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The development of microfluidic devices for heavy metal extraction is
presented in this dissertation. Various research areas, covering subjects from
photochromic compound syntheses to microchip fabrication techniques are explored to
develop microfluidic devices capable of extracting heavy metal ions from drinking
water. Through integration of the beneficial characteristics of both microfluidic
devices and photochromic dyes, a simple and innovative microchip configured as a
photoactivable extraction system for metal ion accumulation and release can be

realized.

The initial research focused on the utilization of photochromic compounds
namely spiropyrans, as chelators for heavy metal extraction. Spiropyrans are organic
photochromic compounds that have been widely studied. Upon irradiation with UV or
visible light, spiropyrans isomerize between the closed and open forms, in which the
open form is comparatively more polar. Metal ions can influence this isomerization

process by associating with the open form through the electron-rich oxygen atom. In



contrast, visible light produces a high concentration of the closed form, and thus
hinders metal-binding. Spiropyrans, therefore, show great potential as photo-reversible
metal-complexation agents. The spiropyran derivatives were synthesized and
immobilized on  solid supports including  polymeric  resins  and
poly(methylmethacrylate) (PMMA) microchips. Metal ion uptake can be triggered
using UV light and subsequently reversed on demand by shining green light on the
colored complex, which regenerates the inactive spiropyran form resulting in the
release of metal ions. The use of light to trigger the chelator offers unique

opportunities.

The work continued with the development of microfluidic fabrication for
creating versatile, solvent-compatible microfluidic devices through surface
modification. There are challenges associated with the use of polymeric based
microfluidic devices, particularly in surface modification steps, as solvents can
embrittle thermoplastics that resulting in microcracking. To overcome this limitation,
we explored the possibility of fabricating extremely robust microfluidic devices
entirely from fluorocarbon and glass materials. The work demonstrated a new
fabrication technique based on a chemically activated poly(tetrafluoro ethylene)
(PTFE) sheet sandwiched between chemically activated glass substrates. The PTFE
microchannels can be fabricated in minutes using a cutting plotter to create
microchannels. The possibility of glass to PTFE makes this method applicable in a

wide range of applications.
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CHAPTER 1

INTRODUCTION TO PHOTOCHROMISM AND TO MICROFLUIDIC DEVICES

This chapter is divided into two sections. The first section provides an
introduction to the synthesis and properties of photochromic compounds. The next
section highlights advances and challenges in the fields of microfluidics and
fabrication technologies. These discussions are intended to provide background and
familiarity with recent developments in the areas of photochromic compounds and
microfabrication techniques. Microfluidic chips have been fabricated with the aim of
utilizing spiropyran chemistry in a format that maximizes surface area/volume ratio.
The applications of photochromic compounds for heavy metal extraction using
microfluidic devices as a platform and novel microfabrication techniques will be

discussed in chapters 2, 3, and 4.

1.1. Photochromism

The ability to reversibly manipulate the physical and chemical properties of a
material with an external stimulus forms the basis of stimuli-responsive systems. The
use of light as a trigger is particularly attractive since its characteristics can be
remotely and accurately controlled, quickly switched and easily focused into specific
areas. New tailorable materials have emerged in areas including nanotechnology,

electronics, diagnostics and therapeutic biomedicine with properties, such as



conformation shape, phase, wettability, permeability, and solubility, able to be

reversibly transformed with light stimulation.

Photochromism can be defined as a reversible transformation of chemical
species, induced in one or both directions by electromagnetic radiation, between two

stages having observable light absorptions in different regions.

hv,
A(hy) Ton B(%,)

Photochromism involves the reversible transformation of chemical species
between two isomeric forms induced by the absorption of light which results in a
change in absorption spectra. Ordinarily, the photochromic reaction involves a
reversible transformation between two species with B having at least one absorption
band appearing at longer wavelength than those of A. The activating radiation
generally is in the UV region (300-400 nm) and the reverse reaction (B—A) can be in
the visible (400-700 nm). The photoconversion mechanism includes pericyclic
reactions, cis-trans isomerizations, dissociation processes, intramolecular hydrogen
transfers or group transfers, and electron transfers (oxidation-reduction). In addition to
a color change, these transformations are accompanied by changes in the physical and
chemical properties of the species involved, such as alterations in the dipole moment,
refractive index or geometric structure. Importantly, these dynamic transformations
can generate coincident changes in the optical, chemical, electrical and bulk properties

of the system that incorporates them. Photochromic molecules therefore play an



important role within photo-responsive systems, being able to capture an optical signal

and then convert it via isomerization, to useful property change.

Photo-responsive systems involve transformations which are notably
unimolecular processes and reversible. The transformations depicted in Figure 1.1 can

be described briefly as follows:

1. Ultraviolet (UV) irradiation of an azobenzene stimulates the conversion of
the planar trans isomer to the bent cis isomeric form via the isomerization
of a—-N=N- bond.

2. UV irradiation of spiropyrans and spirooxazines initiates an electrocyclic
ring opening reaction of a spiro form which results in the formation of an
open, planar merocyanine form with an extended conjugated system able to
absorb strongly in the visible region.

3. For diarylethenes UV irradiation results in the closing of the six-membered
ring within its core which results in the formation of thermally irreversible
colored isomers [1].

The photochromic inter-conversion between isomeric forms often referred to as

switching.
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Figure 1.1 Families of photochromic compounds commonly used in polymeric
systems [2].



1.1.2. Spiropyrans

Spiropyrans are members of a class of photochromic compounds that have
continued to attract the attention of scientists for over 20 years [3-18]. The
photochromism of spiropyran was discovered independently by Fischer and
Hirshberg, and by Chaude and Rumpf [19, 20]. Due to their remarkable ability to
reversibly change between two forms with different absorption spectra under the
action of electromagnetic radiation, they find application in non-linear optics, modern
optical information carriers, molecular-scale logic switches, and other nanodevices
[21-26]. Spiropyrans are photochromic organic compounds composed of two
heterocyclic parts linked together by a tetrahedral sp® spiro carbon atom. Irradiation of
a spiropyran with UV light induces heterolytic cleavage of the spiro carbon-oxygen
bond, producing the open form of the ring, the intensely colored merocyanine (Figure
1.1b). The merocyanine (MC) reverts to the initial spiropyran (SP) form in the dark or
by visible light irradiation. The time required to resume the closed form depends on
the temperature and on the nature of the compound [27]. Merocyanines present a
characteristic absorption band in the visible spectral region between 570 and 610 nm
depending on the polarity of the solvent. The equilibrium between SP and MC is

depicted in Figure 1.1b.

The transition between forms SP and MC of these compounds proceeds
reversibly by both photochemical and thermal mechanisms, and also under the action
of chemical reagents (protons, metal ions) [28, 29]. Thus, their chemical structure and

spectral properties can be controlled using external controls, e.g., illumination with a



definite wavelength. An important challenge in the chemistry of spiropyrans is their
photostability. The simplest way to achieve this is by employing spirooxazines, which

are resistant to photodegradation [30].

Spiropyrans were convenient subjects for studying the photophysical
properties of merocyanines including photoisomerization and excited-state relaxation
[31]. By their example, it was shown that substituent groups of merocyanines have a
substantial effect on their photophysical properties, particularly, the
photoisomerization process [28, 31]. For example, the introduction of a nitro group
into the benzene ring of a spiropyran substantially increased the yield of the triplet
state, the formation of which often precedes the cis-trans isomerization (i.e., the
transition between the closed and open forms) [29, 32-34]. Raman spectroscopic
studies of the aggregations formed by open spiropyrans have shown that the 6-NO;
group stabilizes this structure due to its electrostatic interaction with the positively

charged nitrogen atom of the heterocyclic moiety of the neighboring molecules [30].

1.1.3. Spiropyran Synthesis

A spiropyran can be synthesized via several different routes. As indicated in
Figure 1.2, one can connect the two “halves” of the molecule by condensing an
intermediate providing the C? and C* atoms of the pyran ring. Another half provides
the C* C° C° and the oxygen atoms of the pyran ring. In a second approach, one

intermediate is the source of C? C3 and C* while the other provides C°, C° and



oxygen atom. In the third approach, one can prepare a spiropyran and then introduce

new substituents, or transform substituents already present.

C3 C4 C3_c4
/
C2/ + \CS C2 + C5
/ /
o—-c® o—-c®

Figure 1.2 Spiropyran synthesis [1].

The first method is the most common, and is exemplified by the condensation
shown in Figure 1.3 of a 2-alkyl heterocyclic quaternary salt or the corresponding
methylene base with 2-hydroxy aldehyde group. These intermediates have given a
broad assortment of spiropyran classes. The readly available 1,2,3,3,-tetraalkyl-3H-
indoleninium salts and salicylaldehydes has led to a large number of spiro-(2H-1-
benzopyran-2,2”-indolines). A common acronym for this class, “BIPS” will be used in

this chapter as both singular and plural.

Figure 1.3 The condensation of salicylaldehyde and 1,2,3,3-tetramethyl-3H-
indoleninium salt gives rise spiropyran derivative [1].

The second method corresponds to moving the formyl group from the aldehyde

intermediate to the methylene base, and is a standard method for preparing a



merocyanine. The method is useful for the reaction of easily obtained and stable
Fischer’s aldehyde (2-formylmethyleneindolines) with ketomethylene compounds
such as 2-hydroxybenzofuran or 2-hydroxybenzothiophene where the corresponding
hydroxyaldehyde is difficult to obtain (Scheme 1.4). These two methods include the

several routes that can lead to various symmetrical and unsymmetrical spiro(dipyran)

[35].
ch CH3 H3C CH3
O™+ o (L
— + O —_—
/
N 0 N ©
CHj CH; ©O

Figure 1.4 The synthesis of spiropyran using 2-formylmethyleneindoline and 2-
hydroxybenzofuran [1].

The third approach is useful when spiropyran itself is easily available, the
necessary substituted intermediates are not, and the spiropyran tolerates the chemical
transformations  involved.  Halogenation and nitration of BIPS and
spiro(dinaphthopyrans) can be carried out by standard methods bromo substituents
replaced by cyano or lithium, nitro substituent groups reduced to amino, etc. For
example, Tanaka et al. synthesized spiropyran derivatives carrying an
oxymethylcrown ether moiety by converted the chloromethyl group in 8-chloromethyl

spiropyran to oxymethylcrown ether (Figure 1.5) [36].
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Figure 1.5 The synthesis of oxymethylcrowned spiropyran [36].

1.1.4. Applications and future trends

The chemical transformation between spiropyran (SP) and merocyanine (MC)
has attracted great attention because the molecular properties change enormously
through a very basic unimolecular reaction. The large change in the molecular
properties has led to great interest in using these molecules as component for sensors
and detectors [37], in light-sensitive eyewear [38], to perform logic operations in
molecule-based devices [11, 39] and to induce reversible changes in chemical or

optical properties of organic-inorganic interfaces [40].

