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  Stimuli-responsive fibers were created by incorporating pH-sensitive nanoparticles into 

electrospun cellulose acetate (CA) and poly(lactic acid) (PLA) fibers.  The fluorescent silica 

nanoparticles, Cornell dots (C dots), have both a fluorescent core (518 nm emission), and a 

fluorescent pH-sensitive shell (572 nm emission).  Using confocal microscopy, the signaling 

effectiveness of these fibers was studied by varying several parameters: fiber diameter, 

substrate, and surface hydrophilicity. 

  For the CA fibers, fiber diameter was varied by changing the feed rate during the 

electrospinning process to 0.03 mL/hr, 0.30 mL/hr and 0.30 mL/min, producing fibers with 

average diameters of 1.1 µm, 1.8 µm and 9.5 µm, respectively.  It was found that fibers with 

larger surface area had a greater sensitivity to pH change than fibers with smaller surface area.  

The response of the pH-sensitive fibers also varied when both the nanoparticles and CA fibers 

were applied/electrospun onto the surface of four different substrates: optical glass slides, 

cotton, cotton/polyester, and nylon/spandex fabrics.  Fibers spun onto glass slides and 

cotton/polyester showed an improvement in sensitivity to pH change, while the cotton and 

nylon/spandex samples were greatly influenced by the chemistry inherent to these substrates.   

Poly(lactic acid) – b – poly(ethylene glycol) (PLA-b-PEG) copolymers with block 

lengths of 1000-750, 5000-1000 and 1000-5000 and bulk PEG were added to PLA 

electrospinning dopes to create hydrophilic but non-water soluble nanofibers.  PLA-b-PEG 



 

block lengths strongly affected the total amount of PEG that could be incorporated, spinnability 

and fiber morphology. Solutions containing >1% w/w of the lowest molecular weight 

copolymer PLA (1000) – b – PEG (750) formed an unspinnable, cloudy gel.  Addition of the 

PLA (5000) – b – PEG (1000) to the base spinning solution influenced fiber diameters and 

spinnability in the same manner as simply increasing PLA concentration in the spinning dope.  

Addition of PLA (1000) – b – PEG (5000) resulted in decreased fiber diameters, and allowed 

for the highest overall copolymer loading.  In final fiber formulations, maximums of 0.9, 2.9 

and 9.3 wt% PEG could be added to the fibers using the PLA-b-PEG 1000-750, 5000-1000 and 

1000-5000 respectively.  PEG (MW = 3350 g/mol) homopolymer was added to the spinning 

dopes to result in 1.0 and 5.0 wt% PEG in the final fibers.  These spinning dopes were 

electrospun with more non-uniform and variable morphology and diameter size than occurred 

with the addition of PEG in block copolymer form.  Water absorbance by electrospun 

nonwoven fabrics increased by four times over the control PLA with the addition of 1.0 wt% 

PEG, and by eighteen times with the addition of 9.3 wt% PEG with the block copolymers. At 

similar overall PEG loadings, the addition of PLA-b-PEG resulted in a two to four fold increase 

in water wicking over the addition of PEG homopolymer.  The improvement in water wicking 

was mirrored in the pH-measurement data compiled for these samples on glass slides.  It was 

found that response to pH change was influenced by PEG content, copolymer chain length, 

fiber geometry and water wicking. 

Finally, incorporating CA and PLA/PLA-b-PEG fibers into a prototype fluidic chip 

created a pH-sensing device.  The response of the fibers was consistent with the increases in 

surface area and wicking rate, just as in the glass slides experiments, and proved to be a 

functional method for measuring pH change.
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CHAPTER 1 

 STIMULI-RESPONSIVE ELECTROSPUN FIBERS: THE INFLUENCE OF 
FIBER DIAMETER AND SUBSTRATE 

 

1.1 ABSTRACT 
 
A unique pH-sensing device was created by incorporating fluorescing nanoparticles into 

electrospun cellulose acetate (CA) fibers.  The fluorescent silica nanoparticles, Cornell dots (C 

dots), have both a fluorescent core (518 nm emission), and a fluorescent pH-sensitive shell (572 

nm emission).  Using confocal microscopy, the signaling effectiveness of these fibers was 

studied by varying two parameters: fiber diameter and substrate.  Fiber diameter was varied by 

changing the feed rate during the electrospinning process to 0.03 mL/hr, 0.30 mL/hr and 0.30 

mL/min, producing fibers with average diameters of 1.1 µm, 1.8 µm and 9.5 µm, respectively.  

It was found that fibers with smaller diameters had a greater sensitivity to pH change than 

fibers with larger diameters.  The response of the pH-sensitive fibers also varied when both the 

nanoparticles and CA fibers were applied/electrospun onto the surface of four different 

substrates: optical glass slides, cotton, cotton/polyester, and nylon/spandex fabrics.  Fibers spun 

onto glass slides and cotton/polyester showed an increase in sensitivity to pH change, while the 

cotton and nylon/spandex samples were greatly influenced by the chemistry inherent to these 

substrates.   

1.2 INTRODUCTION 
 

Ultra-endurance athletes (i.e. marathon runners, long-distance cyclists) engage in 

activities that can lead to severe, and even deadly, levels of sweat loss.  In order to maximize 

performance, and to ensure safety, these athletes must always be conscious of their fluid intake.  
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Previous research has shown that the most significant change in sweat composition during 

exercise is in sodium ions [1-5].  Studies have even found that a direct relationship exists 

between sodium concentration, and the pH of sweat [3, 6].  Since sodium concentration is 

related to hydration, it is logical to suggest that sweat pH can be useful in monitoring fluid 

levels [1, 7-8].  However, dehydration is not the only problem that endurance athletes can 

encounter.  Over-hydration, a condition known as hyponatremia, can also occur when the 

sodium levels in an athletes’ body are too low.  Therefore, it is crucial for endurance athletes to 

properly balance their hydration and electrolyte levels, and monitoring the pH of sweat is an 

excellent way of doing so [9-11].  The goal of this project is the creation of a pH-sensitive 

fabric that may one day be used to monitor sodium and hydration levels in sweat. 

One way to create a suitable monitor is by incorporating a signal or sensor into a 

polymeric fiber.  Many unique signals have previously been incorporated into polymeric 

materials, including: magnetic, electrical, thermal, chemical, radio frequency, and fluorescence 

signals [12-43].  Fluorescence is conventionally applied to fibers using fluorescent dyes and 

coatings.  Small fluorescent dye molecules can be placed in solution with dry polymer and 

solvent, which can then be spun into fibers.  However, these dyes have the potential to leak in 

certain environments, and to lose their fluorescent strength during exposure to certain 

wavelengths of light.  Common fluorescent dye molecules include Alq3, 10-(3-sulfopropyl), 

acridinium betaine, quinacrine dihydrochloride, naphthofluorescein, fluorescein, 8-

hydroxypyrene-1, and 3, 6-trisulfonic acid trisodium salt [13-14].  These dyes can easily 

provide fluorescence to polymer fibers, but they are not permanent, and their volatile nature 

within fibers can lead to certain health and environmental concerns.  Figure 1.1 illustrates a 

confocal microscopy image of an electrospun CA fabric with 10 µL of fluorescent 
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tetramethylrhodamine (TRITC) dye incorporated before and after one week of light exposure.  

It is clear from these images that the light exposure led to a decrease in fiber fluorescence 

intensity. 

 

FIGURE 1.1.  Fluorescence and light microscope images of electrospun CA fibers with 10 µL 
of TRITC dye incorporated a) before and b) after one week of light exposure. 
 

Therefore, though it is relatively simple to create fluorescent signal in fibers with 

fluorescent dyes, it is advisable to use a more contained method if longer-term fluorescence is 

desired.  One way this can be accomplished is by using nanoparticles mixed in to the matrix of, 
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or to coat the surface of, a polymer fiber. This research focuses on the creation of a functional 

fabric device using Cornell dots.  These are safe, fluorescent, core-shell silica nanoparticles that 

can impart a unique fluorescence signal to polymeric fibers. 

Cornell dots, also known as C dots, were developed in the Wiesner group in the 

Materials Science and Engineering department at Cornell University [44]. These nanoparticles 

are composed of a dye rich core surrounded by a silica shell, which exhibits fluorescent 

emission when excited by an external light source at a specific wavelength.  The 30 nm C dots 

are 20-30 times brighter than single fluorescent dye molecules, resistant to quenching, and 

exhibit greater resistance to photo bleaching [45].  These nanoparticles can be dispersed in 

many different polar solvents, including water and acetone, without degradation.  To disperse 

the C dots in a nonpolar solvent, such as benzene or diethyl ether, surface modification of the 

nanoparticles is required.  The only solvents that the C dots cannot be dispersed in are strong 

acids and bases, which can damage the silica shell.  Additionally, the dye encapsulated within 

the nanoparticles can resist degradation at temperatures up to 150°C, depending on dye 

structure and heat duration [45-48].  In addition to these structural benefits, the unique core–

shell architecture of the C dots is ideal for the development of ratiometric nanoscale fluorescent 

sensors (Figure 1.2).  

The nanoparticles use a TRITC dye core as an internal reference, allowing for 

quantitative concentration measurements.  By placing a fluorescein isothiocyanate (FITC) 

sensor dye on the surface of the silica shell, the maximum amount of surface area can be 

exposed to the environment.  The emission and absorption properties of FITC and TRITC are 

detailed in Table 1.1.   



 

5 
 

 

FIGURE 1.2.  A schematic illustration of the dual-emission core–shell nanoparticle sensor 
architecture.   
 
TABLE 1.1.  Emission and absorption wavelengths for FITC and TRITC dye. 
 

Dye Absorption (nm) Emission (nm) 

FITC 488 518 

TRITC 541 572 

 

FITC was chosen as a pH sensor because, with a pKa of 6.4, it is an excellent pH sensor 

in the biologically relevant range for human sweat from pH 5–8.5. In aqueous solutions, FITC 

can exist in cationic, neutral, anionic, and dianionic forms (Figure 1.3).  These molecular 

structures have different requirements for photon absorption, making the fluorescence 

properties strongly dependent on pH.  The anionic form of FITC has a quantum yield of 36%, 

while the dianionic form yields 93% [49].  This means that the intensity of the FITC dye 
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changes with its molecular state, which varies in the presence of aqueous buffer solutions.  

TRITC was chosen as the internal standard because its quantum yield of 35% is unaffected by 

pH changes in this range [45].  Therefore, by taking a ratio between these two dyes, a 

ratiometric sensor can be created.   

In this study, the C dots were incorporated into cellulose acetate (CA) fibers during the 

fiber spinning process.  The resulting fibers respond to pH change in their environment through 

changing fluorescent emission.  CA was used because it is relatively simple to spin, and the 

optimal solvent, acetone, is compatible with the as-made C dots.    

 

 

FIGURE 1.3.  Four protolytic forms of FITC [50].  For the current study, the anionic to 
dianionic transition is most relevant. 
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Electrospinning was used to incorporate the C dots into CA fibers, which allowed for 

the C dots to be well-dispersed in the nonwoven fabric.  Electrospinning is a unique method for 

forming fibers with submicron scale diameters using electrostatic forces.  When an electrical 

force is applied at the interface of a liquid polymer, a charged jet is ejected.  The jet initially 

extends in a straight line, then moves into a whipping motion caused by the electro-

hydrodynamic instability at the tip. As the solvent evaporates, the polymer is collected, e.g. 

onto a grounded piece of aluminum foil as a nonwoven mat [51].  Previous research has shown 

that it is possible to successfully incorporate the C dots into CA fibers by electrospinning 

(Figure 1.4) [52-53].  However, this research seeks to show that it is possible to create a unique 

pH-sensing device using the nanoparticle-incorporated CA fibers.   

 

FIGURE 1.4.  Fluorescence and light microscope images of CA electrospun fabrics containing 
core-shell silica nanoparticles. 
 

Therefore, the focus of this study was on the signaling effectiveness of the fibers with 

two changing variables: fiber diameter and substrate.  First, fiber diameter was varied by 

changing the feed rate during the electrospinning process.   The responses of these differently 

sized pH-sensitive fibers were then observed under confocal microscopy.  Image analysis was 
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used to compare the pixel intensities of the FITC and TRITC images, resulting in an average 

intensity value for each pH.   Secondly, both the pH-sensitive nanoparticles, as well as the pH-

sensitive fibers, were applied/electrospun onto the surface of several different substrates:  glass, 

cotton, nylon/spandex, and cotton/polyester.  By changing these parameters, this project seeks 

to find the optimal parameters for making these pH measurements as accurate and reproducible 

as possible. 

