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Lead(II) Extraction with Electrospun Spiropyran Functionalized PMMA Nanofibers 
 

Introduction 

 This thesis develops in detail the process and work performed to create a 

microfluidic chip to reversibly extract lead(II) from aqueous solutions using spiropyran 

functionalized nanofibers as the extraction media. The photoswitchable properties of 

spiropyrans allows for extraction and release of lead(II) to be initiated by the use of 

electromagnetic radiation in the ultraviolet to visible light ranges.  

 Chapter 1 details the construction and optimization of an electrospinning device 

to create PMMA nanofibers. It is demonstrated as a viable method for producing thin 

polymer nanofibers with no surface defects. It is also proven that spiropyran 

functionalized nanofibers are photochromic.  

 Chapter 2 details the lead(II) extraction experiments. The process for the 

construction nanofiber packed microfluidic chips is discussed. The effectiveness and 

ability of these microfluidic chips to extract lead(II) is also discussed.  

 Through the processes described in this thesis it was shown that microfluidic 

chips packed with spiropyran functionalized PMMA nanofibers manufactured in the way 

described are not viable for reversible extraction of lead(II) from aqueous solutions.  
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Chapter 1: Electrospinning 

 

1.1 Introduction 
 
 Nanofibers are very fine fibers with diameters of less than 500 nm. Their size 

makes them ideal for many different applications. They have potential applications in 

medical scaffolds, filtration media, and in clothing among other things. One especially 

useful characteristic of nanofibers is that they have a very large surface area to volume 

ratio. This makes them especially ideal for surface functionalization as there is a large 

contacting area for surface chemistry.  

The most common way to produce nanofibers is through a process called 

electrospinning.1  The origins of electrospinning can be traced back to the 1930’s when 

Formhals patented an invention to produce artificial filaments using electric charges.2 

This process has been improved upon over the years and became the process we know 

today. 

Electrospinning is a process by which nanofibers are created by stretching a 

solution using a very large electric potential field to create a thin fiber. Electrospinning is 

most commonly used to create polymer nanofibers from a monomeric solution. In this 

process, a solution containing a monomer dissolved in a volatile organic solvent is 

ejected from a needle into a very large potential field (>6 kV). As the solution is ejected 

from the needle, electrostatic and coulombic forces cause the formation of a Taylor cone 

at the needle point.3 Once the coulombic forces from the electric field reach a threshold 

value where the electrostatic forces on the liquid overcome the surface tension forces of 

the solution, the solution jets towards the collecting plate. The electrostatic repulsion of 
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the solution causes the fiber whip about as it travels towards the collecting plate. While 

the solution is traveling towards the collecting plate, the solvent evaporates forming a 

polymer nanofiber which is collected on the collecting substrate.  

 

Electrospinning is a very volatile process in which many interrelated parameters 

must be optimized. Because of the complexity of the process, several major parameters 

were identified and varied to produce polymer nanofibers of the desired morphology. 

These include the applied voltage, the point to plate distance, the solution flow rate, 

monomer solution characteristics, and the collecting substrate material.  

 

Applied Voltage 

 The applied voltage supplies the force for the electrospinning process and the 

formation of nanofibers. A minimum applied voltage is required to overcome the surface 

tension forces of the Taylor cone causing the solution to jet. As the applied voltage is 

increased beyond this minimum threshold, the velocity of the solution jet increases and a 

greater amount of solution is drawn from the needle.4 Voltages beyond this threshold also 

tend form larger diameter fibers and form beads on the fibers.4 To produce smooth 

nanofibers as thin as possible, it was determined that a voltage as close to the threshold 

voltage as possible is desired. 

 

Point-to-Plate Distance 

 The point to plate distance refers to the distance from the needle point to the 

collecting substrate. This distance affects both the flight time of the fiber and the strength 
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of the electric field. A larger point to plate distance results in a longer flight time for the 

solution. This allows more time for the organic solvent to evaporate. This is important 

because if the fibers are wet when they are collected, then the fiber morphology will be 

changed. One possibility if this occurs is that the fiber to bind to itself, creating a bonded 

fiber mesh instead of one long continuous fiber.5 Conversely if the solvent completely 

evaporates before reaching the collector then fibers form before they hit the collector. 

When this occurs, the fibers stick very loosely to the substrate and do not densely pack. 

Because of these effects, it is desirable to have a point to plate distance where the solvent 

evaporates just as the fiber jet contacts the substrate.  

 The effect of the point-to-plate distance on the electric field is also very 

important. As the point-to-plate distance is increased, the strength of the electric field will 

decrease assuming the applied voltage remains constant. The resultant electric field 

affects the stability and stretching of the fiber jet. Each solution has its own optimal 

electric field strength which is based upon its solution characteristics including 

conductivity and viscosity. In electrospinning experiments, the electric field is often kept 

constant while the point-to-plate distance and voltage are altered proportionally.   

 

Flow Rate 

 The flow rate of the solution controls the amount of solution that can be drawn 

from the needle. The optimal flow rate for the process will result in all the solution 

ejected from the needle entering the electrospinning jet in a single nanofiber.  This 

optimal flow rate will also allow the formation of a stable Taylor cone that does not 

recede into the needle. If the flow rate is too low, jet initiation will start inside of the 
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needle and the solution will form a series of small jets creating multiple short fibers 

instead of one long continuous fiber. If the flow rate is too high, not all the solution 

ejected from the needle will jet and a droplet will start to form at the needle tip. This 

droplet often clogs the needle or will fall off interrupting the spinning process. While a 

stable jet can still be formed at high flow rates, this results in solution waste, easier 

needle clogging, and larger fiber diameters.  

 

Solution Characteristics 

 The monomer solution has the largest impact on the electrospinning process. 

Solution parameters such as viscosity, surface tension, solution conductivity, the 

dielectric constant of the solvent, and the volatility of the solvent all have a significant 

influence on the electrospun fiber.6 The choice of monomer and the solvent along with 

other compounds that may be added to the solution are very important in the 

electrospinning process. The solvent must be able to dissolve the monomer, have a large 

enough conductivity and dielectric constant to be influenced by the electric field, and be 

volatile enough to evaporate as the fiber jet contacts the collecting substrate. The 

dissolved monomer in the solution has a large effect on the viscosity and the surface 

tension of the solution. Adding more monomer to the solution will increase the viscosity 

of the solution which can help prevent bead formation,6 but also can have the effect of 

making the solution harder to spin and allows for the needle to clog more easily. Solutes 

other than the desired monomer can be added to the solution to influence the spinning 

properties of the solution. Salt is often added to electrospinning solutions to increase the 

solution conductivity which tends to reduce bead formation.6 Compounds can also be 
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added to the solution to functionalize the nanofiber through incorporation into the 

polymer structure. The chemical properties of these compounds often affect the spinning 

parameters of the monomer solution.  

 

Collecting Substrate 

Another important consideration part of the electrospinning process is the 

collection medium. Previous studies have shown that with a DC power source surface 

coverage on an insulating surface is greatly reduced as when compared to a 

semiconducting substrate.7 This is most likely due to charge building up on the insulating 

surface, while this charge can be dissipated on a semiconducting surface.  

 

Ambient Parameters 

 Because of the volatility of the electrospinning ambient conditions such as 

temperature, humidity, or pressure can greatly affect the electrospinning process. These 

parameters can be difficult to control, but still have a significant effect on the 

electrospinning process. Awareness and recognition of the effects of ambient parameters 

can be very important in understanding why process parameters that normally produce 

the desired nanofibers fail to continue to do so.  

 

 Based on the considerations of the parameters discussed above an electrospinning 

apparatus was designed to spin Poly (methyl-methacrylate) (PMMA) nanofibers. This 

apparatus consists of both the electrospinning device as well as an insulated box that was 

designed to eliminate the possibility of electrocution from the high voltage power supply. 
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The electrospinning process was optimized to produce long smooth PMMA fibers. 

Functionalization of these fibers with spiropyran compounds was also investigated.  

