides intensified with time and correlated directly to the 

concentration of the analyte in the test samples. RGB intensity values were measured 

and recorded via digital images collected using the built-in 5-megapixel iSight 

camera on an iPhone 4 (Apple, Cupertino, CA). A simple homebuilt box with 

dimensions of 180 × 115 × 80 mm, painted flat black on its interior, was used to 

regulate light conditions during measurements. Inside the box, three bright LEDs 

were used as broad-spectrum light sources (5 mm, 13,850 K color temperature, 

1800 mcd white LEDs, Super Bright LEDs, St. Louis, MO). A commercially 

available mobile application designed for color matching, ColorAssist (FTLapps, 
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Inc.), was used as a tool to separate and quantitate the color intensities of the digital 

images into red, green, and blue (RGB) channels at predetermined temporal endpoints 

(described below in Section 4.4.4). All of the experiments were carried out at room 

temperature (23 ± 1 °C). 

 

4.4.4 Enzymatic kinetics and color stability studies of glucose slides with a 

smartphone 

Kinetic studies were conducted for selection of optimal incubation times for 

stable and reproducible color development and sensitive detection. Various 

concentrations of glucose were added to the Vitros slides before RGB values were 

collected with the iPhone 4 ColorAssist application over 60 minutes. The RGB values 

for fully developed glucose slides were collected for long-term storage stability 

studies. 

 

4.4.5 Development of calibration curves with a smartphone 

Glucose standards were prepared with a set of standard calibrator samples 

(Ortho Clinical Diagnostics, Raritan, NJ) that mimic the matrix components in actual 

serum samples. Glucose slides were prepared as described above, with 5 minutes of 

incubation at room temperature. RGB values were then measured using the iPhone 

and recorded. Green channel values were used to develop the calibration curves, as 

the green channel data was the most stable and reproducible. Five replicate 

experiments were carried out for the glucose assay. 
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4.4.6 Performance of the smartphone colorimetric method as compared to 

standard instruments 

Canine whole blood samples were collected from five different dogs and 

tested at the College of Veterinary Medicine, Oregon State University. Serum 

samples were obtained, and glucose levels were determined using the smartphone 

colorimetric method, an instrumental “gold standard” (Beckman Coulter AU480 

Chemistry System, Brea, CA) and a commercial dry slide colorimetric analyzer 

(Heska Element DC Chemistry Analyzer, Loveland, CO). For the smartphone 

method, serum samples were directly applied to the centers of slides; RGB values 

were then collected with the iPhone after incubation at room temperature for 

5 minutes. Green channel values were then converted to diffuse absorbance, from 

which concentrations were calculated using the established calibration curve. 

Instrumental standard operation protocols were followed for measurements on both 

the Beckman and Heska instruments. Furthermore, two widely used electrochemical 

glucometers, ReliOn Ultima (Abbott Diabetes Care, Alameda, CA) and Presto 

(AgaMatrix, Salem, NH), were used for glucose determination. Aliquots of blood 

samples (10 µL) were pipetted onto a clean, dry Parafilm M (Bemis, Oshkosh, WI) 

surface to facilitate sampling with the glucometer test strips. Measurements on the 

Beckman instrument were carried out 48 hours prior to parallel analyses with the 

iPhone/app, Heska clinical analyzer, and glucometers. 

 

4.5 Results and discussion 

4.5.1 Reflectance spectrum and signal channel selection 
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The dye end-products developed on the glucose slides were characterized by 

UV-Vis reflectance spectroscopy. The glucose slide held 10 µL of 400 mg/dL glucose 

standard solution. After 5-minute incubation time, the UV-Vis absorbance spectrum 

was collected. Additional slides were used as blank controls for absorbance 

conversion. An absorbance peak with a maximum at 490 nm was collected, 

supporting the red color observed visually (Figure 4.1). The absorbance spectrum 

collected from the fully developed glucose slide was consistent with those reported by 

Curme [25]. 

 

 
 

Figure 4.1 Absorbance spectrum of fully developed colored glucose test slide. The 

maximum absorbance was read at 490 nm for the red color developed on the glucose 

slide. 

 

The reflectance spectrum for the glucose slide indicated that reflectance 

values from the blue or green channels would yield the maximum sensitivity, as the 
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developed dye had a strong absorbance at 490 nm. The relationships between 

reflected red, green, and blue light intensities and concentrations were explored by 

directly relating 8-bit RGB values, which were collected using the iPhone 4 as 

described previously, to various glucose concentrations (Figure 4.2). The dye 

indicator developed with the stronger intensity with application of more concentrated 

samples (Figure S4.3). The standard curve for glucose, as shown in Figure 4.2, 

demonstrated that the diffuse reflectance, measured as 8-bit RGB values, had a non-

linear relationship to the glucose concentrations in the range of 30–515 mg/dL. This 

relationship was most prominent within the green channel data. In the clinically 

relevant range of glucose concentrations (30–515 mg/dL), the green channel 

exhibited the greatest sensitivity. 