1.3  MATERIALS AND METHODS 
 

1.3.1 Materials 
 

Cellulose acetate (Mw = 30,000 g/mol), monobasic sodium phosphate (Mw = 137.99 

g/mol), dibasic sodium phosphate (Mw = 141.96 g/mol), and sodium chloride (Mw = 58.44 

g/mol) were supplied by Aldrich Chemical Co Ltd (St. Louis, MO).  The acetone and glass 

slides were purchased from VWR Scientific (West Chester, PA).  The C dots were made by the 

Wiesner lab in the Materials Science and Engineering department at Cornell University using 

previously described techniques [44, 48].  The cotton, nylon/spandex, and cotton/polyester 

substrate materials were purchased from Joann Fabrics (Hudson, OH).   

1.3.2 Preparation of electrospun solutions 
 

The electrospun fabrics were manufactured using 17 wt% CA (Mw = 30,000 g/mol) 

dissolved in a 3:1 v/v acetone: water solution.  The C dots were suspended in water, and added 

to the CA solutions in 15 vol%.  The solution of cellulose acetate, acetone, water and C dots 

was mixed on an Innova 2300 platform shaker (New Brunswick Scientific Co., NJ) for 

twelve hours prior to fiber formation.  
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1.3.3 Electrospinning 
 

The electrospinning apparatus consisted of a programmable syringe pump (Harvard 

Apparatus, MA) and a high-voltage supply (Gamma High Voltage Research Inc., FL).  

Electrospinning of the 17 wt% CA solution was carried out with a 20 G needle at 0.03 mL/hr, 

0.30 ml/hr, and 0.30 mL/min, with an applied voltage of 14 kV.  The nonwoven fabric was 

formed on grounded collection substrates 15 cm from the spinneret tip.   

1.3.4 Scanning Electron Microscopy 
 

Examination of the morphology and fiber diameters for the electrospun fabrics was 

performed using a Leica 440 scanning electron microscope (SEM) at 25 kV.  Samples were 

coated for 30 seconds with 10 nm Au–Pd prior to imaging in order to prevent charging. The 

average fiber diameters were analyzed from the SEM images using ImageJ software. 

1.3.5 Preparation of Buffer Solutions 
 

Precise pH buffer solutions were prepared by mixing 0.15 M monobasic sodium 

phosphate buffer solution (0.01 M NaH2PO4, 0.14 M NaCl), and 0.15 M dibasic sodium 

phosphate buffer solution (0.01 M Na2HPO4, 0.14 M NaCl).  Table 1.2 details the amounts of 

each solution used, as well as the pH produced. 

TABLE 1.2.  Solution recipes for pH buffer solutions. 
pH Dibasic sodium 

phosphate saline 
solution (µl) 

Monobasic sodium 
phosphate saline solution 

(µl) 
5 0 4200 

6 630 3570 

7 2100 2100 

8 3360 840 

8.5 4200 0 
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1.3.6 Confocal Microscopy 
 

A Leica TCS SP2 laser confocal scanning microscope was used to examine the 

fluorescence of the C dots within the CA fibers.  The pH-sensitive electrospun fabrics were 

imaged with a water immersion lens at 200 X with both red (460-500 nm) and green (480/40 

nm) fluorescence filters.  Three images were taken with each pH buffer solution, and averaged 

over the ten trials that were performed.  A ratio of the pixel intensity in the green and red 

filtered images was taken, averaged for each image, and plotted against pH. 

1.4 RESULTS AND DISCUSSION 

1.4.1 Fiber Diameter  

Electrospun fiber diameter was varied by changing the feed rate during the spinning 

process.  Once the nonwoven samples were formed, SEM images were taken in order to 

examine the morphology of the CA fibers, as well as to measure average fiber diameter.  The 

average diameters for the electrospun samples spun at 0.03 mL/hr, 0.3 mL/hr, and 0.3 mL/min 

were compiled using ImageJ software, and are given in Table 1.3.  The SEM images show the 

electrospun CA fibers to be smooth, with a ribbon shaped cross-section (Figure 1.5).   

TABLE 1.3.  Average fiber diameters for fabric samples electrospun at varying feed rates. 
 

Feed Rate Average Fiber 
Diameter (µm) 

0.03 mL/hr 1.1 ± 0.3 

0.30 mL/hr 1.8 ± 0.7 

0.30 mL/min 9.5 ± 1.1 
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FIGURE 1.5.  Representative SEM image of electrospun CA fibers spun at 0.30 mL/hr at 
3500X. 

 
 After confirming that varying the feed rate led to a change in fiber diameter, the 

nanoparticle-incorporated fibers were analyzed using confocal microscopy.  The results of 

these experiments can be seen in Figure 1.6.  These results show that fiber diameter does have 

an effect on the relationship between pH and FITC/TRITC dye intensity.  The fibers spun at the 

slowest feed rate, those with the smallest average fiber diameter, were the most responsive to 

pH change.  While the fibers spun at the fastest feed rate, those with the largest average fiber 

diameter, were the least responsive to pH change.  These results can be explained by changes in 

surface area.  Generally, as fibers decrease in diameter, a greater proportion of nanoparticles 

can be found on the polymer surface.  This means that the buffer solutions can interact with 

more pH-sensitive nanoparticles on thinner fibers, as opposed to thicker fibers.  Due to this 

result, the rest of the experiments will be carried out using fibers spun at 0.03 mL/hr. 
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FIGURE 1.6.  Average relationship over ten trials between fiber diameter, pH and dye 
intensity for CA fibers spun on a glass substrate. 
 

1.4.2 Substrate 
 

Next, it was important to understand how the chemistry and structure inherent to certain 

substrates can influence the pH-sensitive electrospun fibers.  Therefore, the nanoparticle-

incorporated CA fibers were electrospun onto four different substrates: optical glass slides, 

cotton, nylon/spandex, and cotton/polyester (Table 1.4).  The results in Figure 1.7 indicate that 

substrate does have an effect on the pH vs. dye intensity measurements. 
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TABLE 1.4.  Basic properties of the substrates used in this study 
 

Substrate Basic Description Fluorescence 
Properties 

Fabric 
Structure 

Fabric 
Color 

Optical Glass Uniform Surface 
Properties 

None N/A N/A 

Cotton Cellulosic fiber 440-470 nm Twill weave Black 
Nylon/Spandex 

(85:15) 
Synthetic fiber 400-460 nm Interlock knit Black 

Cotton/Polyester 
(65:35) 

Cellulosic/synthetic 
blend 

400-470 nm Interlock knit Black 

 

The fibers spun onto optical glass and cotton/polyester exhibit the results one would 

expect: the intensity of the FITC/TRITC ratio increased with pH.  However, the fibers spun 

onto cotton and nylon/spandex showed some different results.  The fibers spun onto cotton 

underwent a general increase in dye intensity with pH, but the results are more complicated 

when analyzed further.  The FITC/TRITC dye intensity increases with pH until around 8, 

where a decrease is observed, followed by an increase in dye intensity at a pH of 8.5.  This 

unusual behavior is most likely related to one of cotton’s most well known characteristics, 

moisture absorption.  Cotton is a carbohydrate with available hydroxyl groups that can undergo 

behavioral changes when exposed to different pH buffers [54].  At pH values above 7, where 

many hydroxyl groups exist in the buffer solutions, the hydrogen ions at the ends of the 

cellulose chains interact readily with the hydroxyls. This interaction can cause the cotton fibers 

to swell, invisible to the naked eye, moving the buffer solution closely in contact with the pH-

sensitive fibers. At pH levels below 7, the cellulose chains are more stable in the presence of 

the buffer solutions.  There are fewer hydroxyl groups in the buffer solution, so the hydrogen 

ions are less likely to detach from the cellulose chains.  The buffer solution still has some 

contact with the pH-sensitive fibers, though it is more limited.  Therefore, the increase in dye 
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intensity at a pH of 8.5 is not completely accurate.  The C dot-incorporated fibers are not 

brighter at this pH; it is only that more nanoparticles have an opportunity to come into contact 

with the buffer solutions. 

Conversely, the fibers spun on nylon/spandex show almost a constant relationship 

between dye intensity and pH.  Though it is not pH-sensitive, the chemical structure of 

nylon/spandex includes several places where water molecules can form bonds, so it can only 

absorb ~10% of its weight [54].  In addition to its low moisture absorption, nylon/spandex is 

also a well-known wicking fabric.  The results in Figure 1.7 show that the buffer solution is 

wicked away from the pH-sensitive fibers so quickly that it is nearly impossible to measure any 

change in the fluorescence intensity of the fibers.  These results also explain why the samples 

spun onto optical glass are more responsive to pH change than those spun onto cotton/polyester 

fabric.  The polyester in the fabric wicks away some of the buffer solution, inhibiting the 

measurements. 
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FIGURE 1.7.  Average relationship over ten trials between pH and dye intensity for 
electrospun fibers spun onto various substrates. 

 

Due to these interesting results, the cotton and nylon/spandex fabrics required further 

study.  In order to accomplish this, the pH-sensitive C dots were applied directly to the cotton 

and nylon/spandex fabrics using a pad-dry-cure process, and then observed under confocal 

microscopy.  The pad-dry-cure process was accomplished by padding the fabric with an 85:15 

mixture of acetone: C dots in DI water.  The same confocal microscopy setup was used, 

followed by image analysis.  The purpose of this experiment was to determine how substrate 

affected the relationship between pH and dye intensity, both with and without the electrospun 

fibers.  The results show that applying the nanoparticles to the surface of the substrates 
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illustrates a different relationship between pH and dye intensity than when the nanoparticles are 

incorporated into the fibers (Figures 1.8 and 1.9).  For the cotton samples, it appears that the 

electrospun fibers hold the buffer solution in contact with the C dots more efficiently than the 

nanoparticles alone.  Whereas in the nylon/spandex samples, only the applied C dots have 

sufficient access to the buffer solution to show any response to pH change. 

 

 

FIGURE 1.8.  Average relationship over ten trials between pH and dye intensity for C dots 
applied to the surface of cotton substrates. 
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FIGURE 1.9.  Average relationship over ten trials between pH and dye intensity for C dots 
applied to the surface of nylon/spandex substrates. 
 

1.5 CONCLUSIONS 
 
    Fluorescent core-shell silica nanoparticles were successfully incorporated into CA 

fibers for use as a pH-sensing device.  Confocal microscopy confirmed that the nanoparticles 

fluoresce within the fibers at a specific wavelength of light, and can be used to measure pH 

change.  Additionally, through the use of confocal microscopy, the signaling effectiveness of 

these fibers was studied by varying fiber diameter and substrate.  Electrospinning was 

performed at varying rates to produce fibers with average diameters of 1.1 µm, 1.8 µm and 9.5 

µm, respectively.  Fibers with greater surface area had a greater sensitivity to pH change than 

fibers with less surface area (i.e. larger fiber diameters).  The response of the pH-sensitive 
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fibers also varied when the CA fibers were electrospun onto glass slides, cotton, 

cotton/polyester, or a nylon/spandex fabric.  While the fibers spun onto glass and 

cotton/polyester exhibited a direct relationship between dye intensity and pH, the cotton and 

nylon/spandex fabrics produced different results.  The cotton fabric exhibited an increase in dye 

intensity at pH values above 7, and nylon/spandex appeared to inhibit the measurements.  Even 

though the measurements were clearly affected by varying substrate, the results are not yet 

reproducible. 
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CHAPTER 2 

MODIFICATION OF SURFACE HYDROPHILICITY IN POLY(LACTIC 
ACID) ELECTROSPUN FIBERS 

 

2.1 ABSTRACT 

Poly(lactic acid) – b – poly(ethylene glycol) (PLA-b-PEG) copolymers with block lengths of 

1000-750, 5000-1000 and 1000-5000 and bulk PEG were added to PLA electrospinning dopes 

to create hydrophilic but non-water soluble nanofibers.  PLA-b-PEG block lengths strongly 

affected the total amount of PEG that could be incorporated, spinnability and fiber morphology. 