Practical application of photochromism at first (ca 1955-1970) concentrated on
the spiropyrans, and especially on BIPS compounds, because of their availability,
photosensitivity, convenient thermal fade rates, and good color contrast when

perceived by the human eye. Photochromic plastic ophthalmic sunglasses are the
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largest volume and value application for photochromics, but the spiropyrans originally
used generally underwent photodegradation rapidly in sunlight, a serious deficiency
for this application. The emphasis then shifted to spironaphthoxazines which generally
were more resistant to photodegradation [41]. The first commercial plastic
photochromic lens was the Photolitem lens, introduced by American Optical in 1982.
The matrix for the lens was the polymer from allyl diglycol carbonate, the most
common matrix for plastic ophthalmic lenses. The Photolite lens contained an indoline
spironaphthoxazine as its photochromic component. The photochromic reaction of the
spironaphthoxazines is well known (Figure 1.6) [38]. However, applications in which
the dye was required to undergo numerous cycles or be irradiated continuously were

impractical because of the rapid fatigue of these dyes [42].

0
e
O = T
I

Figure 1.6 The photoconversion of spironaphthoxazine [38].

The spectral properties of merocyanines (particularly fluorescence) strongly
depend on environmental characteristics, namely, solution polarity and viscosity. Due
to these properties, merocyanines were among the first reference points used in
building the scales of solvent polarity, for determination of water content in organic
solvents and have also found application as sensors, probes and markers in chemical

analysis [16, 24, 37, 43-47].
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The photoinduced inter-conversion of the two states of a photochromic
compound can be exploited to modulate the emission of a fluorescent partner. This
photo-response can be facilitated through the FOrster resonance energy transfer
(FRET) process where both fluorescent and photochromic components are normally
integrated within the same macromolecular or nanostructured construct. The
mechanism initially requires two fluorescent dyes: the fluorescent donor emits high-
energy photons and the fluorescent acceptor emits low-energy photons. When the
donor and acceptor approach each other near or within the FOrster distance,
fluorescence color switches from donor to the acceptor, or from high-to-low-energy
photons. Li et al. used such spiropyrans to fabricate nanoparticles, whose fluorescence
color can be optically switched from one color to another (Figure 1.7). The resulting
nanoparticle fluorescence is at least 30 times brighter than conventional organic dyes.
Tuning the copolymer composition and sequences effectively reduces nonspecific
interactions between nanoparticles and cell membranes. Such feature-packed
nanoparticles advanced further biomedical imaging capabilities such as cell

construction, spectroscopic characterization and initial live cell imaging results [48].
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spiro-form mero-form

SP: R1= H, R,=NO,,
MSP: R;= OMe, R,=NO,,
MCSP: R;= OMe, R,=CN, CSP: R;=H, R,=CN

Figure 1.7 Chemical structures illustrate the spiro and mero forms of the
photoswitchable fluorescent dyes and how photochemical reactions switch red
fluorescence to dark state (SP), green fluorescence (MSP), and blue fluorescence
(MCSP and CSP) [48].

One of the most widely studied applications of spiropyrans capitalizes on their
intense absorption in the visible region which is of great utility in assembling
molecular switching systems, where the photochromic compound can be used to
represent two digital codes “0” or “1” as different absorption spectra. Kanashi et al.
have shown the potential application of two kinds of bi-functional photochromic
compounds combinations of spiropyran and azobenzene derivatives, as four digit

codes for multi-addressable systems and molecular switching [49].

The pronounced negative metallochromism of the merocyanine form of
spiropyrans was associated with the possibility for a metal cation to coordinate the

oxygen atom of oxyphenyl residue that carries a considerable negative charge. This
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effect was enhanced by the introduction of metal ions into coordination spheres, most
often these were crown and azacrown groups (Figure 1.8) [50-52]. Furthermore,
numerous spiropyran derivatives have been designed and utilized for optical sensing

for neutral molecules, such as nucleobases [53], amino acids and DNA [54, 55].

Cr -
ol e T

Figure 1.8 Photoconversion of crowned spiropyran.

1.2. Microfluidic devices

1.2.1. Introduction to microfluidics

“Microfluidics” is the field of miniaturization that deals with the behavior,
precise control and manipulation of fluids that are geometrically constrained to a small
scale, typically sub-millimeter. Microfluidic channels can be less than 100 um wide.
This allows them to handle biological materials such as DNA, proteins or cells in
minute quantities-usually nano-liters or pico-liters. The advantages of these
approaches include reduced sample and reagent consumption, reaction time, analysis
time, experimental footprint and increased assay parallelization, automation and

portability. Microfluidics not only enable very precise analysis, they also open up the
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potential for the manipulation of living matter by mixing, separating and handling
different components on the nanoscale. Microfluidic devices have allowed for the

development of portable instrumentation requiring only small power supplies.

Although microfluidic devices may be produced from glass, quartz, silicon,
and various polymeric materials, glass substrates have been employed most frequently
owing to their favorable optical properties, chemical resistivity, and support of
reproducible electroosmotic flow [56-60]. Fabrication of glass microfluidic devices
usually involves micro channel/structure fabrication using photolithographic and wet-

etching procedures, followed by bonding the etched plate to a flat cover plate.

The bonding of glass substrates is one of the most important and time-
consuming steps in the fabrication of glass microchips, and to realize their mass
production, an improvement in the bonding process is critically important to achieve
high throughput and yield. A variety of bonding techniques has been reported
including field-assisted bonding (anodic bonding), thermal bonding, low-temperature
bonding, bonding with hydrofluoric acid (HF bonding), and bonding with sodium
silicate or adhesives as intermediate layers. In order to obtain a strong bond via a
chemical reaction between hydroxyl-groups on glass surfaces, direct bonding is
prefered at high annealing temperature (typically between 500-650 °C) for glass-glass
fusion [57, 58, 61, 62]. Anodic bonding (or field-assisted bonding) is done at moderate
temperatures (150-500 °C), and utilizes a large electric potential (200-1500 V) to

create a robust, leak-free silicon—glass bond [63]. Due to the large attractive forces
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generated by the electric field, anodic bonding has less stringent requirements for the
surface quality of substrates and particle contamination compared with fusion and
direct bonding. Direct bonding can also be performed below fusion temperature. Low-
to-intermediate temperature bonding usually involves the use of various adhesives
below 100 °C [61, 64, 65]. Such procedures are suitable for the fabrication of
microfluidic devices containing structural features that do not require resistance to
high temperatures, such as electrodes and waveguides; however, low-to-intermediate
temperature direct bonds are not as robust as fusion bonds. In adhesive bonding, an
intermediate adhesive layer is conveniently used to create a bond between two

surfaces to hold them together.

Initially, microfluidic devices were predominantly fabricated using glass or
silicon substrates. The fabrication of glass microchips is often expensive, time
consuming, and the process involves the use of harmful hydrofluoric acid (HF) and
clean room facilities. These disadvantages have encouraged manufacturers to seek
alternative materials for microchips fabrication. Polymer materials and their
fabrication methods proved to be the solution to these challenges. Polymer substrates
also offer excellent optical characteristics, temperature stability, chemical resistance
and biocompatibility. Together with the ease of fabrication and greater flexibility over
silicon and glass, these characteristics make polymer substrates highly adaptable for
microfluidic applications. Compared with traditional microfluidic materials such as
silicon or glass, polymers offer substantially lower raw material and manufacturing

Costs.
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Thermoplastics are a class of synthetic polymers that exhibit softening
behavior above a characteristic glass transition temperature (Tg) resulting from long-
range motion of the polymer backbone, while returning to their original chemical state
upon cooling. Thermoplastic polymers differ from elastomer or thermoset plastics by
their ability to be softened or fully melted and reshaped upon heating, while remaining
chemically and dimensionally stable over a wide range of operational temperatures
and pressures. The various thermoplastic polymers including polymethylmethacrylate
(PMMA), polycarbonate (PC), and cyclic olefin-polymers (COP) or -copolymer

(COC) have been widely used as materials in microfluidics.

Elastomeric polymers, especially polydimethylsiloxane (PDMS), have also
gained much popularity as materials for microfluidics fabrication. PDMS has a
number of useful properties including its chemical resistance, optical transparency
(down to ~300 nm), thermal stability (below 150°C), physical toughness and
flexibility [66-68]. Due to the wide range of polymers available, they are highly
attractive as substrates for microfluidic systems as revealed by a search of the
Thomson Reuters IS and National Institutes of Health PubMed databases. As shown
in Figure 1.9, silicon and silica remain the dominant materials for microfluidics, and
with expanding research attention, thermoplastics have demonstrated a great growth

trend in the microfluidics industry.
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Figure 1.9 Approximate numbers of annual publications referencing different
materials for microfluidics. Maximum and minimum values defining the ranges were
extracted from the Thomson Reuters ISI and NIH PubMed databases, respectively.
Data for 2008 is projected based on reference counts from the first half of the year

[69].
1.2.2. Methods of fabrication

Microchannel fabrication has been reported using a variety of replication
methods including hot and cold embossing, injection molding, and thermoforming
[70-73]. In addition, thermoplastics can also be directly machined using laser ablation,
mechanical micromilling, and solvent etching techniques [74-76]. Figure 1.10 gives a
schematic overview of polymer fabrication process steps for microfluidic systems.
Usually, the fabrication procedure for microfluidic devices consists of three main

steps; master fabrication, replication of channel plates, and bonding.
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Figure 1.10 Process diagram of polymer microfabrication technologies [77].

1.2.2.1. Fabrication of channel plate
As indicated previously, polymeric microfluidic chips are usually composed of

channel plates and cover plates (or cover films) that must be bonded to form complete
microfluidic chips. Channel plates have been fabricated using a wide variety of
fabrication techniques such as hot and cold embossing, injection molding, laser

ablation, in situ polymerization, and solvent etching.

1.2.2.1.1. Hot embossing

Hot embossing is the most commonly used method for the replication of
polymeric microchannels. There, a polymer plate is placed on the surface of a master
bearing raised microscale features. The assembly is mounted in a press and embossed

under a controlled pressure. The system is then heated to a temperature just above the
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T4 of the polymer material. The channel plate is demolded from the master template
when the temperature cools down below the T4. To obtain a quick overview, Table 1.1
summarizes the compilation of physical and chemical properties of the most widely

used polymers for microfluidic applications.



Table 1.1 Overview of polymer material properties [78].