 

 

 
 



 

 

107 

Figure 4.2 Relationships between 8-bit raw RGB values (0–255) and the analyte 

concentration. Glucose calibrators (10 µL) of various concentrations added to Vitros 

glucose slides, incubated for 5 minutes before RGB values were collected with the 

iPhone 4 and ColorAssist. 

 

 

4.5.2 Kinetics and stability of the dye reactions 

The enzymatic nature of the indicator reaction made kinetic studies of the 

glucose assay necessary. The glucose slides were prepared as described above and the 

iPhone 4 was used to collect data for the green channel for a 60-minute time period 

(Figure 4.3). The extent of color development at any given point during the 

experiment was proportional to the concentration of glucose: higher analyte 

concentrations led to higher rates of reaction (Figure 4.3) and more intense color 

development (Figure S4.4). The rate of reaction for the glucose slide was highest in 

the first 2 minutes, which was especially true for the higher glucose concentrations. A 

steady state signal was observed after approximately 2 minutes; consequently, a 5-

minute incubation time was chosen to ensure that all measurements were made near 

the endpoint of the reaction. 
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Figure 4.3 Kinetics of glucose reactions for 60-minute experimental durations. 

Glucose samples (10 µL) of 0, 100, 200, and 400 mg/dL were added to Vitros glucose 

slides. RGB values were read with an iPhone 4 and ColorAssist at various time 

intervals for 60 minutes. 

 

To further study the long-term storage stability of the fully developed glucose 

assay, green channel values were monitored and recorded over a 240-hour (10-day) 

period following sample application. The data showed that the green values recorded 

for the samples at various concentrations changed appreciably at day two, especially 

for the blank slide (having a sample of zero concentration, Figure S4.4). It should be 

noted that the dye product itself is relatively stable: unreacted dye precursor 

degradation is widely believed to be responsible for the loss in color intensity stability 

after day 2. 
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4.5.3 Calibration curve 

Parametric regression analysis has been widely applied in colorimetric 

analytical methods [26-30]. For our work, only the green channel component was 

selected for diffuse absorbance conversion because of its particular sensitivity and 

utility for the assay. The signals were expressed as calculated diffuse absorbance 

values:  

 

Diffuse absorbace =  −log
Green channel value of sample
Green channel value of blank  

 

The glucose slides were prepared as before with diluted Vitros calibrators. An 

iPhone 4 was used to capture color intensities of the dye products from the green 

channel after a 5-minute incubation time. The green values represented the amount of 

green component light reflected to the phone camera from the colored test areas. To 

make a calibration curve, the logarithmic values of the green component intensities 

for each standard relative to those of the blank were calculated as representative 

diffuse absorbance values. While both nonparametric regression, including kernel 

regression with polynomial degrees of 1 to 3, and non-linear regression between 

diffuse absorbance and concentrations, yielded models with R2values all higher than 

0.99, the best fit was found with a parametric linear regression. This was especially 

true in the clinically important concentration range. A strong correlation between the 

calculated absorbance values and the glucose concentration was observed (Figure 

4.4). In the range of 30–515 mg/dL, the diffuse absorbance values for glucose assay 

had a linear relationship to glucose concentration (R2 = 0.9994, Figure 4.4 and Table 
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S4.1). The error bars in the graph showed the standard deviation for n = 5 trials 

(Figure 4.4). 

 

 

 

Figure 4.4 Calibration curves for glucose obtained on a smartphone platform. 
Glucose calibrators (10 µL) of 30–515 mg/dL were added to Vitros glucose slides and 
incubated at room temperature for 5 minutes. RGB values were then read with an 
iPhone 4 and ColorAssist. 
 

4.5.4 Performance comparison to instrumental standards and glucometers 

using clinical blood samples 

The performance of the smartphone-based glucose quantitation system was 

evaluated through comparison with that of a “gold standard” instrument (Beckman 

Coulter AU480). The glucose concentration for five canine serum samples was 

determined with our smartphone-based colorimetric method using the same process 
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as that employed for the production of the calibration curves. These test values were 

compared to the concentrations as measured with the Beckman Coulter (Figure 4.5). 

The concentration values obtained using the iPhone showed good agreement with 

values from the Beckman Coulter, with an R2 value of 0.9966 and slope of 1.0001 

(Figure 4.5). 