Solutions containing >1% w/w of the lowest molecular weight copolymer PLA (1000) – b – 

PEG (750) formed an unspinnable, cloudy gel.  Addition of the PLA (5000) – b – PEG (1000) 

to the base spinning solution influenced fiber diameters and spinnability in the same manner as 

simply increasing PLA concentration in the spinning dope.  Addition of PLA (1000) – b – PEG 

(5000) resulted in decreased fiber diameters, and allowed for the highest overall copolymer 

loading.  In final fiber formulations, maximums of 0.9, 2.9 and 9.3 wt% PEG could be added to 

the fibers using the PLA-b-PEG 1000-750, 5000-1000 and 1000-5000 respectively.  PEG (MW 

= 3350 g/mol) homopolymer was added to the spinning dopes to result in 1.0 and 5.0 wt% PEG 

in the final fibers.  These spinning dopes were electrospun with more non-uniform and variable 

morphology and diameter size than occurred with the addition of PEG in block copolymer 

form.  Water absorbance by electrospun nonwoven fabrics increased by four times over the 

control PLA with the addition of 1.0 wt% PEG, and by eighteen times with the addition of 9.3 

wt% PEG with the block copolymers. At similar overall PEG loadings, the addition of PLA-b-

PEG resulted in a two to four fold increase in water wicking over the addition of PEG 

homopolymer.   
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2.2 INTRODUCTION 
 

Increasing the hydrophilicity of nanofibers can improve their performance in 

applications involving aqueous media, including biomedical devices, tissue engineering 

scaffolds, and biosensors [1-14].  Improving surface wetting is advantageous as it leads to a 

significant improvement in material biocompatibility and functionality [15-16].  Biosensors are 

an application that often involves the use of nanometer-scale structures.  Nanoscale materials 

provide increased surface area over bulk materials, enabling more effective capture and 

detection of aqueous media.  Therefore, when using nanoscale materials it is important to 

maximize their surface functionality.  In previous studies, monitoring changes in contact angle 

and wettability have proven to be an effective technique for measuring improvements in 

surface hydrophilicity [15-16].   

When using nanofibers to construct a biosensor, there are necessary components that 

must be considered.  Both the surface and bulk polymer properties can influence the strength of 

the sensor signal, so they must be chosen carefully [17-18].  For example, the polymer matrix 

must be suitably hydrophilic to allow the aqueous media to wet, and then penetrate the 

material.  Additionally, the polymer matrix cannot be so water soluble as to dissolve in the 

presence of any aqueous media.   

Poly(lactic acid) (PLA) is an easily spinnable, biocompatible, and biodegradable 

polymer often used in biomedical devices [19].  The surface of PLA is strongly hydrophobic, 

but in order to improve its biocompatibility, surface modifications can be performed [20].  One 

successful strategy for increasing surface hydrophilicity of PLA films and particles is to blend 

it with biocompatible and hydrophilic poly(ethylene glycol) (PEG).  Both Ouyang and 

Bhattarai et al. showed that the surface hydrophobicity of PLA films could be decreased 

through the addition of < 10 wt% PEG [21-25].  In these studies, pure PLA films had contact 
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angles on the order of 80°, and adding ~10 wt% PEG caused the contact angle of these films to 

decrease to 68°.  Additionally, Luu et al. showed that adding more than 10 wt% PEG from a 

PLA-b-PEG copolymer into poly(lactide-co-glycolide) (PLGA) affected the structural 

morphology of the electrospun fibers [26].  Therefore, in this study, the surface wettability of 

electrospun PLA was modified through the addition of varying amounts of both PEG 

homopolymer, and PLA-b-PEG block copolymers.  It is expected that using a diblock 

copolymer should be more effective in tailoring surface properties without changing fiber 

structure over adding PEG in bulk [27-29].  Theoretically, the PLA block of the copolymer 

should be miscible with the bulk PLA chains during the spinning process, allowing the 

hydrophilic PEG block to phase separate towards the fiber surface (Figure 2.1) [30].  This 

phase separation is caused by both a difference in surface energies, as well as a repulsive 

interaction between the chemically different copolymer blocks [31].   In this way, the 

morphology of the fibers should remain relatively constant, while the wetting properties of the 

fiber should be improved. 

Electrospinning is a unique method for fabricating submicron scale fibers using 

electrostatic forces.  When an electrical force is applied at the interface of a liquid polymer, a 

charged jet is ejected.  The jet initially extends in a straight line, then moves into a whipping 

motion caused by the electro-hydrodynamic instability at the tip.  As the solvent evaporates, the 

polymer is collected, e.g. onto a grounded piece of copper as a nonwoven mat [14].  Solution 

parameters such as concentration, viscosity, surface tension and solution conductivity can all 

affect fiber and nonwoven fabric properties [32].  In this study, PLA fibers were electrospun 

with several different PEG weight percent concentrations, and three different PLA-b-PEG 

copolymers.  These diblock copolymers contained three different copolymer chain lengths, and 
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ratios: PLA (1000) – b – PEG (750), PLA (5000) – b – PEG (1000), and PLA (1000) – b – PEG 

(5000). 

 
 

FIGURE 2.1.  Schematic illustrating PLA-b-PEG copolymer electrospun into bulk PLA. 
 
 
2.3 MATERIALS AND METHODS 
 

2.3.1 Materials 
 

PLA (Mw = 211,332 g/mol) was supplied by Cargill Dow (Minnetonka, MN).  PEG 

(Mw = 3350 g/mol) was supplied by Fisher Scientific (Pittsburgh, PA).  The PLA (1000) – b – 

PEG (750) (Mw = 1000 g/mol, 750 g/mol) and dimethylformamide (DMF) were supplied by 
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Sigma Aldrich (St. Louis, MO).  The PLA (5000) – b – PEG (1000) (Mw = 5000 g/mol, 1000 

g/mol) and PLA (1000) – b – PEG (5000) (Mw = 1000 g/mol, 5000 g/mol) block copolymers 

were purchased from Advanced Polymer Materials (Montreal, QC).  

2.3.2 Preparation of electrospun solutions 
 

The electrospun fabrics were formed using 25 wt% PLA with varied amounts of bulk 

PEG and PLA-b-PEG dissolved in DMF at 70ºC.  The PLA/PEG and PLA/PLA-b-PEG 

copolymer concentrations in solution are detailed in Tables 2.1 and 2.2.   

TABLE 2.1.  Weight percent concentrations of PEG homopolymer added to 25 wt% PLA 
solutions. 

25 wt% PLA, 0.3 wt% PEG 
25 wt% PLA, 1.3 wt% PEG 
25 wt% PLA, 2.7 wt% PEG 

 
TABLE 2.2.  Weight percent concentrations of PLA – b – PEG added to 25 wt% PLA 
solutions. 

25 wt% PLA 
25 wt% PLA, 0.2 wt% PLA (1000) – b – PEG (750) 
25 wt% PLA, 0.4 wt% PLA (1000) – b – PEG (750) 
25 wt% PLA, 0.6 wt% PLA (1000) – b – PEG (750) 
25 wt% PLA, 0.6 wt% PLA (5000) – b – PEG (1000) 
25 wt% PLA, 1.6 wt% PLA (5000) – b – PEG (1000) 
25 wt% PLA, 5.0 wt% PLA (5000) – b – PEG (1000) 
25 wt% PLA, 0.3 wt% PLA (1000) – b – PEG (5000) 
25 wt% PLA, 3.0 wt% PLA (1000) – b – PEG (5000) 

 

2.3.3 Electrospinning 
 

The electrospinning apparatus consisted of a programmable syringe pump (Harvard 

Apparatus, MA) and a high-voltage supply (Gamma High Voltage Research Inc., FL).  

Electrospinning of the PLA/PEG and PLA/PLA-b-PEG solutions was carried out at 70ºC with a 

feed rate of 20 µl/min, and an applied voltage of 15 kV.  Table 2.3 details the weight percent 
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polymer in solution, and in the final fibers.  The nonwoven fibers were spun onto grounded 

sheets of copper approximately 15 cm from the spinneret tip (Figure 2.2). 

 
TABLE 2.3.  Weight percent polymer in solution, and in the final fibers 

Weight percent 
concentrations of PLA/PLA-

b-PEG in solution 

Total weight percent 
concentrations of 

PLA/PEG/DMF in 
solution 

Total weight percent 
PLA/PEG in the final 

fibers 

25 wt% PLA 25 / 0 / 75 100 / 0 

25 wt% PLA, 0.3 wt% PEG 25.1 / 0.3 / 74.6 99.0 / 1.0 

25 wt% PLA, 1.3 wt% PEG 24.9 / 1.3 / 73.8 95.0 / 5.0 

25 wt% PLA, 2.7 wt% PEG 24.5 / 2.7 / 72.8 90.0 / 10.0 

25 wt% PLA, 0.2 wt% PLA 
(1000) – b – PEG (750) 25.3 / 0.1 / 74.6 99.6 / 0.4 

25 wt% PLA, 0.4 wt% PLA 
(1000) – b – PEG (750) 25.3 / 0.2 / 74.5 99.3 / 0.7 

25 wt% PLA, 0.6 wt% PLA 
(1000) – b – PEG (750) 25.4 / 0.2 / 74.4 99.1 / 0.9 

25 wt% PLA, 0.6 wt% PLA 
(5000) – b – PEG (1000) 25.5 / 0.1 / 74.4 99.6 / 0.4 

25 wt% PLA, 1.6 wt% PLA  
(5000) – b – PEG (1000) 26.1 / 0.3 / 73.6 99.0 / 1.0 

25 wt% PLA, 5.0 wt% PLA  
(5000) – b – PEG (1000) 28.1 / 0.9 / 71.0 97.1 / 2.9 

25 wt% PLA, 0.3 wt% PLA  
(1000) – b – PEG (5000) 25.1 / 0.2 / 74.7 99.1 / 0.9 

25 wt% PLA, 3.0 wt% PLA  
(1000) – b – PEG (5000) 25.6 / 2.6 / 71.8 90.7 / 9.3 
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FIGURE 2.2.  Schematic of the electrospinning process. 
 

2.3.4 Scanning Electron Microscopy 
 

Examination of the morphology and fiber geometry of the electrospun mats was 

performed using a Leica 440 scanning electron microscope (SEM) at 25 kV.  Samples were 

coated for 30 seconds with 10 nm Au–Pd prior to imaging in order to prevent charging.  The 

average fiber diameters and pore sizes of the nonwoven samples were analyzed from the SEM 

images using ImageJ software. Histogram data of the pore size distributions were fit using the 

Levenburg-Marquardt algorithm (Kaleidagraph 4.0, Synergy Software). 

2.3.5 Water Wettability 
 

Wettability testing was performed using a KSV Sigma wetting balance.  Samples were 

cut into 3 cm by 0.5 cm rectangles, glued to wire hooks, and allowed to dry.  To test, the 
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nonwoven sample was suspended above a dish of water, and the dish was raised to meet the 

sample until contact was made.  The sample was weighed every 0.6 seconds for 10 minutes to 

determine the amount of water absorbed by the nonwoven mat. 

 

2.4 RESULTS AND DISCUSSION  

2.4.1 Morphology of PLA-PEG Blended Fibers and Nonwoven Fabrics 

Fiber and nonwoven fabric morphology, average fiber diameters and pore size 

distributions of the electrospun samples were assessed using SEM images.  Samples spun with 

PEG homopolymer as control samples, and those spun with the three PLA-b-PEG copolymers 

at various loadings, showed significant differences in morphology resulting more from the 

mode of PEG addition than the total weight percent of PEG incorporated.  Both the addition of 

PEG via a block copolymer or homopolymer, and the actual diblock co-polymer structure, 

significantly influenced the spinnability and final morphology of electrospun fibers and 

nonwoven fabrics. These observed physical characteristics play a role in the transport of 

aqueous media in nonwoven fabrics.  Both the fibers, and the pore spacings between them, 

affect the capillary action of the samples, influencing the amount of media absorbed. 

 

2.4.1.1     Addition of PEG Homopolymer 
 

Incorporating PEG homopolymer into PLA resulted in a significant decrease in fiber 

uniformity, which can be seen in both SEM images (Figure 2.3) and in the standard deviations 

of the fiber diameters (Table 2.4). Solutions containing greater than 5.0 wt% PEG 

homopolymer were not spinnable.  Images showing the control PLA, and fibers spun with 1.0 

and 5.0 wt% PEG homopolymer can be seen in Figure 2.3.  These images show the electrospun 
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fibers spun with PLA and 1.0 wt% PEG to be characteristically smooth and round, while the 

samples spun with 5.0 wt% PEG have a mixture of round and non-uniformly shaped fibers.  

Additionally, the average fiber diameters for the PLA and PLA/PEG fibers are detailed in 

Table 2.4.  The sample spun with 1.0 wt% of the bulk PEG produced average fiber diameters 

that were not significantly different from the control PLA.  However, the fibers spun with 5.0 

wt% PEG had variable diameter sizes, and were significantly larger than the control PLA 

samples.  Similar results confirming the poor compatibility between PEG and PLA have been 

reported previously [24-25, 33].     