20

Name Density Ty (°C) Heat distortion Resistivity Water Refractive Young’s Thermal Resistant against Not resistant against
(g-em™) temperature (°C) (@ cm™) absorption index (tensile) expansion
(%) modulus (MPa)  coeff.
(10°%/K)

PMMA 119 110 90 1x10" 2 1.492 3200 80 Acids, bases Alcohols, acetone,
(medium conc.), oil  benzole, UV light
petrol

PC 1.19-1.24 148 125 1x10" 0.30 1.58-1.6 2200-2400 70 Alcohols, acids Hydrocarbons,

ketones, KOH

PP 0.9 0-10 100-110 >1x 10" 0.01-0.1 1.49 1450 100-200 Acids, bases, Petrol, benzole,
alcohols, organic hydrocarbons
solvents, fats

PS 0.9-124 100 70 >1x10" <0.4 1.59 2300-4100 30-210 Bases, alcohols Conc. Acids, ether,

hydrocarbons

PE 0.91(LD) 110/1140 80/100 10%-10® <0.015 1.51 (LD) 200/1000 170/200 Acids, bases, hydrocarbons

(LD/HD) 0.967 alcohols, oil

(HD)

coc 1.02 78 170 >1x 10" 0.01 1.53 2600 70 Acids, bases

CoP 1.01 138 140 >1x10Y 0.01 1525 2400 70

PEEK 13 143 250 >1x10% 05 3700 17 Most organic and Conc. Nitric acid,
inorganic sulfuric acid, UV
substances light

PDMS 1.03 -120 200 1.2x10* 0.1 1.43 960 Weak acids and Strong acids,
bases hydrocarbons

SU-8 1.19 210 - 2.8x10% 1.58 2000 52 Acids, bases, most
solvents

Pl 1.42 360-410 400 >1x10% 29-4 17 2500 20 Acids, bases,

solvents
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1.2.2.1.2. Cold embossing

Xu et al. have demonstrated the imprinting of polymeric microfluidic channels
from silicon templates at room temperature under the application of high pressure
(2700 psi) [71]. The plastic plate is placed on a silicon template and the whole
assembly is sandwiched between two polished aluminum plates. A hydraulic press is
employed to apply high pressure at room temperature. When the pressure is released,
the open channels on the plastic substrate are sealed with a layer of a layer of PDMS
film to form a complete microchannel. This approach avoids the necessity of heating
the plastic substrate during the stamping process. Since no external heating is

involved, one template can be used to imprint scores of microfluidic devices.

1.2.2.1.3. Injection molding

The raw material employed for the injection molding is supplied in granular
form. Polymer pellets are melted in a heated cylinder. The molten polymer material is
injected under high pressure into a mold cavity containing an inserted master. The
template masters are usually made from nickel or silicon and are employed to define
the geometry of the microfluidic parts. Finally, the cavity is cooled for demolding.
Injection molding is a promising approach for the mass production of plastic

microfluidic chips and is an industry mainstay.

1.2.2.1.4. Laser ablation

Laser ablation has been widely employed to fabricate polymer microchips [74,

78]. The microfluidic structures are designed using common drawing tools such as



22

Solidworks (Dassault Systemes SolidWorks Corp., MA, USA) or AutoCAD
(Autodesk, Inc., CA, USA). The pattern is then sent to the laser scriber for automatic
machining on the polymer substrate. In the process, a high energy laser beam is used
to break bonds in polymer molecules and to remove the decomposed fragments from
the ablation regions. Usually, a commercially available laser scriber is used to engrave
the plastic substrate. This consists of an eximer laser and an XY table on which the
plastic plate is mounted. A focused laser beam scanned over a 2-D area by the
combined motion of the X and Y stages. The substrate is fixed on a platform that can

move in the Z-axis.

1.2.2.1.5. Solvent etching

In 2005, Brister et al. introduced a very simple method for microfluidic
fabrication by solvent etching. Patterned PDMS is used as a template to control the
flow path of an etching solvent through a channel design to be replicated on the plastic
substrate. The etching solvent is a mixture of organic solvent depending on the
material of the substrate. This approach provides an alternative way for rapid

microfluidic fabrication.

1.2.2.2. Bonding

Regardless of the fabrication method employed, the sealing of the open
microchannels is necessary to produce the final enclosed fluidic paths without
clogging the channels, changing their physical parameters, or altering their

dimensions. This often presents a unique set challenges in microchip fabrication.
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There are a number of considerations that must be taken into account when selecting
and implementing an appropriate bonding method. Bond strength is a critical
consideration, with some applications requiring interfacial bond energies on par with
the cohesive strength of the bulk substrate material, and others benefiting from
relatively weak and reversible bonds. Bond interfaces must provide suitable chemical
or solvent compatibility to prevent degradation during use, without compromising
dimensional control of the microchannels due to deformation during the bonding
process. Other important considerations for the bond interface include surface
chemistry, optical properties, and material compatibility and homogeneity of the

channel sidewalls.

1.2.2.2.1. Thermal bonding

A Variety of thermal bonding techniques have been widely used to allow the
formation of microchannels from dissimilar materials. Usually, the channel plate and
the cover plate are assembled with the microstructures enclosed inside and are heated
to a temperature above the T4 of the polymer material in a convection oven while
pressure is applied on the assembly in a press [79]. However, slight variances in
pressure and temperature may lead to deformation of the channels and adversely affect
reproducibility. To overcome these limitations, hot-press bonding has been
demonstrated in a vacuum or in a hot water bath for sealing PMMA microchips [80,

81].
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1.2.2.2.2. Solvent bonding

When a plastic surface is solvated, polymer chains become mobile and can
readily diffuse across the solvated layer, leading to extensive intertwining of chains
between the surfaces resulting in exceptionally strong bonds [69, 82-85]. Solvent may
be applied to the polymer substrates in either liquid or vapor phase. Since the bonding
process is conducted at room temperature, thermal distortion of the microstructures
can be avoided. Depending upon the specific approach used, solvent bonding can be a
high throughput process that is readily scalable from prototyping to mass production.
However, there are some disadvantages as the solvents can cause clogging or channel
deformation during sealing. In order to prevent excessive solvent uptake into the
polymer matrix which can lead to channel deformation during bonding, usually a
sacrificial layer is used to protect the channel during bonding [86]. Prior to sealing, the
channel is filled with paraffin wax that forms a solid sacrificial layer at room
temperature [87]. Once the sealing step was complete, the sacrificial layer was melted
and removed, leaving enclosed microfluidic channels. To avoid channel deformation,
an excessive solvent absorption can also be prevented by using a very short solvent

exposure times [88].

1.2.2.2.3. Adhesive bonding

Due to the simplicity of adhesive bonding, this approach has been widely used
for sealing thermoplastic microfluidic chips. One of the simplest adhesive bonding
techniques is by using of glues such as liquid adhesive that set through the evaporation

of solvent, or epoxies and acrylates that polymerize and crosslink after mixing with a
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catalyzing agent. Commonly, adhesive bonding is performed by applying a thin layer

of a high viscosity liquid adhesive which can be cured upon UV light irradiation.

1.2.2.2.4. Other bonding techniques

In 2004, Lei et al. employed a microwave-based technique for the precise,
localized, low-temperature bonding of PMMA microfluidic devices [89]. Microwave
power can be absorbed by a very thin film metal layer deposited on PMMA surface.
The intense thin-film volumetric heating promotes localized melting of refractory
metals such as gold. One of the advantages of the process is that PMMA is relatively
transparent to microwave. Laser welding has also been used to achieve localized
sealing of microfluidic chips. A laser beam is focused to heat the plastic at the
interface where localized high resolution bonding can be achieved. In addition, flat
PDMS films have also been employed to form conformal seal on the plastic

microchannels [90].
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2.1. Abstract

A novel approach to heavy metal extraction from drinking water using spiropyran-
modified resins is presented. Spiropyrans are metal chelating ligands used in the
process of photoreversible complexation. Spiro compounds are a well-known class of
dyes that exhibit interesting photochromic functionality in that their structure changes
reversibly with UV/visible irradiation. The photoinduced process of spiropyran
involves the cleavage of the spiro carbon-oxygen bond upon UV light irradiation and
subsequent isomerization to its open form. Spiropyran chemistry found its application
in heavy metal ion extraction by first chelating the ions (after the spiro compound is
activated using UV light). Subsequently, the contaminants are released when the
metal-spiropyran complex is exposed to visible light. In this work the retention and
release of metal ions on the spiropyran-modified stationary phase is controlled by
UV/visible irradiation. The extraction of Pb®* ions from an aqueous solution using
immobilized spiropyrans resins is studied. We demonstrate that spiropyrans retain
their photochromic properties when immobilized on the surface of the resins and can

successfully perform Pb?* extractions from aqueous solution.
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2.2. PHOTOACTIVABLE RESINS FOR LEAD ION EXTRACTION

Spiropyran derivatives have been immobilized on the surfaces of resins using
various immobilization strategies. These functionalized resins can be reversibly
switched between the inactive spiropyran (SP) and the more polar merocyanine (MC)
form using low power light sources, such as light emitting diodes (LEDs). A UV LED
array (390 nm) is used for the SP —-MC conversion, and a green LED array (525 nm)
for the reverse MC — SP conversion. The spiropyran coated resins have been
characterized using IR spectroscopy. Application of spiropyran functionalized resins
for lead ion (Pb*) extraction has been investigated. Investigations into the Pb®*
binding behavior of the spiropyran modified resins has shown that the concentration of
Pb** changed upon UV irradiation during the extraction process, suggesting that a
significant and reversible interaction between Pb?* and MC is occurring. The Pb®* ions
can be completely released by photonic conversion of the resins into the inactive SP
form using the green LED array. This extraction sequence has been successfully
repeated three times, suggesting that it is possible to cycle through activation of the
functionalized resins from the non-binding form to the binding form (SP — MC) using
the UV LED array, to allow binding with Pb?* ions to occur, and, subsequently, to
release the bound ions and regenerate the passive SP surface using the green LED
array. The system can therefore form the basis of a photoactivable stationary phase for
metal ion extraction: irradiation of the stationary phase with UV LEDs causes
retention of guest species due to the presence of MC form, while subsequent exposure

to green LEDs leads to release of the guest species into the mobile phase.
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The removal of metals from water is important in a number of environmental
and industrial applications. Conventional metal removal techniques involve
complexation or ion exchange. Although these technologies are effective and well-
established, there are problems associated with them. One such problem is that
complexation requires the use of organic ligands which often cannot be reused. In
addition, ion exchange requires heat or caustics to regenerate the resins. Therefore,
there is ongoing interest in the development of reversible metal-chelation agents in
which chelation can be switched on and off by exposure to light of different
wavelengths. Popular substrates for such studies are the spiropyran system and its
analogues since these have well-documented photochromical properties. Spiropyrans
are organic photochromic compounds that have been widely studied [1-5]. They are
composed of two heterocyclic parts linked together by a tetrahedral sp® spiro carbon
atom. Irradiation of a spiropyran with UV light induces heterolytic cleavage of the
spiro carbon-oxygen bond, producing the open form of the ring, the intensely colored

merocyanine (Figure 2.1).

Me Me
‘ — UV light
N O Q NO2  visible Light D
R R
spiropyran (SP) merocyanine (MC)

Figure 2.1 Photoconversion of spiropyran to merocyanine.
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Metal ions can influence this isomerization process by associating with the
open form through the electron-rich oxygen atom. In contrast, visible light produces a
high concentration of the closed form, and thus hinders metal-binding. Spiropyrans,
therefore, show great potential as photo-reversible metal-complexation agents. This
spiropyran chemistry is applicable to extraction of metal ions by first chelating the
ions by using UV light, and subsequently exposing the metal-spiropyran complex to

visible light to elute contaminants efficiently in a concentrated plug (Figure 2.2).
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Figure 2.2 Semi-continuous extraction of heavy metal ions generates a continuous

stream of purified water; non-binding form (*”), binding form (), targeted metal
ions (@), non-targeted metal ions (O).