 

1.2 Methods 

1.2.1 Electrospinning Apparatus 
 

To produce nanofibers an electrospinning apparatus was constructed. The first 

task was to construct a polycarbonate box to insulate the electrospinning system. The box 

dimensions were 2 ft. x 2 ft. x 4 ft. ¼ in thick polycarbonate was used for the walls of the 

box and 2 in x 2 in polypropylene posts were used for structural support. Screws were 

used to attach the polycarbonate boards to the polypropylene posts in such a way that no 

metal from the screws was exposed to the inside of the box to prevent arching from the 

high voltage power supplies. The front 2 ft x 4 ft wall was constructed as a sliding door 

with guide rails made of polypropylene. Small holes were drilled into the box to connect 

the wires from the power supplies outside the box to the needle tip and collecting 

substrates inside the box. These holes were covered with scotch tape to seal the box. 

Metal piping and a fan was attached to a large hole in the box to ventilate it. The 

ventilation tubing is made of 6 in. diameter aluminum piping and is connected to a 

powered fan with more 6 in. aluminum tubing on the other side to which was inserted 

into a fume hood. A schematic of the electrospinning apparatus can be seen in Figure 1.  

A Harvard Apparatus: PHD 2000 Infuse/Withdraw syringe pump is used to eject 

solution from a positively charged needle. The needle is attached to a BD 3 mL syringe 

with a Luer-Lok™ Tip which is connected to the syringe pump by about 18 in. of Teflon 

tubing. The distance between the tubing and the needle tip is important to prevent arching 
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from the needle tip to the syringe pump which can damage the pump. Typically a 27 

gauge needle with a flat tip was used in the system. The needle was placed on a 3 in. tall 

polycarbonate base to keep the ejected solution from hitting the bottom of the box. 

 

The substrate onto which the nanofibers are spun is typically either a N-type 

polished silicon wafer with 40-64 Ω-cm resistivity, (1-1-1) ±1° orientation, 75.6-76.8 mm 

diameter, and 228 ± 15 µm thickness from University wafer or a glass 1.2 mm Gold Seal 

Micro Slide with a small piece of aluminum foil attached to the back as a negative lead. 

These substrates are placed onto a stand made of a 3 in. tall PMMA post with half inch 

grooves cut into it to keep the substrate upright while electrospinning is taking place. 

Two power supplies are used in the electrospinning apparatus. The primary power 

supply is a Spellman CZE1000R, [0-30 kV, 0-300 uA]. This power supply is located 

outside the box and has a positive lead that connects to the syringe needle. This power 

supply can be adjusted produce potentials of 0-30 kV and is typically used to produce 

Figure 1 A schematic of the electrospinning setup is shown. A 3 mL syringe pump was used to pump a solution of 
PMMA dissolved in an organic solvent out of needle. An alligator clip was used to attach the needle to a high voltage 
power supply which supplied between 7.5 kV and 17 kV of positive potential to the needle. A negative lead was 
attached to the collection substrate with electrical tape to a negative power supply that supplied 3 kV of negative 
potential to the collection substrate. As the PMMA solution exited the needle, the electric field created by the needle 
and the collection plate caused the PMMA solution to jet to the collection substrate where dry PMMA fibers were 
collected. 
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voltages of between 5 and 15 kV in the electrospinning experiments. The secondary 

power supply is a Bertan Associates Inc. Series 230, [0-3 kV]. This power supply is also 

placed outside the box and is connected to the silicon substrate by a wire (or the 

Aluminum on the back of a glass substrate) to provide the negative lead. This power 

supply is always set to -3 kV and helps focus the potential field to the substrate so that the 

nanofibers will collect on the substrate instead of elsewhere in the box. A picture of the 

constructed electrospinning apparatus can be seen in Figure 2.  

 

Figure 2 A picture of the constructed electrospinning apparatus is shown. A polycarbonate box was built to shield the 
system with the syringe pump needle and collecting substrate inside the box. The positive and negative power supplies 
were placed outside the box and connected to the needle and substrate by insulated wires.  

1.2.2 Electrospinning Procedure 
 
 All nanofibers mentioned in this paper were made using the electrospinning 

apparatus described above. PMMA monomer was used to form the fiber and spiropyrans 

were often added to provide functional capabilities to the nanofibers. The PMMA 

monomer used is Spectrum P2845, CAS = 9011-14-7 (M.W. 120,000). In early 
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experiments chloroform was used as the solvent, however in later experiments a mixture 

of 3:2 DMF/Ethanol solution was used. Solutions of 5-20 wt% PMMA and 1-3 wt% 

spiropyran were made by first adding the spiropyrans to the solvent and fully dissolving 

them and then adding the PMMA monomer. This was done in this order because 

spiropyran dissolves less easily in the solvent than PMMA. For higher concentrations of 

spiropyrans or PMMA in solutions it was often necessary to heat the solution to 50 °C in 

order to dissolve the solute. When solutions with spiropyrans were made, they were 

immediately wrapped in aluminum foil to prevent photo bleaching and were stored at 

room temperature.  

 For electrospinning, 2 mL of the desired monomer solution was drawn into the 

syringe and the Teflon tubing with a needle attached at the other end was immediately 

attached to the syringe to prevent evaporation of the solvent in the syringe. The syringe 

was placed on the syringe pump which was set to 4 mL/hr infuse rate with the syringe 

diameter set to 8.66 mm. The needle was placed on the 3 in base and taped into place 

with duct tape. For initial experiments, a glass substrate was used with a piece of 

aluminum foil taped to the back with electrical tape and placed in the slot on the substrate 

stand. Experiments that were to be analyzed by a scanning electron microscope (SEM) 

were spun onto silicon substrates, along with experiments where collecting a large mass 

of nanofibers was the goal. The positive lead was then attached to the needle with an 

alligator clip and the orientation of the needle was checked to make sure it was pointing 

to the center of the substrate. The negative lead was taped to the aluminum foil on the 

back of the glass with electrical tape (or directly to the back of a silicon wafer). 
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 Once the electrospinner was properly set up, the pump was turned on, and the box 

was closed. Both power supplies were immediately turned on (there is a 3 second delay 

on the positive power supply as a safety feature). It was very important that the power 

supplies are turned on quickly after the solution starts exiting the needle to prevent 

solution build up at the needle tip.  After both power supplies were activated the 

monomer solution could be seen stretching as it came out of the needle and nanofibers 

could be seen to accumulate on the substrate. The power supplies were left on until the 

desired amount of polymer formed on the surface of the substrate. The power supplies 

were then turned off and the fan was turned on to evacuate all nanofibers not stuck to the 

substrate from the chamber. The box was then opened and the needle and substrate were 

discharged using a grounded glass insulated copper rod. The substrate could then be 

removed and placed into a Petri-dish for transport or storage of the nanofibers. If the 

nanofibers were functionalized with spiropyrans, then the dish was wrapped in aluminum 

foil to prevent photo bleaching.  

1.3 Results 
 

1.3.1 Optimization Process 
 

The optimization of the electrospinning process required the manipulation of 

several operating parameters which were interdependent on each other. The solution flow 

rate, applied voltage, and point-to-plate distance were identified as the main apparatus 

parameter variables affecting the electrospinning process. The main solution parameters 

that could be varied to affect the process were determined to be the type and amount of 

dissolved polymer, the solvent used, and other added solutes such as spiropyrans. PMMA 

was the dissolved polymer in all the solutions and was chosen because it was cheap and 
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readily available in the lab. The collecting substrate used in most of the experiments to 

optimize the nanofiber morphology was glass because it was cheap. It was determined 

early on that the nanofiber structure did not vary significantly with a glass slide when 

compared to a silicon wafer. The main goal of the electrospinning was to produce thin 

smooth PMMA nanofibers. The experimental approaches taken to make these nanofibers 

can be separated into 5 major phases of experimentation. The following is a summary of 

the results obtained in the electrospinning experiments. 

Phase I: Initial Parameters Resulting in Electrospraying 

 Initial electrospinning parameters were determined based on background research. 