 

FIGURE 2.3.  SEM images of electrospun A) 100 wt% PLA B) 99 wt% PLA, 1.0 wt% PEG 
C) 95 wt% PLA, 5.0 wt% PEG. 
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TABLE 2.4.  Average fiber diameters for samples spun with PLA and PEG homopolymer. 
Sample Average Fiber Diameter (µm) 

PLA 1.3 ± 0.2 

99 wt% PLA, 1.0 wt% PEG 1.3 ± 0.6 

95 wt% PLA, 5.0 wt% PEG 1.5 ± 0.6 

 
 
2.4.1.2     Addition of PLA-b-PEG copolymer 
 

In comparison to the addition of PEG homopolymer, incorporation of PEG as part of a 

diblock copolymer improved fiber morphology.  The specific composition of the diblock 

copolymer, however, significantly influenced both the quantity of copolymer that could be 

added to the spinning dope, as well as the final fiber properties.  To describe these results, each 

copolymer will be discussed separately in order of increasing PEG block length. 

PLA (1000) – b – PEG (750) was added to the base spinning dope as described in Table 

2.3.  Images showing the fibers spun with varying concentrations of PLA (1000) – b – PEG 

(750) are presented in Figure 2.4.  These images show the electrospun fibers to be consistent 

with the control PLA fibers, characteristically smooth and round.  Additionally, the average 

fiber diameters of the PLA/PLA (1000) – b – PEG (750) were all relatively consistent with the 

control PLA fibers (Table 2.5).  Unlike the PEG homopolymer experiments, samples spun with 

0.9 wt% PEG from PLA (1000) – b – PEG (750) produced fibers with general morphology and 

average diameter sizes that were more consistent with the control PLA.  Even though the ratio 

of PLA: DMF increased slightly within the polymer solution, from 25 wt% PLA to 25.4 wt% 

PLA, the final fiber properties were not affected. 

 
 



 

33 
 

 
FIGURE 2.4.  SEM images of A) PLA B) 99.6 wt% PLA, 0.4 PEG wt% C) 99.3 PLA wt%, 
0.7 PEG wt% and D) 99.0 PLA wt%, 0.9 PEG wt% electrospun fibers. 
 
TABLE 2.5.  Average fiber diameters for samples spun with varying concentrations of PLA 
(1000) – b – PEG (750). 

Sample Average Fiber Diameter 
(µm) 

99.6 wt% PLA, 0.4 wt% PEG 1.2 ± 0.2 

99.3 wt% PLA, 0.7 wt% PEG 1.3 ± 0.3 

99.0 wt% PLA, 0.9 wt% PEG 1.3 ± 0.3 

 

Interestingly, it was only possible to add concentrations of the PLA (1000) – b – PEG 

(750) copolymer to the PLA solutions up to 0.8 wt% of the block copolymer in the spinning 

dope.  At higher concentrations of the copolymer, the system formed a stiff and slightly cloudy 
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gel (Figure 2.6).  Previous authors have reported that the relatively short PLA (1000) – b – PEG 

(750) chains can aggregate to form micelles within the solution [34-37].  PLA-b-PEG is an 

example of an amphiphilic molecule, meaning that it contains both a polar “head”, and a non-

polar “tail”.  Typically, at the critical micelle concentration in polar DMF, these molecules 

aggregate, causing the hydrophobic “tails” to cluster together [38].  This phenomenon can be 

observed in bulk, and is characterized by an observed cloudiness in the solution [39-41]. In this 

case, the formation of a gel phase indicates that the micelles form with PLA at the exterior, 

where it can interact with the PLA homopolymer in solution and form cross links (Figure 2.5) 

[42].   

 
FIGURE 2.5.  Schematic illustrating A) Micelle formation of PLA-b-PEG at the critical 
micelle concentration and B) Gel structure formed at 0.8 wt% PLA (1000) – b – PEG (750). 
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FIGURE 2.6.  Observed cloudiness and increase in solution viscosity at higher concentrations 
of PLA/PLA (1000) – b – PEG (750). 
 

A second PLA-b-PEG chain length copolymer was selected to continue the 

experiments, using block lengths of PLA (5000) – b – PEG (1000).  Table 2.3 details the 

polymer concentrations in solution, as well as the final fiber compositions. During the 

experiments using the PLA-weighted chain length copolymer, PLA (5000) – b – PEG (1000), 

three different concentrations of PEG were added to the PLA fibers: 0.4, 1.0, and 2.9 wt% 

PEG.  The 0.4 wt% PEG samples had morphology and average fiber diameters consistent with 

the control PLA sample (Figure 2.7 and Table 2.6). However, fibers spun with the higher 

concentrations of PLA-b-PEG copolymer had fiber diameters that were significantly larger than 

the PLA fibers. Fibers spun with 1.0 wt% and 2.9 wt% PEG had average diameters that were 

significantly higher than the control PLA samples. Unlike the fibers spun with PEG 

homopolymer these fibers were much more uniform, illustrating that the use of PLA-b-PEG 
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copolymers helped to retain smooth, uniform fiber morphology, even though fiber diameter 

increases. 

The long PLA block in this copolymer results in a significant increase in total PLA 

concentration, leading to an incremental increase in the PEG concentration (5:1).  Table 2.3 

shows that the total weight percent of PLA within the DMF solutions increased gradually with 

the PLA (5000) – b – PEG (1000) loadings, from 25 wt% PLA to 28.1 wt% PLA.  The results 

are consistent with previous studies that showed an increase in the concentration of PLA in a 

DMF solution causes an increase in fiber diameter [43-45]. Increasing the polymer to solvent 

ratio has been attributed to increases in electrospinning parameters, including dope viscosity 

and surface tension, which have been correlated to increased final fiber diameter [46-47].  

Previous studies by He, Sunthornvarabhas, and Deitzel et al. showed that increasing the 

concentration of PLA led to an increase in solution viscosity, which corresponded to 

electrospun fibers with larger average fiber diameters [43-45]. Further confirmation of this 

result can be seen in Figure 2.8, which shows an SEM image of fibers spun with 29 wt% PLA 

homopolymer in DMF.  The SEM image shows the fibers to be bulky and non-uniform, with an 

average diameter size significantly larger than fibers spun with 25 wt% PLA. 
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FIGURE 2.7.  SEM images of A) 99.6 wt% PLA, 0.4 wt% PEG B) 99.0 wt% PLA, 1.0 wt% 
PEG D) 97.1 wt% PLA, 2.9 wt% PEG electrospun fibers. 
 
TABLE 2.6.  Average fiber diameters for electrospun samples with different concentrations of 
PLA (5000) – PEG (1000) copolymer. 

Sample Average Fiber Diameter (µm) 
100% PLA 1.3 ± 0.2 

99.6 wt% PLA, 0.4 wt% PEG 1.3 ± 0.3 

99.0 wt% PLA, 1.0 wt% PEG 1.6 ± 1.3 

97.1 wt% PLA, 2.9 wt% PEG 1.7 ± 0.7 
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FIGURE 2.8.  SEM image showing 29 wt% PLA electrospun fibers.  The diameters of these 
fibers are variable, 1.9 ± 1.3 µm. 
 

A third block copolymer, PLA (1000) – b – PEG (5000), was used in order to add more 

PEG to the spinning dope without significantly increasing PLA concentration.  PLA (1000) – b 

– PEG (5000) was added to the base PLA solutions at concentrations resulting in PEG content 

within the final fibers at 0.9, and 9.3 wt% (Table 2.3).  The polymer solution that contained 9.3 

wt% PEG took approximately 5 extra minutes to fully dissolve into solution, which 

corresponded to previous studies that identified the maximum PEG loading to be ~10 wt%.  

Although fibers spun with 1.0 or 5.0 wt% PEG homopolymer were non-uniform and no fibers 

were formed from solutions with >5 wt% PEG homopolymer, fine, uniform fibers were formed 

when the PEG was incorporated as a block copolymer.  SEM images show that the fiber mats 

had smooth, uniform morphology, but with average fiber diameters that were significantly 

lower than the control PLA (Table 2.7 and Figure 2.9).  The PEG-weighted copolymer allowed 

for more PEG to be incorporated into the fiber without significantly increasing the 

concentration of PLA in the spinning solution.  The results are also consistent with previous 

studies which reported that adding higher concentrations of PEG into a PLA/PEG solution 

resulted in a decrease in solution viscosity, resulting in thinner fibers [47-51].  These results are 

interesting considering that the experiments performed in the previous section showed lumpy 
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and non-uniform fibers produced using 5.0 wt% of PEG homopolymer.  Both Cui and Spasova 

et al. showed that relatively smooth and uniform PLA/PEG fibers with approximately 10 wt% 

PEG could be electrospun successfully [48-49].  However, the molecular weights (MW of PLA 

= 78,000 – 152,000 g/mol, MW of PEG = 2000 g/mol), and overall concentration of polymer 

used (10 wt% polymer in solution) was much lower than in the presented study.  The molecular 

weight of PLA used in this study was 211,332 g/mol, the molecular weight of PEG 

homopolymer = 3350 g/mol, while the total polymer concentration in DMF was around 26 

wt%.  The results of this experiment show that under these spinning conditions, the most 

productive method of increasing PEG content is to use a diblock copolymer. 

 
FIGURE 2.9.  SEM images of A) 99.1 wt% PLA, 0.9 wt% PEG B) 90.7 wt% PLA, 9.3 wt% 
PEG electrospun fibers. 
 
TABLE 2.7.  Average fiber diameters for electrospun samples with different concentrations of 
PLA (5000) – b – PEG (1000) copolymer. 

Sample Average Fiber Diameter (µm) 
100% PLA 1.3 ± 0.2 

99.1 wt% PLA, 0.9 wt% PEG 1.1 ± 0.4 

90.7 wt% PLA, 9.3 wt% PEG 1.1 ± 0.2 
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2.4.1.3     Pore Size and Pore Size Distribution of PLA-b-PEG Electrospun Nonwoven fabrics 

 Moisture transport in nonwoven fabrics depends on the pore spacing between fibers, as 

well as the individual fiber surface properties [52].  Variations in spacing between fibers were 

evident in the SEM images presented above, and were quantified from these images. Table 2.8 

provides a comparison of the average pore sizes and distributions of these samples with the 

average fiber diameters that were previously measured.  For electrospun nonwoven fabrics, and 

PLA specifically, pore size and pore size distribution have been correlated with individual fiber 

diameter [55].  These results hold true for this sample set as well.  

 The results show that pore size and distribution are consistent with fiber diameter.  

Increases and decreases in fiber diameter are accompanied by an increase or decrease in pore 

size/pore size distribution [53].  For the samples spun with PLA and PLA (1000) – b – PEG 

(750), average fiber diameters were consistent, as well as pore size and distribution (Figure 

2.10).  The fiber diameter, pore size, and pore size distribution measurements for samples spun 

with 0.4 wt% PEG from PLA (5000) – b – PEG (1000) were also consistent with the control 

PLA (Figure 2.11). 

 For the samples spun with 1.0 and 2.9 wt% PEG from PLA (5000) – b – PEG (1000), 

the results were slightly different.  For both samples, the average fiber diameters were 

significantly larger than PLA.  However, the pore sizes for the 1.0 wt% PEG were comparable 

to PLA, though the distribution was much larger.  For the 2.9 wt% PEG samples, both the pore 

sizes and pore size distribution were much larger than PLA (Figure 2.11).  These results 

correspond with the data for the samples spun with 1.0 and 5.0 wt% of the PEG homopolymer.  

Both of these samples showed an increase in fiber diameter and pore size and distribution.  

Conversely, the samples spun with PLA (1000) – b – PEG (5000) had both average fiber 
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diameters and pore sizes that were lower than PLA.  Interestingly enough, the pore size 

distributions of these samples were slightly broader than PLA (Figure 2.12).   

TABLE 2.8.  Summarization of the average pore sizes and fiber diameters for the nonwoven 
samples spun with PLA/PEG and PLA / PLA-b-PEG. 