This process can be used in environmental and industrial processes to remove
metals from aqueous solutions. The metals are released from the ligands upon
irradiation with visible light. The regeneration of the ligands and concentration of
metals is likely to be more facile than is the case with conventional ion exchange

resins. The use of light to trigger the chelator offers unique opportunities that
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minimize waste generation and power requirements. Advances in the integration of
LED (light emitting diode) sources in the system hold promise for the production of

low cost miniaturized systems.

Interest in this application arises because it provides a means to trigger metal
ion binding and release without addition of any auxiliary reagents. We report herein
on the unique properties of spiropyrans for water reclamation using light to gate metal
ion capture and release. Since lead (Pb**) is widely distributed in nature and given its
adverse effects on human health, it was selected as a model divalent metal cation for

the extraction study.

Initially, spiropyran derivatives were synthesized using previously reported
procedures [6, 7]. Placing a nitro group at position R™ (Figure 2.3) stabilized the open
form of the spiropyran. Further, the addition of an electron donor group on at position

L generates an auxiliary ligating group [8].

Me Me hv (390 nm)
O N o O R hv (525 nm)
R

laR=CHs;, R'=H, L=0H
1b R=C3H¢COOH, R'=NO,, L'=H
1c R=C3HgCOOH, R'= NO,, L"'= OCHj4

Figure 2.3 Light-modulated transformation from spiropyran (SP) to merocyanine
(MC).
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We have designed spiropyran derivatives incorporating a methoxy moiety at
the 8-position in which cation-binding enhancement is expected on photoisomerization
to the corresponding merocyanine form. Sterically-favorable cooperation of the
resulting phenolate anion together with the methoxy moiety provides a suitable
chelator for cation. Actually, a powerful interaction between the phenolate anion and
methoxy-complexed metal ions, especially lead ions, was found in the merocyanine
isomer spiropyran. Spiropyrans were then allowed to react with Merrifield resins or
aminate polystyrene resins via carbodiimide coupling protocols (Figure 2.4) to yield a

convenient resin for extraction studies.
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Figure 2.4 Schematic of the synthesis of photochromic resins.
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Changes in the UV absorption spectra of SP-MC in dichloromethane under
irradiation with UV light of A = 365 nm and then subsequently with visible light of A
= 525 nm were examined. Figure 2.5 shows the measured UV absorption of SP-MC in
dichloromethane after irradiation with UV light for 5 min and subsequently with
visible light for 5 min. A new absorption peak is found to appear at 526 nm in the
spectrum on irradiation with UV light, and is assigned to the merocyanine form. The
peak disappears under consequent irradiation with visible light, and the spectrum

returns almost completely to the original one.

0.9

absorbance

300 350 400 450 500 550 600 650 700

wavelength/ nm

Figure 2.5 Changes in the UV absorption spectrum of SP-MC in dichloromethane
under irradiation with UV light of A = 365 nm and subsequently with visible light of A
=525 nm. (a) before irradiation; (b) after irradiation with UV light for 5 min; (c) after
subsequent irradiation with visible light for 5 min; [SP-MC] = 1x10™* mol/L.
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The SP-MC resins were also characterized by IR spectroscopy. Figure 2.6
shows the IR absorption spectra of aminated polystyrene resins, Boc-lysine resins,
lysine resins, Bis-SP-lysine, and Bis-SP-lysine modified resins. An absorption peak at
around 1620 cm™, which is assigned to the C=0O stretch of the amide group, in the
spectrum of Boc-lysine resins is found to decrease with introduction of the spiropyran
moiety. An absorption peak at 1650 cm™ is assigned to the carbonyl group from
amide, those at 1500 and 1340 cm™ are assigned to N-O in the nitro group, and a peak
at 1100 cm™ is assigned to O-C in the methoxy group. These results confirm the

presence of the spiropyran moieties in Bis-spiropyran-lysine resins.
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Figure 2.6 IR absorption spectra of (a) Aminated polystyrene resins; (b) BOC-lysine
resins; (c) lysine resins; (d) Bis-SP-lysine and (e) Bis-SP-lysine resins.

The spiropyran modified resins showed spectral changes similar to those
observed solution phase SP-MC in dichloromethane on irradiation with UV light and
subsequently with visible light. The resins turned from red to deep purple after
irradiation with UV light, and reverted to red after irradiation with visible light.
However, the isomerization rates (especially the disappearance rates of the
merocyanine forms) for the resins were slower than was observed in solution (Figure

2.7).
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Figure 2.7 The spiropyran modified resins before and after 5 min irradiation with UV
light.

Most importantly, these results show that the photoisomerization of spiropyran
moieties on the modified resins is reversible. The color change suggests generation of
the open form of the spiropyran-modified resin, which then complexes Pb* ions. The
reddish resin reappeared after irradiation with the green LED array. Thus, stabilization
of the Pb**-complexed open form in an extremely polar solvent such as water does not
prevent isomerization to the closed form under visible light. Initial screening results
suggest that spiropyran modified Merrifield resins can bind with lead ions from

solution.

Application of the newly modified spiropyran resins to Pb®* extraction from
aqueous solution was done in triplicate. A simple, batch technique was used in order
to define optimum conditions including irradiation time. Typically, 20 mg of modified

resins were packed in a home-built resin cartridge as shown in Figure 2.8.
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Figure 2.8 In-house-designed resin cartridge consisting of a clamped device equipped
with Upchurch nanoports for fluidic connections, PMMA chip which contains a thin
layer of spiropyran-functionalized resin.

A Pb®* solution containing 50 ppb Pb?* was flowed through the resin bed at 20 pL/min

using a peristaltic pump, described as follows:

1. Start flow of Pb®* solution at 20 pL/min.

2. Activate UV exposure (390 nm) for 30 min.

3. Collect fractions of solution at 20 second intervals for measuring Pb?*

quantifications via ICP-MS.

Following the experiments, the free unextracted Pb** concentration was plotted as a
function of UV irradiation time as shown in Figure 2.9. The Pb*" content decreased
with increasing the UV irradiation time, reaching the lowest value at 5 min irradiation
followed by an increasing in Pb?* content beyond 5 min. Therefore, the adsorption of

Pb%* was effective at 5 min UV irradiation.
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Figure 2.9 Pb®" concentrations recorded during UV LED irradiation (390 nm)
showing that the most effective irradiation time for binding Pb* ions is 5 min.

The efficiency of the modified resin is an important factor to indicate the
effects of substituent groups on spiropyran ring on Pb?* extraction. The loading
capacity was determined at optimum UV irradiation time which was 5 min and the
results expressed in the percentage of Pb?* extraction. The percentage of Pb?* sorption
was calculated by measuring the Pb®* content before and after the chelation. The
percentage of sorption increased from 2 to 7% with more stable MC form (SP2), as
shown in Table 2.1. The amount of spiropyran molecules is increased by using lysine

as a spacer (SP3) resulting in an increase in the Pb®* uptake to 10 folds as compared to
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SP1. A comparison between the Pb?* uptake values of SP3 and SP4 indicates an
appreciated increase from 20 to 91 due to the contribution of the methoxy ligating
moiety in metal binding.

Table 2.1 Efficiencies of spiropyran modified resins for Pb®* extraction with 5 min
UV irradiation.

Modified resins SP1 SP2 SP3 SP4
structure Q Q Q
. .
R S R g LY
o M, g, o T, o
e;/torapctg;n 09 7.50 20.00 91.24

In conclusion, we have demonstrated photoreversible Pb®* extraction using
spiropyran modified resins. Upon exposure to appropriate stimuli, these resins display
photo-controlled uptake and release of certain metal ions. Increase in Pb?* loading
capacity was observed by replacing a functional group on spiropyran ring. Further
studies directed toward the structural modification of the spiropyran molecule to allow
us to trap Pb** more efficiently and with greater specificity are currently underway in

our laboratory.
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3.1 Abstract

We have investigated the beneficial characteristics of microfluidic devices and
spiropyran dyes to produce a simple and innovative microchip for photo-controlled
Pb** ion extraction, configured as an automated metal ion accumulation and release.
The microfluidic device consists of channels with a depth of 50 um and width of 100
pum fabricated in polymethylmethacrylate (PMMA). A custom spiropyran is
immobilized covalently to the oxygen plasma treated PMMA micro-channel walls.
When the colorless and inactive spiropyran coating absorbs UV light, it reconfigures
to the colored merocyanine form, which also has an active binding site for certain
metal ions. Therefore, metal ion uptake can be triggered using UV light and
subsequently reversed on demand by shining visible light on the colored complex,
which regenerates the inactive spiropyran form and releases the metal ion. Following
photoactivation of spiropyran in the microchip, lead ion (Pb®*) was successfully

extracted from solution and recaptured from the chip upon visible light exposure.

3.2. Introduction

The removal of metals from aqueous solution is important in a number of
environmental and industrial applications. Conventional techniques to remove metal
ions involve complexation or ion exchange. While these technologies are effective and
well-established, there are problems associated with them. Complexation requires the
use of organic ligands, which often cannot be reused, and ion exchange requires heat
or caustics to regenerate the resins. We have been studying the use of an alternative

material that photoactivates to adsorb metal ions and can be easily regenerated with
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visible light. Because of the absorption spectra of photoactivable materials overlap
with the solar spectrum, these materials can be activated and regenerated using solar

radiation.

We have been investigating the use of a spiropyran as a photoactivated ion
exchange material. Spiropyrans are organic photochromic compounds that have been
widely studied. Upon irradiation with UV or visible light, spiropyrans isomerize
between neutral (closed form SP) define SP and zwitterionic (open form) structures, in
which the open form is comparatively more polar. Metal ions can influence this
isomerization process by associating with the UV-induced open form through the
electron-rich oxygen atom. In contrast, visible light produces a high concentration of
the closed form, and thus hinders metal-binding. Spiropyrans, therefore, show great
potential as photo-reversible metal-complexation agents. A number of interesting

systems have been developed displaying photodynamic transport [1].

Figure 3.1 illustrates the use of photochromic dyes as light activated binders of
metal ions. This process can be used in environmental and industrial processes to
remove metals from aqueous solutions. The metals are released from the ligands upon
irradiation with visible light. The regeneration of the ligands is likely to be more facile
than is the case with conventional ion exchange resins. Additionally, the use of light to

trigger the chelator offers unique opportunities. Advances in the integration of LED
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(light emitting diode) sources in the system hold promise for the production of low-

cost miniaturized systems.

Me Me
O - hv (390 nm)
e
hv (525 nm)
MeO
HOOC
SP MC
closed form open form
2

O,N N ) NO,
MR
/_/7 Me ‘\_\
HOOC COOH
MC-M-MC

Figure 3.1Schematic of the light-modulated transformation from spiropyran (SP) to
merocyanine (MC). The dimeric complex of MC with metal ions is also shown.
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In this paper we show that photochromic spiropyran molecules immobilized to
poly(methylmethacrylate) (PMMA) microchannels can successfully serve as a
photoactivable extraction system for metal ions. The micro-channels are
functionalized by simply flowing solutions of spiropyran through the channels which
previously were activated by oxygen plasma treatment. Covalently bound polymer
chains of spiropyran allow for extraction stability and provide reversible, switchable
binding surfaces. Anchoring lysine molecules to activated PMMA surfaces increases
functionality of spiropyran providing the amplification of extraction efficiency of the
microchip. As a result, the microchips can be effectively used for heavy ion extraction
through either binding or releasing the ions depending on the wavelength of irradiating

light.