The performance achieved using the newly developed glucose iPhone method 

was also compared to that of both a commercial colorimetric dry slide analyzer 

(Heska), and to two widely used portable glucometers (Relion and Presto). Glucose 

concentrations for canine blood samples evaluated using these methods, along with 

their percent errors, are listed in Table 4.1. The smartphone-based colorimetric 

method yielded results comparable to that of the Heska analyzer. It is possible that the 

use of canine serum, rather than canine whole blood, human whole blood, or human 

serum, might have affected the data gathered using the two glucometers; the two 

glucometers did independently deliver similar results to one another. Nonetheless, the 

data we collected using these devices is presented here as a valid point of comparison 

(Table 4.1). 
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Figure 4.5 Linear regression plot comparing results for the iPhone method and the 

Beckman Coulter AU480 Chemistry System for glucose determinations in canine 

serum samples. Glucose concentrations for five canine serum samples tested using the 

iPhone compared to concentrations determined using the Beckman Coulter AU480. 
 

 

Table 4.1 Glucose concentrations for canine samples tested using a Heska analyzer, 

two commercial glucometers, and the newly demonstrated iPhone platform as 

compared to results obtained using a Beckman “gold standard”. 
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4.6 Conclusion 

The method presented here for glucose determination, comprised of 

commercial test slides with an iPhone for color detection, is intended for point-of-

care diagnostics. Together, the features of the commercially available slides and the 

rapid adaptability of an iPhone provide an easy-to-use, portable, and accurate system 

for the determination of glucose. Low overall costs and easy portability makes this 

method particularly advantageous for those with limited access to clinical support or 

for those in remote locations. The test slides contain all the chemicals necessary for a 

glucose assay on a single slide, and require only microliters of sample (as low as 

10 µL). With the ubiquity of smartphones today, we have demonstrated that it is 

possible to accomplish routine analysis of a modern POCT system using a 

smartphone device for detection. 

By utilizing dry-form chemicals in a glucose slide and adapting an iPhone as a 

colorimeter, we introduce a new method for glucose determination. The glucose 

reaction results in an orange-red colored product, which has a maximum absorbance 

at 490 nm. The change in color intensity of the developed dye product corresponds to 
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the detected glucose concentration. The reactions are rapid, reaching equilibrium with 

an incubation period of minutes. A standard iPhone 4 is used for the determination of 

the colored product on the assay slides. By measuring the RGB values and plotting a 

calibration curve, we found that the values from the green channel yielded the 

greatest sensitivity and linearity (when calibrated) to glucose in the relevant clinical 

ranges. When compared with an instrumental “gold standard” (Beckman Coulter 

AU480) using canine serum samples, our method yielded linearly correlated glucose 

concentrations with slope values close to 1. The accuracy of the established 

smartphone method was compared with that for a commercial colorimetric dry 

chemical slide analyzer (Heska) designed for veterinary clinical purposes. The iPhone 

method produced comparable (if not better) error percentages for glucose. 

The glucose slides are inexpensive and compact, and the iPhone is portable 

and battery-powered. In addition, with the self-contained internet connectivity, 

capabilities of the iPhone allowed for detection results to be transmitted directly to a 

healthcare provider for immediate diagnosis and to update patient records. Further 

research is necessary for the optimization of assay conditions (including optimal 

temperature, humidity ranges, and sample size) for enhanced assay adaptability, and 

stability. 

Further research will focus on continued development of purpose-built iPhone 

applications, which enable the use of a standardized calibration curve to convert the 

RGB values directly to glucose concentrations. Likewise, assay improvements are 

underway to ensure lower production costs and to avoid the need for refrigeration. 
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Other clinical chemical assays will be tested on this system to expand the range of 

simple point-of-care diagnostics. 

 

4.7 Supporting information 

 

 
 

Figure S4.1 Pictures and cross-sectional diagrams of the glucose slide: (a) a glucose 

slide, with chemistry area of diameter 9 mm, compared to a US quarter  (b) Diagram 

of a glucose slide, showing the three functional layers and the upper and lower slide 

mounts [31]. 
 

 

 

Glucose 

a b 
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Figure S4.2 Reaction scheme for the glucose slides. Glucose is oxidized by glucose 

oxidase to produce hydrogen peroxide, which then reacts with leuco-precursors of 4-

aminoantipyrine and 1, 7-dihydroxynaphthalene to produce a red colored dye product. 
 

 

 

Figure S4.3 Color developed on glucose slides with standard calibrators of various 

concentrations. The glucose slides developed color from a light orange to a dark red 

with increasing glucose concentrations from 0 to 400 mg/dL. 
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Figure S4.4 Stability of color developed on the glucose slides. Green channel values 

were monitored by iPhone for 240 hours (10 days) using slides at four concentrations 

(0-400 mg/dL). Good stability of the green value was observed for the first 24 hours, 

followed by notable degradation on days 3-10. 
 