The initial monomer solution used contained 5 wt% PMMA dissolved in pure 

chloroform. The point-to- plate distance was set at 25 cm, the solution flow rate was set 

to 0.5 mL/hr-0.75 mL/hr, an applied voltage of 18-20 kV was used, and a 25 gauge 

needle was used. Experiments run at these parameters produced small polymer droplets 

on the glass collecting surface as can be seen in Figures 3 and 4. This indicates that a 

process called electrospraying was taking place. This process is similar to 

electrospinning, but produces droplets on the surface due to the breaking up of solution as 

it jets out of the needle. This results in a spray instead of a continuous stream of polymer 

solution that stretches into a fiber. 
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Figure 3 Polymer droplets deposited on a glass slide 
are shown as a result of electrospraying.  A 5 wt% 
PMMA solution was ejected out of a 25 gauge needle 
at a flow rate of 0.5 mL/hr, with an applied voltage of 
20 kV, and a point-to-plate distance of 25 cm.      

Figure 4 Polymer droplets deposited on a glass slide 
are shown as a result of electrospraying. A 5 wt% 
PMMA solution was ejected out of a 25 gauge needle 
at a flow rate of 0.75 mL/hr, with an applied voltage 
of 20 kV, and a point-to-plate distance of 25 cm.

Phase II: Increasing Polymer Concentration and Decreasing Point-to-Plate Distance 

Produces Fibers with Beads 

 To make the solution electrospin instead of electrospray it was decided to increase 

the polymer concentration. Increasing the polymer concentration in the solution increases 

the viscosity of the solution and makes more polymer available for fiber formation. This 

allows for more solution continuity as it jets from the needle allowing for a fiber to form.  

 In order to make the new solution jet properly from the needle the apparatus 

parameters needed to be changed along with the solution parameters. Solution flow rates 

of 0.5 mL/hr were used, with a 25 gauge needle, point-to-plate distances of 10-17 cm, 

and applied voltages of 17-20 kV. Images of the fibers produced for these parameters can 

be seen in Figure 5. 
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Figure 5 To make the electrospinning system electrospin instead of 
electrospray the PMMA concentration in the chloroform was increased to 15 
wt%. The resulting fibers are shown. Polymer bead defects were formed along 
the length of the nanofiber. The spinning parameters were a 0.5 mL/hr 
solution flow rate out of a 25 gauge needle, a 17 kV applied voltage, and a 10 
cm point-to-plate distance.

 The increase in polymer concentration along with the change in the apparatus 

parameters  produced polymer nanofibers. However these fibers were not smooth and 

thin as desired. The fibers contained small balls of polymer spaced intermittently along 

the fiber which is normally referred to as beading. Beading is undesirable because it 

reduces the surface area to volume ratio of the fibers and also provides a non-uniform 

fiber morphology.  

 

Phase III: Spiropyran Functionalized Nanofibers Produces Photochromic Fibers with 

Beads 

 Nanofibers functionalized with spiropyrans were electrospun to see if the 

nanofiber morphology was affected. Spiropyrans were initially added to the polymer 

solution at a concentration of 1 wt%. The apparatus parameters were tweaked slightly for 
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optimal spinning, but remained basically the same as with pure PMMA. It was also 

observed that the type of spiropyran used in the solution did not affect the spinning 

process at all. The fiber morphology remained basically the same as with pure PMMA 

with no noticeable difference in fiber diameter or bead formation. Figure 6 shows 

polymer fibers spun at comparable parameters with spiropyran functionalized fibers and 

with pure PMMA fibers.  

 

 

   (a)      (b) 

Figure 6 A comparison of the morphologies between spiropyran functionalized nanofibers and pure PMMA nanofibers 
is shown. (a) shows PMMA nanofibers spun with 1 wt % of spiropyran added to a solution of 15 wt% PMMA dissolved 
in chloroform. (b) shows pure PMMA nanofibers spun at similar parameters. For (a) 0.4 mL/hr of solution was ejected 
out of a 25 gauge needle, with an applied voltage of 17 kV, and a point-to-plate distance of 10 cm. For (b) 0.5 mL/hr of 
solution was ejected out of a 25 gauge needle, with an applied voltage of 17 kV, and a point-to-plate distance of 10 
cm. 

 Spiropyran functionalized nanofibers were tested for photochromism using UV 

light (365 nm). The nanofibers turned blue in the presence of UV light as can be seen in 

Figure 7. The photochromic effect verifies that the PMMA fibers were functionalized 

with spiropyrans when electrospun.  

 



 

Figure 7 The photochromic
nanofibers are displayed. The spiropyran functionalized nanofibers 
were exposed to UV light in an "OSU" sh
resultant color change can be seen right after UV exposure. This 
confirms spiropyran f

Scanning electron microscope

nanofibers can be seen in Figure 

with rough beads along the length of the fibers.

Figure 
wt% chloroform with 1 wt% spiropyran added. The solution was 
spun at a point
11 kV, and a flow rate of 0.4 mL/h
beads can be seen along the length of the fiber

 

The photochromic properties of spiropyran functionalized 
nanofibers are displayed. The spiropyran functionalized nanofibers 
were exposed to UV light in an "OSU" shape for 5 minutes. The 
resultant color change can be seen right after UV exposure. This 
confirms spiropyran functionality in the electrospun nanofibers. 

Scanning electron microscope (SEM) images of the spiropyran functionalized 

nanofibers can be seen in Figure 8. The SEM image shows that that thin fibers are formed 

with rough beads along the length of the fibers. 

Figure 8 An SEM image of electrospun fibers from a solution of 15 
wt% chloroform with 1 wt% spiropyran added. The solution was 
spun at a point-to-plate distance of 10 cm, and applied voltage of 
11 kV, and a flow rate of 0.4 mL/hr out of a 23 gauge needle. Rough 
beads can be seen along the length of the fiber 
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images of the spiropyran functionalized 

that thin fibers are formed 

 

An SEM image of electrospun fibers from a solution of 15 

plate distance of 10 cm, and applied voltage of 
r out of a 23 gauge needle. Rough 
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Phase IV: Polymer Dissolved in DMF Produces Smooth Beaded Fibers 

 After a fairly exhaustive approach of trying to eliminate beading with chloroform 

solutions containing dissolved PMMA, it was decided that a change of solvent may be 

necessary to eliminate bead formation. The new solvent used was Dimethylformamide 

(DMF). DMF was chosen because it has a higher viscosity than chloroform which has 

been known to reduce beading6 along with a much higher Dielectric constant allowing for 

the electric field to affect the solution more.  

 It was determined that the solubility of PMMA in DMF is higher than that of 

PMMA in chloroform so the concentration of PMMA in the DMF solution was increased 

to 20 wt%. It was also determined that with a new solvent and polymer concentration that 

the apparatus parameters must be tuned to optimize the electrospinning process. Because 

of the high dielectric constant of the DMF solvent the applied voltage to the needle was 

reduced to 11 kV. The point-to-plate distance was also increased to 15-18 cm in order to 

decrease the electric field strength.  

 Pictures of electrospun fibers with a DMF solution can be seen in Figure 9. An 

SEM image of these fibers can be seen in Figure 10. The DMF solution tended to reduce 

the amount of beading that occurred on the fibers however beading was still present. The 

beads created with the DMF solution also tended to be round and smooth as compared to 

the chloroform solution.  



18 
 

 

Figure 9 Fibers spun with a solution of 20 wt% PMMA dissolved in DMF with 
1 wt% spiropyran added are shown. Polymer beads can be seen along the 
fiber length. The solution was spun at a flow rate of 0.4 mL/hr out of a 25 
gauge needle, a 15 cm point-to-plate distance, and an applied voltage of 11 
kV. 

 
 

 

Figure 10 An SEM image of PMMA nanofibers spun from a DMF solution with 
20 wt% PMMA and 1 wt% spiropyran dissolved in it. Smooth beading can be 
seen along the length of the fibers and are considerably different than the 
rough beads seen in chloroform solutions. The solution was spun at a point-to-
plate distance of 21 cm, with an applied voltage of 12.5 kV, and a 0.4 mL/hr 
flow rate out of a 25 gauge needle. 