3.3. Experimental

3.3.1. Materials and instruments

2,3,3-trimethylindolenine, 3-methoxy-5-nitrosalicylaldehyde 4-bromo butyric
acid, N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide (EDC) 1,8-diaminooctane and
DL-lysine were purchased from Sigma-Aldrich (Milwaukee, WI, USA) and were used
as received. The requisite spiropyran handle, 11"-(3-carboxypropyl)-3,3"-dimethyl-6-

nitrospiro-[2H-1]-benzopyran-2,2"-indoline (SP-COOH, Scheme 1) was produced in a
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three-step sequence as described elsewhere [2]. Lead perchlorate trihydrate was
purchased from MP Biomedical INC. (Solon, OH, USA). UV-vis spectra were
recorded on an Agilent 8453UV-vis spectrometer (Santa Clara, CA, USA). The UV
irradiation (390 nm LEDs) and visible irradiation (525 nm LEDs) sources were

obtained from V-LEDS.com (Bellingham, WA, USA).



3.3.2. Spiropyran Synthesis

Spiropyrans were synthesized in a three-step sequence as shown in Figure 3.2.

(0]
CHCI3
N reflux for 20 h

Br
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Figure 3.2 Synthesis of spiropyran, with R = H and OCHjs.
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Synthesis of 1-(3-carbomethoxypropyl)-3,3-dimethyl-2-methyleneindoline

A solution of 2,3,3-trimethylindolenine (8.90 g, 0.0547 mol) and methyl 4-
bromobutyrate (9.90 g, 0.0547 mol) in 20 mL of chloroform was refluxed for 20
hours. The solvent was evaporated and the reddish residue was washed with diethyl
ether and recrystallized from a mixture of diethyl ether and methanol (9:1) to give
15.50 g (0.0455 mol, 83 %) of the desired indoline as its quaternary ammonium
salt'M NMR (400MHz, MeOD) & 1.660 (6H, s, CHs), 2276 (2H, t,
CH3COOCH,CH,CH,), 2.708 (2H, t, CH3COOCH,CH,CH,), 3.679 (3H, s, CH,),

4.621 (2H, t, CH,N), 7.689 (2H, m, ar-H), 7.823 (1H, d, ar-H), 8.031 (1H, t, ar-H).

Synthesis of 1-(3-carbomethoxypropyl)-3,3-dimethyl-6-nitrospiro{2H-1]-benzo pyran-

2,2’-indoline (SPCOOMe)

To 5-nitrosalicylaldehyde (2.6506 g, 0.0134 mol) in 10 mL of ethanol was
slowly added to a solution of the quaternary ammonium salt (1-(3-
carbomethoxypropyl)-3,3-dimethyl-2-methyleneindoline) (5.0321g, 0.0148 mol) in
ethanol. The mixture was refluxed for 6 hours. The resulting dark purple mixture was
cooled in an ice bath and filtered. The filter cake was washed with cold ethanol. Three
recrystallizations from ethanol gave 2.4530 g (5.594 mol, 42 %). *H NMR (400MHz,
CDCls) 81.215 (3H, s, CH3), 1.310 (3H, s, CHs), 2.010 (2H, m, COOCH3-CH,-CH,-
CHa-), 2.390 (2H, t, CH2N), 3.231 (2H, t, CH,COOCHj3), 3.663 (3H, s, COOCHj3),

5.898 (1H, d, J = 10.4 Hz, CH=CH), 6.669 (1H, d, ar-H), 6.771 (1H, d, ar-H), 6.923
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(1H, t, ar-H), 6.928 (1H, d, J = 10.4 Hz, CH=CH), 7.115 (1H, d, ar-H), 7.225 (1H, t,

ar-H), 8.034 (2H, m, ar-H).

Synthesis of 1-(3-carbomethoxypropyl)-3,3-dimethyl-6-nitro-8-methoxyspiro{2H-1]-

benzo pyran-2,2’-indoline (SPCOOMe-OMe)

3-Methyoxy-5-nitrosalicylaldehyde (2.6506 g, 13.4 mmol) in 10 mL of ethanol
was slowly added to a solution of the quaternary ammonium salt (1-(3-
carbomethoxypropyl)-3,3-dimethyl-2-methyleneindoline) (5.0321 g, 14.8 mmol) in
ethanol. The mixture was refluxed for 6 hours. The resulting dark purple mixture was
cooled in an ice bath and filtered. The filter cake was washed with cold ethanol. Three
recrystallizations from ethanol gave 2.4530 g (5.6 mmol, 42 %). *H NMR (400 MHz,
CDCl3) 8 1.201 (3H, s, CHs), 1.302 (3H, s, CH3), 1.970 (2H, m, COOCH3-CH,- CH,-
CHy,-), 2.375 (2H, t, CH,N), 3.274 (2H, t, CH,COOCHj3), 3.654 (3H, s, COOCHj),
3.798 (3H, s, OCHs), 5.863 (1H, d, J=10.4 Hz, CH=CH), 6.648 (1H, d, d, ar-H),
6.875 (1H, d, J=9.6 Hz, CH=CH), 6.896 (1H, t, ar-H), 7.097 (1H, d, ar-H), 7.203 (1H,

t, ar-H), 7.647 (1H, s, ar-H), 7.713 (1H, s, ar-H).

Synthesis of 1’-(3-carboxypropyl)-3’,3 -dimethyl-6-nitrospiro[2H-1]-benzopyran-2,2 -

indoline (SPCOOH)

1’-(3-Carbomethoxypropyl)-3°,3’-dimethyl-6-nitrospiro[2H-1]-benzopyran-
2,2’-indoline (1.5693 g, 3.842 mmol) dissolved in 2 mL of tetrahydrofuran was stirred
at room temperature for 24 hours with an excess of 10% aqueous sodium hydroxide.

The resulting solution was then acidified with dilute hydrochloric acid and was



64

extracted with chloroform. The chloroform was removed from the organic layer by
distillation at reduced pressure, and the residue was chromatographed on silica gel
(dichloromethane, containing 10% methanol) to yield 1.4185 g (3.596 mmol, 94 %
yield) of the desired spiropyran. *H NMR (400MHz, CDCl3) & 1.215 (3H, s, CHs),
1.310 (3H, s, CHs), 2.010 (2H, m, COOCHs-CH,-CH,-CH,), 2.405 (2H, t,
CH,COOCHs3), 3.231 (2H, t, CH,N), 5.898 (1H, d, J = 10.4 Hz, CH=CH), 6.670 (1H,
d, ar-H), 6.770 (1H, d, ar-H), 6.919 (1H, t, ar-H), 6.931 (1H, d, J = 10.4 Hz, CH=CH),

7.107 (1H, t, ar-H), 7.222 (1H, t, ar-H), 8.026 (2H, m, ar-H).

Synthesis  of  1’-(3-carboxypropyl)-3°,3 ’-dimethyl-6-nitro-8-methoxyspiro[2H-1]-

benzopyran-2,2-indoline (SPCOOH-OMe)

1-(3-carbomethoxypropyl)-3,3-dimethyl-6-nitro-8-methoxyspiro{2H-1]-
benzopyran-2,2’-indoline (0.6694 g, 1.5267 mmol) dissolved in 2 mL of
tetrahydrofuran was stirred at room temperature for 24 hours with an excess of 10%
aqueous sodium hydroxide. The resulting solution was then acidified with dilute
hydrochloric acid and was extracted with chloroform. The chloroform was removed
from the organic layer by distillation at reduced pressure and the residue was
chromatographed on silica gel (dichloromethane, containing 10% methanol) to yield
0.5146 g (1.2123 mmol, 79 % vyield) of the desired spiropyran. *H NMR (400MHz,
CDCls) § 1.150 (3H, s, CH3), 1.270 (3H, s, CHs), 2.010 (2H, m, COOCH;-CH,-CH,-
CH,-), 1.482 (2H, t, CH,COOCHs), 3.186 (2H, t, CH,N), 3.763 (3H, 5,0CHs), 5.792

(1H, d, J=10.0 Hz, CH=CH), 6.876 (1H, d, J=8.8 Hz, CH=CH), 6.564 (1H, d, ar-H),
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6.669 (1H, d, ar-H), 6.893 (1H, t, ar-H), 7.101 (1H, t, ar-H), 7.617 (1H, s, ar-H), 7.687

(1H, s, ar-H).

3.3.3. Microfluidic device fabrication

The SU-8 master was fabricated on a silicon wafer via a standard
photolithography technique using a maskless exposure system (SF-100, Intelligent
Micro Patterning, LLC, St. Petersburg, FL, USA). SU-8 3050 was spun on the wafer
at a thickness of ~50 um according to a recently published program [3]. The wafer
was prebaked at 65 and 95 °C, with hold times of 15 and 30 min, respectively. After
exposure, the wafer was postbaked with hold times of 5 and 15 min at 65 and 95 °C,
respectively. The development was performed using SU-8 developer (Microchem).
Finally, the wafer was hard baked at 200 °C to enhance the cross-linking of the
developed SU-8. The SU-8 master was then embossed into a PMMA substrate
resulting the imprint produced complimentary features in the PMMA substrate. To
join PMMA substrates, the temperature-assisted vaporized organic solvent technique
was applied for the bonding step. According to work published by Koesdjojo et al.[3],
a blank PMMA piece was immersed in chloroform for 1 min to soften the surface of
the polymer. The excess solvent left on the surface was allowed to evaporate at room
temperature until the surface re-solidified and became firm. Next, the two pieces were
pressed together at 400 psi, 65 °C until bonding occurred (Figure 3.3). The PMMA
microchip channel dimensions are approximately 2.3 m in length, 100 um in width,

and 50 pum in depth.
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Embossed PMMA

press

400 psi, 65°C

Blank PMMA

Figure 3.3 Schematic of the microfluidic device. Both the embossed and blank
PMMA pieces were surface modified in an oxygen plasma. According to the
temperature-assisted vaporized organic solvent bonding technique [3], the two pieces
were brought into contact and pressed together at 400 psi, 65 °C until bonding
occurred.

3.3.4. Modification of PMMA substrates with spiropyran

Channels on the PMMA microchips were modified in the following manner:

(1). PMMA substrates were sonicated for 10 min in a 50% aqueous 2-propanol

solution, and then dried under a stream of nitrogen.

(2). The cleaned PMMA substrate surfaces were activated using a home built

oxygen plasma system at 20W and 100mTorr for 5 min [4, 5].

(3). Immediately after plasma modification was completed, the activated
PMMA substrates were rinsed with water and 2-propanol, and dried with

nitrogen.
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(4). The activated PMMA substrates were further modified by immersing them
in a 2.5 mg/mL solution of EDC in deionized water for 30 min, followed by

the addition of 1,8-diaminooctane (5.5 mg/mL in water).