 

Table S4.1 The glucose calibration curve data 
 

Glucose (mg/dL) 

(n=5) 
SD %RSD 

30.04 0.0006 0.92 

42.91 0.0091 8.30 

85.82 0.0082 3.56 

128.73 0.0123 3.48 

171.64 0.0314 6.34 

257.47 0.0542 7.74 

343.29 0.0097 1.00 

429.11 0.0133 1.11 

514.93 0.0385 2.69 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

Analytical chemistry is a branch of chemistry with primary emphasis on the 

study and application of instruments for separation, identification, and quantification 

of an analyte. Within analytical chemistry, separation science is the process of 

dividing complex mixtures into their individual components based on their physical 

and chemical differences. This can be further divided into preparative-scale and 

analytical chromatography. Preparative separation processes are widely used and 

impactful owing to their ability to isolate targeted products in high purity and 

sufficient amount for further use. However, with advances in micro-technology, 

miniaturization of the analytical process has been prioritized due to a desire to 

achieve shorter analysis time, high throughput, and reduced reagent consumption and 

waste generation. In order to perform analysis in resource limited settings, it can also 

be advantageous to adapt current analytical methods and techniques to the readily 

available smartphone platform. 

As demonstrated in chapter 2, a blue-green pigment secreted from the wood-

staining fungi, Chlorociboria aeruginosa was efficiently extracted and purified using 

centrifugal partition chromatography, CPC. Due to poor solubility of xylindein in 

common HPLC solvents, determining an appropriate biphasic solvent system proved 

challenging. A new CPC biphasic solvent system with compositions of 

heptane/THF/MEK/acetonitrile/acetic acid/water was determined and optimized for 

xylindein separation. This solvent system yielded a partition coefficient, KD, for 
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xylindein of 1.54 ± 0.04, as determined by HPLC (n = 3). Fractions collected after 30 

minutes of separation time were pooled and resulted in a 71% extraction efficiency. 

This preparative scale separation technique isolated a pure xylindein product in yield 

suitable for further study.  

As demonstrated in chapter 3, polymethyl methacrylate-based microfluidic 

devices were fabricated using a high-speed CO2 laser engraving system and a low 

temperature polycaprolactone (PCL) bonding technique. The CO2 laser was used to 

etch microchannels into the polymethyl methacrylate (PMMA) by ablating away the 

targeted surface. The parameters of the laser (power, speed, and resolution) were 

characterized.  It was determined that 10% (5 W) laser power, 100% (100 mm/s) laser 

travel speed, and 1000 pulse-per-inch resolution were the optimal settings for 

designing a chip to perform capillary electrophoresis with microchannel dimensions 

of 145 ± 8 µm (n = 3) depth and 112 ± 4 µm (n = 3) width. The PCL coating on the 

PMMA substrate facilitated the bonding of the completed PMMA/PCL/PMMA 

microchip. Bonding pressure was applied at 500 psi with no hold time and at constant 

temperature (70 °C).  Rhodamine B was used as the standard test dye for the on-chip 

capillary electrophoresis experiments. The resulting electropherograms were 

reproducible and comparable to those produced using the commercially available CE 

microchips. This simple fabrication method provides a low cost, and useful approach 

to manufacture PMMA-based microfluidic chips in approximately 12 minutes/chip 

and can be applied for microchip-based electrophoresis.  

As described in chapter 4, a smartphone was utilized as a colorimetric 

detection platform for a commercially available glucose assay. This technology was 
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developed as a model for rapid and inexpensive clinical diagnostic testing intended 

for use in resource limited settings. An Apple iPhone 4 camera phone equipped with a 

color analysis application (ColorAssist) was used to measure glucose concentrations 

on commercially available Vitros® slides. The green color channel data from the 

iPhone images were selected based on its higher sensitivity. The diffuse absorbance 

was calculated from these values and used to construct a glucose calibration curve in 

the clinically relevant range (30 – 515 mg/dL).  The glucose concentrations from 

canine serum samples collected with the iPhone 4 were compared to the data obtained 

from the instrumental “gold standard” (Beckman Coulter AU480 Chemistry System) 

with near perfect linearity (R2 = 0.9966 and slope = 1.0001). This method employing 

smartphone technology effectively demonstrates its use as a relatively inexpensive, 

field portable, analytical tool for determination of clinically relevant analyte 

concentrations.  

In conclusion, these research efforts as a whole have progressed new routes 

for future research. Highly purified xylindein was obtained, using the developed CPC 

method, in sufficient amount for further study as a detection agent and in organic 

semiconductor applications. A versatile method for rapid fabrication of microfluidic 

chip was developed and can be adapted for many applications. A smartphone was 

used as a colorimetric detection platform, which is useful as a portable, field 

deployable, point-of-care diagnostic application in remote locations and the 

developing world. 

 


