
 

ABSTRACT 

HIWALE, SACHIN. Surface Functional Nanofibers Through the Blending and Modification of 

Hydrophilic Polymers. (Under the direction of Dr. Ericka Ford and Dr. Kavita Mathur) 

 

Polyvinylidene fluoride (PVDF) nanofibers are increasingly used in filtration and separation 

applications due to their high surface, excellent mechanical properties, thermal stability, and 

chemical resistance. However, the innately hydrophobic nature of PVDF is due to its high surface 

energy, which also makes it prone to fouling. Such fouling is avoidable if the surface of PVDF is 

modified to be hydrophilic. In this study, PVP/PVDF blended nanofibers were spun to impart 

hydrophilic characteristics. The study is unique for no one has reported PVDF nanofibers 

modification with PVP post-electrospinning by crosslinking PVP component in blended 

nanofibers by redox initiators. The morphology of nanofibers was studied under scanning electron 

microscopy (SEM) which revealed that smooth surface in case of neat PVDF nanofibers while 

PVP blending resulted in coarser and rough PVP/PVDF nanofibers. Surface elemental analysis  by 

X-ray photoelectron spectroscopy (XPS) along with infrared analysis confirmed PVP crosslinking. 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) showed increased PVP deposition 

on the PVP/PVDF nanofibers surface with increased in the PVP wt%. Water contact angle 

measurement along with swelling studies proved hydrophilic modification in the PVP/PVDF 

nanofibers. Biofouling studies showed improved antifouling in the modified membrane showed 

compared to hydrophobic PVDF nanofibers. 

Next, this study explores the novel application of PVP/PVDF nanofibers in the plant science 

research exploiting the hydrophilicity and biocompatibility of PVP. For the first time, we report 

the germination and growth of A. thaliana on PVP/PVDF nanofibers, both in vitro and in soil . The 



 

plant growth indicators like root length or shoot weights analysis revealed that the PVP/PVDF 

nanofibers are plant compatible and did not show any signs of detriment to plant development. 

After establishing the nanofiber plant compatibility, three methods for sterilizing nanofibers were 

evaluated for their compatibility with plants: namely, bleaching, autoclaving and atmospheric 

plasma. Autoclaving and atmospheric plasma sterlization was found to be suitable for PVP/PVDF 

nanofibers without harming the plant growth and germination. The bleaching sterlization was 

found to inhibit plant growth, which was due to traces chlorine ions (Cl-) on the surface of 

nanofibers characterized by time of flight ï secondary ion mass spectrometry (ToF-SIMS). 

Furthermore, studies on the germination and growth of A. thaliana on PVP/PVDF nanofibers, both 

in vitro and in soil, had not shown any signs of detriment to plant development when comparison 

to nylon mesh, which served as the control. Also, the designed PVP/PVDF nanofibers were 

functionalized with iron chelating ferrozine, to study A. thaliana growth in response to iron 

sufficient and limiting conditions. Luciferase assays (that follow the dynamic expression of iron 

responsive PYE and BTS in plants) had results indicative of iron deficiency when growth occurred 

on PVP/PVDF nanofibers functionalized with ferrozine.  

Lastly, Chapter 4 of this study is dedicated to understanding the thermo-optical response of 

monofunctional Jeffamine® M-2070 blended PVA nanofibers. Jeffamine is a co-polymer 

consisting of hydrophilic and hydrophobic segments which has shown thermos-optical changes at 

their LCST (Lower Critical Solution Temperature) in solution or emulsion form. We explored the 

electrospinning approach to create Jeffamine/ PVA blended nanofibers to see if Jeffamine can 

offer any thermal response when itôs blended with other polymer in nanofiber form. The 

morphology of the blended nanofibers with different PVA and Jeffamine compositions are studied. 

PVP/Jeffamine nanofibers is crosslinked by glutaraldehyde to make PVA stable in aqueous 



 

environment. Infrared analysis helped understand the crosslinking mechanism in the nanofibers.  

The thermal response of the crosslinked nanofibers is studied under optical microscope equipped 

with a hot stage. No change in the opacity of the nanofibers was observed under the optical 

microscope between the temperature range 25 to 85° C in presence of distilled water. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW  
 

1. 1.  Electrospun Nanofibers Market  

 

Nanofibers have been extensively studied for decades and their interests have been seen to rise 

persistently. As of 17 June 2021,  the Web of Science online search system showed how relevant 

publications on the research topic of ñelectrospun nanofibersò have increased from 760 to over 

2000 over 2010 to  2020[1]. The nanofiber market size is forecast to reach $3.31 billion by 2025 

at a CAGR of 24% from 2020 to 2025[2]. The projected nanofiber growth is driven in part by the 

development of personal protection equipment (PPE) kits to combat the ongoing COVID-19 

pandemic. Nanofiber based face masks were found to provide better protection against viruses 

than nonwoven masks wholly comprised of micron sized[3]. Furthermore, nanofibers can be 

collected in various assemblies or form using specialized collectors.  Examples of fiber assemblies 

include nonwoven fiber meshes, meshes of aligned fiber, patterned meshes of fiber, random three-

dimensional fiber structures and sub-micron spring and convoluted fibers[8]. Different types 

electrospinning collectors have been used to assemble nanofiber structures; these have been 

reviewed by Teo and Ramkrishna[8]. Thus, the versatility of electrospinning technology has 

accelerated the progressive development of a wide range of new nanofiber-based products. 

Through tailored compositions, dimensions, and morphologies, electrospun webs can carry out a 

variety of functions or even enhance the function of fabrics[8].  

Many manufacturers like Elmarco[4], Inovenso[5], FNM[6] and Dienes[7] have commercial 

production lines that can supply several thousand square meters of nanofiber per day[4ï6]. 

Examples of their production capacity are tabulated in Table1.1. Commercial lines at these 

production rates are mostly based on needleless electrospinning. Such lines are capable of spinning 
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webs from a variety of polymers into customizable sizes. Persistent research in the direction of 

increasing production rates and vast demand in the market has led to commercialization of 

nanofiber products. Several commercial products like 3D InsertÊ, AbsorvÊ, Exceed®, NnF 

MBRANE®, RIFTELEN®, Bio-SpunÊ, BiowebÊ, NanotrapÊ, Nexture® and many other are 

available in the market are based on nanofibers[1]. These products are used in various applications 

such as filtration, cell culture devices, sensing, technical textiles, personal protective equipmentôs 

etc. 

Table 1. 1: Industrial scale nanofiber production lines and their productivity rates 

Manufacturing 

Company  

Production 

Line  

Polymers  Production / 

Day (m2) 

Nanofiber 

GSM (g/ m2) 

Elmarco NanospiderÊ 

NS 8S1600U 

PA6 54795 0.03 

 

Inovenso 

NanoSpinner 

NS416 

Polyamides, 

PVDF, PU, 

PAN, PES 

 

63450 

 

0.03 

FNM Industrial 

Nanofiber 

Production 

Line (INFL) 

 

Different 

 

19200 

 

NA 

 

1. 2.  Electrospinning Process 

The basic principle of electrospinning dwells in stretching the polymer jet under the influence of 

an electric field. Conventional electrospinning uses a conductive, metal needle to charge the 
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polymer solution inside of once an external voltage is applied. The voltage is controlled by using 

an external power supply. A typical electrospinning set up is shown in Figure 1.1  . A syringe 

holding the polymer solution is mounted on the metering pump which regulates the feed rate of 

solution. When the solution is extruded it forms a pendent droplet at the tip of the needle. The 

pendent droplet is held by surface tension. Upon application of voltage, the surface tension is 

overcome by the induction of repulsive forces within the solution, and the droplet assumes the 

conical shape, which called the Taylor cone[8,9]. At a critical voltage the Taylor cone transforms 

into a jet which extends straight, but then undergoes vigorous whipping motions as the result of 

bending instabilities[10]. As the jet stretches manyfold, the liquid solution solidifies as solvent  

quickly evaporates, leading to the deposition of nanofibers on a grounded collector. 

 

Figure 1. 1: Electrospinning Process Schematic Diagram 

 

  

1.2. 1. Parameters Affecting Nanofiber Morphology  

 

Although electrospinning is based on simple principle, the process itself is quite complicated 

because many parameters govern the properties of the obtained nanofibrous membrane. These 
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parameters can be broadly classified into three groups which are solution parameters, processing 

parameters and ambient parameters[1,2]. 

 

1.2.1. 1. Solution Properties   

 

 

Figure 1. 2: (i)(A) Solution viscosity of PCU (217 kDa) in DMAc as a function of concentration, 

n=4, *p<0.01. (BïD) Scanning electron micrographs of PCU (217 kDa) electrospun at varying 

solution viscosities: (B) 7 Pa·s, (C) 13 Pa·s, and (D) 23 Pa·s. PCU, poly (carbonate urethane); 

(ii) SEM images of samples of electrospun PEO fibers for a range of conductivities. (a) 0. (b) 

0.05. (c) 0.20. (d) 0.5 (e) 1.25. (f) 2 g NaCl / 100 g of PEO solution [20]. 
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The parameters that influence the properties of polymer solutions are polymer concentration[3ï5] 

, solution viscosity[4], molecular weight[3,6,7], conductivity[8], surface tension[9] and dielectric 

constant[10]. Few of these are directly related to each other and have same influence on the 

nanofiber morphology and diameter. The length of the polymer chain is determined by the 

molecular weight of the polymer, which in turn influence the viscosity of the  

 

 

Figure 1. 3: Photographs of multijets produced at the fluid droplet with the increase in the 

conductivity of the solution. (a) 0 g (b) 0.5 g (c) 1.25 g NaCl / 100 g of PEO solution [21]. 

 solution at a given concentration. Generally, higher the molecular weight or higher the 

concentration, higher will be the viscosity. A polymer solution must have an optimum viscosity to 

be spinnable. Solution conductivity is important as it decides the how the solution will behave 

under the applied voltage. Effect of viscosity on PCU fiber spinning in DMAc solution was studied 

by varying the solution concentration[11]. As can be seen in Figure 1.2 (i); the low concentrations 
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studied generated jets with insufficient viscoelastic forces to fully suppress droplet breakup due to 

the Rayleigh instability. In contrast, the increased viscosity of the higher concentration solutions 

created higher viscoelastic forces that resisted the axial stretching during whipping, resulting in 

larger fiber diameter[11]. Highly conductive solutions experience more jet stretch due to more 

charges on it yielding smaller fibers[12]. The effects of the conductivity of PEO solution on the 

fiber diameter, morphology, and entire electrospinning process is shown in Figure 1.2 (ii) and 1.3. 

 The conductivity of the 5 % w/w PEO solution was altered by addition of NaCl. As the 

conductivity increased the fiber diameter decreased. Also, the probability of ejecting multijets 

increases with the increase in conductivity[12]. Surface tension is the measure of cohesive forces 

between the molecules in solution form and is a function of solution composition, polymer and 

solvents used. Yang et al[13]. studied the influence of solvents on PVP electrospinning and 

concluded that lower surface tension with high viscosity formed smooth nanofibers with ethanol 

as the solvent. They proposed the use of a multi-solvent system to achieve optimum surface tension 

and viscosity parameters for better spinning.  
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1.2.1. 2. Process Parameters  

 

Figure 1. 4: Average diameters of 15 wt.% PVAc electrospun fibers at various TCDs [25]. 

 

The process parameters include the applied voltage, flow rate and tip to collector distance[2,14,15]. 

All these parameters have direct effect on the morphology of the nanofibers. The effect of voltage  

and flow rate was studied in Polyacrylonitrile (PAN) nanofibers spinning in DMF solvent[14]. 

They found that with increasing voltage applied the fiber diameter of electrospun PAN fibers 

increased, while increasing flow rate has resulted in decreasing fiber diameters. Albetran et.al.[16] 

used design of experiment (DoE) method to study the effect of processing factors on the sol-gel 

electrospinning of TiO2/ PVP nanofibers using acetic acid/ ethanol mixture as a solvent. The 

average fiber diameter increased with increase in the flow rate from 0.5 to 2 mL/h. Same kind of 

trend was observed with increase in voltage from 14 to 18 kV while further increase in the voltage 

till 24 kV did not significantly reduce the nanofiber diameter. The Taguchi DoE study revealed 

that tip to collector distance (TCD) is the most significant factor effecting the morphology 

followed by voltage and flow rate among the process variables. At short TCD, electric field 

becomes so strong that the jet of spinning solution becomes unstable, resulting in the formation of 
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beads. On the other hand, the strength of electric field becomes so weak that the fiber diameter 

increases[17].  Effect of various process variables was studied on Polyvinylacetate (PVAc) 

nanofibers spinning in ethanol solvent. It showed that optimum TCD is needed to get the fine fibers 

(Figure1.4)[17] . The fiber diameter reduced when the TCD was increased to 10 from 8 cm. Further 

increase beyond 10 to 18 cm consistently increased the diameter from 700 to 1100 nm. The effect 

of applied voltage is subjected to the concentration of polymer solution. Tan et al[18]. observed 

that spinning from lower concentration gave finer fibers with increase in the applied voltage. 

Whereas coarser fibers will be produced with increased voltage and spinning from higher polymer 

concentration. Similar to this Park et.al[17]. found that the average diameter of PVAc fiber 

increased from 1631 nm to 2121 nm as the applied voltage increased from 10 kV to 17.5 kV when 

spinning 20 wt% PVAc whereas for 15 wt% PVAc solution the diameter first decreased with 

increase in voltage from 8 to 15 kV and then decreased at higher voltage of 18 kV.  

Tang et. al[19]. studied the effect of flow rate on the diameter of the charged jet in the 

electrospinning process. They applied law of conservation theoretically to establish a relation 

between the fiber diameter and flow rate and confirm the findings experimentally spinning 6 wt.% 

Polylactide (PLA) solutions in DMF and varying the flow rate from 1 to 2.5 mL/h. The diameter 

consistently increased with the flow rate which agreed with the theoretical findings. In another 

study[20], the direct relation between the flow rate and the diameter of the nanofibers was 

established in spinning Poly(trimethylene terephthalate) (PTT) fibers in Dichloromethane (DCM) 

and trifluoroacetic acid (TFA) solvent mixture.   
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1.2.1. 3. Ambient Factors 

 

Temperature and humidity are inter-related ambient parameters for nanofiber spinning. Increase 

in temperature decreases humidity and evaporates the solvent faster, High humidity leads to thick 

fibers[29]. Casper et. al[15]. spun polystyrene nanofibers in THF solvent and showed that smooth  

polystyrene fibers can be obtained when spun in 25 % humidity and below. Porous morphology 

starts developing as the humidity increases above 30%. Barua & Saha[21] spun polyacrylonitrile 

(PAN) nanofibers in dimethylformamide (DMF) solution at different relative humidity in the range 

from 14% to 60% and two different temperatures (20 °C and 40 °C) (Figure 1.5).    

 

Figure 1. 5: (i) SEM Images showing different surface morphologies of electrospun nanofibers 

produced at 20 °C under varying RH conditions, (ii) Surface morphology of as-spun nanofibers 

electrospun at 20°C (top) and 40°C (bottom) at two different humidity conditions (30% and 40% 

RH)[30]. 

