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ABSTRACT

PRODUCTION OF LENTIL FLOUR AND H YDROXYPROPYL
METHYLCELLULOSE BASED NANOFIBER BY USING
ELECTROSPINNING METHOD

Tam, Nilay
M. S. Department of Food Engineering
Supervisor: Prof . Dr . Gel ¢m kun

CoSupervisor: Prof . Dr. Serpil I

May 2018, 114 pages

Nanofibers have recently becomery popular in food industry for their utilization

as highly functional ingredients, higlerformance packaging materials, processing

aids and food quality and safety sensditse objective of this study was to obtain
homogeneous nanofibers from lentibdl (LF) and hydroxypropyl methylcellulose

(HPMC) blend by using electrospinning method. The effects of pH (7, 10 and 12),

LF concentration (1% and 2% (w/v)), HPMC concentration (0.25%, 0.5% and 1%
(w/v)) and microfluidization (3and 5 pass) on solutioproperties and fiber
morphology were investigated. When the pH was increased, the viscdsithdfo

and 2%_F containing solutiondecreasedhile theelectrical conductivityncreased

At pH value of 7, homogeneoussfibaswerti ber s
perfectly homogeneous at alkaline pH values. Nanofiber diameter decreased with
increase in pHwhen 2%Fwas wused. On the other hand,
show any significant change with pH for 1% lentil flour. WhenltReoncentrabn

was increased, viscosity and fiber diameter increased at pH 10. When HPMC



concentration was increased, both viscosity and fiber dianmeterased Average

fiber diameters r ange dMidofldidzaienmidnbtd®a®8N4 and 25 4
a positive effet on obtaining homogeneous nanofibers and resulted in fibers with

beads.For the solutions containing 2% lentil flguincreasing applied voltage

increased nanofiber diameter whereas increasing flow rate decreased nanofiber
diameter.When LF concentrationwas increased, water vapor permeability of

electrospun nanofibers showed a significant increbgesignificant changevas

observed inwater vapor permeability when HPMC was added into the

electrospinning solutiondleitherLF concentration nor HPM@&ddition dd not have

a significant effect on color parameters.

Keywords: Electrospinning, lentil floyrhydroxypropyl methylcellulose (HPMC),

nanofiber

Vi



¥Z

ELEKTROEJKRME METODU KLE MERCKMEK UNI
HKDROKSKPROPKL METKLSEL! LOZRBRKMK NANOL

Tam, Nilay
Y¢ksek Lisans, Geda M¢hendi slifji
Tez Y%°neticisi: Prof . Dr . Ge¢l ¢m
Ortak Tez Y°neticisi: Prof. Dr.

Ma y 23%8,114 sayfa

Nanoli fler fonksiyonel ol ma, paketl eme
yardémhma ve géda kalite ve ge¢venl i i al
°zelli kleriyle son yeéllarda gédaBuendg¢st

-al @ékmaamacénamer ci mek unu ve (HARNIGQr oksi p
kull anarak el ektroejirme met ofduyella ih opniHodjs

(7, 10 ve 12)mercimek unu konsantrasyo@lve %2) hi dr oksi propi | m
konsantrasyoni200,25, %0,5 ve %lyemi kr oakékkanl akt er ma y?°
d° ng¢-l1°zid erin vV e nanol i flerin °czellikle
pHO&NEN a hemt %1r erh Ma%2 mer ci mek unu i -eren

viskozitelerinde azal maya sebep ol muktur
nanolifler el dedejdediemdé mhakenenpiamol i f
%2 mercimek unu i -eren nolizfellariilrer dampl aerl
yé¢ksel mesiyl e azal ma gestermi ktir. DijJ e
-%zledrtden el de edlidrethn éhdmdndie@lf i kli enr igf z4d & n me 1
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pH 10 dejerinde mercimek unu konsantrasyonu

nanoliflerin -aplarénda artma ol muktur. HPMC
viskozitelerini var tnt anFoal éi kft |meek enHRM@G p| ar é n é
konsantrasyonlaré kul |l aneél-arpalka Bladz enrmi avnean -

254N5 nm ar as énMiak rdoeajkiéekknkeakntl eackitré.r ma y°nt e mi
iczerinde olumlu bir et kisi goer ¢l @mi ktir ve
meci mek unu i-eren -°9zeltilerde voltajéen art
hezéenén isenahéfr ef maapénda aMedmelaupumdaki e bep ol mu
artecx nanol i fl erin s u buhar e ge-irgenlij
konsantrasyonumanol i fl erin su buharéitgeNeirgenlij
mercimek unu konsantrasyonunun ne de HPMC eklenmesinin renk parametreleri

czermami r et ki si ol maméxkt ér

Anahtar kelimeler: EI ekt r oej i rme,himeo&ismek opinlu, met i | ¢
(HPMC), nanolif
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CHAPTER 1

INTRODUCTION

1.1.Electrospinning

Electrospinning isised to produce fibers with a range of submicron to nanometer. It
comes to the forefront with its simple mechanism, cheap construction and short
processing time among the other methods (Kriegel, Arrechi, Kit, McClements, &
Weiss, 2008). Electrospinning process has shown the most promising fierdibesr
manufacturingHaghi, 2009. Researches related to electrospinning method is getting
more popilar (Coles & Woolridge, 2016 There are various studies in the literature
related to electrospinning process, parametdrat affect the process and

characterization of the fibers produdegthis method.