Samples Average Pore Size 
(µm2) 

Average Fiber Diameter 
(µm) 

PLA 3.3 ± 1.9 1.3 ± 0.2 
0.4 wt% PEG from  

PLA (1000) – b – PEG (750) 3.3 ± 3.1 1.2 ± 0.2 

0.7 wt% PEG from  
PLA (1000) – b – PEG (750) 4.0 ± 3.3 1.3 ± 0.3 

0.9 wt% PEG from  
PLA (1000) – b – PEG (750) 3.3 ± 2.6 1.3 ± 0.3 

0.4 wt% PEG from  
PLA (5000) – b – PEG (1000) 4.5 ± 2.9 1.3 ± 0.3 

1.0 wt% PEG from  
PLA (5000) – b – PEG (1000) 4.1 ± 2.7 1.6 ± 1.3 

2.9 wt% PEG from  
PLA (5000) – b – PEG (1000) 6.8 ± 1.9 1.7 ± 0.7 

0.9 wt% PEG from  
PLA (1000) – b – PEG (5000) 5.0 ± 2.9 1.1 ± 0.4 

9.3 wt% PEG from  
PLA (1000) – b – PEG (5000) 2.9 ± 2.2 1.1 ± 0.2 

1.0 wt% PEG Homopolymer 4.8 ± 4.5 1.4 ± 0.6 

5.0 wt% PEG Homopolymer 7.1 ± 6.2 1.5 ± 0.6 
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FIGURE 2.10.  Histograms illustrating pore size and pore size distribution for nonwoven 
samples spun with A) PLA B) 0.4 wt% PEG D) 0.7 wt% PEG D) 0.9 wt% PEG from PLA 
(1000) – b – PEG (750). 
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FIGURE 2.11.  Histograms illustrating pore size and pore size distribution for nonwoven 
samples spun with A) 0.4 wt% PEG B) 1.0 wt% PEG and C) 2.9 wt% PEG from PLA (5000) – 
b – PEG (1000). 
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FIGURE 2.12.  Histograms illustrating pore size and pore size distribution for nonwoven 
samples spun with A) 0.9 wt% PEG and B) 9.3 wt% PEG from PLA (1000) – b – PEG (5000). 
 

2.4.2 Water Wettability 

Increased hydrophilicity of PLA/PEG nonwoven fabrics was assessed using water 

wettability testing.  The transport of liquid in a nonwoven fabric is governed by liquid 

properties, interactions between the liquid and nonwoven, and fiber geometry (i.e. fiber 

diameter, pore size and distribution).  The affinity of the liquid and nonwoven, as well as the 

spacing between the fibers, influence the transport of liquid in the porous medium.  For 

example, Xiang et al. found that hydrophobic PLA absorbed 4.4 g of mineral oil/g of sample, 

and only absorbed 0.3 g of water/g of sample [54].  Additionally, Rebovich et al. showed that 

nonwoven samples with smaller pore sizes and distributions were more wettable than those 

possessing large pore sizes and distributions, as a result of capillary action [52].  Given that 
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wettability testing is influenced by both liquid/surface contact angle and liquid uptake, it is a 

suitable method for measuring changes in the surface hydrophilicity of nonwoven samples. 

 The results in Figure 2.13 illustrate the influence of PEG homopolymer and PLA-b-

PEG diblock copolymers on the wettability of PLA nonwoven fabrics.  The data shows that, as 

expected, the PLA samples took up only a small amount of water.  For the samples spun with 

PLA (1000) – b – PEG (750), wettability increased with weight percent PEG.  Given that fiber 

diameter, pore size, and pore size distribution were constant among these samples, the 

improvement in wettability can be attributed to the addition of PEG to the fibers. 

 The improvement in wettability continued for the samples spun with 0.4 wt% PEG from 

PLA (5000) – b – PEG (1000).  Fiber diameter, pore size and pore size distribution remained 

constant for this sample, so the improvement in wettability was a factor of PEG concentration 

and copolymer chain length.  The samples spun with 0.4 wt% PEG from PLA (5000) – b – 

PEG (1000) were more wettable than the samples spun with 0.4 wt% PEG from PLA (1000) – 

b – PEG (750).  The result suggests that using a longer chain length copolymer assists in 

driving more PEG to the fiber surface.  This theory can be further confirmed by the samples 

spun with 1.0 wt% PEG from PLA (5000) – b – PEG (1000).  It has already been discussed that 

these samples underwent both an increase in fiber diameter and pore size distribution, yet the 

wettability improved.  Even though the changes in fiber diameter and pore size distribution 

should lower capillary action in the nonwoven, increased PEG on the fiber surface helped to 

overcome this.  However, a decrease in wettability was observed for samples spun with 2.9 

wt% PEG from PLA (5000) – b – PEG (1000).  In these samples, the continued increase of 

fiber diameter, pore size and pore size distribution countered the increased concentration of 

PEG. 
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 Nonwoven samples spun with 0.9 and 9.3 wt% PEG from PLA (1000) – b – PEG 

(5000) showed an improvement in wettability, which can be attributed to the increased PEG 

loading from the longer PEG block, as well as a decrease in fiber diameter and pore size.  The 

samples spun with 0.9 wt% PEG from PLA (1000) – b – PEG (5000) were more wettable than 

the samples spun with 0.9 wt% PEG from PLA (1000) – b – PEG (750) and 1.0 wt% PEG from 

PLA (5000) – b – PEG (1000).  Samples spun with 9.3 wt% PEG showed the highest 

wettability of the PLA/PEG nonwoven fabrics. 

 Regardless of the differences between the chain length copolymers, the results showed 

very clearly that using a diblock copolymer provided improved wettability over adding PEG 

homopolymer.  Samples spun with 1.0 and 5.0 wt% PEG homopolymer were considerably less 

wettable than those spun with comparable PEG loadings from the diblock copolymers. 

 
 

 FIGURE 2.13.  Wettability data for PLA, and PLA/PLA-b-PEG electrospun samples. 
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2.5 CONCLUSIONS 
 

The hydrophilicity of PLA electrospun fibers was modified through the incorporation of 

PEG homopolymer and PLA-b-PEG copolymers of different block lengths.  The lengths of the 

blocks were found to influence the maximum amount of PEG that could be incorporated, as 

well as spinnability and morphology.  With the shorter chain length copolymer, PLA (1000) – b 

– PEG (750), micelle formation was found to impede the electrospinning process at 

concentrations greater than 0.8 wt% copolymer.  Adding PLA (5000) – b – PEG (1000) to the 

spinning dope led to an increase in fiber diameter consistent with increasing the concentration 

of PLA in the solution.  The maximum copolymer loading was achieved using PLA (1000) – b 

– PEG (5000), which was also accompanied by a decrease in fiber diameter.  In contrast to the 

addition of the block copolymer, adding PEG homopolymer to the spinning dope produced 

fibers with highly variable morphology.  Water wettability improved significantly with the 

addition of PEG to the electrospinning dopes, with PLA-b-PEG copolymers providing a greater 

increase than the PEG homopolymer. 
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CHAPTER 3 

STIMULI-RESPONSIVE CELLULOSE ACETATE AND POLY(LACTIC 
ACID) ELECTROSPUN FIBERS INTEGRATED INTO A PROTOTYPE 

FLUIDIC DEVICE 
 

3.1 ABSTRACT 

By incorporating pH-sensitive nanoparticles into electrospun fibers, stimuli-responsive 

cellulose acetate (CA) and poly(lactic acid) (PLA) fibers were created, and integrated into a 

prototype fluidic device.  CA fibers are relatively hydrophilic, but the hydrophobic PLA fibers 

required surface modification to improve interactions with aqueous media.  Poly(lactic acid) – 

b – poly(ethylene glycol) (PLA-b-PEG) copolymers with block lengths of 1000-750, 5000-

1000 and 1000-5000 were added to PLA electrospinning dopes to create hydrophilic but non-

water soluble nanofibers.  The morphology of the CA and PLA fibers were consistent with 

previous studies, but the addition of the PLA-b-PEG block lengths strongly affected the final 

fiber properties.  Changes in the polymer to solvent interactions caused by the addition of PLA-

b-PEG copolymers affected final fiber diameter, pore size and pore size distribution.  The 

changes in fiber geometry also affected the relative surface area of the nonwoven fabrics.  

Samples containing 2.0 wt% PEG showed an increase in fiber diameter and pore size, which 

was accompanied by a decrease in surface area and water wicking rate.  Samples containing 6.3 

wt% PEG observed a decrease in fiber diameter and pore size, as well as an increase in surface 

area and water wicking rate.  Variations in surface area and water wicking rate, as well as 

nanoparticle distribution, influenced the effectiveness of the pH-sensitive electrospun fibers.  

pH measurements taken with confocal microscopy and image analysis showed that response to 

pH change improved with increasing surface area and water wicking rate.  The stimuli-
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responsive fibers were shown to take relatively consistent pH measurements both on glass 

slides, and within a prototype fluidic device. 

3.2 INTRODUCTION 

The current trend in analytical devices is for the creation of smaller, simpler, and 

smarter methods of analysis [1].  For this reason, microfluidic systems have the potential to 

become a popular platform for laboratory analysis and diagnostics.  Microfluidics is an 

interdisciplinary field that deals with the flow and reaction of small amounts of fluid [2].  The 

great potential in these devices lies in the ability to integrate a laboratory’s worth of 

instrumentation to produce “lab on a chip” systems [3].  Some practical examples include 

microfluidic platforms designed to perform rapid diagnostics on saliva, sweat, and water.  

Currently, a significant amount of research is being devoted to the exploration of various 

microfluidic systems for biomedical and environmental monitoring [2, 4-19].     

One successful way to use microfluidic technology for sensor applications is by 

integrating stimuli-responsive nanofibers into microfluidic chips [20-24]. Sensor nanoparticles 

can be incorporated into the nanofibers, and patterned at specific locations and orientations 

within the microfluidic channels [25-26].  The response of the nanoparticles to the samples (i.e. 

saliva, sweat, water, blood) flowing through the microfluidic channels can be maximized by 

engineering the fiber surface properties.  For example, studies have shown that engineering the 

surface hydrophilicity of nanofibers can improve their performance in such applications [27-

40].   

When using nanofibers to construct a sensor, there are necessary components that must 

be considered.  Both the surface and bulk polymer properties can influence the strength of the 

sensor signal, so they must be chosen carefully [41-42].  For example, the polymer matrix must 
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be suitably hydrophilic to allow the aqueous media to wet, and then penetrate, the material.  

Additionally, the polymer matrix cannot be so water soluble as to dissolve in the presence of 

any aqueous media.  These requirements present an interesting challenge when choosing 

materials in which to incorporate sensor nanoparticles.    

 In the present work, cellulose acetate (CA) and poly(lactic acid) (PLA) fibers were 

studied. CA is a relatively hydrophilic material, so it was expected to be very responsive to pH 

change in aqueous media [43].  PLA is an easily spinnable, biocompatible, and biodegradable 

polymer often used in biomedical devices [44].  The surface of PLA is strongly hydrophobic, 

but in order to improve its biocompatibility, surface modifications can be performed [45].  One 

successful strategy for increasing surface hydrophilicity of PLA films and particles is to blend 

it with biocompatible and hydrophilic poly(ethylene glycol) (PEG).  Previous work has shown 

that the wettability of PLA can be improved by the addition of < 10 wt% of PEG [46-48].  Both 

Ouyang and Otsuka et al. showed that the surface hydrophobicity of PLA films could be 

decreased through the addition of increasing amounts of PEG.  In these studies, pure PLA films 

had contact angles on the order of 80°, and adding ~10 wt% PEG caused the contact angle of 

these films to decrease to 68°.  In this study, the hydrophilicity of PLA electrospun fibers was 

modified through the incorporation of several different PEG weight percent concentrations, and 

three different PLA-b-PEG copolymers.  The PLA block of the copolymer should be miscible 

with the bulk PLA chains during the spinning process, allowing the hydrophilic PEG block to 

phase separate towards the fiber surface [50].  These diblock copolymers contained three 

different copolymer chain lengths, and ratios: PLA (1000) – b – PEG (750), PLA (5000) – b – 

PEG (1000), and PLA (1000) – b – PEG (5000).  Previous work showed that the lengths of the 

blocks influenced the maximum amount of PEG that could be incorporated, as well as 
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spinnability and morphology [49]. With the shorter chain length copolymer, PLA (1000) – b – 

PEG (750), micelle formation was found to impede the electrospinning process at 

concentrations greater than 0.8 wt% copolymer.  Adding PLA (5000) – b- PEG (1000) to the 

spinning dope led to an increase in fiber diameter consistent with increasing the concentration 

of PLA in the solution.  The maximum copolymer loading was achieved using PLA (1000) – b 

– PEG (5000), which was also accompanied by a decrease in fiber diameter.  Water wettability 

improved significantly with the addition of PEG to the electrospinning dopes, with longer PEG 

blocks in the PLA-b-PEG copolymers providing a greater increase [46, 51-52].  By 

incorporating stimuli-responsive nanoparticles into these fibers, and integrating them into a 

prototype fluidic chip, a functional sensing device can be created. 

Several different methods have previously been described for the fabrication of fluidic 

devices, but soft lithography is one on the most popular [53-56].  Soft lithography is a method 

that allows for the reproduction of complex microstructures using moldable “soft” materials.  

This technique is relatively inexpensive, and can quickly produce many structures from a 

master (Figure 3.1).     

 

 

 



 

56 
 

 

FIGURE 3.1.  Schematic for producing gelatin chips using soft lithography A) Master mold is 
made with desired features B) Gelatin mixture is poured into the mold, and cured C) The 
solidified chip is peeled off the mold D) Final chip ready for use. 
 