Nanofibers spun at low RH (22% or less at 20 °C) exhibit relatively smooth surface and solid core, 

whereas at higher RH (30% or higher at 20°C) rough surface and porous core are observed. Cai et 

al[21] and Tripatanasuwan et. al[22]. observed that the electrospun nanofibers from polyethylene 
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oxide (PEO) aqueous solution showed decreasing fiber diameter with increasing relative humidity. 

They suggested that the evaporation rate of solvent is much lower at higher RH which provides a 

longer stretching time for the electrospinning jet and consequently producing smaller diameter 

fibers. Effect of temperature and humidity is studied in detail[28] on Poly(trimethylene 

terephthalate) (PTT) fibers spun in Dichloromethane (DCM) and trifluoroacetic acid (TFA) 

solvent mixture. Average diameter of electrospun PTT fibers decreases with increasing both 

relative humidity and temperature. At higher RH, moisture in the air is high and that delays the 

solidification process during flight resulting high jet stretch and thinner fiber formation[28]. 

Increasing temperature brings down the viscosity and surface tension ultimately larger stretching 

is experienced by the jet producing thinner fibers[28]. Wang et. al[33]. found that 6 wt% PAN 

solutions in DMF, produced fine fibers with a diameter of 65-85 nm at 88.7 °C, whereas 

electrospinning at 32.2 °C larger fibers with average diameter of 170 nm were produced (Figure 

1.6). 
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Figure 1. 6: Fiber morphology and the corresponding diameter distribution for the 6 wt% PAN 

solution electrospun under different temperatures and voltages: (a) 32.2 °C and 8.9 kV; (b) 88.7 

°C and 8.9 kV; (c) 88.7 °C and 9.3 kV. The scale bar is 400 nm (Q = 0.3 mL/h, H= 7 cm)[33]. 

1. 3. Functional Nanofibers 

 

Although Nanofibers have a small diameter and high surface area, it does not have a function [23]. 

The surface properties of polymer nanofibers are important for their applications, but most 

polymeric nanofibers are chemically inert and do not perform any function beside filtration[24]. 

However, the nanofibers surface can be tailored to incorporate specific functional groups or 

functionality[25]. Nanofibers capable of performing a specific function can be referred  as 

functional nanofibers[26].  
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1. 4. Approaches for Providing Functionality   

 

The approaches for preparation of functional fibers are essentially via different routes, namely, by 

pre-electrospinning which is the modification of a functional polymer followed by electrospinning 

into a nanofiber, or by blending and co-electrospinning the blend using special spinning 

techniques, or by post-functionalization i.e., fiber preparation followed by introduction of 

functional groups[27]. In many applications, different properties are desired at the surface than the 

bulk of the polymer material. This can be accomplished by the surface functionalization using different 

physical or chemical processes. Various approaches and methods for same are discussed further.  

1.4.1. Blending  

Solution blending is a straightforward method of incorporating functional additives to electrospun 

fibers for creating functional nanofibers. Polymers with common solvents are easy to blend while 

for mixing a hydrophobic polymer into a polar polymer a mixture of solvents are used. Carbon 

nanotubes or nanoparticles in the form of well dispersed suspension can also be mixed with 

polymer solution prior spinning. The direct mixing technique can allow for greater amounts of 

molecules to be incorporated resulting in improved activity when compared to other modification 

approaches. In addition, this blending approach enables bulk modification of the fiber properties.  

1.4.1.1. Polymer/Polymer Composite Nanofibers 

Electrospinning from the blended polymer system enables to exploit two different properties in 

the nanofiber membranes. Preparation of electrospun PVDF/PVP nanofibers mats through 

homogeneous blended solution have been reported to produce core-shell nanofibers[28]. As the 

fraction of PVDF exceeded PVP in the electrospinning solutions, the nanofiber mats showed 

superhydrophobic property with the WCA above 120°. Low surface tension of the PVDF as 
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compared to PVP caused PVDF to occupy the shell by thermal induce phase separation[28]. 

Polymer blending is relatively easiest way to modulate the bulk or surface properties of the 

nanofibers. Du and Yu et. al.[29] reported one-step route to prepare antifouling and hydrophilic 

PVDF nanofibers using PVP as the binder and TiO2 as the inorganic nano-filler. The nanofiber 

membrane thus produced not only showed good hydrophilicity but also increased mechanical 

strength.  

1.4.1.2. Polymer/Nanofiller Composite Nanofibers  

Polymer nanofibers are often incorporated with nanoparticles, nanofillers or drug to impart 

desired functionality. Among the abundance of nanoparticles, silver (Ag) and titanium dioxide 

(TiO2)[29,30] are the most used nanomaterials followed by silicon dioxide (SiO2), CNTs and 

zinc oxide (ZnO)[31]ô[32]ô[3. Pan et.al.[34], synthesized an antimicrobial silver/ 

 

Figure 1. 7: TEM image showing both oriented and entangled MWCNT in a PVDF/MWCNT 

nanofiber. The CNT concentration is 0.1 wt %. 

polyacrylonitrile (Ag/PAN) nanofiber mat as support for the thin film composite forward osmosis 

(FO) membrane. The modified FO membrane exhibited improved hydrophilicity and antibacterial 

properties. In a similar study, silver and copper nanoparticles were embedded in cellulose 
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nanofibers to impart antimicrobial properties to the nanofiber membrane[33]. Incorporation of 

Carbon Nanotubes (CNTs) and Boron Nitride Nanotubes (BNNTs) in PVDF nanofibers have been 

studied to improve the piezoelectric response of the nanofibers[32]ô[35]. Addition of CNTs and 

BNNTs increases the conductivity of PVDF solution thereby producing thinner fibers because of 

higher degree of stress experienced by the jet. This helps increase electroactive ɓ-form crystals in 

PVDF nanofibers[32]ô[35]. Effect of  SWCNT and MWCNT addition on the  crystal orientation 

in PVDF/CNT composite nanofibers is studied[36]. The results revealed that the interfacial 

interaction between the SWCNTS and PVDF and the extensional force experienced by the 

nanofibers can work synergistically to induce highly oriented ɓ-form crystallites extensively at a 

very low SWCNT concentration. However, MWCNT found to be detrimental to the formation of 

ɓ crystallites.  

Preparation of antibacterial and UV-protective nanoweb using PVA/TiO2 composite nanofibers is 

demonstrated by Ahmadpoor et. al[30]. They found the reflectance and lightness of nanofibers 

decreased with increasing nano-TiO2 concentration in the nanofibers. Ford et al[37]. used Single-

walled carbon nanotubes (SWNTs) that helped preferential migration of Bovine serum albumin 

(BSA) in PVA/SWNT/BSA hybrid nanofiber electrospinning. The change in surface topology of 

the nanofibers surface due presence of BSA was confirmed by AFM roughness and adhesion 

profiles of electrospun fiber. The author suggested that the approach of blending protein, SWNTs, 

and water-soluble polymer can be exploited in electrospinning biologically active coreīshell fibers 

without the use of coaxial extrusion or dip coating[37].  

Polymer nanofibers are excellent materials for drug delivery. Their Small diameter and large 

surface area with porous morphology allows more quantity of the drug loading. Numerous studies 

have described the preparation of electrospun nanofibers containing pharmacologically active 
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compounds and investigated the release characteristics of drugs[38,39]. Demirci et. al[39]. 

developed pH-responsive poly (4-vinylbenzoic acid-co-(ar-vinylbenzyl)trimethylammonium 

chloride) [poly(VBA-co-VBTAC)] nanofibers for controlled drug release study. The results 

showed that Ciprofloxacin loaded nanofibers were capable of effectively delivering ciprofloxacin 

in a controlled fashion with prolonged duration depending on the pH.  

1.4.2. Post-Electrospinning Functionalization 

The post-functionalization method essentially involves chemical crosslinking or monomer grafting 

on the nanofibers using high energy radiations. However, the post functionalization approach 

requires nanofiber to have enough mechanical strength or have functional groups[27]. If not, the 

functional groups can then be added to the surface by chemical treatments. Applications like water 

filtration or tissue engineering scaffold requires the nanofiber surface to be hydrophilic[40]ô[41]. 

Hydrophilic polymers such as poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG), 

poly(acrylonitrile) (PAN), poly(vinyl pyrrolidone) (PVP) are commonly blended with PVDF 

membranes to make it hydrophilic[41]. However, only blending doesnôt serve the purpose as the 

hydrophilic fraction is prone to dissolution. In this case, the precursor nanofiber membrane is 

crosslinked either by using chemical crosslinkers or through high energy radiations to improve the 

stability of the membrane.  

1.4.2. 1. Chemical Crosslinking  

Hydrophilic polymers with polar groups can be crosslinked using a chemical crosslinker. Li 

et.al[41]. prepared super hydrophilic PVDF/ poly (vinyl alcohol) (PVA)-blended nanofiber 

membranes with varying concentrations of hydroxyl-rich PVA. Post spinning PVA was 

crosslinked with glutaraldehyde (GA) to prevent it from dissolving in water during the filtration 

process. Hydrophilicity of the Blended membranes significantly improved as evidenced by the 
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WCA measurements which dropped from 121° for neat PVDF membrane to 74.5° for 15 wt% 

PVA blended sample[41]. Park et. al[42,43] crosslinked PVA nanofibers with GA solution and 

subsequently mineralized it with lanthanum carbonate and calcium carbonate and tested itôs 

potential in removing phosphorus and chemicals from water.  

1.4.2. 2. High Energy Radiation Grafting  

The poly(caprolactone) (PCL) nanofiber scaffold scaffolds are widely used due to its 

biocompatibility. However, hydrophobic nature of PCL is unfavorable for the desired cell response 

in tissue engineering[40]. Therefore functionalization of PCL electrospun scaffold by the covalent 

grafting of bioactive polymer poly (sodium styrene sulfonate) (polyNaSS) is studied[40]. Thermal 

grafting and direct UV light grafting which doesnôt require surface activation by ozonation like 

the former are used to create radicals. The PCL nanofibers were immersed in an aqueous solution 

of NaSS monomer while heating the solution or irradiating it with UV light. In a similar method, 

Yang et. al[44].grafted  PMMA to Cellulose nanofibers (CNFs) by UV grafting. The CNFs were 

dipped in MMA solution which was deoxygenated by Nitrogen purging before being irradiated 

with UV at 40 °C to make PMMA-g- CNF membrane. Robinette and Palmese used of radiation 

grafting to modify electrospun polysulfone fiber surfaces with acrylamide[45]. Radiation dosages 

varied from 40 to 160 kGy at a rate of 15 kGy/min. Plasma irradiation was conducted in a dielectric 

barrier discharge chamber at atmospheric pressure for 3 min using a helium medium. They 

successfully acrylamide grafted polysulfone fiber mats exhibited a contact angle of 66° and 121° 

for Electron Beam and Plasma irradiated samples respectively. 

1.4.3. Plasma Treatment  

Low vacuum plasma treatment can also be used to modify the nanofibrous membrane. PVDF/PAN 

nanofibers were prepared along with neat PVDF and PAN nanofibers. These were subjected to 
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low vacuum plasma treatment for 2 minutes. Both,  hydrophilic or hydrophobic surface 

modification is possible by treatment in presence of  atmospheric air or in sulphur hexafluoride 

(SF6) environment respectively[46]. Using atmospheric air, the contact angle of pristine PAN was 

reduced from 66.1° to 25.5°, while slight changes in the contact angle of pristine PVDF were 

observed from 131° to 123°. On the contrary, the hydrophobicity was increased using SF6 gasses. 

The contact angle of pristine PAN was increased from 66.1° to 150°, while changes for the pristine 

PVDF were from 131° to 140°. 

1. 5. Functional Nanofiber Applications 

Owing to their large surface area and porosity nanofibers are the best materials for filtration, tissue 

engineering scaffolds and drug delivery materials[23,47,48]. Nanofibers could be used for 

filtration of  water, air, beverages, gases, chemicals, oils, diesel and petrol, etc[23]. Recently, 

nanofiber-based materials have been applied to protective clothing. Compared to traditional 

protective clothing, nanofiber protective clothing exhibits high elasticity, comfortability, 

breathability, isolation efficiency, and lightweight characteristics[23]. Nanofiber protective 

clothing has been used in various applications such as air filtration, antibacterial protection, 

detoxification, UV protection, and self-cleaning. Also, Scaffolds, for example skin, collagen, bone, 

organs, dentin, cartilage, etc., have been designed using nanofibers to enhance, replace, or repair 

tissue properties[23,47]. Besides the conducting or semi-conducting materials, insulating polymers 

were also used to fabricate electrical sensors[48]. In this case, ions or conductive nano-fillers are 

added to the polymer for improving the conductivity. Porous nanofibers are preferred in the battery 

as a separator to allow free exchange of ions[48].  
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1. 6. Research Objectives 

 

The versatile electrospinning technique permits introduction of desired functionality in the 

nanofibers with various approaches. The mass production of nanofibers has become possible with 

advance spinning technologies. Therefore, continuous efforts are required in finding new 

applications, approaches, and methods to create functional nanofibers. This research work is all 

about exploring new ways to prepare functional nanofibers and finding an application for it. The 

research objectives of this thesis are to  

1. Prepare water absorbent poly(vinylpyrrolidone)/poly (vinylidene fluoride) blended 

nanofibers by redox crosslinking.  

2. Explore the application of the hydrophilic nanofibrous membrane in plant growth studies  

3. To study the thermo-optical behavior of Jeffamine M 2070 in blended nanofiber form.    

The second chapter of this dissertation will deal with the preparation of PVP/PVDF blended 

nanofibers fibers to make it hydrophilic. Hydrophilic PVP in the blended nanofibers was 

crosslinked post spinning to make it water stable. A redox system based on Potassium persulfate 

(K2S2O8) and sodium bisulfite (NaHSO3) was meticulously chosen as to keep the reaction 

condition mild and to protect the nanofibers membrane stiffening after crosslinking at high 

temperatures otherwise.  