19 
 

 
Phase V: Mixed DMF-Ethanol Solution Produces Smooth Fibers 

 Several experiments were performed to try to eliminate beading in the fibers 

produced by the DMF solution by varying voltage and point to plate distance, but none of 

them succeeded. Ethanol was then added to the DMF solution at a volume ratio of 3:2 

DMF:ethanol. The apparatus parameters for this solution were tweaked slightly to get 

final spinning parameters of: 0.4 mL/hr flow rate, 18 cm point-to-plate distance, an 

applied voltage of 11 kV, and a 27 gauge needle. The final solution parameters were 20 

wt% PMMA dissolved in 3:2 DMF:ethanol by volume and 1 wt% of a spiropyran was 

also typically added. An image of fibers spun at these parameters can be seen in Figure 

11. An SEM image of these fibers can be seen in Figure 12.  At these parameters the 

fibers become smooth without beading. The diameter of these electrospun fibers were 

between 850 and 1350 nm. This puts the fibers in what industry would often consider the 

submicron to micron range, but do not classify the fibers as nanofibers. Further 

experiments are needed to reduce the fibers to >500 nm which would classify them as 

nanofibers. 
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   (a)      (b) 

Figure 11 Nanofibers spun from a solution with 20 wt% PMMA and 1 wt% spiropyran dissolved in a 3:2 DMF:ethanol 
solution are shown. The fibers are smooth with no beading along their length. The solution was spun with a flow rate 
of 0.4 mL/hr out of a 27 gauge needle, a point-to-plate distance of 18 cm, and an applied voltage of 11 kV. (a) is a 
picture of these fibers using a 10x microscope objective, while (b) is a picture with a 20x objective.  

 

Figure 12 An SEM image of nanofibers spun from a solution of 20 wt% 
PMMA and 1 wt% spiropyran dissolved in a 3:2 DMF:ethanol solution. The 
fiber diameter ranged from 850 nm to 1350 nm. The fibers were smooth and 
had no beading along them. The solution was spun at a flow rate of 0.4 
mL/hr out of a 27 gauge needle, with a point-to-plate distance of 18 cm, and 
an applied voltage of 11 kV. 
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1.3.2 Observed Trends 
 
 Semi-quantitative results were collected to quantify the amount of beading that 

occurred at different process parameters. These results are summarized in Figures 13,14, 

and 15. In each comparison, only one variable was changed to make direct comparisons 

on the effect of different parameters on the system. The average distance between beads 

(referred to as bead spacing) was determined by counting the number of beads over a 

known length of fiber and dividing the length of that fiber by the number of beads. Beads 

were counted on at least 5 different areas of the fiber and the bead spacing was averaged 

for these fiber areas to obtain the average bead spacing. Figure 13 compares the bead 

spacings at point –to-plate distances of 15 and 18 cm. No significant difference in bead 

spacing was observed for this change. Figure 14 compares the bead spacings at applied 

voltages of 12 and 17 kV. No significant difference in bead spacing was observed for this 

change in applied voltage. Figure 15 compares the bead spacings with fibers spun from a 

chloroform solution as compared to a DMF solution. The PMMA concentration in the 

DMF solution was higher than that of the chloroform solution because the solubility of 

PMMA is higher in DMF than in chloroform so more PMMA could be dissolved in the 

PMMA. A significant difference was observed when the solution type was changed 

showing a large increase in the bead spacing in the DMF solution when compared with 

the chloroform solution. This indicates a lower occurrence of beading when the DMF 

solution was used. It should also be noted that when a 3:2 DMF:ethanol mixture was used 

as the solvent no beading was observed. 

 



 

Figure 13 A comparison of the bead spacing at point
to-plate distances of 15 cm and 18 cm. No significant 
difference in bead spacing was observed. DMF 
solutions with 20% dissolved PMMA and 1% dissolved 
spiropyran were spun at an applied voltage of 11 kV 
and a flow rate of 0.4 mL/hr. Error bars are based on 
a 90% confidence based on the variation of bead 
spacings.  

Figure 
spun from a chloroform solution with 15% dissolved PMMA 
and a DMF solution with 20% dissolved PMMA
There is a significant increase in bead spacing wi
spun from the DMF solution. Fibers were spun at point to 
plate distances of 15 cm and applied voltages of 11 kV. 
bars are based on a 90% confidence based on the variation 
of bead spacings.

 
 

 

A comparison of the bead spacing at point-
plate distances of 15 cm and 18 cm. No significant 

difference in bead spacing was observed. DMF 
solutions with 20% dissolved PMMA and 1% dissolved 
spiropyran were spun at an applied voltage of 11 kV 

rate of 0.4 mL/hr. Error bars are based on 
90% confidence based on the variation of bead 

Figure 14 A comparison of the bead spacing at 
applied voltages of 12 kV and 17 kV.  No significant 
difference in bead spacing was observed. Chloroform 
solutions with 15% dissolved PMMA and 1% dissolved 
spiropyran were spun at a point-
10 cm and a flow rate of 0.4 mL/hr. Error bars are 
based on a 90% confidence based on the variation of 
bead spacings. 

 

Figure 15 A comparison of bead spacings with nanofibers 
spun from a chloroform solution with 15% dissolved PMMA 
and a DMF solution with 20% dissolved PMMA is shown. 
There is a significant increase in bead spacing with fibers 
spun from the DMF solution. Fibers were spun at point to 
plate distances of 15 cm and applied voltages of 11 kV. Error 
bars are based on a 90% confidence based on the variation 
of bead spacings. 
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A comparison of the bead spacing at 
applied voltages of 12 kV and 17 kV.  No significant 

as observed. Chloroform 
solutions with 15% dissolved PMMA and 1% dissolved 

-to-plate distance of 
10 cm and a flow rate of 0.4 mL/hr. Error bars are 
based on a 90% confidence based on the variation of 
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1.4 Discussion 
 
 The electrospinning process is a volatile process. Many parameters in the process 

are interdependent making it difficult to optimize the procedure by changing one variable 

at a time.  

 The variable that seemed to have the largest impact on the electrospinning process 

was the monomer solution used in electrospinning. The organic solvent plays a very 

important role in the process and must be chosen with several characteristics in mind. 

Most importantly the solvent must be able to dissolve the desired polymer. The solubility 

of the polymer in the solvent is a very important consideration for the choice in solvent. 

One of the advantages of the DMF solution was that it could dissolve more PMMA than 

chloroform making electrospinning easier and more effective. The organic solvent also 

must be volatile enough to evaporate as the fiber is deposited on the plate, but not too 

volatile so that the fiber does not completely dry before reaching the plate. It was 

observed that with more volatile solvents like chloroform tend to evaporate readily at the 

needle point clogging the needle, while less volatile solvents such as DMF do not. 

Furthermore, the effects of the electric field on the solvent seem to be very important. 

DMF has a higher dielectric constant than chloroform (36.71 compared to 4.8)6 which 

makes the electric field affect the solution more. This is why the DMF solution could be 

electrospun at lower applied voltages and lower electric field strengths.  

 The other major solution parameter that affects the electrospinning process is the 

amount of polymer dissolved in the solvent. The more polymer that is dissolved in the 

solvent the more viscous the solution becomes. Typically the more viscous the solvent 

the easier it is to spin and obtain smooth polymer fibers. However, if the solution gets too 
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viscous it becomes harder to eject from the needle and will lead to the needle clogging 

faster, interrupting the electrospinning process.  

 The combination of the physical parameter differences and the solubility 

differences of solvents has a great affect on the electrospinning process. It was observed 

that the switch from a chloroform solution to a DMF solution significantly reduced the 

amount of beading in the fiber. It was further observed that when a 3:2 DMF:ethanol 

solution was used that beading ceased altogether in the process. This made the choice of 

solvent the most important parameter in this electrospinning process.  