The following study uses a modified version of work done by Yang et al. to fabricate 

fluidic chips from petri dish molds and gelatin [57].  The simplicity of this method provides a 

fast and inexpensive method to perform preliminary experiments.  The accessibility of the 

starting materials should provide research groups without immediate access to clean room 

facilities with a method to perform proof of concept experiments.  One of the barriers to further 

expansion of microfluidic technology into the mainstream is the high cost of chip production 

[58].  For this reason, many different low-cost, and even DIY methods have been published.  

Researchers have used wax [53], paper [59], thread [60], 3D printers [61], and even Shrinky 

Dinks™ [62], to create microfluidic devices.  Gelatin is water soluble, easily moldable, and can 

be made relatively robust and thermally stable in higher concentrations.  The gelatin chips can 
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mold over time, approximately three days while refrigerated, but they provide an incredibly 

accessible platform for introductory experiments.   

In this study, gelatin chips were used to create a prototype pH-sensing fluidic device.  

This device is composed of pH-sensing nanoparticles electrospun into fibers, and incorporated 

into channels formed in gelatin.  The fluorescence response of the nanoparticles within the 

nanofibers was measured by changes in florescence intensity, while solutions with varying pH 

flowed through the channels. These pH-sensing nanoparticles are composed of two different 

fluorescent dyes; one with intensity response proportional to pH, and the second with constant 

intensity to serve as an internal standard. 

The pH-sensitive nanoparticles used here, C dots, were developed in the Wiesner group 

in the Materials Science and Engineering department at Cornell University [63]. These 

nanoparticles are composed of a dye rich core surrounded by a silica shell, which exhibits 

fluorescent emission when excited by an external light source at a specific wavelength.  The 30 

nm C dots are 20-30 times brighter than single fluorescent dye molecules, resistant to 

quenching, and exhibit greater resistance to photo bleaching [64].  These nanoparticles can be 

dispersed in many different polar solvents, including water and acetone, without degradation.  

Additionally, the dye encapsulated within the nanoparticles can resist degradation at 

temperatures up to 150°C, depending on dye structure and heat duration [65-68].  In addition to 

these structural benefits, the unique core–shell architecture of the C dots is ideal for the 

development of ratiometric nanoscale fluorescent sensors [69].  

The nanoparticles use a tetramethylrhodamine (TRITC) dye core as an internal 

reference, allowing for quantitative concentration measurements.  By placing a fluorescein 

isothiocyanate (FITC) sensor dye on the surface of the silica shell, the maximum amount of 

surface area can be exposed to the environment.   
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FITC was chosen as a pH sensor because, with a pKa of 6.4, it has excellent pH 

response in the biologically relevant range from pH 5–8.5 [70].  In aqueous solutions, FITC can 

exist in cationic, neutral, anionic, and dianionic forms.  These molecular structures have 

different requirements for photon absorption, making the fluorescence properties strongly 

dependent on pH.  The anionic form of FITC has a quantum yield of 36%, while the dianionic 

form yields 93% (Table 3.1) [71].  This means that the intensity of the FITC dye changes with 

its molecular state, which can be varied in the presence of aqueous buffer solutions.  TRITC 

was chosen as the internal standard because its quantum yield is unaffected by pH changes in 

this range [64].  Therefore, by taking a ratio between these two dyes, a ratiometric sensor can 

be created.   

TABLE 3.1.  Quantum yields of FITC and TRITC dyes at pH values of 5 and 8.5. 

Dye Quantum Yield at 
pH 5 (%) 

Quantum Yield at 
pH 8.5 (%) 

FITC 36 93 
TRITC 35 35 

 

Electrospinning was used to incorporate the C dots into CA and PLA/PLA-b-PEG fibers 

to ensure that the C dots were well-dispersed in the nonwoven mat [26].  Electrospinning is a 

unique method for fabricating submicron scale fibers using electrostatic forces.  When an 

electrical force is applied at the interface of a liquid polymer, a charged jet is ejected.  The jet 

initially extends in a straight line, then moves into a whipping motion caused by the electro-

hydrodynamic instability at the tip.  As the solvent evaporates, the polymer is collected, e.g. 

onto a grounded piece of aluminum foil as a nonwoven mat [72].  Solution parameters such as 

concentration, viscosity, surface tension and solution conductivity can all affect nonwoven 

fiber properties [73].   
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Previous research has already shown that it is possible to successfully incorporate C 

dots into fibers by electrospinning [26, 74].  Therefore, the focus of this study was on the 

creation of unique pH-sensitive CA and PLA/PLA-b-PEG fibers.  The response of the pH-

sensitive fibers was observed first on glass slides, and then within a prototype fluidic device.  

By engineering the surface properties of these fibers, we hope to improve their response in 

aqueous media.  

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Poly(lactic acid) (Mw = 211,332 g/mol) was supplied by Cargill Dow (Minnetonka, 

MN).  The shorter chain length PLA (1000) – b – PEG (750) copolymer (Mw = 1000 g/mol, 

750 g/mol), dimethylformamide (DMF) and cellulose acetate (Mw = 30,000 g/mol) were 

supplied by Sigma Aldrich (St. Louis, MO).  The longer chain length PLA-b-PEG copolymers, 

PLA (5000) – b – PEG (1000) (Mw = 5000 g/mol, 1000 g/mol) and PLA (1000) – b – PEG 

(5000) (Mw = 1000 g/mol, 5000 g/mol) were purchased from Advanced Polymer Materials 

(Montreal, QC).  Plastic petri dishes were purchased from VWR Scientific (West Chester, PA).  

Monobasic sodium phosphate (Mw = 137.99 g/mol), dibasic sodium phosphate (Mw = 141.96 

g/mol), and sodium chloride (Mw = 58.44 g/mol) were supplied by Aldrich Chemical Co Ltd 

(St. Louis, MO).  The C dots were made by the Wiesner lab in the Materials Science and 

Engineering department at Cornell University using previously described techniques [63, 68].  

Lemon-flavored Jell-O® powder, unflavored Knox® gelatin, wooden coffee stirrers, 

transparency sheets, and double sided tape were obtained from local convenience stores. 
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3.3.2 Mold Fabrication 

The prototype fluidic chips were fabricated using a soft lithography technique designed 

by the Lagally group at the University of British Columbia [75].  Molds with the desired 

features were made using the bottoms of plastic petri dishes, coffee stirrers, and double-sided 

tape. To make the chips, two pouches of Jell-O® powder were dissolved in 120 mL of purified 

water in a beaker. One pouch of Knox® gelatin powder was dissolved in the same amount of 

water in a second beaker. The beaker containing the Jell-O® solution was placed on a hot plate, 

and heated to a boil. This beaker was removed from the heat, and the gelatin solution was 

added to it. The mixture of Jell-O® and gelatin solution was again heated to a boil, and 

removed from the heat. The gelatin mixture was poured into the molds, and was then 

transferred to a refrigerator for curing. After curing overnight, the Jell-O® chips were peeled 

off of the petri dish bottom, and transferred to the petri dish top (Figure 3.2).  The molds 

produced channels with the following dimensions: 50 mm in length, 4.5 mm in width, and 1 

mm in depth. 
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FIGURE 3.2.  Schematic for prototype chip fabrication A) Molds with the desired features 
made using the bottoms of plastic petri dishes, coffee stirrers, and double sided tape B) Gelatin 
mixture in petri dish mold C) Prototype chip removed from the mold. 
  

3.3.3 Preparation of electrospun solutions 

The electrospun fabrics were manufactured using 25 wt% PLA dissolved in DMF at 

70ºC, and 17 wt% cellulose acetate dissolved in a 3:1 v/v acetone: water solution.  The C dots 

were suspended in DMF or acetone, respectively, and were added to the solutions in 15 vol%.  

PLA-b-PEG copolymers of different chain lengths were added to PLA in different 

concentrations.   

3.3.4 Electrospinning 

The electrospinning apparatus consisted of a programmable syringe pump (Harvard 

Apparatus, MA) and a high-voltage supply (Gamma High Voltage Research Inc., FL).  For the 

PLA solutions, electrospinning was carried out at 70ºC with a feed rate of 20 µl/min, and an 
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applied voltage of 15 kV.  For the CA solutions, electrospinning was carried at 0.3 ml/hr with 

an applied voltage of 14 kV.  Table 3.2 details the weight percent concentrations of PLA/PEG 

within the final fibers.  All of the polymer samples were electrospun onto glass slides, and 

transparency sheets with inlet and outlet holes punctured.  The glass slides were imaged under 

confocal microscopy as formed, but the transparency sheets required integration into the gelatin 

fluidic devices.   

TABLE 3.2.  Weight percent polymer in solution, and in the final fibers 

Weight percent 
concentrations of 

PLA/PLA-b-PEG and C 
dots in solution 

Total weight percent 
concentrations of 

PLA/PEG/DMF/C dots 
in solution 

Total weight percent 
PLA/PEG/C dots in the 

final fibers 

25 wt% PLA 22.2 / 0 / 65.9 / 11.9  65 / 0 / 35 

25 wt% PLA, 0.24 wt% 
PLA (1000) – b – PEG 
(750), 15 wt% C dots 

22.3 / 0.09 / 65.7 / 11.9 65.0 / 0.3 / 34.7 

25 wt% PLA, 0.40 wt% 
PLA (1000) – b – PEG 
(750), 15 wt% C dots 

22.3 / 0.15 / 65.7 / 11.9 65.0 / 0.4 / 34.6 

25 wt% PLA, 0.56 wt% 
PLA (1000) – b – PEG 
(750), 15 wt% C dots 

22.4 / 0.2 / 65.6 / 11.9 64.9 / 0.6 / 34.5 

25 wt% PLA, 0.56 wt% 
PLA (5000) – b – PEG 
(1000), 15 wt% C dots 

22.5 / 0.1 / 65.6 / 11.9 65.3 / 0.2 / 34.5 

25 wt% PLA, 1.6 wt% 
PLA  (5000) – b – PEG 
(1000), 15 wt% C dots 

23.0 / 0.2 / 65.0 / 11.8 65.8 / 0.7 / 33.6 

25 wt% PLA, 5.0 wt% 
PLA  (5000) – b – PEG 
(1000), 15 wt% C dots 

24.9 / 0.8 / 62.9 / 11.4 67.3 / 2.0 / 30.7 

25 wt% PLA, 0.28 wt% 
PLA  (1000) – b – PEG 

(5000) 

22.2 / 0.2 / 65.7 / 11.9 64.7 / 0.6 / 34.7 

25 wt% PLA, 3.0 wt% 
PLA  (1000) – b – PEG 
(5000), 15 wt% C dots 

22.0 / 2.2 / 64.1 / 11.6 61.4 / 6.3 / 32.3 
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3.3.5 Prototype Fluidic Chip Assembly 

The transparency sheets were placed (fiber side down) on top of the gelatin chips, and 

tubing was attached to create pressure driven flow through the channel (Figure 3.3).  The edges 

of the channels were very sharp and uniform, and the excess of sugars in the gelatin helped to 

facilitate an excellent seal with the transparency sheets.  A syringe pump was used to deliver 

buffer solutions to the fibers within the channels. 

 
 
FIGURE 3.3.  Experimental setup for nanofiber-incorporated prototype fluidic chips. 

 

3.3.6 Scanning Electron Microscopy 

Examination of the morphology and fiber diameters of the electrospun mats was 

performed using a Leica 440 scanning electron microscope (SEM) at 25 kV.  Samples were 

coated for 30 seconds with 10 nm Au–Pd prior to imaging in order to prevent charging.  The 
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average fiber diameter and pore sizes of the nonwoven samples were analyzed from the SEM 

images using ImageJ software. 

3.3.7 Water Wettability and Wicking Rate 

Water wettability testing was performed using a KSV Sigma wetting balance. Samples 

were cut into 3 cm by 0.5 cm rectangles, glued to wire hooks, and allowed to dry.  To test, the 

sample was suspended above a dish of water, and the dish was raised to the sample until 

contact was made.  The sample was weighed every 0.6 seconds for 10 minutes to determine the 

amount of water absorbed by the nonwoven mat.  The wettability profile shows that the amount 

of water absorbed initially increases linearly with time; the slope of this part of the curve yields 

the initial wicking rate (Figure 3.4). 

 

FIGURE 3.4.  Calculation of initial wicking rate from wettability profile. 
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3.3.8 Preparation of Buffer Solutions 

Precise pH buffer solutions with pH values ranging from 5 to 8.5 were prepared by 

mixing 0.15 M monobasic sodium phosphate buffer solution (0.01 M NaH2PO4, 0.14 M NaCl), 

and 0.15 M dibasic sodium phosphate buffer solution (0.01 M Na2HPO4, 0.14 M NaCl) in 

deionized water.   