(5). The PMMA substrates were incubated for 24 hr at room temperature to

yield an amine-terminated PMMA surface.

(6). The amine-coated substrates were rinsed with 2-propanol and water to

remove unbound diamine groups, and then dried under a stream of nitrogen.

(7). A 75% aqueous ethanol solution containing EDC (2.5 mg/mL) and
spiropyran (2.5 mg/mL) was stirred at room temperature for 30 min. The
aminated PMMA substrates were then added to this solution and stirred for 36
hr at room temperature. During the incubation period it was important to
protect the polymer from light in order to minimize photodegradation of the

spiropyran.

The spiropyran modified PMMA substrates were removed and washed with

ethanol and water, and then dried under a nitrogen stream.

For lysine bis-spiropyran modified PMMA, the aminated PMMA substrates
were immersed in a 5.5 mg/mL solution of the mixture of BOC-lysine (amine
protected lysine) and EDC in deionized water for 24 hr at room temperature to yield a

BOC-lysine terminated PMMA surface, which was then rinsed with water and 2-
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propanol, and dried with nitrogen. The BOC-lysine coated substrates were then

deprotected and modified with spiropyrans as described above.

3.3.5. Microfluidic device functionalization

Two oxygen plasma activated PMMA sheets (a blank PMMA sheet and a
microchannel-patterned PMMA sheet) were bonded using the solvent-assisted
bonding technique as described in 3.3.3 [3]. After fabrication, the microchannels were
sequentially filled with the solutions according to the spiropyran surface modification
steps using a peristaltic pump at a flow rate 0f10 pL/min. The pump was connected to
the microfluidic device by means of NanoPorts and fittings (Upchurch Scientific, Oak

Harbor, WA, USA).

3.3.6. Characterization

Small coupons of PMMA (approximately 1 cm x 3 cm) were cut and modified
according to the spiropyran modification steps listed in 3.3.4. Water contact angle
measurements were taken before and after surface modification of the PMMA surfaces
using an FTA 135 Contact Angle and Video Analysis System (First Ten Angstroms,
Portsmouth, VA, USA). 2.0 uL of water was pipetted onto the substrate surface and
contact angles were measured in triplicate. The average contact angle for each
substrate was reported. In addition, UV-vis spectra of PMMA surfaces before and

after surface modification were recorded.
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3.3.6. Pb?* extraction set-up

Solutions containing Ph?* were introduced into the microchannels (flow rate 10
pL/min) through each of the inlets by means of a peristaltic pump (ISMATEC 834,
Reglo Digital Micropump, Vancouver, WA, USA). The inlets and outlets of the
microchannels were connected to the pump by means of NanoPorts and fittings
(Upchurch Scientific). Standard aqueous solutions of 50 ppb Pb?* ion were flowed
through the channels at 10 pL/min and the Pb** content before and after irradiation
with UV LEDs and green LEDs was quantified using ICP/MS (PQ-EXCELL, Thermo

Elemental).

3.4. Results and Discussion

The PMMA microchannel was functionalized with spiropyrans in the
following manner. Activation of the PMMA substrate surfaces using oxygen plasma
treatment resulted in the introduction of acid groups [5]. The PMMA substrate then
was modified with diaminoalkane as a tether. Spiropyran was finally anchored on
PMMA surface using EDC coupling agent. Diamond et al. have studied the binding
characteristic of the dye with metal ions in solution phase and suggested that the metal
ion was sandwiched between two merocyanine molecules [5]. However, solution
phase chemistry can differ greatly from solid phase chemistry, particularly if the
stoichiometry requires convergence of multiple ligands around a single guest species.

We were concerned that covalent immobilization of spiropyran molecules to a
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polymer surface might inhibit the ability of sandwich complex to form. According to
the Diamond studies, using 1,8-diaminooctane as a tether provided sufficient length to
enable metal complex [5]. We therefore elected to append spiropyran to
microchannels using diaminealkane compound including 1,8-diaminooctane and 1,12-
diaminododecane as shown in Figure 3.4a. In addition, spiropyran molecules were
needed to allow enough flexibility not only to photoisomorize between the active and
passive forms, but also to come together in a sandwich complex with neighboring dye
molecule. In order to keep spiropyran molecules close enough to form complex with
metal ion, lysine was therefore elected as a spacer between the diamine tether and the
dye as shown in Figure 3.4b. The use of bifunctional tethers increases the mol% of SP

available and may therefore amplify the achievable extraction efficiency.
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Figure 3.4 Schematic of the tethering of spiropyran (a) and lysine-bis-spiropyran (b)
to the PMMA micro-channel surface.
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Tethered bis-spiropyran units can be effectively switched between the closed
(colorless) and open (purple) forms. Though, to date literature reports on spiropyran
switching have involved the use of high power light sources such as mercury arc
lamps or lasers. Photo-chemical phase separation has also been induced using
nanosecond laser pulse irradiation, and dynamics of the phase domain growth have
been studied. Diamond et al. have demonstrated that the use of LEDs instead of more
powerful light sources substantially reduced the photobleaching that occurs when
switching between the closed and open forms repeatedly over time [6]. In the
Diamond work, the LEDs power was only ~1 mW cm, whereas, arc lamp light
sources are typically 50-100 W cm™. Despite this large reduction in emissive power,
the switching efficiency was relatively unaffected, and repeated switching was

successfully performed.

With our bis-spiropyran, irradiation with a UV LED array (390 nm) for 5 min
caused the substrates to become purple in color, and the characteristic large absorption
band around 590 nm appeared (Figure 3.5). The conversion of MC to the SP form was
completely achieved following 15 minutes of irradiation with a green LED array (525
nm). Recall that it was previously confirmed that the green region was the most

effective for conversion of MC to the SP form [5].
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Figure 3.5 Absorption spectrum of a spiropyran, before and after irradiation with 390
nm LED array.

Spiropyrans immobilized on PMMA surfaces likewise demonstrated
photoconversion. The photoisomerization cycle was monitored as the change in
absorbance of the modified PMMA substrate at 590 nm following irradiation with UV
(390 nm, 5 min) or visible light (525 nm, 15 min). As illustrated in Figure 3.6,
photoisomerization occurs reversibly, and there is little or no photodegradation of the

substrate during the course of several irradiation cycles.
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Figure 3.6 Cyclic photoisomerization of spiropyrans immobilized on a PMMA
substrate monitored as the absorbance of the closed and open forms at 590 nm.

Here we review some of our findings on reversible, photoinduced wettability
changes of polymer surfaces treated with photochromic spiropyran molecules. We
illustrate how the hydrophilicity of the surfaces is enhanced upon UV LED irradiation
when the embedded non-polar spiropyran molecules convert to their polar
merocyanine isomers, and how this process is reversed upon irradiation with green
LEDs. Figure 3.7 shows that the contact angle of water on an unmodified PMMA
coupon was originally 62.24°. After SP surface modification and UV irradiation, the
contact angle decreased to a value of 32.66° as the MC form is significantly more

polar and hydrophilic.



75

(a) (b) (©)
PMMA SP-PMMA SP-UV
CA =62.24° CA=69.76° CA=32.66°

Figure 3.7 Optical microscopy images of the water meniscus on the surface of various
native and functionalized PMMA surfaces; (a) untreated PMMA, (b) spiropyran
modified PMMA, and (c) spiropyran modified PMMA after 5 min UV irradiation.

When the colorless SP-PMMA is illuminated with UV light (390 nm) the chip
channels take on a purple coloration: the color change is easily visualized (Figure 3.8).
Thus, the observed color changes upon UV or visible light exposure are indicative of
successful modification of surfaces of the PMMA microchannels with spiropyrans,
which then are capable of transforming between the SP and MC forms when “gated”

with light of the appropriate wavelength.

(a) (b) (©)

Figure 3.8 Spiropyran-modified PMMA before irradiation with UV light (a), after
irradiation with UV light (b), and after irradiation with green light (c).
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The PMMA microchip channel dimensions are approximately 2.3 m in length,
100 pm in width, and 50 um in depth resulting approximately 10 pL in total internal
volume. In this work, we have focused only on the spiropyran derivative and its metal
binding/releasing properties. Physical coating of the polymer surface with spiropyran
intuitively seems to be the simplest solution for its utilization in metal extractions.
Unfortunately, the MC form is significantly more polar than the SP form [7] , which
makes it prone to leaching from the polymer surface. Covalent attachment of sensing
components has emerged as an attractive means to address the problem of insufficient
retention of MC [8]. Diamond et al.[5] have demonstrated that modified spiropyran
can be attached to the activated PMMA surface with full preservation of the ability of
the spiropyran to switch between the active and passive forms. The group utilized the
covalently attached spiropyran to detect Co®. In addition, the switching of spiropyran
can be achieved using simple LEDs instead of the conventional light source as a
simplification of sensing platform [6]. As shown in Figure 3.9, the photoconversion
cycles of spiropyran modified microchannels can be successfully switched with

irradiation with UV-vis light.
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Figure 3.9 the PMMA microchips modified with spiropyran before irradiation with
UV light (a), after irradiation with UV light (b), and after irradiation with green light

(©).

Initially, spiropyran was present in the SP form and the PMMA microchip
appeared transparent. When the PMMA microchip was irradiated with UV light, the
SP was converted to MC form, giving rise to a purple coloration. When the microchip
in the MC form was exposed to 2 mL of 50 ppb Pb*" aqueous solution with flow rate
at 10 pL/min, the binding of Pb** by the phenolate anion of MC led to the formation
of a MC-Pb?* complex. To release the bound Pb?*, the microchip was further

irradiated with a green LED array. The Pb?* content from each step was monitored
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using ICP/MS. An important consideration in the development of photoswitchable
ligands is their binding strength in the activated form. We have studied the intrinsic
binding of photochromic molecules to metal ions by producing molecules that contain

one-and two-spiropyran units attached to a flexible backbone (Figure 3.10).

O

Figure 3.10 Structures of a bis-SP-lysine (1) and SP (2).

Chelation of Pb®* by spiropyran requires two spiropyran molecules per one
metal ion. As shown in Figure 3.1, the two phenolic oxygen atoms of the open form
can converge on a single metal atom. Spiropyran modified microchannels were used in
a series of experiments to determine whether the tether length and addition of lysine as
a spacer might influence Pb* extraction efficiency. It was expected that the formation
of the Pb** complex would be affected by molecular flexibility, and therefore tether
length would be important. In addition, lysine which contains two amine groups was

used as a spacer to increase the mole percent of spiropyran on the PMMA surfaces.

The efficiency of extraction is essentially determined by two parameters

including the percentage of Pb?* extraction and the amount of Pb?* extracted per the



79

volume of microchannels. The percentage of Pb®* extraction was defined as the
percentage of ratio of Pb?* concentration before and after flowed into the
microchannels. Table 3.1 shows the effect of tether length and spacer inclusion on the
Pb*" extraction efficiency. Clearly, the extraction efficiency improves with lysine as a
spacer, as evidenced by increased extraction efficiency for Ph?*. These data suggest
that formation of the 2:1 complex would be affect by the spiropyran proximities.
Without lysine, the bound spiropyran molecules were insufficiently close to enable
metal complexation resulting in lower extraction efficiency. However, there is little
change in the extraction efficiency with increasing tether length. These results suggest
that a certain minimum distance (approximated by the the 1,8-diaminooctane spacer)
is required to facilitate efficient switching to the open form, which involves
rearrangement of the molecular structure into a planar, extensively conjugated

zwitterion.