 The apparatus parameters that had the most affect on the electrospinning process 

were the applied voltage and the point-to-plate distance. A balance between these two 

parameters was necessary in to make the electrospinning procedure to work at all. It was 

observed that too high of voltages would cause the solvent to evaporate before even 

reaching the plate making a spider web like mesh, while with voltages that were too low 

the solution would fail to jet or would electrospray. If the point-to-plate distance is too 

small then the fiber may be wet when they contact the surface resulting in fiber 

deformities. Because of these considerations, it is desirable to run the electrospinner at 

the largest point-to-plate distance with the smallest applied voltage as possible to get 

smooth fibers that are as thin as possible.  

 The flow rate of the solution had a small effect on the morphology of the 

electrospun fibers. If the flow rate of the solution was a little too large, the solution would 

form a droplet at the tip of the needle that would eventually fall off and then a new 

droplet would start. This seemed to have a minimal effect on the fiber morphology except 

that a new fiber would have to start each time the drop falls. The high flow rate might 
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have a small effect on the fiber diameter as demonstrated by Zhong4, but no quantitative 

data was taken in this study to determine the relationship between flow rate and fiber 

diameter, and visual inspection of microscope images did not show a significant 

difference in fiber diameter. The biggest problem with flow rates that were too high is 

that the needle tended to clog with polymer as the solvent in the drop at the needle point 

evaporated. If the flow rate was too low, then the solution would recede into the needle in 

a pulsating manner and the spinning process would be interrupted every time the solution 

receded into the needle too far. This caused several smaller fibers to be spun instead of 

one continuous fiber as was desired.  

 Fiber with diameters of 850 nm to 1350 nm could be formed by this 

electrospinning process. This puts the fibers in the classification of submicron fibers or 

microfibers. More work needs to be done to optimize the electrospinning process to 

obtain true nanofibers (diameter <500 nm). This will most likely be done by increasing 

the point-to-plate distance while keeping the voltage as low as possible and by optimizing 

the flow rate of the solution.  

 Adding spiropyran into the spinning solution was an easy and effective way to 

functionalize the nanofibers. Verification that the spiropyran was in the fiber was easily 

done by irradiating the fibers with UV light (365 nm) to show that they had photochromic 

characteristics.  

 

1.5 Conclusion 
 
 An electrospinning apparatus was constructed and optimized to produce PMMA 

nanofibers. Lessons learned in the process of developing the electrospinner will be useful 
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to further optimize the system. Both the amount of PMMA and the solvent used in the 

solution have a profound effect on the electrospinning process. The conductivity and the 

dielectric properties of the solution determine how greatly affected the solution is by the 

field. A solution with a high dielectric constant, fairly high viscosity, and low surface 

tensions seems to be desired for the electrospinning process so a 3:2 DMF:ethanol 

solution was used. The physical properties that affected the system the most were the 

applied voltage and the point-to-plate distance. For ideal spinning the point-to-plate 

distance will be maximized and the applied voltage minimized while maintaining a 

steady jet out of the electrospinner needle.  The optimized parameters for this system 

were to use a 3:2 DMF:ethanol solution with 20 wt% dissolved PMMA ejected from a 27 

gauge needle at a flow rate of 0.4 mL/hr, with an applied voltage of 11 kV, and a point-

to-plate distance of 18 cm. This system produced thin smooth fibers with diameters 

between 850-1350 nm. When spiropyrans were added to the polymer solution they 

became incorporated into the spiropyran structure and exhibited photochromic 

characteristics, showing maintained functionality in the fiber.  
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Chapter 2: Pb2+ Extraction Using Spiropyran Functionalized 
Nanofibers 

2.1 Introduction to Photochromism and Photochromic Compounds 

2.1.1 Photochromism 
 
 Photochromic compounds such as spiropyrans and azobenzenes undergo a 

chemical conformational change when irradiated with the proper wavelength of light. 

This conformational change affects the physical and chemical characteristics of the 

photochromic molecule.  

Characteristics such as hydrophobicity, color, and polarity can be manipulated for various 

uses. A big advantage of photochromic compounds is that these characteristics can be 

manipulated remotely. This makes it possible to manipulate these compounds in enclosed 

systems without moving parts.  

 Photochromism was first reported in scientific literature in 1919 by Lifschitz 

when he discovered that certain liquids could reversibly change color when irradiated 

with UV light.8 Since then many different photochromic species have been discovered 

including spiropyrans, spirooxazines, and azobenzenes. All these compounds go through 

different reversible conformational changes when exposed to the proper wavelength of 

light. For example, irradiation with UV light of spiropyrans causes an electrolytic ring to 

open, while irradiation with UV light of azobenzenes causes a switch from the trans to cis 

configurations of the molecule.9 Both these species experience significant changes to 

their physical and chemical properties, but due to different mechanisms.  

 There are many current and potential uses for photochromic species. The most 

widely known use of photochromic technology is in transitions lenses, where the optical 

properties of spirooxazines are manipulated to darken the lenses in the presence of UV 
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light. Other applications that take advantage of the color change in photochromic species 

include: optical information storage, authentication systems, clothing and toy dyes, and 

cosmetics. Other uses for photochromic compounds take advantage of other chemical 

characteristics. Some of current applications being investigated include: metal ion and 

amino acid extraction,9, 10 metal ion detection,11 and photoactivated fluid transport. 

2.1.2 Spiropyrans 
 
 Spiropyrans are a class of well known organic photochromic molecules. They are 

composed of two heterocyclical parts linked together by a tetrahedral sp3 spiro carbon 

atom. See Figure 16.  

                  

   (a)      (b) 
Figure 16 The molecular structure of two spiropyran species are shown. (a) shows 1’,3’-Dihydro-8-methoxy-1’,3’,3’-
trimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole, and (b) shows 1’,3’-Dihydro-1’,3’,3’-trimethyl-6-
nitrospiro[2H-1-benzopyran-2,2’-(2H)-indole  
 
 Irradiation of spiropyrans by UV (365 nm) light will induce a conformational 

change referred to as “switching.” Irradiating the spiropyran will initiate the cleavage of 

the spiro carbon-oxygen bond (See Figure 17). This causes the spiro ring to open creating 

the merocyanine isomer. The merocyanine form has considerably different chemical and 

physical properties from the spiropyran form including a dramatic color change and 

increased hydrophilicity.  
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Figure 17 The molecular switching between the closed (spiropyran) and open (merocyanine) forms of the spiropyran 
1′,3′-Dihydro-1′,3′,3′-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole is shown.  

 

2.1.3 Spiropyrans for Extraction 
 
 It has previously been shown that spiropyran compounds can be used to extract 

Pb2+ ions from aqueous solutions. Reversible Pb2+ extraction has been shown by Jintana 

Nammoonnoy when she functionalized polystyrene resins and PMMA microfluidic chips 

with spiropyran and demonstrated that the spiropyrans could extract Pb2+ ions when 

irradiated with UV light (365 nm). It was further shown that the spiropyrans could release 

the Pb2+ ions again when irradiated with monochromatic green light (525 nm).9 In this 

extraction Pb2+ ions bind to the open O- ion to chemically bind to the spiropyran. When 

the spiropyran is then exposed to green light the open ring in the merocyanine ring closes 

again removing the bound Pb2+ ion. 

 

2.2 Methods 

2.2.1 Electrospinning Channels on Glass 
 

For extraction experiments, spiropyran functionalized nanofibers were spun onto 

a glass 1.2 mm thick Gold Seal Micro Slide. A 3 wt% solution 1′,3′-Dihydro-8-methoxy-

1′,3′,3′-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole] (CAS:1498-89-1) with 

20 wt% PMMA in a 3:2 DMF:ethanol by volume solution was prepared for the 
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electrospinning process. Glass slides were masked with a piece of polycarbonate (PC) cut 

into a diamond shape as seen in Figure 18. The PC mask was cut using a Graphtec 

Cutting Pro FC 2250-60 plotter. The PC masks were taped tightly to the glass slide as can 

be seen in Figure 19. A piece of aluminum foil roughly the size and shape of the channel 

was attached to the back of the slide right behind the channel with electrical tape and the 

negative power supply lead was attached to the foil with electrical tape. The rest of the 

electrospinning apparatus was set up as described earlier in this paper. The electrospinner 

was run at parameters of: 18 cm point-to plate distance, 11 kV applied voltage (8 kV 

applied by the positive lead and -3kV by the negative lead), 4 mL/hr flow rate, with a 27 

gauge needle. Control slides were made by spinning pure PMMA fibers onto the masked 

glass slides.  