The third chapter will provide the groundwork for using nanofibers in sensing the plant response 

to the iron deficiency. Plant compatible blended PVP/PVDF fibers will be sterilized with various 

methods before being tested for root growth studies. Further the ferrozine-iron chelator will be 

incorporated into the nanofibers and its ability to modulate the severity of iron deficiency stress 

will be studied. 
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Chapter four will study the preparation of a thermosensitive nanofibrous membrane based on 

Jeffamine / PVA blended nanofibers. Jeffamine is a polyether with different properties depending 

upon the composition of hydrophobic and hydrophilic segments in the structure. Monofunctional 

Jeffamine with an amino end group will be grafted onto PVA using glutaraldehyde as crosslinker 

and thermal response of the nanofiber membrane will be characterized with different techniques.  
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CHAPTER 2: REDOX CROSSLINKING OF 

POLY(VINYLPYRROLIDONE)/POLY (VINYLIDENE FLUORIDE) 

BLENDED NANOFIBERS FOR WATER ABSORBENCY  
 

Graphical Abstract 

 

  

2. 1. Introduction  

Conventional, porous film membranes for filtration comprise hydrophobic polymers like 

polysulfone (PSu), polyethersulfone (PES), poly- vinylidene fluoride (PVDF), polypropylene 

(PP), amongst others[59]. PVDF nanofibers are commonly used in membrane technology as a 

separator for oil/water emulsion[60] , waste-water treatment, western blot membranes for protein 

separation[61] and polymer electrolyte for fuel cells[62] due to its outstanding mechanical, 

chemical, thermal, and oxidation resistance properties[63]. PVDF is a hydrophobic polymer due 

to its low surface energy (25 dynes/cm)[63]. However, these polymers are likely to adsorb 

chemical foulants (such as oil droplets) and bioaccumulation of microbes over the time because of 

their hydrophobic nature. Fouling results in the decline of membrane performance, which is the 

notable loss of fluid flux and permeability throughout the lifetime of the membrane. To ensure the 

overall efficiency of membrane filtration, the goal is to maintain constant pressure drop or to advert 

significant increases in pressure drop as the result of fouling[64]. Many studies have shown 

improved membrane efficiency and antifouling properties after hydrophilic modification of PVDF 

nanofibers[40,65,66]. 
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The primary approaches for modifying the surface chemistry and hydrophilicity of PVDF film-

based membranes is through the grafting surface modification. For example, Chen et. al.,[61] 

modified PVDF membrane by two step grafting of polyacrylic acid (PAAc) and polyethylene 

glycol (PEG) on the surface of the membrane via surface-initiated grafting. The membranes were 

first treated with KOH solution to produce the activated carbon conjugated double bonds on the 

membranes[61]. The PAAc chains were grafted onto alkali treated PVDF membrane and this 

PVDF-g-PAAc membrane was further grafted by PEG through esterification reaction between the 

-COOH groups of the PAAc and the -OH groups of the PEG. These modified membranes showed 

a significant improvement in hydrophilicity and fouling resistance. Huang et al[67]. modified 

PVDF nanofiber thin film composite membrane for forward osmosis by interfacial polymerization 

of nylon 6,6. The modified membranes showed improved surface hydrophilicity and properties 

without greatly changing the nanofiber mat morphology and pore structure. Kamaz et.al[68]., 

employed two different approaches for hydrophilic modification of PVDF base membrane by UV 

initiated free radical grafting of hydrophilic Poly N-(3-sulfopropyl)-N-methacroyloxyethyl-N, N-

dimethylammonium betaine (SAMB, zwitterionic polymer) and 1-allyl-3-vinylimidazolium 

bromide (Allyl, ionic liquid). Additionally, Sodium Hydroxide (NaOH) and Potassium 

Permanganate (KMnO4) were used to hydrophilize the membrane surface through 

dehydrofluorination as fluoride in the PVDF backbone is replaced by hydroxide groups.  Many 

other investigators showed that incubating PVDF membranes in alkaline solution can lead to 

dehydrofluorination[68ï70]. However, these alkaline treatments tend to degrade the PVDF 

structure and decrease the strength of the membrane[71].  

Electrospinning provides an easy way to create nanofibers-based ultrafiltration membranes which 

can be tailored for its pores size, porosity, and surface chemistry for improved antifouling 
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properties. The process of electrospinning, nanofibers are obtained through the application of high 

voltage across a polymer solution.  The ability to control fiber size on the nanoscale, its surface 

chemistry and porosity is a benefit of using the electrospinning technique to achieve high surface 

area fiber. The surface chemistry of PVDF film-based membranes utilized the grafting approach 

to modify its surface chemistry. However, the high voltage afforded by electrospinning allows for 

surface modification by blending. High stretching of polymer jet results in nanoscale fibers with 

the large specific surface area (Sv) i.e., surface area per unit volume of the material. The surface 

area governs filtration properties. Mathematically, Surface area (Sv) for a cylinder shape fiber of 

length (l) and radius (r) is given by equation 1: 

  

                                Ὓὺ
 

 ------------------(1) 

 

Surface area is inversely proportional to the fiber diameter. This implies nanofiber diameter fibers 

can be better candidate for filtration than conventional microfiltration membranes. Nanofiber-base 

filtration membranes. Electrospun nanofibers not only exploits the small size in filtration, but the 

technique allows for simultaneous modification through blending whenever desired. In wastewater 

filtration the membranes need to be hydrophilic to be antifouling. For this purpose, hydrophilic 

polymer can be blended with a hydrophobic and can be electrospun into filtration membrane. Li 

et. al[51]. prepared PVDF/Poly(vinyl alcohol) (PVA)-blended nanofiber membranes which 

exhibited high hydrophilicity which is reþected by drop of water fully  spread within 1.44 s in 

blended membrane while pristine PVDF sample showed a steady contact angle of 118°. The 

modified PVDF-PVA membranes showed improved antifouling performance. Antifouling and 

hydrophilic PVDF nanofiber membranes is reported by Du et. al[40]. using PVP as the binder and 

TiO2 as the inorganic nano-filler, a membrane with improved water flux and antifouling properties 
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was obtained as indicated by high flux recovery rate of above 95% after repeated separation.  Wang 

et. al[39]., spun PVDF/PVP coreïshell nanofibers from homogeneous polymer blend with 

different PVP composition. They attributed this sheath-core structure to more electronegative 

Fluorine atom causing PVDF to migrate on the surface. However, both PVP and PVDF have 

electronegative oxygen and fluorine atoms in their structure and PVP should be equally prone to 

concentrate on the surface. Author reported decrease in the water contact angle from 138° for neat 

PVDF nanofibers to 73° for PVDF/PVP blended fibers in 1:3 proportion.  

However, for an application like wastewater filtration, the hydrophilic polymer needs to be water 

stable to provide antifouling properties over the period. To make them water stable it is imperative 

to crosslink it in place. Various approaches have been reported for stabilizing PVP like 

chemical[72],radiation crosslinking[73] , photo-crosslinking[74] using UV-sensitive 

benzophenone molecule or grafting PVP.  Gamma radiation crosslinking however can damage the 

nanofibers and are not a good choice to use when dealing with nanofibers. PVP generally can be 

chemically crosslinked with many common initiators like persulfates[75] or azobisisobutyronitrile 

(AIBN)[76].  

Cheng and Hong used PVP as a pore forming agent in PVDF membrane prepared by solution 

casting[24]. Xu et al.[25] prepared the hydrophilic PVDF-PVP ultrafiltration membrane by using 

KMnO4 and KOH as an oxidant and strong base to facilitate the hydrogen fluoride elimination 

from PVDF structure, and subsequently coated the membrane with PVP aqueous solution.  Bi et 

al.[26], immobilized PVP firmly on the outer surface and cross-section of PVDF hollow fiber 

microporous membranes (PVDF-cl-PVP) via the cross-linking reaction with potassium persulfate, 

(K2S2O8) as the cross-linking agent. The microporous PVDF membranes were immersed in the 

aqueous solution containing (K2S2O8) (0.4 wt %) and PVP with varying ratios at 90°C. The PVDF-
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cl-PVP membrane became highly hydrophilic, and the water contact angle value approached zero 

degree after 45 s. The stability of the modified and nascent PVDF membrane was evaluated from 

PVP leaching weight percentage. The PVDF-cl-PVP membrane with 5 wt % of PVP content and 

6 hours of cross-linking time exhibited a good stability due to the small amount of PVP leached 

from the membrane. 

In this work, different surface properties and molecular weights of PVP and PVDF are 

hypothesized to help PVP migrate to the nanofiber surface to produce hydrophilic PVP/PVDF 

nanofiber membrane. The membranes thus produced are crosslinked using redox initiators to 

ensure moderate reaction temperature. Crosslinking solution bath was designed to crosslink PVP 

without leaching out the nanofibers. Acidic reaction conditions were chosen to avoid 

dehydrofluorination of PVDF. 

2. 2. Materials and Methods 

 

2.2. 1. Materials 

 

Polyvinylidene fluoride (PVDF), (530 kDa) and PVP (-polyvinyl pyrrolidone), (40 kDa) were 

procured from Sigma-Aldrich. Dimethyl Formamide (DMF), acetone, Potassium persulfate 

(K2S2O8) and sodium bisulfite (NaHSO3) were used as-received from Sigma-Aldrich. Triton x-

100 was procured from Sigma-Aldrich. 

 

 



25 
 

2.2. 2. Methods 

 

2.2.2. 1. Spinning Dope Preparation 

 

Neat PVDF samples were spun with 12g/dL concentration by dissolving required amount of binary 

solvent system based on DMF-Acetone taken in the ratio 2:1 (v/v). Blended nanofibers were 

electrospun from homogeneous spinning dopes of PVP/PVDF. Each polymer was dissolved 

separately in DMF/acetone before being combined. 1.2 gm PVDF was dissolved in 7 ml of DMF-

acetone (2:1 v/v) solvent.  Separate PVP dope was prepared dissolving 0.6 gm PVP in 3 mL of 

same solvent system under constant stirring for 30 min at 50 °C. After an optically clear solution 

was obtained, the dissolved PVDF and PVP solutions were combined to make 10 mL polymer 

solution with 1:2 weight ratio of PVP/PVD. Then, a 1:4 PVP/PVDF spinning dope was prepared 

likewise.  

2.2.2. 2. Electrospinning PVDF/PVP Nanofibers 

 

Nanofibers spun from the 1:4 and 1:2 spinning dopes of PVP/PVDF were named 25PVP and 

50PVP, respectively. The sample suffixed by a ó25Xô or ó50Xô denoted crosslinked sample 

whereas the number in the suffix indicates % initiator concentration over PVP weight, for example 

in 25PVP25X, 25X is the initiator percentage. The PVDF fibers without PVP are spun from 12g/dL 

dope referred as Neat PVDF. Electrospinning parameters include the use of 25 kV positive voltage 

bias, horizontal tip to collector distance of 9 cm, and feed rate of 5 mL/h using an 18-gauge needle. 

Nanofibers were collected onto a rotating drum collector that was layered with aluminum foil and 

a top layer of nylon mesh. The surface speed of collector was at ~ 4m/min. Spinning was carried 

out at room temperature and 65ï75% relative humidity.  
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2.2.2. 3. Cross-linking Nanofibers 

 

PVP/PVDF nanofibers were immersed in 10 mL initiator solution consisting of K2S2O8, (KPS) 

and NaHSO3, (SBS) and acetone for PVP crosslinking. The weight ratio of K2S2O8, (KPS) to 

NaHSO3, (SBS) was 3:1. The redox initiators were added at 25 and 50 weight percent (wt%) of 

PVP in the nanofibers (e.g., PVP25X or PVP50X). The redox initiators KPS and SBS in the ratio 

3:1 was dissolved in 3.3 ml of deionized water in the under stirring at room temperature. The 

aqueous KPS/SBS (in 3.33 mL water) were diluted with 6.33 ml of acetone. Acetone was used as 

a coagulant for the PVP. Nanofiber samples that were 4 Ĭ 4 cm2 in size were immersed in 10 mL 

crosslinking solutions for 15 min each. The damp samples were heat treated in an air oven for 30 

min at 70 °C to complete the process of crosslinking.   

2.2.2. 4. Infrared Analysis  

 

The PVP/PVDF nanofibers were characterized using the NICOLET iS50 ATR-FTIR 

spectrophotometer equipped with an attenuated total reflection Fourier Transform Infrared 

analyzer. Spectra were recorded using 128 scans and 4 cmī1 spectral resolution. IR spectra in the 

400 - 3500 cmī1 range were normalized to the 1174 cm-1 CïC peak in PVDF. 

2.2.2. 5. Moisture Swelling of Nanofiber Membrane 

 

The swelling behavior of PVP/PVDF nanofibers in water were measured.  Nanofiber samples that 

were 4 Ĭ 4 cm2 in size were immersed in 10 mL swelling solution. The weight variation among the 

dried samples was within a tolerance limit of 5 mg. Both the dry and wet weights of these fibers 

were measured after 15 mins of soaking in DI. Swollen samples after equilibrium swelling were 

pat dried with a paper towel to remove surface water and re weighed to get swollen weight. 

Swelling degree % is then calculated using the below formula. 
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Where; ὡ = dry weight of the nanofiber sample, ὡ= Swollen weight of the sample after 

absorption. 

2.2.2. 6. Nanofiber Characterization 

 

Nanofibers were imaged by field-emission scanning electron microscopy (FE-SEM; FEI, Verios 

460L). The average diameter values of the nanofibers were calculated using ImageJ software and 

are based on the measurements of at least 75 nanofibers from SEM micrographs. X-ray 

photoelectron spectroscopy (SPECS system with PHOIBOS150 Analyzer) was used to analyze the 

surface chemistry of electrospun nanofibers.   

2.2.2. 7. Biofouling Testing  

 

A flow cell containing three parallel plate flow chambers of 7.7 cm3 (24mm x 40mm x 8mm) with 

air bubble traps, supply bottle and a damping bottle connected with a pump was used for 

continuous flow study. Suspensions of E. Coli bacteria were made to flow through a closed circuit, 

first passing through the flow chambers and then was recirculated into the supply bottle using a 

pump via a damping bottle.  Pump speed can be adjusted to adjust shear rate and flow volume. 

Flow volume was set at 0.11 cm3s-1 (~ wall shear rate of 50 s-1). The deposition phase was 

continued for 4 h. PBS buffer was used as a control and cells were suspended in PBS by vortex-

mixing to a final density of 3 × 109 cells / mL.  A control with no bacteria was first passed through 

the flow cell for purging air from the system. The number of adhering microorganisms were 

counted from each image using a phase contrast microscope and an ImageJ  software. 
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2. 3. Results and Discussion 

 

2.3.1. Surface Chemistry Distribution Mapping by ToF-SIMS in PVP/PVDF 

Nanofibers  

Time of Flight ï Secondary Ion Mass Spectrometry (ToF-SIMS) provides highly specific chemical 

information with (~1ï2 nm) depth of resolution. Blended PVP/PVDF nanofiber were studied using 

ToF-SIMS to see the effect of varying PVP composition in the blend. Three variations of PVP 

composition (25, 67 and 100) wt% over the PVDF weight were analyzed. The Positive ion 

mapping images (Figure 2.1) shows the distribution of ions representative of PVDF and PVP 

molecules.  Both PVP (green) and PVDF (red) have appeared on the blended nanofiber surface. 

The difference in the PVP deposition was not significant when PVP concentration was increased 

from 25 w/w % (Figure 2.1 a) to 67 w/w % (Figure 2.1 b). However, the PVP amount was greatly 

increased when the PVP concentration went 100 w/w % (Figure 2.1 c). From the overlay images 

it can be noticed that PVP deposition increases when used in equal amount with PVDF. The 

positive ion intensity ratio of PVDF/PVP was also calculated (Table 2.1). It can be concluded that 

the ratio decreases with increase in the PVP concentration indicating more PVP appearing on the 

surface. This decrease of PVDF/PVP ion intensity is more when going from 67 w/w% PVP 

concentration to 100 w/w%.  But at this high concentration of PVP over PVDF the viscosity of the 

polymer solution increases tremendously posing troubles in electrospinning. Therefore, only lower 

PVP concentrations i.e., 25PVP and 50PVP were chosen for further studies maintaining PVDF 
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concentration constant  

 

Figure 2. 1: Positive ion ToF-SIMS images of (a) 25PVP (b) 67PVP (C) 100PVP non-crosslinked 

nanofibers, the left image indicates the chemical map of C2H2F2+ ion from PVDF whereas the 

middle indicates C6H10NO+ion from PVP. The right image shows the overlay of both. 