Table 3.1 Pb?* Extraction efficiencies measured using spiropyran-modified
microfluidic devices. Data from ICP/MS (n = 4)

2F ;

SP Percent of Pb“" extraction mg of Pb2*/L
1.8-diamine-SP 77.03 450
1,12-diamine-SP 85.90 5.37

1,8-diamine-lysine-bis-SP 92.38 6.20
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3.5. Conclusion

We have successfully demonstrated a novel system enabled via a
photoactivable microfluidic device. PMMA microchips decorated with immobilized
spiropyrans were successfully used for Pb?* extraction by simply irradiating them with
different wavelengths of light. This study showed that spiropyran chelating agents
have great potential for the selective sequestration of Pb?*. Advances in the integration
of LED sources in the system hold promise for the production of low cost,
miniaturized systems. In the present study, the Pb** content was analyzed off-line;
however, by employing another detection method (for example an electrochemical

method), on-line monitoring of extraction efficiency is certainly possible.
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4.1. Abstract

The work demonstrates a new fabrication technique based on a chemically activated
poly(tetrafluoroethylene) (PTFE) sheet sandwiched between chemically activated
glass substrates. PTFE microchannels were fabricated using a cutting plotter which
can consistently achieve microchannels as narrow as 200 pm in minutes, and can be
used to fabricate an extremely robust microfluidic device without the need of harsh
chemical etchants. To facilitate this, the surface of glass substrate is functionalized
with aminopropyl triethoxysilane (APTES) which contains terminal amine groups,
while the PTFE surface is activated to form carboxylic groups and subsequently
coupled with 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochloride/N-
hydroxy sulfo succinimide sodium salt (EDC-NHS) coupling agents. Robust bonds are
created at elevated temperature (150 °C) by simply pressing two amine-terminated

glass substrates together with an activated PTFE sheet sandwiched in between.

4.2. Introduction

Chip-based microfluidic devices have attracted broad interest in recent years as
researchers have explored as UTAS systems [1-4]. Although microfluidic devices may
be produced from glass, quartz, silicon, and various polymeric materials, glass
substrates have been employed most frequently because of their well established
fabrication procedures and many beneficial characteristics, such as their optical
properties, high voltage tolerance, chemical resistivity, high thermal stability and
biocompatibility [2-4]. In spite of their advantages, glass microchips also have some

limitations, namely their high unit cost and specialized fabrication procedures.
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More recently, plastics have become popular as structural materials for
microfluidic devices due to their reduced fabrication cost opening the door to single-
use or disposable devices [5]. Microfluidic devices are most often fabricated by
creating open microfluidic channels on flat substrates and then encapsulating or
sealing the channels with a flat polymeric or inorganic sheet or film. Several methods
have been demonstrated that bond the polymer layers used in building microfluidic
devices , for example, thermal bonding [6], lamination [7], adhesives [8], solvent
welding, and surface activation [9, 10]. In thermal bonding, interlayer adhesion is
achieved by heating the substrate near its glass transition temperature while applying
pressure normal to the surface, allowing the polymer chains to diffuse between the
mating surfaces for high bond strength. While effective, thermal bonding presents
several disadvantages. Since the substrates must be heated to or slightly above their
glass transition temperatures, microchannels may be deformed or collapsed during the
bonding process. This is especially problematic for low-aspect-ratio channels and thin
substrates. This is termed “dimensional instability”. Moreover, the resulting bond
strength is often lower than desired, limitating the application of devices produced in
this manner to low pressure techniques. Solvent bonding can also suffer from
dimensional instability, since the absorbed solvent softens the polymer to enable
bonding, and therefore may also and eventually collapse channels. To minimize these
problems in PMMA microfluidic chips, carefully controlled, highly specific solvent
conditions [6, 11, 12] or sacrificial materials [13] have been employed. For solvent

assisted bonding, optimization is required for each different polymer grade and type.
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Furthermore, solvents may embrittle thermoplastics, that result in microcracking; this
is particularly problematic for microfluidic systems intended for use with high
pressure loading. Alternatively, adhesive bonding may be applied in microfluidic
fabrication. The primary disadvantage of using adhesives is that they may flow into
the channels and block the flow. For these reasons, surface modification-assisted
bonding methods have been demonstrated [10, 14, 15]. In general, these methods
facilitate bonding through a chemical reaction that occurs selectively at the interface
between two solid materials. Because of these challenges, there remains a need for

effective methods for microfluidic fabrication.

Recently, a room-temperature bonding technique based on chemically
activated fluorinated ethylene propylene (FEP) sheet as an intermediate between
chemically activated substrates was reported by Bart et al. [16]. The surfaces of the
FEP sheets were treated with a Fluoroetch® solution to generate a carboxylated
surface that is subsequently converted to an amine-reactive sulfo-NHS ester, while the
surfaces of glass slides were modified with APTES. Etched microchip structures were
fabricated from borosilicate glass substrates by standard photolithography and wet

chemical etching techniques: an effective but tedious and expensive method.

To overcome these limitations, we have explored the possibility of fabricating
extremely robust microfluidic devices entirely from fluorocarbon and glass materials.
The use of PTFE is motivated by its well-established chemical inertness and durability

over extremes of temperature. PTFE microchannels can be fabricated in minutes using
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a cutting plotter to create microchannels. Our method for bonding glass and to PTFE

makes possible a wide range of applications.

4.3. Experimental

4.3.1. Device Fabrication

Devices were fabricated in three-layer stacks, comprised of a upper glass layer,
a PTFE center (channel) layer, and a lower glass layer (Figure 4.1) Inlets and outlets
were drilled using a laser drill (ESI 5330, Electro Scientific Industries, Inc., Portland,
OR USA). The PTFE layer was fabricated using a cutting plotter (Cutting Pro

FC2250-60, Graphtec America Inc. Santa Ana, CA, USA).

Upper Glass Layer

PTFE Channel Spacer

lower Glass Layer

Figure 4.1 Fabrication of glass-PTFE microfluidic device. The channels are cut on an
activated PTFE sheet using a cutting plotter. The PTFE channels are sandwiched
between two glass slides for bonding.

4.3.2. Preparation of glass substrates

Prior to coupling the amine-terminated activation layer, the glass substrates

were painstakingly cleaned. Borosilicate glass substrates (Fisherbrand® glass
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microscope slides, precleaned, 25x75 mm, thickness 1 mm, , Fisher Scientific, USA)
were ultrasonically cleaned by immersion in isopropanol (15 min; technical grade). In
order to further clean and activate the surfaces, the slides were immersed in boiling
piranha solution for 30 min (3:1 v/v mixture of 98% sulfuric acid (EMD Chemical,
USA) and 31% aqueous hydrogen peroxide (Mallinckrodt Chemical, USA), rapidly
rinsed in deionized water, and dried under nitrogen flow. An
aminopropyltriethoxysilane solution, having concentration 5% v/v of (APTES, Sigma
Aldrich, WI, USA) in acetone, adjusted pH to 4.5-5.5 with acetic acid, was prepared in
an airtight glass bottle. Hydrolysis was allowed to occur for 5 min at room temperature
to generate reactive silanols, and the slides were then incubated in the APTES solution
at 120 °C for 30 min before being removed from the solution and washed well in
acetone to remove excess reagent. The slides were then cured in an oven at 120 °C for

1h.

4.3.3. PTFE sheet treatment

Since a carboxylated surface was needed for the EDC-NHS coupling
chemistry, it was necessary to strip fluorine from the polymer backbone. An etching
solution containing sodium naphthalene was used for this purpose. Sodium strips the
fluorine from the carbon backbone and promotes its replacement with hydroxyl,
carbonyl and carboxyl groups; under the conditions we employed this result in a PTFE
sheet of which the surface is rich in carboxylic groups (Figure 4.2). The fluorine
stripping process affects only the surface of the sheet (less than a nanometer of

penetration), and the bulk of the polymer remains unaffected [16]. Since each step of
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the activation process relied on success in the previous step, it was necessary to
characterize the surface chemistry of the PTFE film at each step in the pathway via

contact angle measurements.

E . F ) COOH COOH  COOH
| - ! Fluoro Etching

/ &

PTFE Etched-PTFE

o 0._0 o
EDC & Sulfo-NHS &
— - Z — - Z

reactive o-acylisourea ester semi-stable amine-reactive NHS-ester

Figure 4.2 Schematic of activation of the PTFE substrate.

The etched-PTFE sheet (thickness 127 um, Professional Plastics, Fullerton
CA, USA) has a brownish color, due to the presence of sodium naphthalene residues.
According to Bart’s work, it was found the piranha solution effectively removes these
residues; however, it also attacks the fluorine-free top layer [16]. The etched-PTFE
sheets were immersed in the piranha solution at 60 °C for 2 min. After removal of the
residues the sheets were extensively flushed with de-ionized water, and dried with a
nitrogen stream. The EDC-NHS solution was prepared as follows: 20 mM of N-
hydroxy sulfo succinimide sodium salt (sulfo-NHS; Thermo Scientific) and 50 mM of
1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide  hydrochloride (EDC, Sigma

Aldrich, WI, USA) were dissolved in de-ionized water. The mixture was allowed to
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mix for 15 min prior to immersion of the PTFE sheets. Cleaned, etched PTFE coupons
(25.4 x76.2 mm) were immersed horizontally in the EDC-NHS mixture. After 1 hour
of incubation at room temperature, the coupons were then inverted and incubated for
another hour, the goal being to achieve a homogeneous coverage on both sides of the
coupon. Finally, the coupons were rinsed with de-ionized water and dried under a

nitrogen stream.

4.3.4. Bonding procedure

After APTES functionalization, the glass slides and EDC-NHS activation of
the PTFE coupons, “stacks” comprising a glass slide, PTFE coupon, and a glass slide
were prepared. On a support substrate (6” diameter silicon wafer), glass slides were
positioned with their amine-terminated side upwards. On these samples NHS-modified
PTFE coupons were positioned, and were covered with glass slides in such a way that

the amine-terminated side faced the NHS-modified PTFE (Figure 4.3).
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Heat and pressure

\

aminated glass

— aminated glass

Heat and pressure

Figure 4.3 The stacks comprising of a upper aminated glass slide, a center NHS-
modified PTFE coupon and a lower aminated glass slide for bonding process.

In order to ensure a uniform force distribution on all stacks during
compressing, a PDMS layer was used as a support/substrate. After alignment of the
samples the stacks were manually compressed using a hydraulic press (Carver Inc.,
Model 3851-0) at 400 psi for 4 h at 150°C (In this procedure, the load was applied

after the system had been heated to the desired temperature.)
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4.3.5. Characterization

Water contact angle measurements were taken before and after surface
modification of the glass slides and PTFE sheets using a FTA 135 contact angle and
video analysis system (First Ten Angstroms, Portsmouth, VA, USA). 3.0 pL of water
was pipetted onto the substrate surface, and contact angles were measured in triplicate

and the average contact angle for each substrate was reported.