3.3.9 Confocal Microscopy 

A Leica TCS SP2 laser confocal scanning microscope was used to examine the 

fluorescence of the C dots within the fibers.  The pH-sensitive electrospun fabrics were imaged 

at 200 X with both red (460-500 nm) and green (480/40 nm) fluorescence filters.  Imaging was 

performed, and a ratio of the pixel intensity in the green and red filtered images was taken and 

plotted against pH (Figure 3.5). 

 

FIGURE 3.5. The relationship between fluorescence intensity and pH for electrospun fabrics 
containing pH-sensitive core-shell silica nanoparticles. 
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3.4 RESULTS AND DISCUSSION  

3.4.1 SEM Imaging 

In order to study fiber morphology, average fiber diameter and pore size distribution, 

the electrospun samples were imaged using SEM.  Figure 3.6 illustrates the average fiber 

diameters and pore sizes that were measured from the previously compiled images.  The 

average diameters for the CA and PLA samples were consistent with previous results [69, 76].  

The changes in the average fiber diameters and pore sizes that were observed in the PLA/PLA-

b-PEG fibers were caused by changing polymer to solvent interactions during electrospinning.  

Increases in the average fiber diameter size was accompanied by an increase in pore size and 

pore size distribution.  Previously reported work by Hendrick et al. discuss these results in great 

detail [69, 76].   

 

FIGURE 3.6.  Average pore size and fiber diameters for electrospun samples. 
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3.4.2 Water Wettability and Initial Wicking Rate 

Increased hydrophilicity of PLA/PEG nonwoven fabrics was assessed by using water 

wettability testing, and calculating the initial wicking rate.  The transport of liquid in a 

nonwoven fabric is governed by liquid properties, interactions between the liquid and 

nonwoven, and fiber geometry (i.e. fiber diameter, pore size and distribution).  The affinity of 

the liquid and nonwoven, as well as the spacing between the fibers, influence the transport of 

liquid in the porous medium [78-80].  The results shown in Table 3.3 describe the initial 

wicking rates for the electrospun fabrics [76].  These initial wicking rates were governed 

primarily by PEG content, copolymer chain length, and fiber surface area.  Wicking rate 

increased with PEG content for samples spun with PLA (1000) – b – PEG (750), samples that 

were shown to have consistent fiber diameter, pore sizes and surface area [76].  The wicking 

rate for the samples spun with PLA (5000) – b – PEG (1000) were strongly affected by the 

previously observed increase in fiber diameter, and subsequent decrease in surface area [69].  

As surface area decreased, both capillary action and wicking rate decreased.  The wicking rate 

data for the samples spun with PLA (1000) – b – PEG (5000) were influenced by an increase in 

surface area, as well as a decided increase in PEG loading.  Both factors contributed to the 

increased wicking rate for these samples. 
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TABLE 3.3.  Initial wicking rate data for PLA, CA and PLA/PLA-b-PEG electrospun fabrics. 
Sample PLA – b – PEG Chain Length Initial Wicking Rate (Water 

absorbed g / Time s) 

PLA NA 0.003 

CA NA 0.038 

0.3 wt% PEG PLA (1000) – b – PEG (750) 0.008 

0.4 wt% PEG PLA (1000) – b – PEG (750) 0.010 

0.6 wt% PEG PLA (1000) – b – PEG (750) 0.013 

0.2 wt% PEG PLA (5000) – b – PEG (1000) 0.027 

0.7 wt% PEG PLA (5000) – b – PEG (1000) 0.012 

2.0 wt% PEG PLA (5000) – b – PEG (1000) 0.006 

0.6 wt% PEG PLA (1000) – b – PEG (5000) 0.034 

6.3 wt% PEG PLA (1000) – b – PEG (5000) 0.504 

 

3.4.3 Measuring pH Response with Confocal Microscopy 

The stimuli response of the modified electrospun fibers was observed using confocal 

microscopy.  Table 3.4 details the calibration curve that was derived for the native C dot sensor 

particles.  Since previous experiments have already shown an improvement in wicking rate 

with the addition of PLA-b-PEG, it was expected that the pH-sensitivity of the fibers would be 

similarly improved.  The stimuli response of the pH-sensitive CA and PLA/PLA-b-PEG fibers 

was tested initially on glass slides, followed by select samples within a prototype fluidic device.   
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TABLE 3.4.  Calibration curve showing the relationship between pH and dye intensity for the 
native C dot sensor nanoparticles. 

pH Intensity (FITC/TRITC) 
5 0.45 
6 0.47 
7 0.60 
8 0.70 

8.5 0.80 

 

3.4.3.1     Measuring pH-change on glass slides 

Representative confocal microscopy images for CA fibers on glass slides can be seen in 

Figures 3.7.  The images illustrate the change in dye intensity within the fibers at a pH of 5 and 

8.5.  It is clear from these images that the pH-sensitive CA fibers function properly on the glass 

slides.  Additionally, the images show the C dots to be very well dispersed in the fibers, though 

the fibers themselves are non-uniform.  The results of pH-measurements using CA fibers spun 

onto glass slides has been described in depth in previously reported work by Hendrick et al. 

[69].   
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FIGURE 3.7.  Confocal microscopy images of CA fibers illustrating A) TRITC at pH 5 B) 
FITC at pH 5 C) FITC/TRITC overlay at pH 5 D) TRITC at pH 8.5 E) FITC at pH 8.5 F) 
FITC/TRITC overlay at pH 8.5 

 

The results of the experiments for fibers spun with PLA and PLA (1000) – b – PEG 

(750) can be seen in Figure 3.8.  The results show that even though the C dots were well 

dispersed within the hydrophobic fibers, PLA was not sensitive to pH change (Figure 3.9).  In 

contrast to the wicking rate data, the samples electrospun with 0.3, 0.4, and 0.6 wt% PEG could 

not be differentiated from the PLA sample.  The results of these experiments were very 

uniform, but the addition of PLA (1000) – b – PEG (750) did not improve the response of the 

nanoparticle-containing fibers. 
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FIGURE 3.8.  Confocal data for PLA and PLA / PLA (1000) – b – PEG (750) samples over 
ten trials.   
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FIGURE 3.9.  Confocal microscopy images of PLA fibers illustrating A) TRITC at pH 5 B) 
FITC at pH 5 C) FITC/TRITC overlay at pH 5 D)TRITC at pH 8.5 E) FITC at pH 8.5 F) 
FITC/TRITC overlay at pH 8.5. 

 

The results of the pH measurement experiments using fibers spun with PLA (5000) – b 

– PEG (1000) can be seen in Figure 3.10.  Fibers spun with the 0.2 wt% PEG showed an 

improvement in pH-sensitivity over the PLA fibers.  The fibers spun with 0.7 and 2.0 wt% PEG 

contain higher contents of PEG than the 0.2 wt% PEG sample, yet they are less responsive to 

the pH change.  These results were strongly related to the changes in fiber diameter and pore 

size caused by differences in the polymer/solvent interactions during electrospinning.  The 

results are logical given that previous studies have shown that fiber diameter can affect the 

response of the pH-sensitive fibers [76].  Due to surface area effects, smaller fibers are more 

sensitive to the pH change than larger fibers.    
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FIGURE 3.10.  Confocal data for PLA and PLA / PLA (5000) – b – PEG (1000) samples over 
ten trials.   

 

The results of the pH measurement experiments for fibers spun with PLA (1000) – b – 

PEG (5000) can be seen in Figure 3.11.  Nonwoven fabrics spun with the 0.6 and 6.3 wt% PEG 

illustrate an improvement in pH response over PLA.  Representative confocal microscopy 

images for fibers spun with 6.3 wt% PEG can be seen in Figure 3.12.  The images show the C 

dots to be well dispersed within the fibers, and a significant increase in FITC dye intensity with 

pH.  The pH response of these nonwoven samples are influenced by an increase in PEG 

loading, as well as the previously discussed increase in surface area caused by changes in the 

viscosity of the spinning solution [49].   
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FIGURE 3.11.  Confocal data for PLA and PLA / PLA (1000) – b – PEG (5000) samples over 
ten trials. 
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FIGURE 3.12.  Confocal microscopy images of 6.3 wt% PEG fibers illustrating A) TRITC at 
pH 5 B) FITC at pH 8.5 C) TRITC at pH 5 D) FITC at pH 8.5. 
 

The results of the pH measurement experiments for the PLA/PLA-b-PEG electrospun 

fibers on glass slides followed the same trend as the wicking rate data that was previously 

compiled.  Improvements in wicking rate were accompanied by an improvement in response to 

pH change.  However, even though the general trends were the same, the scale was not.  The 

improvement in response to pH change was not as strong as the improvement in wicking rate.  

The results of the pH measurement experiments showed that the majority of the samples had a 

lower response to pH change than the native C dot sensor nanoparticles.  Hendrick et al. 

previously discussed that the results of the wicking rate experiments were a function of 

copolymer chain length, PEG content, and fiber geometry [49].  Therefore, it was necessary to 

identify the factors that influence the results of the pH measurement experiments. 
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 The pH measurements were taken by imaging the nonwoven samples with pH buffer 

solutions, and then taking an average of the FITC/TRITC pixel values.  This measurement 

method gives a general view of the FITC/TRITC pixel values for the image, but it can also 

have the effect of obscuring some of the brighter pixels in the image.  For example, let us 

consider the raw FITC/TRITC pixel values for the PLA/PLA-b-PEG samples imaged at pH 8.5.  

The simplest way to look at the data once it is generated is to bin it, and then create a histogram 

such that it is possible to observe the number of pixels found at each FITC/TRITC pixel value.  

The calibration curve in Table 3.4 showed that a FITC/TRITC pixel value of 0.8 corresponds to 

a pH of 8.5.  From the histogram data, we can determine the percentage of pixel values at 0.8 

(Table 3.5).  The results show that a relatively small number of pixels match the values detailed 

in the calibration curve.   

Previous discussion showed that the wicking rate of the nonwoven samples was 

influenced by a variety of factors.  Therefore, it was necessary to determine any trends between 

copolymer chain length/PEG content, wicking rate, and the percentage of pixels that 

correspond to a pH of 8.5.  Interestingly enough, the percentage of pixels that correspond to a 

pH of 8.5 had the same general trend as the wicking rate results.  Within the copolymer chain 

lengths, the percentage of matching pixels increased with PEG content, and also varied with 

fiber geometry (Table 3.5).   
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TABLE 3.5.  Histogram data for PLA/PLA-b-PEG electrospun fibers at pH 8.5. 

Sample % of pixels at pH 8.5 
PLA 0.06 

0.3 wt% PEG 0.06 
0.4 wt% PEG 0.16 
0.6 wt% PEG 0.29 
0.2 wt% PEG 0.87 
0.7 wt% PEG 0.93 
2.0 wt% PEG 0.44 
0.6 wt% PEG 1.30 
6.3 wt% PEG 3.82 

 

The histogram data in Table 3.5 showed that a significant number of pixels 

corresponded to pH values that were not 8.5.  Therefore, the next step was to observe the exact 

location of these pixels to determine any trends.  To accomplish this, single fibers were 

identified by blowing up the image so that individual pixels could be identified and mapped.  

The images in Figures 3.13 and 3.14 illustrate examples of this technique using select PLA and 

6.3 wt% PEG fiber samples. 

The color mapped images show small groupings of pixels that reflect a pH of 8.5.  

Corresponding to the data in Table 3.6, more pixels corresponding to pH 8.5 can be seen in the 

color map for the 6.3 wt% PEG fibers than PLA.  Once again, both lower and higher intensity 

pixel values can be seen throughout the fibers.  The majority of the higher intensity pixels can 

be observed towards the center of the fibers, while the lower intensity points are generally 

closer to the fiber edges.  This begs the question, what is the driving force influencing the 

change in dye intensity within the fibers?  It is possible for the dye intensity to be more strongly 

affected by the location of the nanoparticles within the fibers, meaning that the buffer solution 

would only be making contact with the nanoparticles on the surface of the fiber.  It is also 

possible that the buffer solution diffuses into the fiber, making contact with nanoparticles at 
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different points within the fiber.  In order to answer this question, it was necessary to consider 

both SEM and confocal microscopy images. 