Table 2. 1: Positive ion intensity ratio of PVDF/PVP nanofibers 

Relative ion intensity ratio 25PVP 67PVP 100PVP 

C2H2F2
+/ C6H10NO+ 3.75 3.37 1.63 

(C2H2F2
+) + (C3H3F2

+) /C4H8NO+ + 

C6H10NO+  

5.18 4.56 2.53 
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2.3.2. Effect of Blending and Crosslinking PVP on PVP/PVDF Nanofiber 

Morphology 

 

Figure 2. 2: SEM images a) Neat PVDF, b) 25PVP, c) 25PVP25X, d) 25 PVP50X, e) 50PVP, f) 

50PVP25X and (g) 50PVP50X 

Neat PVDF and PVP/PVDF nanofibers with varying PVP compositions (25PVP & 50PVP) were 

spun into nanofibers. Neat PVDF (Fig. 2.2 a) yielded a smooth and thinner nanofiber with average 

diameter of 163 nm. PVP blending resulted in the increased fiber diameter averaging about 605nm 

for 25PVP sample and 878 nm for 50PVP specimen (Figure 2.2 b & e). Increased diameter after 

blending and with increased PVP concentration is attributed to the increased viscosity of the 

polymer solution. Rough surface in PVP blended nanofibers shows the deposition of PVP on the 

PVDF surface. Figure 2.2 (c), (d), (f) and (g) shows the effect of crosslinking the PVP/ PVDF 
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nanofibers at 25 and 50% initiator concentrations. Ridge-valley kind of topography is resulted 

probably due to phase separation occurring between PVP and PVDF as acetone evaporates during 

flight to the collector.  

2.3.3. Effect of PVP Crosslinking on Chemical Structure.   

ATRïFTIR spectroscopy was used to understand the mechanism of nanofiber crosslinking. 

Comparative FTIR spectrum of various samples are shown in figure 2.4. The spectra show  

characteristics IR peaks for PVP for carbonyl (C=O) stretching at 1647[49]cmī1. Additional peaks 

for PVP were found at 1421, 1289 and 572 cmī1 which are attributed to C-H2 bending, C-N 

stretching and N-C=O bending[50]. Neat PVDF nanofiber membrane shows characteristic peaks 

for C-F stretching and C-F2 bending at 839 cmī1  and 509 cmī1  respectively[51]. In addition to 

this PVDF polymorphic nature appeared at 1071cm-1 and presence of beta crystals was observed  
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Figure 2. 3: Fourier-transform infrared (FTIR) spectra of a) Neat PVDF b) Neat PVP powder c) 

25PVP d) 25PVP25X e) 25PVP50X 

at 1276 cmī1  . Crosslinked nanofiber samples showed marked decrease for carbonyl (C=O) peak, 

and it shifted by 17 cmī1   towards higher wavenumber 1664 cmī1.Similar change was observed 

in the. carbonyl (C=O) peak intensity on crosslinking PVP by persulfate in[52]. 

2.3.4. Crosslinked Nanofiber Surface Elemental Analysis  

XPS was used to study the surface chemistry of nanofibers. XPS C 1s peak for neat PVDF and 

crosslinked PVP/PVDF nanofibers is shown in Figure 2.4. XPS C 1s peak deconvoluted consists 

of C-C (285 eV), C-CF (286.6 eV), C-F (289.1 eV) and C-F2 (291.1 eV)[53] for the neat PVDF 

sample. New peak N-C=O (288.3) has appeared in the crosslinked PVP/PVDF nanofibers. Since 

the concentration of PVP in the 50PVP sample is two times to that in 25PVP sample the 
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concentration of N-C=O detected in 50 wt% PVP (Figure 2. 4 (c) is also almost doubled. The 

stoichiometric ratio of CH2/ CF2 groups in PVDF structure is 1. This is clearly reflected after 

deconvoluting C 1s peak in the neat PVDF shown in Figure 2.4 (a).  It should be noted that the C- 

 

Figure 2. 4: XPS C 1s peak deconvoluted (a) Neat PVDF, (b) 25PVP25X, (C) 50PVP25X 

 

H2 binding energy (286.2 eV)[54] overlaps with the C-CF (286.6 eV). The C-CF/ C-F2 ratio for 

neat PVDF found to be 1.1, which increased to 1.34 and 1.92 in 25PVP & 50PVP nanofibers after 

crosslinking. It means that C-F2 decreased relatively to C-CF after crosslinking. Also, negligible 

traces of C-F3 (293.9 eV) have been detected in the crosslinked samples which might be attributed 

to the defluorination of the F atom from PVDF due to the action of radicals[55].  The percentage 

compositions of different states of C atom are determined based on area under the convoluted C 

1s peak is tabulated in Table 2.2.  
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Table 2. 2: Percentage composition of different states of C atom 

Characteristic Peaks Binding Energy                      Relative Composition (%) 

 (eV) Neat PVDF 25PVP25X 50PVP25X 

C-C 285.0 15 11 13 

C-H2, C-CF 286.6 43 47 50 

N-C=O 288.3 0 5 9 

C-F 289.1 3 3 1 

C-F2 291.1 39 35 26 

C-F3 293.9 0 0.2 0.2 

 

2.3.5. Effect of Crosslinking PVP on the Molecular Structure of Nanofibers  

The exact mechanism of crosslinking PVP by persulfates is not known but most probably it takes 

place by a hydrogen abstraction from ring or vinyl carbon of the PVP by the SO4
- or OH radicals 

( R. )[56]. The macroradicals thus formed are crosslinked subsequently. In addition to 

intermolecular crosslink formation, chain scission and some other competing reactions may occur, 

such as oxidative degradation of polymer in the presence of oxygen, ring opening[56,57] of the 

pyrrolidone ring to form amino acid units in the presence of strong alkali or acids and, the 

deactivation of macroradicals by reaction with sulfate ion radicals[57,58]. The FTIR analysis 

indicates strong decrease in the carbonyl (C=O) stretching intensity. XPS C 1s peak analysis shows 
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presence of N-C=O in the blended nanofibers in proportion to the PVP composition. Ring opening 

of the pyrrolidone ring has been reported at high or low pH[56,57].   

 

Figure 2. 5: Possible PVP crosslinking reaction under the action of radicals. 

Since the reaction is carried out at pH3, the possibility of crosslinking by ring opening can be 

denied or at least cannot be the major scheme of reaction. XPS doesnôt show any evidence for the 

hydration by OH radical neither do FTIR. Most likely the PVP chains are undergoing intra or 

intermolecular crosslinking as shown in Figure 2.5. The possibility of PVP getting attached to the 

PVDF chain cannot be overruled since C-CF/CF2 ratio in the crosslinked samples have increased. 

This suggest that little defluorination could be possible due the action of sulfate radicals at 70°C. 

Bi et. al[52]. in their PVDF hollow fiber microporous membrane modification work claimed to 

crosslink PVP to PVDF using KPS crosslinker. However, in this work crosslinking was carried 

out 90° C for at least 2 h. The author has not explained the exact mechanism of PVP crosslinking 

to PVDF.   
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2.3.6. Crosslinking Improved Hydrophilicity  

Water contact angle (CA) of the nanofiber membranes was measured to access the wettability. 

Neat PVDF membrane recorded an average of 139 ° CA. The improved wettability after blending 

is evident from the reduced CA. Nanofiber membrane with 50 wt% PVP is appears more 

hydrophilic due to more PVP deposition on the surface. The CA values for 25PVP and 50PVP 

found to be 131° and111° respectively. The initiator concentration did not have definite effect on 

the wettability as CA decrease after crosslinking in case of 25PVP but increased in case of 

50PVP50X sample. The average contact angle values for all the nanofiber membranes are 

tabulated in Table 2.3.  

 

Figure 2. 6: Water contact angle images of PVDF and blended nanofibers; (a) Neat PVDF(b) 25 

PVP (c) 25PVP25X (d) 25PVP50X (e) 50PVP (f) 50PVP25X (g) 50PVP50X 
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Table 2. 3: Water contact angle measurement of nanofibers 

Sample Name Contact Angle 

(Degrees °) 

Neat PVDF 139±3 

25PVP 131±2 

50PVP 111±6 

25PVP25X 120±3 

25PVP50X 121±2 

50PVP25X 125±2 

50PVP50X 111±9 

 

2.3.7. Swelling Behavior of Crosslinked PVDF/PVP Nanofibers.       

Swelling degree % is the measure of degree of absorptivity of the polymer hydrogels, which is a 

function of the polymer hydrophilicity and hydrogel morphology. To study if crosslinking has 

helped improve the moisture absorptivity of the PVP/PVDF nanofibers swelling studies were 

conducted. We found that the nanofiber sample with 25 wt% PVP is more absorptive than another 

with 50 wt% PVP concentration (Figure 2.8).  Swelling degree (%) of 25PVP sample is 110 % 

whereas that of 50PVP is 101%. This looks non-conforming with the contact angle analysis where 

the 50PVP sample with a measured CA of 111° proved to be more wettable than 25 PVP with a 

CA value of 131°. This difference could be explained since CA measurement is a surface 

phenomenon, but swelling is a bulk phenomenon. As discussed earlier smaller diameter 25 PVP 
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membrane sample has more porosity than 50PVP sample. This provides more voids to 25PVP to 

accommodate water molecules. Crosslinked sample exhibited higher degree of swelling than 

uncross linked samples. This is because the PVP stabilizes into gel after crosslinking and such gels 

have increased capacity to imbibe water. Irrespective of PVP composition the swelling degree seen 

to be decreased by a few percent with increasing initiator concentration. This might be the result 

of increased crosslinking density increase in polymer/ initiator ratio. Dense crosslinking produces 

a tight network of pores in the crosslinked membrane and offering limited scope for water molecule 

penetration.  

 

Figure 2. 7: Effect of PVP composition and initiator concentration on swelling degree % 

2.3.8. Biofouling Testing Analysis  

Biofouling test was conducted to see if hydrophilic modification of PVDF nanofibers achieved 

through PVP blending and crosslinking is effective in offering antifouling behavior.  The E. Coli 

bacterial adhesion was found to be reduced on the PVP/PVDF nanofibers. The number of E. Coli  

adhering to the nanofiber surface after 4 hours of deposition in flow cell is shown in Figure 2.8.  
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Hydrophobic neat PVDF nanofibers are more prone to the fouling as evident from a greater number 

of E. Coli counted on its surface. All other PVP blended samples irrespective of crosslinking 

showed reduced adhesion. This suggests that the hydrophilic modification of PVDF nanofibers 

achieved in this study is effective in minimizing the E. Coli adhesion thus reducing fouling of the 

PVDF nanofiber membrane. PVDF nanofiber membranes with antifouling properties can 

potentially be used in filtration application.  

 

 

Figure 2. 8: Graph showing number of E. Coli bacteria adhering to the PVP/PVDF blended and 

crosslinked nanofibers against neat PVDF nanofibers. Neat PVDF nanofibers being hydrophobic 

favored E. Coli adhesion on the surface while all the PVP blended PVDF nanofibers showed 

reduced E. Coli adhesion irrespective of crosslinking. Sample suffixed by 25X are crosslinked 

with 25 wt% initiator over PVP weight. 
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2. 4. Conclusion 
 

A viable approach for preparing hydrophilic PVDF nanofiber membrane is demonstrated. Blended 

PVP/PVDF nanofibers were successfully spun to improve the wettability of PVDF nanofiber 

membranes. Nanofiber diameter was increased after PVP blending. The membrane thus prepared 

was stabilized by crosslinking PVP by redox pair of initiators without damaging PVDF structure. 

Most probably PVP undergoes inter molecular crosslinking under the reaction conditions studied 

along with crosslinking with PVDF. The modified membranes showed reduced water contact angle 

than the neat PVDF nanofibers.  PVP composition in the blend affects the fiber diameter and 

porosity of the resulting nanofiber membrane. All the membranes are found to be 70 % or more 

porous. Nanofiber membrane with less PVP (25PVP) is more absorptive than with more PVP 

(50PVP) concentration because of more porosity. On contrary, 50PVP sample has better 

wettability than 25 PVP owing to more PVP deposition on the surface as evidenced by CA 

measurement. Crosslinking increased the swelling degree of the nanofiber membranes confirming 

stabilization of PVP into gel. The modified PVP/PVDF membrane can be a potential candidate for 

filtration application as hydrophilic membrane have proved to prevent fouling and improve 

membrane permeability. 
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CHAPTER 3: DESIGNING PLANT COMPATIBLE POLY(VINYL 

PYRROLIDONE)/ POLY(VINYLIDENE FLUORIDE) NANOFIBERS 

FOR PLANT GERMINATION & GROWTH STUDIES   

 
Abstract 

The electrospinning technique that allows for the versatile fabrication of functionalized nanofibers      

for a wide range of applications. Plant science is a more recent for applying nanofiber research.   

In this study, Arabidopsis thaliana (A. thaliana) compatible nanofibers  were electrospun from  

poly(vinyl pyrrolidone) (PVP)/poly(vinylidene fluoride) (PVDF) blended polymers. The chemical 

crosslinking of PVP/PVDF nanofibers improved their stability by preventing the dissolution of 

PVP- amid the moist conditions in which A. thaliana was grown. Three methods for  sterilizing 

nanofibers were evaluated for their compatibility with plants; namely, bleaching, autoclaving and 

atmospheric plasma. The bleaching sterlization was found to inhibit plant growth, which was due 

to traces chlorine ions (Cl-) on the surface of nanofibers characterized by time of flight ï secondary 

ion mass spectrometry (ToF-SIMS). Furthermore, studies on the germination and growth of A. 

thaliana on PVP/PVDF nanofibers, both in vitro and in soil, had not shown any signs of detriment 

to plant development when comparison to nylon mesh, which served as the control. Lastly, the 

designed PVP/PVDF nanofibers were functionalized with iron chelating ferrozine, to study A. 

thaliana growth in response to iron sufficient and limiting conditions. Luciferase assays (that 

follow the dynamic expression of iron responsive PYE and BTS in plants) had results indicative of 

iron deficiency when growth occurred on PVP/PVDF nanofibers functionalized with ferrozine.  
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3. 1. Introduction  

Electrospinning technology has accelerated the development of nanofiber-based products, having 

tailored material compositions, dimensions, and morphologies, to fit various applications, such as 

tissue engineering, drug delivery, protein purification and wastewater treatment[2]. Not only does 

electrospinning produce nano-sized fibers, but it also allows for the fabrication of fiber assemblies 

like nonwoven fiber mesh, aligned fiber mesh, patterned fiber mesh, random three-dimensional 

structures and sub-micron spring and convoluted nanofibers to enhance function[1]. The 

enhancement of function is of particular importance for biological applications, as it pertains to 

scaffolding. For example, nanofibers can mechanically support, sustain, or stimulate the 

proliferation, differentiation, and motility of viable cells. The delivery of growth factors, 

pharmacological treatments, and genes from the designed nanofibers can stimulate the 

regeneration of tissue while mimicking extracellular matrices[2]. Similarly, researchers are 

branching nanofiber research into the biology  of plant science, especially since, electrospinning 

has allowed for the functionalization of nanofibers with fertilizers or nutrients[59ï61]. 