 

 

 

 

 
 

 

 

 

 

50 mm 

12 mm 

10 mm 20 mm 75 mm 

12 mm 

50 mm 

Figure 18 A schematic of the polycarbonate masking used to 
mask the glass slide while electrospinning is shown. The inner 
diamond was cut out leaving the area exposed for 
electrospinning fibers. 
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Figure 19 An example of a polycarbonate mask on a glass slide is shown. 

 When the fibers are spun onto the PC masked glass slide, fibers are on both the 

PC and the glass. A razor was used to cut the fibers along the edge of the channel, to 

prevent them from being removed when the mask was peeled off. The mask was then 

peeled off so that only nanofibers in the shape of the microfluidic channel were left on 

the glass slide.  

2.2.2 PDMS Chip Manufacturing 
 
Master of Chip 

 A master Polydimethylsiloxane PDMS mold of the desired chip was made. A 

double stick tape cutout of the channel design (see Figure 20) was made using the 

Graphtec Cutting Pro FC 2250-60 plotter. A PC cutout of the design was also made using 

the cutting plotter. A Petri dish was then cleaned with isopropyl alcohol (IPA) and dried 

with N2 gas. The double stick tape was applied to the middle of the Petri dish. The PC 

was applied on top of the double stick tape to raise the channel shape.  
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PDMS Channel Fabrication 

 PDMS was poured into a plastic cup in a 10:1 wt ratio with a curing solution. The 

solution was mixed thoroughly with a metal spoon. The mixture was then poured into the 

chip master so that the entire bottom of the Petri dish was covered. The dish was then put 

into a refrigerator at 5 °C for about 30 min to let all the bubbles settle out of the mixture. 

The Petri dish was then put into an oven set at 60 °C overnight to let the PDMS set.  

Once the PDMS set it was cut out of the Petri dish. A picture of the set PDMS 

mold can be seen in Figure 21.  Holes were poked into the PDMS chip in the middle of 

the top and bottom triangles with a glass capillary tube to serve as inlet and outlet holes 

in the channel. A small filter the size of one of the holes was then cut and inserted into 

the outlet hole so that it remained wedged in the hole. This filter is used to prevent the 

nanofibers from escaping from the chip when solution is run through it. The PDMS chip 

was the cut into the shape of a glass slide to prepare for bonding of the chip. 

50 mm 10 mm 

10 mm 

Figure 20 A schematic of the channel design for the microfluidic 
chip is shown. 
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Figure 21 A picture of the PDMS mold with microchannel design is shown. 

 
Bonding of the Chip 

 The PDMS chip and a glass slide with nanofibers spun on it were thoroughly 

cleaned with IPA. Both the glass slide and the PDMS mold were placed face up on top of 

a wire mesh in an oxygen plasma chamber. A vacuum was applied until the internal 

pressure of the chamber reached 0.02 torr. Pure O2 gas was then injected into the 

chamber for 5 minutes, causing an internal pressure of the chamber to increase to 0.2 torr. 

The plasma was then turned on for 30 seconds to etch the surfaces. Afterwards the 

chamber was repressurized. The glass slide and the PDMS mold were then pressed 

together so that the fibers on the glass chip fit into the channel of the PDMS mold. A ¼” 

thick PMMA piece in the shape of a glass slide was placed on the outside of the PDMS 

side of the chip and binder clips were attached to the chip on all four sides to apply even 

pressure throughout the chip for bonding. The chip was then placed in a 60 °F oven 

overnight to complete the bonding.  
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2.2.3 Nanofiber Extraction 
 
Setup 

 A 50 ppm lead solution was prepared by mixing 1.11 g of lead(II) perchlorate 

trihydrate (Pb(ClO4)2*3H2O) in 10 mL of DI water, and then diluting this mixture 

1:1000.  

 A picture of the extraction setup can be seen in Figure 22. Teflon tubing was 

inserted to the inlet hole in the PDMS and held in place using epoxy. A nanoport was 

attached to the outlet hole of the PDMS chip to using epoxy as can be seen in Figure 23. 

A tube attached to a nanoport head was then inserted into the nanoport. A 30 gauge 

needle with a tubing connector was used to connect the inlet tubing to the peristaltic 

pump Teflon tubing. The inlet tubing of the peristaltic pump was then inserted into 1 mL 

of lead solution in a 2 mL centrifuge tube. The outlet tubing of the chip was also placed 

in lead solution to complete the pump cycle. A UV lamp was placed above the chips to 

provide the UV light during extraction experiments. For reverse extraction experiments, a 

green light LED setup was placed above the chips to provide green light as can be seen in 

Figure 24.  
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Figure 22 The setup for the extraction experiments 
in a microfluidic chip is shown. Teflon tubing was 
used to connect the microfluidic chip to the 
peristaltic pump tubing, which draws aqeous 
solution from a centrifuge tube. The outlet tubing 
from the chip deposits water back into the 
centrifuge tube so that the solution will cycle 
through the chip. The pump was run for 20 minutes 
in the experiments. 

Figure 23 The tubing connections on the microfluidic chip 
are shown. The inlet tubing was inserted into the PDMS 
chip and epoxy was used to hold it in place. Epoxy was 
also used to hold a nanoport to the PDMS at the outlet of 
the chip. 

 

 

Figure 24 The setup for the reverse extraction is shown. A green LED array was 
used to irradiate the chip with green light (525 nm). 
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Extraction Experiments 

 50 ppm lead solution was pumped through the chip at a rate of 0.05 mL/min for 

20 minutes so that all the solution was pumped through the chip. For control experiments 

no light source was applied to the chips while the solution was flowing through the chip. 

Control experiments using pure PMMA nanofibers and fibers from the 3 wt% spiropyran 

solution were both tested for extraction characteristics.  

For extraction experiments, microfluidic chips packed with fibers from a 3 wt% 

spiropyran solution were used. Each side of the chip was exposed to UV light from the 

UV lamp for 2 minutes prior to running solution through the chip to cause the spiropyran 

molecules to switch their merocyanine form. The chip was then placed face up under the 

UV light and the 50 ppm lead solution was run through the chip at 0.05 mL/min for 20 

minutes. 

For reverse extraction experiments, each side of the microfluidic chip that had 

previously had the 50 ppm lead solution run through it was exposed to the 

monochromatic green light LEDs (525 nm) for 20 minutes. The chip was then placed 

face up under the green light LED source and DI water was run through the chip at 0.05 

mL/min for 20 minutes.  

100 µL samples at the end of 20 minutes for each of the runs were taken and 

diluted in 10 mL of 2% HNO3 and analyzed by Inductively Coupled Plasma Optical 

Emissions Spectroscopy (ICP).  

2.3 Results 
 
 The results for the extraction experiments are summarized in Figure 25. Three 

microfluidic chips were used in these experiments. One chip contained pure PMMA 



 

fibers and Pb2+ solution was run through it under normal light conditions

Another chip contained fibers made from the 3% spiropyran solution and

was run through it under normal light conditions

fibers spun from the 3% spiropyran solution and had 

being irradiated with UV light, and then had DI water run through it 

green light. More chips were made for the extraction experiments, but failed because the 

Teflon tubing could not be held in the chip or the chips leaked due to 

pressure of the system. The data shows no significant change in the Pb

when compared to the controls

spiropyran is exposed to green light, which is expected si

extraction of Pb2+ by the spiropyran. 