 

FIGURE 3.13.  Images of PLA electrospun fibers illustrating A) TRITC at pH 8.5 B) FITC at 
pH 8.5 C) Blown-up TRITC at pH 8.5 D) Blown-up FITC at pH 8.5 E) Color mapping of the 
FITC/TRITC ratio. 
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FIGURE 3.14.  Images of 6.3 wt% PEG electrospun fibers illustrating A) TRITC at pH 8.5 B) 
FITC at pH 8.5 C) Blown-up TRITC at pH 8.5 D) Blown-up FITC at pH 8.5 E) Color mapping 
of the FITC/TRITC ratio. 

 

The confocal microscopy images shown in this study indicate that while there are some 

nanoparticle agglomerates within the fibers, the nanoparticles are generally well dispersed.  The 

SEM image in Figure 3.15 shows that the fibers are smooth and without visible surface 

nanoparticles even though 35 wt% of the nonwoven sample contains nanoparticles.  If a 

majority of the nanoparticles were present on the fiber surface, 6% of the FITC/TRITC pixel 

values would be expected to correspond with pH 8.5.  However, the color mapped images show 

small sections within the fibers that corresponded to pH 8.5, though not spread uniformly 

across the fiber.  By combining this information with the confocal and SEM observations, we 

can surmise that the buffer solution does not diffuse into the fibers.   
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FIGURE 3.15.  C dot containing PLA electrospun fibers.  
 

Next, the numerous pixels that correspond to pH values other than 8.5 needed to be 

addressed.  The pixel values that correspond to lower pH values are most likely caused by a 

lack of nanoparticles close enough to the fiber surface to interact with the buffer solution.  The 

polymers themselves are not pH-sensitive, so the pixels likely represent the natural pH of the 

polymer.  As to the pixel values that correspond to higher pH values, this result is likely related 

to the additive property of the measurement technique, as well as to small excesses of solvent 

that can remain within the fiber.  The blown-up confocal microscopy images in Figures 3.13 

and 3.14 indicate that each pixel represents approximately 200 nm.  The C dots used here were 

approximately 30 nm, so it is possible that seven nanoparticles could be represented in each 

pixel.  This is especially likely for the pixels in the centers of the fibers given that the relatively 

uniform dispersion of the nanoparticles has already been demonstrated.  The analysis method 

used in this study took a ratio of FITC/TRITC for each pixel, so it is likely that some pixels 

contain sums of the dye intensity for several different nanoparticles.  This would have the effect 

of producing FITC/TRITC pixel values that are higher than the calibration curve.  Additionally, 
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DMF has a natural pH of 9, so it is also possible that trace amounts of the solvent remain inside 

the fiber, where it can make contact with the nanoparticles [81]. 

3.4.3.2     Measuring pH-change in prototype fluidic devices 

Representative confocal microscopy images and pH measurements for the select fiber 

samples integrated into prototype fluidic devices can be seen in Figures 3.16 and 3.17.  In 

general, using the prototype device provided a more controlled method of monitoring pH 

change in the electrospun fibers.  The prototype device provided a more open system than on 

the glass slides, allowing for improved contact between the buffer solutions and fibers.  As 

opposed to the studies on glass slides, only one set of fibers was imaged for each pH, and three 

trials were performed for each fiber sample.  Unfortunately, the transparency sheets used here 

did not have the optical clarity of glass coverslips, so viewing very small changes in pixel 

intensity was a challenge. Given that this is a prototype device, issues with optical clarity 

should be resolved through use of more traditional coverslips in the finished apparatus. 

With the exception of the CA samples, the fiber response was consistent with the results 

that were previously observed on the glass slides.  For the CA samples, the “fluffiness” of the 

fibers made it very difficult to properly image the pH change.  The fibers did not spin flat 

against the transparency sheets, so maintaining proper focus on the fibers while flushing buffer 

solutions through was problematic.  For the PLA/PLA-b-PEG samples, the average fiber 

response and standard deviations were consistent with the results that were previously observed 

on the glass slides.  What is most interesting about these results is that virtually the same 

measurements were taken in three trials using the gelatin channels as were compiled in ten 

trials on glass slides. This result can be attributed to the fact that only one fiber set was viewed 

for each pH, and that a larger amount of pH buffer solution remained in the presence of the 

nonwoven samples throughout imaging.  The results showed that using an open system (i.e. 
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prototype fluidic device) provided a functional and reproducible system for measuring the pH 

change in the electrospun fibers.  

 

FIGURE 3.16.  Confocal microscopy images of 0.2 wt% PEG fibers from PLA (5000) – b – 
PEG (1000) within a prototype fluidic device. A)  Red channel B) Green channel C) Visible 
light. 
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FIGURE 3.17.  Confocal microscopy data for electrospun samples in prototype fluidic chips 
over three trials.   
 

3.5 CONCLUSIONS 

A pH-sensing device was created by incorporating pH-sensitive nanoparticles into 

electrospun fibers, and integrating them into a prototype fluidic device.  In order to improve 

response in aqueous media, the hydrophilicity of PLA electrospun fibers was modified through 

the incorporation of PLA-b-PEG copolymers of different block lengths.  The lengths of the 

blocks were found to influence the morphology of the fibers due to changes in the polymer to 

solvent interactions during spinning.  Final fiber diameter, pore size and pore size distribution 

were influenced by changes in solution concentration and viscosity.  Samples that underwent a 

change in fiber geometry also underwent a change in surface area, which affected water 
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wicking rate.  The response of the pH-sensitive fibers on glass slides and within a prototype 

fluidic device was monitored using confocal microscopy.  The response of the fibers was 

consistent with the increases in surface area and wicking rate, and proved to be a functional 

method for measuring pH change. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 
 

4.1 CONCLUSION SUMMARY 
 

A comprehensive study of stimuli-responsive electrospun fibers was presented here.  

Nanoparticles with pH-sensitivity were incorporated into two different polymer fibers, and a 

variety of fiber parameters were modified in order to achieve the best response to pH change.  

Cellulose acetate (CA) fibers were electrospun at different feed rates in order to produce fibers 

with varied diameter sizes.  These fibers were also spun onto several different substrates: glass, 

cotton, cotton/polyester and nylon/spandex.  It was found that fibers spun at a slower feed rate 

produced fibers with increased surface area, which proved to be most effective when 

monitoring pH change.  Additionally, the chemistry inherent to the substrates onto which the 

fibers were spun was found to affect pH response.  Fibers spun onto glass slides and 

cotton/polyester showed an improvement in sensitivity to pH change, while the cotton and 

nylon/spandex samples were greatly influenced by the chemistry inherent to these substrates. 

More hydrophobic substrates impeded the pH measurements, while more hydrophilic substrates 

enhanced them.  

Poly(lactic acid) (PLA) fibers were blended with poly(lactic acid) – b – poly(ethylene 

glycol) (PLA – b – PEG) diblock copolymers with block lengths of 1000-750, 5000-1000 and 

1000-5000 to create hydrophilic but non-water soluble nanofibers.  The lengths of the blocks 

were found to influence the maximum amount of PEG that could be incorporated, as well as 

spinnability and fiber morphology.  Water absorbance by these electrospun nonwoven fabrics 

increased by four times over the control PLA with the addition of 1.0 wt% PEG, and by 
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eighteen times with the addition of 9.3 wt% PEG.  Variations in surface area and water wicking 

rate, as well as nanoparticle distribution, influenced the effectiveness of the pH-sensitive 

electrospun fibers.  Confocal microscopy and image analysis were used to take pH 

measurements, and showed that response to pH change improved with increasing surface area 

and water wicking rate.  The stimuli-responsive fibers were shown to take relatively consistent 

pH measurements both on glass slides, and within a prototype fluidic device. 

4.2 FUTURE WORK 

 The results show that a number of experiments can be performed to continue and 

expand on the presented research.  This continued work should focus on driving the 

PEG/nanoparticles to the fiber surface, continued work on incorporating fibers into 

microfluidic channels, and thermal analysis experiments. 

4.2.3  Stimuli Responsive Nanofibers Integrated into Microfluidic Devices 

In the continued work for this project, new stimuli-response capabilities and greater 

surface area for interaction will be incorporated into microfluidic channels.  C dot nanoparticles 

with stimuli response capabilities will be incorporated into nanofibers patterned at specific 

locations and orientations within microfluidic channels.  Response of the C dot particles to 

samples flowing through the microfluidic channels will be maximized by engineering fiber 

surface properties, and leveraging the high surface/volume ratio of nanofibers.   

Microfluidic devices are capable of precise analyses on small samples.  Typically, 

functionality can be incorporated into channels in the form of pillars or beads.  However, 

nanofibers incorporated into microfluidic devices can provide one hundred times the surface 

area available for fluid interaction as pillar structures.  Nanofibers with a wide variety of 

properties are simple to produce via electrospinning, and can retain functionality. 
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Results in this dissertation have shown that the surface properties of C dot containing 

PLA fibers can be modified by adding <10wt% of PEG.  These engineered fibers show a 

considerable increase in surface wetting, as well as an improvement in sensitivity to pH change.  

Additionally, preliminary work showed that these fibers can be incorporated into, and function 

properly, within microfluidic devices. 

The current trend in analytical devices is for the creation of smaller, simpler, and 

smarter methods of analysis [1].  For this reason, microfluidic systems have the potential to 

become an extremely popular platform for laboratory analysis and diagnostics [2-4].  Several 

different methods have previously been described for the fabrication of microfluidic devices, 

but soft lithography is one on the most popular [5].  Soft lithography is a method that uses rapid 

prototyping to produce microfluidic devices quickly and consistently.  By incorporating C dot 

nanofibers into such devices, a novel microfluidic platform will be created. 

To achieve the project goals, the following specific aims are proposed.  Fiber surface 

properties will be engineered to maximize the response of the C dot particles within the fibers.  

For this purpose, several different blends will be electrospun: such as CA/polyurethane (PU) 

following previously described methods by Tang, et al [6], and PLA / poly(caprolactone) 

(PCL) following previously described methods by Liao, et al [7].  Continued work on 

PLA/PEG will also be performed using a bicomponent spinning system to ensure that the PEG 

and C dot particles are concentrated on the fiber surface.  The presence of PEG on the fiber 

surface will be verified using x-ray photoelectron spectroscopy (XPS).  However, previous 

studies have shown that PLA has three characteristic peaks at 289, 287, and 285 eV, while PEG 

has one characteristic peak at 286 eV [8-9] (Figure 4.1).  Therefore, given the similarities 

between the characteristic peaks for PLA and PEG, and the small concentrations being used, a 

modification must be made.  Previous work has shown that it is possible to tag the PEG block 
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with a more visible end-cap, such as nitrogen, or a fluorescent dye [10-11].  In this way, if the 

PEG block is present on the fiber surface, characteristic peaks for the end-caps will be seen.  

Additionally, maximizing the amount of PEG that can be incorporated into the fibers would 

help improve the accuracy of the XPS analysis. 

 

 

FIGURE 4.1.  XPS analysis of bulk A) PLA and B) PEG. 
 

These fibers will be characterized using SEM imaging to determine average fiber 

diameter and morphology.  In order to verify the modification of surface properties, wettability 
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testing will be performed.  Additionally, the engineered nanofibers will be incorporated into 

microfluidic channels, and their response to stimuli measured with fluorescence microscopy.  

Fibers will be spun onto glass slides for initial experiments, and then into microfluidic channels 

(Figure 4.2).   

 

FIGURE 4.2.  Engineered nanofibers incorporated into microfluidic channels, and observed 
under fluorescence microscopy. 
 

4.2.2 Thermal Analysis 

  Thermal analysis is another experimental procedure of interest because it can determine 

how much, if at all, the incorporation of PLA-b-PEG copolymers affects the crystallinity of the 

PLA fibers.  The simplest method for measuring fiber crystallinity is to use differential 

scanning calorimetry (DSC).  DSC is a technique that can be used to study what happens to a 

polymer when it is heated, such as the glass transition temperature (Tg), and the melting 

temperature (Tm).  Some initial studies have been performed on evaluating the Tg and cold 

crystallization temperatures for the PLA and PLA/PLA-b-PEG fibers (Table 4.1).  These results 

show that the addition of the PLA-b-PEG diblock copolymers lead to a slight increase in the Tg 
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of the fibers.  Additionally, the fact that the cold crystallization temperature decreased for the 

fibers spun with the longer PLA block copolymer indicates that the crystallinity of the fibers is 

affected.  Hence, a more comprehensive study observing Tm would provide valuable 

information on this polymer system. 

 

TABLE 4.1.  Results of introductory DSC experiments on PLA and PLA/PLA-b-PEG fibers. 

Sample Tg (°C) Cold Crystallization (°C) 

PLA 57.1 100.7 

0.98 wt% PEG from PLA (5000) – b – PEG (1000) 58.1 79.8 

0.93 wt% PEG from PLA (1000) – b – PEG (5000) 60.7 82.1 
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