Modified nylon nanofibers with layer-by-layer films of conductive polypyrrole (PPy) and poly(o-

ethoxyaniline) (POEA) that assembled onto graphite interdigitated polyethylene terephthalate 

substrates layers of the conductive polymer PPy and POEA served as an ñelectronic tongueò to 

detect nanomolar concentrations of paraoxon (an organophosphate and metabolite of the 

insecticide called parathion) on washed corn post-harvesting[9]. A mixture of activated carbon 

microfiber (ACF) and Cu-CNFs (copper nanoparticle-carbon nanofibers) was evaluated as an 

adsorbent for Cr(VI) heavy metals in soil and as a nutrient carrier to Cicer arietinum (e.g., 

chickpea) plants, respectively[10]. CNFs grown over the ACF substrate, are used as an efficient 

carrier of the copper (Cu) micronutrient from soil to root, shoot and leaf of plants. Plant using ACF 
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and Cu-CNFs mixture dose of 500 mg/ kg of soil showed increased root, shoot length, leaf cover 

along with chlorophyll and protein content than the control- treated plants even at the highest Cr-

stressed soil. This highlights the potential use of nanofibers as stress sensors or delivery systems 

since they have an extremely high surface area, are relatively inexpensive and allows for the 

incorporation of functionality. 

An example of nanofiber research at the intersection of plant science involved the encapsulation 

of canola (Brassica napus L.) seed with electrospun mats containing beneficial bacteria and 

fungi[61]. This method of delivering beneficial microbes bolstered the population of 

microorganisms, while improving mycelial networks throughout the agricultural plot[61]. 

Krishnamoorthy et al. reported a recent series of papers on the use of electrospun nanofibers as a 

seed coating[60,62,63]. They coated cowpea seeds with polyvinylpyrrolidone (PVP) loaded with 

urea (to serve as fertilizer) and cobalt nanoparticles (to serve as micronutrients) by the method of 

electrospinning[4]. The coated seed showed an increased imbibition rate which could help handle 

drought stress by providing necessary nutrients for germination and stand establishment[62]. 

Krishnamoorthy et.al.[60] used Poly- vinylpyrrolidone (PVP) - poly (diethoxy) phosphazene 

(PPZ) blended nanofibers to coat Cowpea (Vigna unguiculata) seeds for delivering nutrients. PPZ 

allow retention of PVP in wet soil during the complete life span of the plant. The contact angle 

hydrophobic character of the blend increased with increase in amount of polyphosphazene in 

PVP/PPZ blend. The hydrophilic nature of poly(vinyl alcohol) (PVA) and PVP nanofibers proved 

to be a major drawback of this approach because soil moisture was observed to dissolve the 

nanofibers. Conductivity measurements revealed the immediate release of active agents as the 

result of nanofiber dissolution[4]. 
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 In another study, Barbara et al.[7] studied the localized delivery of active agents by coating seeds 

with hydrophobic cellulose diacetate (CDA) nanofibers, which prevented nanofiber dissolution 

among moist soil environments but permitted the release of agents as CDA degraded in soil. The 

electrospun CDA coating maintained the viability of both the seed and microbial species without 

hindering plant growth[7]. PEO nanofibers sheets were used as a delivery system for Arbuscular 

mycorrhizal fungi (AMF), by adding the powdered inoculants to the surface of the fiber sheet. 

AFM are beneficial symbiotes for plants[64]. Mycorrhizal colonization rate and plant growth 

parameters showed that PEO fiber inoculated with AMF are beneficial to the plants[64].  

In addition to improving microbial associations such as mycelial networks in the agriculture 

plot[61], nanofibers were used to  mitigate the leaching of pesticides into the environment[65], 

and detect pesticides[66], and serve as a method of pesticide decontamination[63].For example, 

Farias et.al. studied the localized the delivery of pesticides using model óactive ingredientsô (AI) 

of abamectin and fluopyram within Soy seeds coated with electrospun cellulose diacetate 

(CDA)[65]. Studies on AI release had shown the slow and sustained release of both abamectin and 

fluopyram from CDA nanofibers. Abamectin exhibited slower release than fluopyram, which 

ascribed to its more hydrophobic nature and possibly stronger interaction with CDA[65].  

      Despite the use of electrospun nanofibers in field applications before this study nanofibers were 

not functionalized to act as detrimental stressors to plant growth. Nevertheless, such studies could 

aid an understanding of how plants growth occurs under stressful conditions; especially  since 

extreme environmental conditions at increased intensity and frequency are affecting global 

agriculture by severely reducing crop yield and jeopardizing global food security.[Ref] Breeding 

efforts as well as molecular transgenic approaches have contributed tremendously to increasing 

crop yield, enhancing nutritional crop values, developing biotic stress resistant crops, and 
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increasing crop resilience to abiotic stress. One of such stresses that affects plant growth and yield 

is iron deficiency which regulates metabolic processes in the plants[1]. The yield or trait of interest 

of genetically altered plants or plants generated through a breeding program will be tested under 

field conditions, the results of which will determine the technological importance of modifying a 

specific gene or signaling pathway. The challenge of laboratory research is to bridge the gap 

between the field and the basic research in Arabidopsis and other model plant species. Minimizing 

this knowledge gap is crucial for accelerating the development of high yield crops with beneficial 

traits under environmental challenging conditions. 

Under laboratory conditions, plants are grown most often in sterile growth medias, such as 

Murashige and Skoog (MS) to facilitate the manipulation of nutrients conditions and root imaging. 

This media contains a defined concentration of specific nutrients, is pH balanced by addition of 2-

(N-morpholino)ethane sulfonic acid (MES) buffer and can often contain sucrose. Using MS media 

to grow plants poses challenges as this media is very prone to fungal and bacterial contamination, 

even in absence of plant material. The growth of organisms such as Candida and Rhodotorula 

yeasts in the growth media can create an extremely unfavorable environment for plant growth. 

They reduce the medium pH to below 3 by metabolizing much of the carbohydrate in the medium 

and by producing phytotoxic fermentation products such as ethanol and acetic acid [11]. This 

makes the sterilization of the seeds and growth media necessary.  

Poly(vinylidene fluoride) (PVDF) were considered for nanofiber fabrication as an alternative to 

CDA, which is hydrophobic and biodegradable. PVDF is commonly used in liquid filtration or 

separations due to its outstanding mechanical properties and resistance to chemical, heat, and 

oxidation[12]. PVDF nanofibers are often functionalized to suit a particular application. For 

example, Li et. al.[14] prepared PVA/PVDF-blended nanofibers to exhibited hydrophilicity and 
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moisture wetting. According to  water contact angle (WCA) measurements, the water drop wetted 

the PVA/PVDF surface within 1.44 s- fully showing a WCA of 0° on the PVA blended nanofiber     

s. A WCA of 118° was measured for the neat PVDF nanofibers, which is indicative of 

hydrophobicity. The PVA modified PVDF nanofibers also showed improved resistance to fouling. 

Wang et al[15]., spun PVP/PVDF sheath/core nanofibers from homogeneous blends of polymer at 

different compositions of PVP. The authors reported decreases in WCA from 138° for neat PVDF 

nanofibers to 73° for 3:1 PVP/PVDF blended fibers.  

However, PVDF nanofibers have not been reported in the plant growth studies probably due to 

their hydrophobic nature. Hydrophilic polymers like PVP, PVA, and PEO fibers have been used 

in plant growth studies, but they have their own drawbacks of dissolution. This calls for a blended 

nanofiber system chosen to fulfill more than one function among plant studies. Lab research would 

benefit from a nanofiber system if the designed nanofibers could simulate stress conditions in a 

manner more like that of field conditions and allow for the study of combinatorial stresses.  

The plant growth of Arabidopsis thaliana on blends of PVP/PVDF nanofibers were studied under 

favorable and stressed conditions, specifically iron deficiency. Within the blend, PVP offers 

biocompatibility with plant roots and hydrophilicity to supply moisture to plants, which is needed 

for plant growth. PVP/PVDF blended nanofibers underwent treatment to crosslink moisture 

sensitive PVP. Crosslinked gels of PVP are known to be insoluble and have high degrees of 

moisture absorption[2,3] Bi et al[16]., immobilized PVP onto microporous membranes of                    

PVDF using potassium persulfate, (K2S2O8) as the free radical initiator, to yield PVDF-cl-PVP. 

The PVDF-cl-PVP membrane was highly hydrophilic, such that WCA values were nearly 0° after 

45 s. To the authorsô knowledge, the crosslinking of nanofibers containing blends of PVP and 

PVDF has not been attempted before this study. 
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Germination and growth studies for A. thaliana were performed in vitro, in soil, and with the 

combination of our designed nanofibers. To accomplish these studies, suitable techniques for the 

sterilization of nanofibers were explored, which is crucial to remove fungi and other microbes that      

would interfere with normal plant germination and growth. In addition to autoclaving, which is a 

traditional method of sterilization, we have explored atmospheric plasma and bleaching 

sterilization on the blended PVP/PVDF nanofibers. We found that plasma and autoclaving  are 

most compatible with our designed nanofiber. Lastly, we successfully functionalized the blended 

nanofibers with an iron chelator, ferrozine, to stress plant growth by inducing iron deficiencies. 

Herein, the expression of iron responsive BTS and PYE, in A. thaliana  grown on nanofibers 

functionalized with ferrozine, was measured according to the Luciferase assay. BTS and PYE are 

negative and positive regulators of the iron deficiency response. 

 

3. 2. Materials and Methods  

3.2.1. Materials  

PVDF, having a molecular weight of 530 kDa, and PVP, having a molecular weight of 40 kDa, 

were procured from Sigma-Aldrich. Dimethylformamide (DMF), acetone, potassium persulfate 

(K2S2O8) and sodium bisulfite (NaHSO3) were used as received from Sigma-Aldrich. Triton x-

100 was procured from Sigma-Aldrich. Ferrozine (514.4 g/mol), Gold Bio Potassium Luciferin 

(MW 318.42 g/mol)., Murashige and Skoog medium (MS solution) was procured from Caisson 

Labs. Metromix 360 soil (that was provided by the NC State University phytotron) with the 

addition of Marathon and Osmocote. 
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3.2.2. Methods 

3.2.2.1. Spinning Dope Preparation  

Nanofibrous samples were electrospun from spinning dopes of PVDF and its polymer blends. 

Homogeneous spinning dopes were obtained by dissolving polymer in a binary solvent system of 

2/1 (v/v) DMF/acetone. The neat PVDF was electrospun from an unblended solution. Nanofibers 

from blends of polymer at 1/4, 1/2, 2/3 and 1/1 ratios of PVP/PVDF were termed PVP/PVDF (1/4), 

PVP/PVDF (1/2), PVP/PVDF(2/3) and PVP/PVDF (1/1) respectively. Each solution of polymer 

(whether with or without blending) were dissolved at 12 g of polymer in 10 mL of 2/1 v/v 

DMF/acetone.  

To prepare blends, each polymer was dissolved separately in DMF/acetone for 30 min under 

constant stirring at 50 °C. Once dissolved solutions of each polymer were optically clear, the 

solution of PVDF was combined with the solution of PVP to make 1/2, 1/4, and 2/3 blends of 

PVP/PVDF in the spinning dope. For instance, a 1/2 weight ratio of PVP/PVDF was prepared from 

0.6 g PVP in 3 mL of DMF/acetone, and 1.2 g PVDF in 7 mL of DMF-acetone. 

3.2.2.2. Electrospinning PVP/PVDF Nanofibers 

Nanofibers of 1/4, 1/2, and 2/3 PVP/PVDF were electrospun through a single nozzle. For iron 

chelation functionalization, Ferrozine (3000 ɛM) was dissolved in the PVP/PVDF solution 

mixture to get ferrozine functionalized nanofibers. Stookey[19] has reported Ferrozine as a 

spectrophotometric reagent for the iron. It can react with divalent iron (Fe++) to form stable 

complex species which are very soluble in water and can be used for direct determination of iron 

in water[19].  Electrospinning parameters include a positive voltage bias of 25 kV, horizontal tip 
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to collector distance of 9 cm, and feed rate of 5 mL/h through an 18-gauge (1270 ɛm) stainless 

steel needle. Nanofibers were collected onto a rotating drum collector that was layered with 

aluminum foil and nylon mesh as the top layer. The surface speed of collector was ~ 4 m/min. 

Spinning was carried out at room temperature and 65ï75% relative humidity.  

 

Figure 3. 1: Electrospinning set-up  and the rotary collector with nylon mesh. 

3.2.2.3. Crosslinking PVP Blended Nanofibers 

The redox reagents (K2S2O8, KPS, and NaHSO3, SBS) were used to crosslink nanofibers 

comprising PVP through free radical initiation. Crosslinking was used to stabilize water-soluble 

PVP during plant studies. PVP/PVDF nanofibers were immersed in a KPS/SBS solutions to 

crosslink water soluble PVP. The weight ratio of K2S2O8, (KPS) to NaHSO3, (SBS) was 3:2. The 

total mass of KPS/SBS was determined as a percent of PVP mass in the nanofibers. For instance, 

for crosslinking a 4x8 cm2 size nanofiber sample with a total weight of 300 mg and if the nanofiber 

composition is PVP/PVDF(1/2); PVP weight in blended PVP/PVDF(1/2) nanofiber was assumed 

to be a third as per the polymer dope composition. Therefore, for PVP/PVDF (1/2) nanofibers with 

a total weight of 300 mg contained 100 mg of PVP by mass.  Based on the mass of PVP, 25 wt% 

of initiators (which is 25 mg) for 100 mg of PVP was used to prepare the 25 wt% crosslinking 

solution. The total amount of initiator was taken as per  KPS/SBS (3:2) ratio,15 mg of KPS and 
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10 mg of SBS was taken when 25 mg initiator was needed. Once weighed, KPS/SBS solids were 

dissolved in 3.33 mL of deionized water, and then diluted with 6.66 mL of acetone. Acetone is a 

nonsolvent for PVP during crosslinking. Nanofibrous samples, which were of 4 Ĭ 8 cm2 in size, 

were immersed in the 10 mL KPS/SBS solutions for 15 min each. Afterwards, the damp samples 

were heated to 70 °C, within an air oven for 30 min, to complete the process of crosslinking. 

3.2.2.4. Ferrozine Soaked Nanofibers 

The crosslinked nanofibers were loaded with iron chelator ferrozine by soaking in ferrozine 

solution Crosslinked PVP/PVDF nanofibers were soaked in 300 ɛM of aqueous ferrozine solution 

for 30 min followed by drying at 60 C for 30 minutes in an oven. Square size pieces (1x1) cm 

was transferred into sterilized glass vials. 5 mL MS+ Fe solution was poured into each vial in a 

sterile environment to form agar gel upon cooling. The samples were washed after 2-, 6- and 14-

days of soaking with DI water and dried in air oven at 60 C.  