Figure 25 The results from the Pb2+

nanofiber packed microfluidic chips were made for the 
chips in under ambient light conditions (No UV) as a control and in the presence of UV light (UV). The nanofiber chip 
that was irradiated to UV light was then irradiated with green light to reverse t
release any bound Pb2+. No significant extraction was seen with the irradiated spiropyran fibers and the reverse 
extraction showed no Pb2+ released. Error bars are based on 3 standard deviations of the ICP readings. 

solution was run through it under normal light conditions 

Another chip contained fibers made from the 3% spiropyran solution and

was run through it under normal light conditions as a control.  The third chip contained 

fibers spun from the 3% spiropyran solution and had Pb2+ solution run through it w

being irradiated with UV light, and then had DI water run through it while irradiated with 

. More chips were made for the extraction experiments, but failed because the 

Teflon tubing could not be held in the chip or the chips leaked due to the high internal 

The data shows no significant change in the Pb2+ concentration as 

when compared to the controls. Also there is no release of spiropyran when the irradiated 

spiropyran is exposed to green light, which is expected since there is not apparent 

by the spiropyran.  

2+ extraction experiments are shown. Pure PMMA and spiropyran functionalized 
microfluidic chips were made for the experiment. Aqueous Pb2+ solution was cycled through the 

chips in under ambient light conditions (No UV) as a control and in the presence of UV light (UV). The nanofiber chip 
UV light was then irradiated with green light to reverse the spiropyran photcwitching and 
. No significant extraction was seen with the irradiated spiropyran fibers and the reverse 

released. Error bars are based on 3 standard deviations of the ICP readings. 

37 

 as a control. 

Another chip contained fibers made from the 3% spiropyran solution and Pb2+ solution 

.  The third chip contained 

solution run through it while 

while irradiated with 

. More chips were made for the extraction experiments, but failed because the 

the high internal 

concentration as 

Also there is no release of spiropyran when the irradiated 

nce there is not apparent 

 

extraction experiments are shown. Pure PMMA and spiropyran functionalized 
solution was cycled through the 

chips in under ambient light conditions (No UV) as a control and in the presence of UV light (UV). The nanofiber chip 
he spiropyran photcwitching and 

. No significant extraction was seen with the irradiated spiropyran fibers and the reverse 
released. Error bars are based on 3 standard deviations of the ICP readings.  
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2.4 Discussion 
 
 The data collected shows no preference for Pb2+ binding to the spiropyran 

irradiated with UV light. Whether irradiated with UV light or under ambient conditions 

both the pure PMMA fibers and the spiropyran functionalized fibers showed no 

significant ability to extract Pb2+.  

 The lack of extraction potential of the spiropyran in the PMMA fibers could occur 

for a variety of reasons. One possibility is that when the spiropyran is incorporated into 

the PMMA structure, it loses some of its functionality. However this seems unlikely for a 

variety of reasons. First of all, the spiropyran functionalized nanofibers show a 

photochromic color change when exposed to UV light as is demonstrated in Figure 26. 

This proves that the spiropyran in the nanofibers keep at least part of their photochromic 

functionality. It is unlikely that the conformational change that the spiropyran undergoes 

for color change when incorporated into the nanofiber would differ from the 

conformational change that it undergoes with a surface coating which has been proven to 

extract Pb2+ from aqueous solutions.9 Furthermore, experiments performed by Jintana 

Nammoonnoy have shown that PMMA nanofibers functionalized with a different 

spiropyran species have undergo wettablility changes when irradiated with UV light, 

demonstrating functionality beyond color change of at least one spiropyran species in 

PMMA nanofibers.  
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Figure 26 Photochromic characteristics of spiropyran 
functionalized nanofibers in a PDMS chip is demonstrated. The 
right side of the chip was irradiated with UV light (365 nm) for 
roughly 1 min using a UV pen. 

 Another possibility as to why no significant extraction was observed is that there 

were not enough fibers (and thus not enough spiropyran) in the chip to extract the Pb2+ 

that was introduced into the chip. The amount of spiropyran fibers in the chip was on the 

order of milligrams so there is not a large mass of spiropyrans in the chip. It is possible 

that there was Pb2+ extraction in the chip, but that the amount of spiropyran in the chip 

was so small that the difference could not be detected or seen with the ICP. A solution to 

this problem would be to run a solution of lower Pb2+ concentration so that the difference 

in Pb2+ amounts could be detected. Another possible solution would be to pack more 

fibers into the chip, but this could be difficult because the packing density of the 

electrospun fibers on the glass slide is near its maximum in these experiments.  

 Another possibility is that the spiropyrans incorporated in the nanofibers are not 

exposed to the surface of the fiber and are underneath the PMMA in the fiber. While the 

spiropyrans can undergo a conformational change in this case producing a color change, 

their negative charges would not come in contact with the Pb2+ ions in the solution hence 

limiting Pb2+ extraction. If this case is accurate then it is likely that some of the 

spiropyrans are exposed to the surface, but not enough to see significant extraction for the 
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concentrations of Pb2+ that were tested. One possible solution to this problem would be to 

make the nanofibers thinner. Thinner nanofibers would force more of the spiropyran 

towards the surface and leave less PMMA in which the spiropyrans could get trapped. 

 Perhaps the most likely explanation as to why the nanofibers failed to extract Pb2+ 

from solution, is that spiropyrans located on the surface were degraded by the oxygen 

plasma. Plasma treatment is a harsh surface treatment meant to scar the surface to make 

covalent bonding possible. Plasma is also known to break down biological and organic 

chemicals making them useless for their intended function while leaving polymers 

intact.12  It is likely that at least some of the spiropyran is located completely within the 

PMMA fiber, while some is located at the surface (though the exact proportions are 

unknown). The spiropyrans located inside the PMMA would be protected from 

degradation by the oxygen plasma thus maintaining their photochromic functionality, 

while those on the surface are degraded by the oxygen plasma. This would explain why 

the fibers were still photochromic without any extraction capabilities. While this would 

make any technique that uses plasma on the functionalized fibers useless, it may provide 

a novel way of creating photochromic fibers without undergoing surface chemistry 

changes. More research will have to be conducted to verify this theory.  

 While there appears to be no extraction of Pb2+ by the electrospun spiropyrans in 

this experiment, this data does not conclusively say that extraction cannot occur with 

electrospun spiropyrans. When the experiments were performed, there was only one chip 

available to test the extraction capabilities of the spiropyran functionalized fibers. More 

chips need to be tested for conclusive results. Furthermore the bonding techniques may 

have degraded the spiropyran in the fibers so new bonding techniques need to be tried. 
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Future experiments need to be performed with lower Pb2+ concentrations in the aqueous 

solution and with a larger sample size.  

2.5 Conclusion 
 
 Spiropyrans have previously been shown capable of reversibly extracting Pb2+ 

from aqueous solutions using when irradiated with UV light. Microfluidic chips 

containing spiropyran electrospun PMMA nanofibers were made by bonding a PDMS 

channel to a glass slide with the electrospun polymer fibers. Experiments were performed 

to test the capability of the spiropyran functionalized nanofibers to extract Pb2+ from 

aqueous solutions when irradiated with UV light. There was no observed tendency for the 

spiropyran functionalized nanofibers to extract Pb2+ as compared to the controls. This is 

most likely due to the degradation of functionalized nanofibers by the oxygen plasma in 

the bonding process. While this limits the use of oxygen plasma in bonding chips with 

spiropyran functionalized nanofibers for metal extraction, it may provide a novel way to 

create photochromic nanofibers that do not undergo a surface chemistry changes, which 

could have potential applications. It is also possible to bond microfluidic chips in other 

ways, so more experiments with other microfluidic chips are needed for conclusive 

answers as to whether spiropyran functionalized nanofibers are capable of Pb2+ 

extraction.  
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Appendix 1: Pictures and Data for Beading Analysis 

Appendix Table 1-1: Bead data with parameters: 15% PMMA, 1% Spiropyran in Chloroform, 
Voltage - 11kV, Point-to-Plate – 15 cm, Flow Rate – 0.4 mL/hr 

 

Appendix Table 1-2: Bead data with parameters: 20% PMMA, 1% Spiropyran in DMF,     
Voltage - 11kV, Point-to-Plate – 18 cm, Flow Rate – 0.4 mL/hr 