4.4. Results and discussion

The glass slides and PTFE coupons were characterized before and after
modification by means of contact angle measurement. The contact angle of the
cleaned glass slides (10.28°) increased after the amine immobilization process
(39.94°) as would be expected. The contact angle measured on APTES-treated glass
slides agreed with the data reported in the literature [17] and confirmed the proper
immobilization of an amine-terminated self-assembled monolayer (SAM) on the

surface (Figure 4.4).

HoN_ HoN__ HoN__H,N
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—0-8i-0-8i-0-8i-0-Si-0—
OH OH OH OH O O O O
| | | |
—0-Si-0-Si-0-Si-0-Si-0— APTES —0-Si-0-Si-0-Si-0-Si-0—
f f I f = f f f I f =

Figure 4.4 Schematic of an APTES functionalized on glass coupon.
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The brownish color of the PTFE coupon indicated the presence of a sodium
naphthalene residue on the surface, thus the coupon was etched prior to use. A contact
angle of 31.04° was observed for the etched-PTFE sheet. It has been reported that the
contact angle for carboxylate-terminated surface is typically below 25°, depending on
the surface smoothness and layer-density [18]. We suspect that the etching process is
not exhaustive, and that these remain a small amount of sodium naphthalene on the
surface. In Bart’s work, it was found that piranha solution effectively removed these
residues when the temperature and etch time in piranha solution were optimized [16].
Measurement of the contact angle on the PTFE surface after more through residual
layer removal suggested a further reduction of the residue layer (Figure 4.5). The
contact angle after 2 min of piranha cleaning fell below 10°, which suggested the
desired carboxylic acid-rich surface. In addition, following EDC-NHS immobilization,

a contact angle of 20.81° was measured.
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N R
PTFE Etched-PTFE
106.37+2.47° 31.04+2.76°

2 min Piranha EDC-NHS immob.

5.15+0.57° 20.81+0.95°

Figure 4.5 Representative contact angle results obtained before and after successive
steps in the EDC-NHS activation of aPTFE sheet.

Rather than forming the microchannel on the glass substrate using a standard
photolithography and wet chemical etching technique, the channel was created in the
PTFE layer using a cutting plotter. This approach allows for rapid chip design and
manufacture. The resolution of the cutting plotter depends on the sharpness of the
cutting blade, blade adjustment, cutting media, cutting speed, material thickness, and

condition of the cutting mat. In order to further investigate the utility of the cutting
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plotter for microfluidic device fabrication using activated PTFE sheet, the
microchannels with widths ranging from 50 pum to 400 um were designed and cut
(Figure 4.6). Since the plotter is not designed for creating of intricate microfluidic
devices, it was more difficult to achieve a clean good-quality cut for narrow (50 pum)

microchannels in the PTFE sheeting used in this study.

=5

S

s §

Figure 4.6 Microscopic images of microchannels of 50 um (A), 100 um (B), 200 pm
(C), 300 pum (D), and 400 um (E) width with channel depth of 127 um (the PTFE
sheet thickness). (F) A microchannel image shows the cutting quality with a more
complex design on the PTFE sheet.

One of the most important factors affecting successful bonding of hybrid-
PFTE-glass chips is the cleanliness of the bonding surface of the glass substrate. It has

been shown that most unsuccessful bonding events are attributable to the presence of
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solid particles or organic material on the glass surface (for example, dust particles, and
grease, etc) prior to bonding. Another factor affecting the bond strength is the surface
smoothness of the PTFE sheet. Commercial PTFE sheet goods are typically produced
by “skiving”, a process in which thin sheets of PTFE are mechanically cut from a
large, solid spool. However, on the microscale, this cutting process introduces
scratches and grooves into the material. These features reduce the amount of surface
area available for interaction at glass interfaces in microfluidic devices, making
bonding problematic. Therefore, heat (150°C) was applied during our bonding process
to soften the PTFE sheet and increase the contact area between the glass substrate and
the PTFE surface. With application of heat during the bonding process, the desired

thickness of PTFE was preserved as shown in Figure 4.7C.

Figure 4.7 Images of a glass/PTFE/glass microfluidic device. (A) Bond integrity test
with bromophenol blue indicates no leaks. (B) Fluorescence microscopy image of
another bonding test with Rhodamine B solution shows no leaks along the side of
microchannel. (C) Scanning electron microscope image of a hybrid PTFE-glass device
Cross section.
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4.5. Conclusion

Effective bonding of PTFE-glass microfluidic devices has been achieved, and
is demonstrably simpler and more direct than the tedious and expensive methods by
which glass microchannel systems are currently fabricated. The channel is simply
formed by cutting the PTFE sheet using a cutting plotter. The hybrid glass-PTFE
microfluidic devices can be fabricated using chemically activated PTFE sheets as
spacers between chemically activated glass substrates. The glass surface is first
functionalized with an amine, while the PTFE sheet surface is treated to yield carboxyl
groups and further activated with an EDC-NHS coupling agent. The surface-modified
substrates were characterized by means of contact angle measurement. Bonding was
successfully realized by simply pressing the two APTES-modified glass substrates

together around an EDC-NHS activated-PTFE sheet.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The removal of heavy metal ions is a key component in the purification of
ground, lake and river water for the purpose of providing water for human
consumption, in industrial and agricultural applications, and for the environment.
Although ion-exchange resins currently play a significant role in such purifications,
they still present a challenge that requires the use of ancillary reagents on a
stoichiometric basis in the removal process. For example they are employed to
transform the chelating moiety into its “binding” form prior to the introduction of the
contaminated sample. Once the complex is formed, other reagents must be introduced
to induce rapid conversion to the “non-binding” form and trigger the release of the
heavy metal ions. The high consumption of these reagents results in an increase in the
waste stream volume and constitutes a high recurring cost that must be borne by the

user.

The main objective of this dissertation was to provide a means for the removal
of heavy metal ions from an aqueous solution without the use of ancillary reagent to
alternate between the two chelating moiety forms. As an alternative, light was used to
trigger these events: UV light for setting to the “binding” form and visible light to
prompt its conversion into the “non-binding” form. My research focused, in part, on

anchoring a novel photochelator onto a solid support.
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Photochromism (a reversible change in optical absorbances induced by
irradiation with different wavelengths of light) often occurs by photoisomerization of a
dissolved organic compound. Among photochromic molecules, spiropyrans, which are
comprised of a group of light-switching organic moieties, allow reversible switching
between a colorless closed form and an intensely colored merocyanine open form. The
photochromism of spiropyrans involves a conversion between two states caused by
photo-cleavage of the spiro C-O bond. When the colorless and inactive spiropyran
absorbs UV light, it switches into the colored merocyanine form, which also has an
active binding site for certain metal ions. Therefore, metal ion uptake can be triggered
upon UV irradiation and subsequently reversed on demand by shining green light on
the colored complex to regenerate the inactive spiropyran form, resulting in the release

of metal ions.

In this dissertation, | developed a novel device that harnesses the unique
properties of spiropyrans in a microfluidic platform to achieve large volume water
reclamation with minimal waste generation and power requirement. Key components
of this dissertation include: the synthesis and characterization of spiropyran
derivatives, preparation and characterization of spiropyrans grafted to solid supports,
the utilization of these sorbents for Pb®* extraction, and finally the incorporation of the

solid support in a microfluidic device for large volume water purification.

To facilitate metal ion chelation, an electron withdrawing substituent group

was needed in order to obtain a stabilized, open form spiropyran. The addition of an
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electron donor group on a pyran moiety was undertaken to generate an auxiliary
ligating group capable of forming a complex with the metal ions. In order to tailor
spiropyran structures for use in metal ion extraction, | have synthesized spiropyran
derivatives by the straightforward coupling of indoleninium salts and salicylaldehyde
derivatives and studied the effects of the substituent groups on the stability of the open
form spiropyran. It was clearly indicated that the stability of the dye after exposure to
UV light dramatically improved with the addition of a nitro group at the 6-position on
the oxybenzene ring, as evidenced by an increase in the open form spiropyran life-
time in acetone. In order to introduce the electron donor group, | designed spiropyran
derivatives that incorporated a methoxy moiety at the 8-position, in which cation-
binding is enhanced upon photoisomerization to their corresponding merocyanine

form.

As stated in chapter 2, | successfully utilized spiropyran-modified resins for
photoreversible Pb®* extraction. A novel immobilization strategy was necessary to
provide sufficient flexibility in the ligating moiety for the spiropyran molecules to
come together in a sandwich complex with neighboring dye molecules. Therefore, 1,8-
diaminooctane was used as a linker. Further, increase in Pb®* loading capacity was
observed with an electron donor group on the spiropyran ring. Even though,
spiropyran-modified resins provided high extraction efficiency, there is a limitation as
increasing amount of resins, resulting in the insufficient of light penetration through a
packed bed resin. Moreover, as functional groups located randomly on the resin

surfaces there was a challenging to keep spiropyran molecules in close proximity to
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form complex with metal ion. The platform with flat, high transparency and providing
high surface per volume ratio was expected to allow more favorable breakthrough

performance compared to spiropyran-modified resins evaluated.

To address the issue described above, in chapter 3 we presented a continuous
Pb** extraction on spiropyran-modified microfluidic chips. The PMMA microchips
were fabricated using hot embossing and solvent bonding techniques. This study
showed that the use of a spiropyran as a chelating agent for Pb®* binding/release
processes was effective. Advances in the integration of LED sources in the system

hold promise for the production of low cost miniaturized systems.

A major challenge in working with PMMA microchips is that the channel may
collapse during surface modification or chip bonding due to exposure to organic
solvents. Such limitations led us to explore other fabrication techniques and materials.
Glass was modified by formation of self assembled monolayers of alkyl siloxanes
covalently bonded to the silanol groups on the glass channel walls which led to a
variety of further modifications to achieve tunable surface chemistry. However, the
fabrication of glass microchips is often expensive, time consuming and the process
involves the use of harmful chemicals. These disadvantages have led us to seek

alternative solutions for fabricating glass-based microchips.

In chapter 4, a novel and effective means of producing PTFE/glass
microfluidic devices was successfully described. The channel was formed by cutting a

PTFE sheet using a cutting plotter. The hybrid glass-PTFE microfluidic device was
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fabricated using a chemically activated PTFE sheet as a spacer between two
chemically activated glass substrates. The glass surface, with amine terminal groups,

was bonded to a PTFE sheet surface via an EDC-NHS coupling agent.

In conclusion, the integration of microfluidic devices and spiropyran dyes to
yield a photoactivable extraction system for metal ion accumulation and release was
realized. Spiropyrans have shown great potential as stimuli-responsive materials, a
rapidly expanding area allowing a range of new materials to be prepared for diverse
applications. The structural changes in the spiropyran moiety also regulate other
properties of the material, for example, viscosity, solubility, and its refractive index [1,
2]; this inspiring control over bulk material properties creates numerous opportunities
for the design of “smart” materials where properties can be regulated through

controlled input.
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