3.2.2.5.  Sterilization of Nanofibers       

Nanofibers were sterilized by three different methods: bleaching, atmospheric plasma, and 

autoclaving. Nanofibers were treated with 30 % sodium hypochlorite solution (aqueous NaOCl or 

bleach) for 3 min followed by rinsing with deionized water ; this was repeated for 3 cycles.  

Treatment with atmospheric plasma was performed under helium/ oxygen (He/O2) purge for 3 

min. Plasma kills different types of microorganisms including bacterial vegetative cells, bacterial 

endospores, viruses, and fungi (yeast), by a relatively simple, safe, and rapid process[4]. Gas 

plasmas involve the direct attack of metastable to microbial structures, specifically the inner 

membrane and DNA in the core of bacterial endospores[5]. O2 produces O, OH, OOH and a 

mixture of other radicals that contribute to the sterilization effects[5]. Among these, the OH radical 
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is often considered the most efficient for microbial inactivation. The audio frequency glow 

discharge system achieves plasma at atmospheric pressure. The capacitively coupled dielectric-

barrier-discharge (DBD) consists of two parallel copper electrodes, each embedded within a Lexan 

polycarbonate insulator as shown in Figure 3.2. This system can generate stable and uniform 

plasma at a low (audible) frequency of 1.373 kHz during its operation. The applied voltage across 

the plates is about 6.6 kVrms and 7.85 kVmax for 99% He plus 1% oxygen. Flow rates of He/O2 

were at 20 L/min and 0.3 L/min, respectively. Autoclaving sterilization was performed at 120°C f 

or 30 min using a wet cycle. 

 

Figure 3. 2: The atmospheric plasma reactor was used to sterilize nanofibers. The plasma is 

generated between the parallel copper plates. 

3.2.2.6. Arabidopsis thaliana Growth Conditions 

 A. thaliana germination and growth were studied in soil filled pots and MS media ladened plates. 

Plant germination was studied in Metromix 360 soil in pots with and without nanofibers ( Figure 

3.3). The plant growth in Metromix 360 soil was studied vertically in plates (Figure 3.4). In vitro, 
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plants were grown vertically on plates (Figure 3.5) at 22 °C under a 16 h-light and an 8 h-dark 

period in environmentally controlled plant growth chambers (by Percival Scientific). Both plant 

growth studies under normal and iron stressed conditions on MS media plates were studied using 

the same set up (Figure 3.5).  

Arabidopsis seeds were dry sterilized using the fumes produced by a solution of bleach and 1M 

hydrochloric acid (HCl). Afterwards, the seeds were sown on square Petri dishes (Figure 3.3) that 

were covered with agar gel. Solutions of agar were prepared with and without iron prior to setting 

as gel. Standard Murashige and Skoog medium (MS) with 0.05% (w/v) MES, 1% (w/v) Sucrose 

1% (w/v) agar, and 0.1 mm Fe-EDTA substituted for iron sulfate was used as iron-sufficient (+Fe) 

medium for plant growth. The same medium was used as iron-deficient (ïFe) medium with 

addition of 300 ɛm ferrozine, an iron chelator. Sown plates were stratified for 2 days at 4ÁC. 

3.2.2.7. Study of Arabidopsis Growth Amid Iron Deficiency by Luciferase 

Assay 

pBTS::LUC5-1, and pPYE::LUC5-5 luciferase reporter lines[67] were germinated on iron 

sufficient MS media for 4 days. Seedlings were sprayed with 5-mM D-luciferin (Goldbio) in 0.1% 

Triton X-100, 9 h before imaging. Bioluminescence imaging was performed, and the first image 

was taken 1h after transferring to indicated nanofibers or iron treatments. Images were acquired 

every 1 h across four consecutive days. Images were processed using ImageJ software [17]. All 

experimental treatments contained biological replicates (n = 3) with four seedlings for each 

replicate.  

 

 



53 
 

3.2.2.8. Nanofiber Characterization 

Nanofiber morphologies were imaged by field-emission scanning electron microscopy (FE-SEM; 

FEI, Verios 460L) with an ultra-high resolution Schottkey emitter SEM. Time-of-Flight Secondary 

Ion Mass Spectrometer (TOF-SIMS), with a pulsed and focused ion beam and time-of-flight 

analyzer that was capable of producing mass spectral images from the outer 1 to 2 nm of the 

materialôs surface, was used to study the chemical mapping of bleached, sterilized nanofibers.  

3. 3. Results and Discussion  

3.3.1. Assessing the Effect of Nanofibers on Arabidopsis Germination and Growth 

in Soil Pots and Plates 

To study if the designed PVP/PVDF nanofibers can be used to germinate A. Thaliana seeds in field 

and in laboratory settings, we germinated the seeds in soil against nanofibers laid on the soil 

surface (Figure 3.3). PVP/PVDF(1/2) fibers were used after crosslinking for germinating the seeds 

in pot soil. The seeds sown directly into soil germinated into healthy plants on day 8th. However, 

out of 10 seeds sown on nanofibers only 4 germinated on the day 8th.  
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Figure 3. 3: Plants growing in pot soil with and without nanofibers. Crosslinked PVP/PVDF (1/2) 

nanofibers were used.  The top row of images is at the day 8th from sowing while the bottom row 

images are at day 14th . Ten seeds were sown in each plot. The seeds on the nanofibers turned pale 

after germinating and died without growing into a seedling. The seeds directly sown into soil did 

grow into healthy plants with 100% of germination rate.  

The seedings in the soil seen to be growing healthy but seeds germinated on PVP/PVDF(1/2)  

nanofibers could not grow into a healthy plant. The germinated seeds turned pale and died on the 

nanofiber. These results suggest that nanofibers do not transfer sufficient water to the plants from 

the relatively dry substrate as soil. 

To see whether the nanofiber laid on soil can sustain plant growth, we transferred grown seedling 

vertically onto nanofibers sandwiched between soil and plates tops ( Figure. 3.4). We analyzed 

shoot and whole seedling weight of the plants growing on nanofibers. The nanofibers laid on mesh 

was kept vertically on the soil covering the whole pot (Figure 3.4). The effect of blended nanofibers 

was measured through the analysis of shoot and whole seedling weight of the plants after 5 days. 

The PVP/PVDF nanofibers with varying weight ratios of PVP did not hinder the plant growth. 
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Irrespective of the PVP composition the nanofibers showed comparative shoot and whole seedling 

weights to that of the control (Figure 3.5). The average whole seedling weight on PVP/PVDF (2/3) 

was found to  be 22% more than control. This shows that the prepared nanofiber system, which 

was based on PVP/PVDF, can be used under laboratory conditions to study plant growth. The 

close plates setting against the open pot helps retain sufficient moisture in the soil. Pressure and 

intimate contact between soil and nanofibers in the vertical sandwich setting helps establish 

capillary action to bring about the wicking. Improved moisture wicking enables water and nutrients 

transfer from the soil to the plant roots. This entails, PVP/PVDF nanofibers can sustain the plant 

growth in the lab environment.  

 

Figure 3. 4:  Arabidopsis growing along nanofibers in soil in plate under laboratory conditions (a), 

the schematic of experimental setting used for growth studies in soil plate using nanofibers. The 

plants are sandwich between the plate top and nanofibers. The 3 days old seedling was transferred 

to the plates for the experiment.   
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Figure 3. 5: Shoot and whole seedling weight analysis on soil grown plants using PVP/PVDF 

nanofiber. PVP/PVDF (1/2),(2/3) and (1/1) nanofibers with different PVP compositions were 

studied. The PVP in the PVP/PVDF nanofibers was crosslinked before use. 

3.3.2. Germination Assay Comparison Among Nanofibers and Nylon Mesh in Vitro 

on MS Media 

Since Arabidopsis could not grow into healthy seedling  on the nanofibers with soil in pots, we 

decided to extend this study to germination on MS media plates. The germination rates of neat 

PVDF and PVP/PVDF(1/2) nanofibers were compared to rates on nylon mesh (Figure 3.6).  



57 
 

 

Figure 3. 6: Plant growth experimental set-up on nanofibers in MS media plates. The media was 

covered with a microporous nylon mesh and the nanofibers were laid on the top. The seeds were 

grown vertically on the nanofibers.  

The percentage of germination at the end of day 6th  is comparable between the mesh and both 

types of nanofibers for MS Media covered plates. The germination rates observed on all three 

substrates were above 65%. The neat, hydrophobic PVDF nanofibers showed a 5% increase in 

germination in comparison to PVP/PVDF(1/2) and nylon mesh, which suggests that nutrients and 

water in the MS media can easily diffuse through the nanofibers through wicking; this was 

irrespective of hydrophobicity. The percent germination on blended PVP/PVDF (1/2) nanofibers 

is comparable with the nylon mesh, which is less solid and more porous than the nanofibers. The 

germination assay in vitro on MS media plates showed that the designed nanofibers do not hinder 

germination when used in moist MS media.  
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Figure 3. 7: Germination assay comparison among nylon mesh, neat PVDF and PVP/PVDF (1/2) 

nanofibers in MS media plates. The percentage values are averages based on 49, 44 and 23 

observations in case of neat PVDF, nylon mesh and PVP/PVDF nanofibers, respectively. 

3.3.3.  Determining A Sterilization Method for Plant Growth on Nanofibers 

To apply the designed system within an in vitro lab environment, it is crucial that the fibers undergo 

a treatment for sterilization. We grew Arabidopsis thaliana seedlings on MS plates overlaid with 

PVP/PVDP nanofibers after treating the nanofibers with three different sterilizations methods: 

namely bleach, autoclaving, and atmospheric plasma. Afterwards, the effects of each sterilization 

processes on nanofiber integrity and root length were analyzed.  

3.3.3.1. Effect of Bleach Sterilized Nanofibers on Plant Growth 

To determine whether the bleach sterilization of nanofibers affects plant growth, we measured the 

root length of wild-type plants on MS media with and without nanofibers over time. Specifically, 

we used three different weight ratios of PVP/PVDF, by varying the PVP amount in the blend. The 

beached nanofibers showed decreased root lengths when compared to the control at all stages of 
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the experiment. The root length was 25% (p < 1xE-12, ANOVA) reduced on PVP/PVDF(1/2) 

nanofibers after 14 days of plant growth on the bleach-sterilized nanofibers (Figure 3.8). To 

investigate why sterilizing the nanofibers with bleach was not favorable to plant growth, we 

decided to study the surface chemistry of those  nanofibers using ToF-SIMS.   

 

Figure 3. 8: Root growth comparison on plants grown on bleached PVP/PVDF nanofibers with 

different PVP ratios and Control (Mesh). The root length is measured on different days shown in 

the plot. Nanofibers were crosslinked before sterilization. Each data point in the plot is an average 

of 10 readings. Brown color represents the root length on nylon mesh without bleaching. Green, 

violet, and yellow bars represent root length on bleached PVP/PVDF (1/2),(2/3) and (1/1) 

nanofibers respectively with varying PVP ratios. 
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Figure 3. 9: ToFSIMs chemical surface mapping of control, unbleached nanofibers and bleached 

PVP/PVDF (1/2) nanofibers showing residual Cl- on the bleached nanofibers. MC represents 

maximum count per pixel while TC represents total count of that ion. 

The control, unbleached nanofiber sample (Figure 3.9, top right) showed the absence of Cl- ions, 

as visualized through the dark intensity. The bleached samples (Figure 3.9, bottom right) showed 

trace ions of Cl- were uniformly distributed along the surface of nanofibers, as evident by the 

increased intensity of Cl- ions. Thus, complete removal of bleach from the nanofiber was not 

achieved. These results suggest that the observed inhibition of plant growth on nanofibers (Figure 

3.8) was due to trace Cl- ions. The accumulation of chlorine in plants leads to toxicity and 

furthermore diminishes the retention of other ions- thus prompting development restraint and 

metabolic disruption in plants[68]. 
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3.3.3.2.  Effect of Plasma Sterilization on Plant Growth  

We next examined the root growth of seedlings germinated on plasma sterilized nanofibers (Figure 

3.10). The average root length along PVP/PVDF(1/2) nanofiber was comparable to that along the 

control samples (without mesh and with autoclaved mesh) till day 8th. After day 8th , 

PVP/PVDF(1/2) nanofiber showed increased root length than both the controls.  PVP/ PVDF (2/3) 

nanofibers showed  decreased root length consistently across the time course however it was not 

significantly different than control with autoclaved mesh.  

 

Figure 3. 10: Root length comparison on plasma sterilized PVP/PVDF nanofibers with different 

PVP weight ratios compared with controls with and without mesh. Fibers were crosslinked before 

sterilization. Each data point in the plot is the average of 10 readings. 

Lower root length on PVP/PVDF(2/3) nanofibers might be because of the increased nanofiber 

diameter which, in turns, negatively affects swelling and moisture transmission across the 

nanofiber. Reduced supply of moisture can inhibit the plant growth. The shoot weight assay 

showed a different trend than the root length analysis. Specifically, plants grown on 
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PVP/PVDF(1/2) nanofibers showed a shoot weight lower than both the controls.  However, plants 

grown on PVP/PVDF(2/3) showed a similar shoot weight to that grown on control without mesh 

but higher than the control with autoclaved mesh sample. It can be concluded that plasma treatment 

can be used to sterilize the PVP/PVDF nanofibers for plant growth experiments.  

 

Figure 3. 11:  Shoot weight assay of plants grown on plasma sterilized PVP/PVDF nanofibers with 

different PVP weight ratios compared with controls with and without mesh. Fibers were 

crosslinked before sterilization. Each data point in the plot is the average of 10 readings. 
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Figure 3. 12: Arabidopsis growing on different substrates (a) Control without mesh ,(b) Control with autoclaved mesh,(c) Plasma treated 

PVP/PVDF(1/2) with mesh and (d) Plasma treated PVP/PVDF(2/3) nanofibers with mesh. 



64 
 

3.3.3.3. Effect of Autoclaving Sterilization on Plant Growth  

Autoclaved PVP/PVDF nanofibers were assessed for their plant compatibility by studying the 

plant response to the sterilized nanofibers. We studied the root lengths of plants grown on 

crosslinked PVP/PVDF (1/4) nanofibers after autoclaving. These crosslinked nanofibers were 

found to be more hydrophilic than PVP/PVDF(1/2) nanofibers  according to the swelling study in 

Chapter 2 (Figure 2.7 ). Therefore, PVP/PVDF(1/2) nanofibers were used in this study. Root 

growth analysis revealed that the PVP/PVDF nanofibers favored plant growth (Figure 3.13).  

 

Figure 3. 13: Arabidopsis growing in MS media plates without nanofibers (control) and  plasma 

sterilized nanofibers (top), effect of autoclaving sterilization on (Figure continued) 
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PVP/PVDF(1/2) nanofibers on root length (bottom). The average root length values reported are 

the based on 10 reading. Plants showed 20% more root length on the nanofibers. 