 

Appendix Table 1-3: Bead data with parameters: 20% PMMA, 1% Spiropyran in DMF,     
Voltage - 11kV, Point-to-Plate – 15 cm, Flow Rate – 0.4 mL/hr 

 

Appendix Table 1-4: Bead data with parameters: 15% PMMA, 1% Spiropyran in Chloroform, 
Voltage - 17kV, Point-to-Plate – 10 cm, Flow Rate – 0.4 mL/hr 

 

Appendix Table 1-5: Bead data with parameters: 15% PMMA, 1% Spiropyran in Chloroform, 
Voltage - 12kV, Point-to-Plate – 10 cm, Flow Rate – 0.4 mL/hr 

 

  

1 2 3 4 5

Length 710.8 235.9 514.5 438.3 442.4 μm

Beads 23 7 13 14 14 Average StDev
Bead Spacing 30.9 33.7 39.6 31.3 31.6 33.4 μm/Beads 3.6

1 2 3 4 5

Length 120.7 305.9 259.7 364.4 294.0 μm

Beads 2 5 5 5 4 Average StDEV
Bead Spacing 60.4 61.2 51.9 72.9 73.5 64.0 μm/Beads 9.2

1 2 3 4 5 6

Length 435.3 1268.0 1174.5 702.6 424.5 667.6 μm

Beads 6 15 18 13 8 17 Average StDEV
Bead Spacing 72.6 84.5 65.3 54.0 53.1 39.3 61.5 μm/Beads 16.0

1 2 3 4 5 6

Length 1035.0 912.6 429.9 447.2 364.3 579.8 μm

Beads 11 9 7 8 6 8 Average StDEV
Bead Spacing 94.1 101.4 61.4 55.9 60.7 72.5 74.3 μm/Beads 19.1

1 2 3 4 5 6

Length 496.5 346.2 368.7 380.6 269.4 658.0 μm

Beads 6 5 4 5 8 5 Average StDEV
Bead Spacing 82.7 69.2 92.2 76.1 33.7 131.6 80.9 μm/Beads 31.9
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Appendix Table 1-6: Bead Spacing Data Summary 

 

 
 
  

Voltage P to P Flow Solution Solvent Needle Bead Spacing STDEV

11 15 0.4 15;1 Chloroform 25 33.4 3.6 μm/Beads

11 18 0.4 20;1 DMF 25 64.0 9.2 μm/Beads
11 15 0.4 20;1 DMF 25 61.5 16.0 μm/Beads

11 18 0.4 20;1 3:2 DMF:EtOH 27 N/A (no beads) N/A μm/Beads
17 10 0.4 15;1 Chloroform 25 74.3 19.1 μm/Beads
12 10 0.4 15;1 Chloroform 25 80.9 31.9 μm/Beads
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Appendix II: ANOVA Analysis of Bead Data Comparison 

Appendix Table 2-1: ANOVA Analysis of Voltage Change for Beading Data; Data from 
Appendix Tables I-4 and I-5 are compared.  

 
Appendix Table 2-2: ANOVA Analysis of Point-to-Plate Distance Change for Beading Data; 
Data from Appendix Tables I-2 and I-3 are compared.  

 
Appendix Table 2-2: ANOVA Analysis of Solvent Change for Beading Data; Data from 
Appendix Tables I-1 and I-3 are compared.  

 

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

Row 1 7 522.9113 74.70161 304.0669
Row 2 7 561.8719 80.26741 851.1606

ANOVA
Source of Variation SS df MS F P-value F crit

Between Groups 108.4236 1 108.4236 0.18771 0.672515 4.747225
Within Groups 6931.365 12 577.6138

Total 7039.789 13

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

Row 1 5 319.8305 63.9661 83.91202
Row 2 6 368.7237 61.45395 257.5392

ANOVA
Source of Variation SS df MS F P-value F crit

Between Groups 17.21161 1 17.21161 0.095423 0.764424 5.117355
Within Groups 1623.344 9 180.3716

Total 1640.556 10

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

Row 1 6 200.0739 33.34564 10.4527
Row 2 7 429.407 61.34386 214.7008

ANOVA
Source of Variation SS df MS F P-value F crit

Between Groups 2532.601 1 2532.601 20.78275 0.000818 4.844336
Within Groups 1340.468 11 121.8608

Total 3873.069 12



46 
 

 
Appendix III: Electrospinning SOP 

Prepare Solution  
• Measure out appropriate amount of solvent(s) and place into a vial 
• Add polymer solution (e.g. PMMA) in appropriate amount into the solvent 
• Mix thoroughly. If necessary take advantage of the 50 degree C oven in the corner 

lab, vortexes, and the vial rotisserie 
• When polymer is thoroughly mixed, add functional molecule (e.g. spiropyran) in 

appropriate amount 
• Mix thoroughly again 
• If the functional molecule is sensitive to light, wrap vial in Al foil 

 

Set Up 
• Plug in the power supplies 
• Take a clean mounting substrate (Si Wafer or Glass Slide) and place in the slot 

closest to the syringe pump on the surface mount 
• Attach wires in the lead from the negative power supply to the back of the 

mounted substrate using electrical tape (if glass slide or other insulating substance 
is used tape Al foil on back of slide) 

• Draw polymer solution into a syringe 
• If a tubing system is not already prepared, thread Teflon tubing through two 

Upchurch fittings (one for a syringe connection and one for a needle connection) 
• Screw appropriate Upchurch fitting on Teflon tubing into the syringe and screw a 

needle into the Upchurch fitting on the other end of the tube 
• Place syringe in the syringe pump 
• Take needle and place it on mounting block inside the chamber, mount it using 

duct tape 
• Connect positive high voltage clip onto the needle and aim the needle at the 

substrate 
• Take the end of the exhaust duct and put it into the fume hood 

 

Pump Settings 
• Set pump to the diameter of the syringe (8.66mm for 3ml syringe) 
• Set infuse rate to desired flow rate (0.4 ml/hr typical) 
• Make sure Pump is set to infuse for electrospinning 

 

Electrospinning 
• Set power supplies to desired parameters (Negative Supply typically stays maxed 

out at  3 kV; 8 kV typical on the positive) 
• Push solution into the tip of the needle so that the solution just barely starts 

coming out of the needle and wipe the needle tip dry 
• Start the syringe pump 
• Close the chamber door and quickly turn on both power supplies (*Note: There is 

a 5 second delay on the positive supply) 
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• Make sure spinning occurs and let the system spin for the desired amount of time 
or until desired coat is obtained 

• Turn off the power supplies 
• Plug in the fan and let the system sit for 3 minutes to allow removal of any 

nanofibers in the chamber 
• Open the chamber door and discharge the needle and the mounting surface with a 

grounded discharging pole (copper wire threaded through a semi-hollow glass 
tube) 

• Check the back of the mounting substrate and wipe off any polymer fibers stuck 
to the back  

• Remove the mounting surface and stick it face up in a Petri dish 
• If the functional molecule is sensitive to light, wrap the dish in Al foil 
• Wipe the end of the needle of any excess polymer solution 

 

Things to look for while electrospinning: 
• Make sure solution is coming out of the needle 
• Make sure solution is spinning fibers  
• Solution clogging the needle tip (a little polymer formation at tip can be ok, but 

eventually it will start interfering with the spinning process) 
• Fibers sticking to both the plate and other surfaces inside the chamber (not much 

can be done to fix this mid run) 
• Loose fiber buildup on the mounted substrate 

 

Safety Precautions: 
• Use gloves whenever doing anything inside the chamber or doing anything with 

the solution 
• Always let the chamber sit with the fan running before opening the chamber after 

electrospinning to avoid exposure to nano particles and organic solvents  
• Make sure power supplies are off before opening the chamber 
• Make sure surfaces are discharged before touching any metal in the chamber 

 

Schematic Appendix Figure 1 The schematic of the electrospinning apparatus from the original electrospinning SOP is shown 
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