The crosslinked PVP among the PVP/PVDF blended nanofibers swelled in the presence of 

moisture on plates. Moisture and nutrients are transported through the nanofibers by diffusion and 

moisture wicking. The roots absorbed moisture and nutrients at the nanofiber surface, which 

enabled the plant roots to grow along the nanofibers. The root length study showed how the relative 

root length was in fact 20% more along the nanofibers in comparison to the control without 

nanofibers (Figure 3.13). The results led to the conclusion that autoclaving can be used to sterilize 

PVP/PVDF nanofibers without harming Arabidopsis growth.  

3.3.4. Functionalizing Nanofibers for Inducing Iron Deficiency  

3.3.4.1. Spinning Ferrozine Loaded Nanofibers  

Iron chelating ferrozine was spun within PVP/PVDF(1/4) nanofibers. Nanofibers spun with 

ferrozine were expected to turn purple upon iron chelation in the form of Fe2+ complexes. We 

studied the effects of crosslinking and autoclaving ferrozine-based nanofibers on the ability of 

nanofibers to successfully chelate iron from the MS media. Photographs of ferrozine-based 

nanofibers are shown after 16 h of keeping them on iron rich MS media (Figure 3.14). In contrast 

to our expectations, the agar media turned purple instead of the nanofibers loaded with ferrozine 

(Figure 3.14). Apparently, ferrozine diffused out of the nanofibers and into the media. Similar 

observations were observed for nanofibers with and without autoclaving. Ferrozine remains with 

the nanofiber after autoclaving,  and later diffuses into the media, producing a dark purple spot 

(Figure 3.14). Discoloration of the MS media, as left behind by crosslinked nanofibers, was lighter 
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in appearance than observed for uncrosslinked nanofibers. The ferrozine is believed to have 

leached from the nanofibers during the process of crosslinking.  

 

Figure 3. 14: MS media plates showing purple color after in contact with ferrozine spun 

PVP/PVDF(1/4) nanofibers. Top left image shows purple coloration with ferrozine spun 

nanofibers while the top right plate showing coloration from ferrozine spun autoclaved nanofibers. 

Plate in bottom left shows light purple coloration due to ferrozine spun crosslinked nanofibers. 

The MS media plate (bottom right) did not show any coloration when ferrozine spun nanofibers 

were crosslinked and autoclaved.  
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3.3.4.2. Iron Mineralization by Soaking Nanofibers in Ferrozine Solution  

Crosslinked PVP/PVDF(1/4) nanofibers were used in the mineralization experiment. The ferrozine 

loaded nanofibers were soaked in  iron rich MS solution to study the possibility of  iron chelation 

at the nanofiber surface. The morphology of nanofibers with and without ferrozine were studied 

under SEM for the appearance The crosslinked PVP/PVDF(1/4) nanofiber morphology (Figure 

3.15 a) without soaking in MS media looked  the morphology of same nanofibers after treating in 

MS media (Figure 3.15 b). Ferrozine soaked nanofibers after 6 and 14 days of treatment in MS+Fe 

solution are shown in (Figure 3.15 c & d) respectively. All the samples were imaged after drying. 

All the nanofibers showed longitudinal striations on the surface irrespective of ferrozine infusion 

and subsequent MS+Fe treatment.  

 

Figure 3. 15: SEM images of crosslinked PVP/PVDF (1/4) nanofibers after various treatments; (a) 

Neat PVP/PVDF (1/4) nanofibers without ferrozine (b) PVP/PVDF(1/4) nanofibers without 

ferrozine soaked in iron sufficient MS solution after 6 days, (c) & (d) are  PVP/PVDF(1/4) 

nanofibers loaded with ferrozine and subsequently soaked in iron sufficient MS solution for 6 and 

14 days respectively. Crosslinked samples were used for ferrozine or iron MS solution treatments. 
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The rough nanofiber surface and striations along the surface are attributed to the uneven blending 

of PVP at the surface with PVDF. Ferrozine loaded nanofibers did not show any indication of 

mineralization along the fiber surface even after 14 days of soaking in iron rich MS media. Iron 

mineralization may not have occurred since ferrozine is known to leach into the iron rich media. 

Furthermore, the ferrozine-loaded nanofibers did not turn purple on iron sufficient MS solution 

because ferrozine is likely diffused out of the fiber and onto the MS media ( Figure 3.14).  

  

3.3.4.3. Luciferase Assay  

Luciferase reporter assay is a bioluminescence-based assay that uses a luciferase enzyme and a 

substrate such as luciferin to study gene regulation at the level of transcription. Proteins BRUTUS 

(BTS ) and POPEYE (PYE) are negative and positive regulators of iron deficiency, respectively, 

in A. thaliana[18]. PYE and BTS expression are both induced when plants experience iron 

deficient conditions (Figure 3.16). However, BTS is also found to be induced in iron sufficient 

media but with relative low intensity (Figure 3.16). The marker lines showed an increased 

luminescence when grown on iron deficient media while the intensity remained constant during 

 the 75 h on iron sufficient media (Figure 3.17). Plants grown on low iron media, overlaid with 

nanofibers soaked in ferrozine solution or nanofibers spun from ferrozine in the spinning dope, 

showed similar trend of luminescent intensity to those plants grown on iron deficient media 

without nanofibers (Figure 3.17). It is probable that the nanofibers loaded with ferrozine could 

eliminate the iron traces as left among media having low iron content, which would inhibit iron 

absorption by plants. The strong expression of BTS under the iron deficient conditions was even 

caused by the diffusion of ferrozine into MS media, which would have complexed free iron and 

incurred iron deficiency among the plant growing on media. 
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Figure 3. 16: Arabidopsis plants glowing under iron sufficient (+Fe) and deficient (-Fe) treatments. 

pPYE and pBTS are mutants while Col-0 is wild types. Col-0 being a wild type did not show any 

luminescence in both +Fe and -Fe treatments. Mutant pPYE is a positive regulator of iron 

deficiency while pBTS is negative regulator of the iron deficiency response. 
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Figure 3. 17: BTS and PYE marker lines under CCD camera with and without nanofibers in 

different iron treatments. BTS negatively regulates key responses to iron deprivation and is 

strongly expressed in iron deficient -Fe as well as low -Fe treatments evidenced by intensity (a) 

Both ferrozine soaked and spun in ferrozine nanofibers in low -Fe treatments are showing the 

plants are stressing of iron. PYE has appeared strongly in low and iron deficient treatments 

though itôs a positive regulator of iron deficiency response (b). The black graphs in the figure 

represents iron sufficient (+ Fe) treatment in MS media without nanofibers; the red represents 

iron deficient (-Fe) MS media without nanofibers; blue graphs denote iron deficient (-Fe) MS 

media with PVP/PVDF nanofibers. The green and violet graphs represent low (Fe) iron MS 

media with ferrozine soaked and ferrozine spun PVP/PVDF(1/2) nanofibers. 
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3. 4. Conclusion 

In this study, we successfully designed plant compatible  nanofibers based on  PVP/PVDF and 

were able to stress them using an iron chelator. The crosslinking of PVP/PVDF nanofibers 

stabilized PVP and permitted  moisture transfer as needed for the plantôs growth. Nanofibers could 
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successfully support Arabidopsis germination in the MS media plates with a germination rate of 

65% and more. However, germination on nanofibers in pot soil was merely 40% which did not 

grow into a healthy seedling. Apparently, the nanofibers laid on soil could not transport water and 

nutrients from the moist soil which is relatively dry when compared to MS media. Although the 

seeds could not germinate on nanofibers laid on pot soil, it could sustain plant growth once the 

seed is germinated. Shoot weight and whole seedling weight analysis after seedling transfer onto 

nanofibers on soil showed that the shoot and whole seedling weight was comparable or even more 

than the control irrespective of different PVP composition in the PVP/PVDF nanofibers. The 

nanofibers could provide enough moisture and nutrients to the plants sandwiched between  

nanofibers and plate top. The pressure and close contact between nanofibers soil and plants in the  

sandwiched plant setting helps moisture wicking across the nanofibers.  

Out of the three sterilization methods studied, bleaching was found to be detrimental to plant 

growth as evidenced by 25% reduction in root length when grown on bleached nanofibers. The 

presence of Cl- ions hampered plant growth. On the other hand, atmospheric plasma and 

autoclaving were suitable methods of PVP/PVDF sterilization. Neither method had any negative 

effect on plant growth. Plants growing on plasma sterilized PVP/PVDF(1/2) nanofibers, 

consistently showed more root length from day 8th to day 14th than the control. Root lengths 

observed on PVP/PVDF(2/3) nanofibers was consistently lower than those on the control and 

PVP/PVDF(1/2) nanofibers. Coarser diameters resulted from higher amounts of PVP in the 

blended fibers (Figure 2.7),  might reduce the local water diffusion and wicking providing 

insufficient water to the plant making them grow slowly. However, shoot weight analysis on the 

PVP/PVDF (2/3) nanofibers produced more shoot weight than PVP/PVDF(1/2)  nanofibers. Plants 

grown on autoclaved nanofibers showed 20% more root length than the control. Both the non-



73 
 

chemical-based sterilization methods; plasma and autoclaving sterilization proved to be effective 

for PVP/PVDF nanofibers. It can be concluded that modified PVP/PVDF blended nanofibers can 

successfully be sterilized by plasma and autoclaving without impacting plants growth.   

 We also used two approaches to functionalize these nanofibers for iron  absorption, using an iron 

chelator. Both the approaches, spinning ferrozine with nanofibers and dipping nanofibers in 

ferrozine solution followed by subsequent treatment in iron rich media imply that ferrozine 

diffuses out of the nanofibers into MS media. SEM images of nanofibers functionalized by dipping 

in ferrozine solution did not show any appearance of iron oxide-based minerals. Also, spun in 

ferrozine nanofibers kept in iron rich media produced pinkish coloration in the plates after 16 hours 

of exposure. Ferrozine being a water-soluble bulky molecule likely  diffused out of the nanofiber 

as nanofibers swell on gel media. The pink coloration in the media is attributed to the ferrozine 

binding with iron in the media.  

However, luciferous reporter assay showed that ferrozine functionalized PVP/PVDF nanofibers 

could create iron deficiency to the plants. Both the mutant types pPYE and pBTS showed increased 

intensity in iron deficient conditions. pBTS protein although being a positive regulator of iron 

deficiency have found to appear in iron sufficient conditions as well. Further studies need to be 

done to see if nanofibers itself can elicit any iron deficiency in iron sufficient conditions. However, 

it can be concluded that ferrozine functionalized PVP/PVDF nanofibers can potentially be applied 

in plants or agricultural science to study the plant growth creating iron stressing environment by 

delivering iron chelator to the media. 
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CHAPTER 4: THERMAL RESPONSIVENESS OF JEFFAMINE 

REACTED POLYVINYL ALCOHOL NANOFIBERS  
 

Abstract 

Jeffamine are a class of polyetheramine consisting of block copolymers of ethylene oxide (EO) 

and propylene oxide (PO) with an amine functionality. Research has shown that, block copolymers 

based on hydrophobic and hydrophobic blocks are temperature sensitive.  Jeffamine have been 

reported to show thermal response when used in combination with other polymers and 

nanoparticles in the dispersion or hydrogel form. In this study, monofunctional Jeffamine-M2070 

blended Polyvinyl Alcohol (PVA) nanofibers have been electrospun. The effect of PVA and 

Jeffamine concentration on the morphology and diameter of the nanofibers is studied by SEM 

imaging. Jeffamine blended PVA nanofibers are  crosslinked using glutaraldehyde (GA) to make 

them water stable and to graft Jeffamine to the PVA. ATR-FTIR analysis is carried out to study 

the chemical changes occurring after crosslinking. The possible reaction mechanisms of 

crosslinking are proposed. The thermal response of the nanofibers is studied in hot water at various 

temperatures through imaging.  

4.1. Introduction  

Thermosensitive polymers are a subject of scientific interest because of their ability to exhibit a 

phase change or conformational response due to changes in their thermal environment. Most 

notably, thermally responsive polymers have been used in a wide range of applications, such as 

tissue engineering, biomedical applications, and drug delivery. These polymers exhibit a volume 

phase change at a certain temperature which causes sudden change in the solvation sate. 

Physiological gelation enables encapsulation and release of drug or a biomolecule in the aqueous 
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environment. The mesh size  of the polymer network in hydrogels can be regulated by crosslinking  

which plays an important role in sustainable and regulated drug release.  

Several polymers such as PNIPAM, poly(N-isopropylacrylamide),  poly(N,N-

dimethylacrylamide),  poly(methyl vinyl ether),  polyacrylamide and polyacrylic acid IPN shows 

a LCST behavior at 32, 32-34 and 37° C respectively in aqueous solution. Block copolymer of 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) shows a phase transition 

temperature in the aqueous solutions in the range of 20 to 85° C depending on the numbers of PPO 

and PEO segments. For example, Jeffamine M 2070 and Jeffamine M2005 with PP0/PEO ratio of 

10/31 and 29/6 shows LCST at 65 and 16 ° C respectively. Amphiphilic polymers, having both 

hydrophilic and hydrophobic segments  enables encapsulation and delivery of both hydrophilic 

and hydrophobic drugs[69].  

These solvated polymers exhibit a change in volume in response to a thermal change in their 

surroundings. The  thermally induced phase is mainly characterized by swelling, contact angle or 

transmittance measurement which are caused by a sudden change in solvation. The physio-

chemical properties of the thermosensitive polymers or derivatives of are studied by many 

researchers[70,71]. For polymers that become insoluble upon heating, these have a so-called 

LCST. Polymers that become soluble upon heating have an UCST (upper critical solution 

temperature). LCST and UCST systems are not restricted to an aqueous solvent environment, but 

only the aqueous systems are of interest for biomedical applications. The phase change mechanism 

of commonly used thermosensitive polymers in aqueous/ gel state is well known and explained 

elsewhere[72]It is believed that LCST showing polymers gets into globular/coiled configuration 

making it hydrophobic above LCST and the molecular chain expands into straight configuration 
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below LCST. However, whether this phase change transition is possible when blended and spun 

with another polymer is unknown.  

pH-sensitive polymers contain pendant anionic (weakly, strongly acidic) or cationic (amine) 

groups that change protons as a function of the environmental pH. The presence of ionizable 

groups like -COOH, -NH2 on the polymer chain determines swelling/shrinkage of the hydrogels, 

due to the electrostatic interactions, as a function of pH, ionic strength, and type of counterions[69] 

Jeffamine-M are low molecular weight (600-3000 g/mole) block copolymer based on varying 

composition of hydrophobic PPO and hydrophilic PEO segments with an amine group at the end 

of the chain. Amine group makes it  pH sensitive while PPO and PEO segments makes it 

thermosensitive.  Jeffamine-M shows as LCST in the range of 20 to 85° C depending upon the 

molecular weight and HLB composition. However, low molecular weight Jeffamine mostly used 

to control flexibility in polyamides , preparing comb polymers with  polyacrylic acid or such linear 

polymers or for formulating emulsifier  making hydrogels by crosslinking. Nevertheless, Jeffamine 

has rendered materials thermally sensitive through the process of grafting. For instance, Jeffamine 

was grafted onto crosslinked carboxymethyl pullulan microspheres (CMP) to form temperature 

and pH sensitive hydrogels. The thermosensitive character of the hydrogels was evidenced through 

their swelling behavior at various temperatures;  the swelling of M-2005 Jeffamine hydrogels 

diminished with temperature increase (negative temperature sensitive hydrogels), while the 

swelling of M-600 Jeffamine hydrogels raised at 40 ǓC and diminished around 60 ǓC [73]. Thermo- 

and pH-sensitive surfactant systems are formulated by grafting Jeffamine on pullulan which is 

polysaccharide composed by regularly repeating ɻ-l,6-linked maltotriose units [74]. Also 

thermoresponsive micelles from Jeffamine-b-poly(l-glutamic acid) double hydrophilic block 

copolymers have been reported[75]. Microbiological screening against S. aureus, E. coli and C. 
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albicans revealed that the modified mat showed improved antimicrobial activity.  Jeffamine 

cryogels were synthesized using different difunctional Jeffamine molecular weights using 

glutaraldehyde as co-monomer and trifunctional Jeffamine as crosslinker[76]. These cryogels 

showed interconnected pores and good swelling kinetics needed for tissue culture application. 

Ignatova et. al.[77] grafted Jeffamine M600 onto electrospun mats of styrene/ maleic anhydride 

copolymer followed by iodine complex formation for producing antimicrobial effect. The 

electrospun mat was soaked into Jeffamine-M600 solution (0.5 g/ 10mL) for 24 h at room 

temperature. These Jeffamine soaked mats were rinsed and freeze dried to remove unreacted 

Jeffamine followed complexation with iodine vapors. The modified mat showed antimicrobial 

activity however the author has not tested the thermal response of the Jeffamine grafted mat. 

The goal of this study is to see if Jeffamine blending approach with another polymer can afford 

any thermal response in nanofiber form. We could not come across any research work wherein the 

thermal response of Jeffamine is studies in blended nanofiber form.  Monofunctional Jeffamine-

M2070 with an amine end group was blended with  PVA . The blended nanofibers are crosslinked 

to make them water insoluble and to attach the Jeffamine molecule to the PVA nanofibers. The 

nanofibers morphology is studied under SEM and chemical changes are analyzed by FTIR 

spectroscopy.  Thermal response of the nanofibers in DI water is studied by optical microscope 

equipped with hot stage.  
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4.2. Materials and Methods  

4.2.1. Materials 

Jeffamine® M-2070 was procured from Huntsman, Polyvinyl alcohol (PVA 130 kDa, 88% DH) 

procured from Sigma Aldrich, and Deionized water was used in this study. 70% Glutaraldehyde 

(GA) in water, 70 % Sulfuric acid (H2SO4), was procured from Sigma Aldrich. 

4.2.2. Methods  

4.2.2.1. Dope Preparation  

PVA solutions were made in DI water with 12g/ dL and 15 g/ dL concentration by stirring 

overnight on hot plate at 90 °C. Jeffamine composition in the PVA solution was varied between 0 

to 15 % (V/V) by adding liquid Jeffamine to PVA solution using micropipette. The blended 

solutions were mixed on hot plate for an hour to get a homogenous solution before electrospinning. 

The Jeffamine blended PVA nanofibers with different Jeffamine percentages are referred as PVA-

Jef5, PVA-Jef10 and PVA-Jef15. The crosslinked nanofibers are denoted by suffix-X; for 

example, crosslinked PVA-Jef10 nanofibers are referred as PVA-Jef10-X. 

4.2.2.2. Electrospinning  

Neat PVA and PVA/Jeffamine blended fibers were spun with different Jeffamine concentrations ( 

v/v % ) were named .Electrospinning parameters include the use of 30 kV positive voltage bias, 

horizontal tip to collector distance of 10 cm, and feed rate of 0.8 mL/h using an 18-gauge needle. 

Nanofibers were collected onto a stationary plate collector that was layered with aluminum foil. 

Spinning was carried out at room temperature and 35ï65 % relative humidity.  
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Figure 4. 1: Electrospinning set up used for nanofibers. The plexiglass box assembly along with 

dehumidifier is used to control the humidity. The spinning needle tip is penetrated  inside the box. 

4.2.2.3. Crosslinking and Grafting Nanofibers  

70 % GA solution was diluted with Acetone to get 300 mM GA solutions. The PVA nanofiber 

mats blended with different composition of Jeffamine was dip into the GA solution for 24 hours 

at room temperature. The reaction was initiated by adding a drop (~ 50 µL) of sulfuric acid as a 

catalyst.  

4.2.2.4. Nanofiber Spectroscopic Characterization  

Nanofiber characterization was performed on the NICOLET iS50 ATR-FTIR spectrophotometer, 

equipped with attenuated total reflection, using 128 scans and 4 cmī1 spectral resolution. IR spectra 

were normalized to the 2917 cm-1 CïH stretching peak in PVA. 

4.2.2.5. Nanofiber Thermo-optical Response 

Nanofibers thermal response was studied in presence of DI water. The nanofiber sample was 

mounted on the glass slide and a droplet of DI water was dropped before covering the sample with 

slide. The slide was mounted on METTLER FP82 HT Hot stage and the samples were images by 
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varying the temperature from 25°C to 85° C at a heating rate of 5°C/ min. The optical changes in 

the nanofiber samples were monitored and imaged by Nikon  optical microscope.  

4.3. Result and Discussion 

4.3.1. Effect of Blend Composition and Crosslinking on Nanofiber Morphology  

SEM images were taken to study the effect of PVA concentration and Jeffamine composition on 

the nanofiber morphology and diameter. The nanofiber diameter increased from 0.238 um (Figure 

4.2 a) to 0.443 um (Figure 4.3 a) with increased PVA concentration. Nanofibers spun from 15 g/dL 

are coarser than those spun from 12 g/dL concentration apparently due to increased viscosity at 

higher concentrations. Similarly, the fiber diameter increased with more Jeffamine %. Jeffamine 

addition to PVA improves the solution viscosity and nanofiber diameter increases by 100 % with 

each 5% increase in Jeffamine volume. The nanofiber diameter increased to 1 um when the 

Jeffamine concentration was 15 % whereas sample spun with 5 % Jeffamine concentration 

recorded the diameter of 0.2 µm (Figure 4.2). The nanofibers with 15g/dL PVA concentration 

showed an increase in diameters by 100 nanometers as diameter increased to 0.543µm from 0.443 

µm with addition of 5% Jeffamine (Figure 4.3). Further increase in Jeffamine concentration to 10 

% (v/v) decreased the diameter to 0.300 µm resulting uniformed diameter nanofibers with 

narrowed  distribution. However, this might be due to change of humidity as these samples were 

spun without plexiglass box. The better solvent evaporation in relatively dry environment results 

in finer nanofibers. The nanofiber diameter increased again to 0.474 µm with further increase in 

Jeffamine to 15 % (v/v) (Figure 4.3 d) apparently due to increased dope viscosity. The crosslinked 

nanofiber morphology was studied to examine the effect of crosslinking and Jeffamine grafting 

onto PVA (Figure 4.4). The neat PVA nanofibers has not lost their identity and can be seen in the 
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form of uniform nanofibers (Figure 4.4 a). Jeffamine blended nanofibers (Figure 4.4 b-d) showed 

non-uniform film like topography along with individual nanofibers. Jeffamine molecules probably 

tend to disperse in PVA nanofibers interstices at the initial stages of crosslinking resulting in film 

embedded nanofibers.  

 

 

Figure 4. 2: 12 g/dL PVA nanofibers morphology with varying Jeffamine % (a) Neat PVA (b) 

PVA-Jeff5 (c) PVA-Jeff10 and (d) PVA-Jeff15. The bar charts besides images shows their 

respective nanofiber average diameter along with distribution. 
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Figure 4. 3: 15 g/dL PVA nanofibers morphology with varying Jeffamine % (a)Neat PVA (b) 

PVA-Jeff5 (c) PVA-Jeff10 and (a) PVA-Jeff15. The bar charts besides images shows their 

respective nanofiber average diameter along with distribution. 
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Figure 4. 4: SEM images of crosslinked nanofibers (a)Neat 12 PVA (b) 12PVA-Jeff5 (c) 

12PVA-Jeff10 and (a) 12PVA-Jeff15. 

4.3.2. FTIR Analysis for Chemical Identification  

The FT-IR analysis was performed to determine the functional groups of the Jeffamine blended 

PVA nanofibers. Figure 4.5 represents the FT-IR spectra of PVA/Jeffamine nanofibers before and 

after crosslinking. The PVA nanofiber spectra shows its characteristic OH stretching vibrations at 

3350 cm-1 while the peaks at 1252 cm-1  and at 1434 cm-1  are attributed to C-C-O stretching and 

OH bending in PVA respectively. The stretching band at 1094 cm-1 indicates the etheric bond (Cï

O) in Jeffamine whereas  the sharp band at  2867 cm-1 is attributed to NïH stretching of amines in 

the Jeffamine.  
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Figure 4. 5: FTIR spectra of PVA/Jeffamine blended nanofibers before and after crosslinking. The 

PVA concentration (12g/dL) was kept constant and Jeffamine (v/v)% was varied from 0 to 10 %. 

The neat PVA powder spectra are shown in black whereas the red spectra are of neat Jeffamine 

solution. The samples names suffixed by ó-Xô denotes crosslinked samples. 

PVA-Jeffamine blended nanofibers shows the characteristic of both. The OH peak in the 

crosslinked nanofiber shifted to higher wavenumber 3435 cm-1  from 3350 cm-1. Area under the 

OH peak has reduced after crosslinking suggesting that OH groups are taking part in the 

crosslinking. The crosslinked samples still show the presence of residual OH groups. Appearance 

of a small peak at 1650 cm-1 after crosslinking indicates imine formation between amine and 

carbonyl in the GA. The C-H bending vibration peak at 848 cm-1 in blended nanofibers has 

disappeared after crosslinking. Based on FTIR analysis, is it evident that two types of reactions 
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are possible. The first possible reaction is the attachment of  GA molecule with the PVA chain 

with a dangling carbonyl (C=O) or intermolecular crosslinking of the PVA with GA as shown in 

scheme I (Figure 4.5). The second scheme of the reaction involves Jeffamine grafting to the free 

carbonyl of GA molecule attached to PVA chain through imine bond formation through 

elimination of a water molecule as shown in scheme II (Figure 4.5).  

 

Figure 4. 6: Reaction Scheme (I) showing PVA crosslinked with GA molecule with a dangling 

carbonyl(C=O) or Intermolecular crosslinking of PVA chains forming Acetal with GA; Scheme 

(II) showing Jeffamine grafting onto PVA chain forming an imine. 

4.2.3. Thermo-Optical Behavior Under Optical Microscope  

Thermo-responsive behavior of the blended PVA/Jeffamine nanofibers was studied under optical 

microscope equipped with a hot stage in presence of DI water between 25 °C to 80 °C.  The 

Uncrosslinked neat PVA and Jeffamine blended samples disintegrated soon after the water droplet 
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was put on the samples. The crosslinked nanofibers with different weight ratios of Jeffamine M 

2070 were imaged to see the putative change in the opacity of the samples at its LCST. Optical 

images of the crosslinked neat PVA nanofibers (Figure 4.7) did not disintegrate neither showed 

any optical change between the range of temperature studied.  The blended nanofibers with 5% 

(Figure 4.8) and 15 % (v/v) Jeffamine (Figure 4.9) did not show any change in the opacity of the 

sample with temperature. The thermal responsiveness of the Jeffamine based  colloidal 

solutions[78] or emulsion[79,80] has been reported.  The LCST values of Jeffamine® M-2005 and 

M-2070 were determined by DLS light scattering The LCSTs of the polymers Jeffamine® M-2005 

and M-2070 in solution were measured by dynamic light scattering (DLS) and nuclear magnetic 

resonance (NMR). The cloud points of the two polymer solutions at 16 g /L in H2O were measured 

by following the backscattered intensity at 173°: the inflection points were respectively near 22 ± 

2 °C and 52 ± 2 °C for Jeffamine® M-2005 and M-2070. Author has reported 10% drop in the 1H 

NMR intensity of Jeffamine solution at 30 g/L in D2O  above 55°C  for Jeffamine M2070. Author 

attributed this drop in NMR intensity to  the  change in polymer backbone structure above the 

LCST because of a globular state analogous to the solid state[78].  Ren et.al.[80], used Jeffamine 

M2005 to modify Cellulose Nanocrystal (CNC) by electrostatic interactions between COOH of 

CNC and NH2 of Jeffamine. This Jeffamine modified CNC-M2005 was used to stabilize the 

oil/water emulsion at 20 °C. The thermal response of the emulsion was studied by heating the 

emulsion to 60 °C. The emulsion was responsive not only to temperature but also to the pH which 

could be changed by alternative purging of CO2 and N2 as shown in the schematic (Figure 4.12). 

Temperature dependent transmittance measurements on the CNC-M2005 aqueous dispersion 

revealed the mechanism behind the thermally induced emulsification and demulsification. The 

Jeffamine modified CNC-M2005 turned cloudy at 60 °C (Figure 4.13) losing its transmittance 
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from 84 % at 20 °C to almost 30% [80]. Similar type of observations in transmittance is reported 

in copolymers of poly(N-isopropylacrylamide) with acrylamide at 42 °C[81]  It should be noted 

that, all studies reporting thermal response in Jeffamine based materials are in the form of a 

colloidal or emulsion. In an aqueous polymer solution lies great scope for the solvation and 

mobility of the polymeric chains. This could explain why our PVA/Jeffamine 2070 nanofibers did 

not show any change in the putative opacity as in case of Jeffamine based emulsions or colloids 

due to restricted chain mobility. The short length Jeffamine molecules are constrained in the 

crosslinked long chain PVA nanofibers. Also, our testing approach, wherein the nanofibers are 

sandwiched between the glass plates restricts the nanofibers from swelling thus not affording to 

show any optical changes above its LCST. To see if the nanofibers can change their opacity 

without the glass slide, nanofibers were kept in glass petri dish with distilled water and the 

temperature was varied from 25°C to 85 °C. Figure 4.11 shows the nanofibers image monitoring  

from 25°C to 85 °C on hot plate.  All the nanofibers irrespective of different Jeffamine % did not 

show any visible change in the opacity through the temperature range studied.  It can be concluded 

that, all the polymers showing LCST needs sufficient mobility to transition from straight chain 

configuration to the globular configuration to be able to show any thermal response. Jeffamine 

blending approach in the form of electrospun nanofibers doesnôt show thermal response due to 

conformation restrictions in the crosslinked nanofibers.  
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Figure 4. 7: Optical Microscope images of crosslinked neat PVA (12g/dL) nanofibers on hot stage at different temperatures. The 

sample were sandwiched between the glass slide with a droplet of DI water. 
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Figure 4. 8: Optical Microscope images of crosslinked PVA-Jef05-X nanofibers on hostage at different temperatures. The sample 

were sandwiched between the glass slide with a droplet of DI water. 
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Figure 4. 9: Optical Microscope images of crosslinked PVA-Jef10-X nanofibers on hostage at different temperatures. The sample 

were sandwiched between the glass slide with a droplet of DI water. The PVA concentration in the nanofibers was (12g/ dL). 

 

 

 

 

 