1.1.1. Equipment for electrospinning

Electrospinningsystem is highly controllable due to its versatility. Almost every
piece of the system can be altered according to the necessities of the study. In the
electrospinning system, there are three main components, which are high voltage
supplier, a syringe wht metal tip containing the solution and a collector. There is a
simple demonstration of the electrospinning systsmown in Figure 1.
Electrospinning solution (a) is ejected by a simple pump (b). Both electrospinning
solution and the collector (c) are digeally charged by a high voltage supplier (d).
Anode is attached to the metal tip of the needle (e) whereas cathode is attached to the

collector. Electrically charged electrospinning solution elongates and creates a Taylor



cone (f), which is clarified isection 1.1.2. Finally, fibers are collected on the surface

of the collector.

Orientation of the system can be alterdéigure 1 presents a horizontal
electrospinning system. It can also be built vertically. If a vertical system is used,
gravitational foces on the electrospinning solution can be used as initiator. In this
orientation, more uniform fibers cabe obtained (Haghi, 2009). Thsame
gravitational force prevents a perfect flow in a horizontal system. However, in the
vertical orientation there ia droplet risk. The needle is right above the collector;
therefore, all of the droplets will fall on to the collector. In the horizontal orientation,

with the right electrospinning conditions, drogi@tmationcan be avoided.

The pump in the system cae excluded. Sometimes application of the high voltage

to the electrospinning solution is enough to start the flow. As it is mentioned above,
a vertical orientation can be used for the same purpose. However, applied voltage or
gravitationmay not be enough for solutions with high viscositiesddition without

a pump, the control on the flow rate will not be sufficient (Coles & Woolridge, 2015).

In some of the cases using a pump might be unnecessary but it definitely depends on
the studythat is conducted.

The type of the collector can also be changed. Haghi (2@6@@dshat using more
complex shaped collectovgas possible but it should be handled very carefully. For
instance, using a rotating cylindrical collector instead of a si@tyocollector ould
result inmore aligned fibers (Pham, Sharma, & Mikos, 2006). @fiects of the
collectors on fiber morphologgan be seen in Figure 2. The drawbackatéting
cylindersystem is that the speed of the rotation will be another panathateshould

be controlled (Haghi, 2009).
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Figure 2. Effects of the type of the collector ((A) stationary and (B) rotating
cylinder) on fiber morphology

1.1.2. Principles of electrospinning

The basic principle of electrospinningtigtan electrical charges inducedthrough

the high voltage supplier to the polymer solution inside the syringe. The electrostatic
forces start spinning procesfich distort thehemispherical surfaces of the droplets.
Taylor studied the influence of this electrostatic force on liquid droplets and
developed gheoretical understandingdylor, 1969. In electrospinningelectrically
charged particles accumulates on this droplet when an electric field is g@uied
andWoolridge 2015. When these charged particles overcome the surface tension
due to the charge repulsion, droplet elongates. This elongation createssh shape

at the tip the needle, which is called as Taylor cone. Then, charged liquid jets are
derived from the tip of this Taylor cone. During the movement of these jets to the
collector, evaporation occurs and jets elongates; consequently, fibeatlected on

the surface of the collector in a solid fo(Anu Bhushani & Anandharamakrishnan,
2014; Huang, Zhang, Kotaki, & Ramakrishna, 2003; Schiffman & Schauer,.2008)



1.1.3. Solution characteristics

Characteristics of the electrospinning solution is very importanthe literature,

there are many studiethat investigate the effects of these properties on the
electrospinning process. There are basidally solution characteristicsvhich are
viscasity, conductivity, surface tension and volatility of solvEbadafalchGazquez

et al.,2017;Paul, 200%. It was mentioned in previous section that in order to initiate
the electrospinning process, charged partictastoovercome the surface tension of

the solution. This is why surface tension is an important parameter for electrospinning
solution Yang et al. (2004) statatiat different solvents affected surface tension of
the solutions differentlylt is also known thathigh surface tension causesatle
formation (VegalLugo & Lim, 2009).Surfactants arenostlyused in order to reduce
surface tensiofAceituncMe di na, Me nd o z a ;Ruldioa2§18;Perez, &
Masia, Lagaron, & LopeRu bi o, 2Mb4; §P®rlLean a-iRubio,, &

2014) Solventvolatility is important because jets can elongate adequately only if

solvent evaporation is adequate. Otherwise, bead formation occurs and homogeneous

fibers cannot be obtainddnu Bhushani & Anandharamakrishnan, 2014; Huang et
al., 2003; Schiffman & Sauer, 2008 The effects of viscosity and electrical
conductivity on electrospinning proces® explainedetailed in sections 1.1.3.1 and
1.1.3.2.

1.1.3.1.Solution concentration

Solution concentrations directly related to theriscosity of theelectrospinning
solution(Cheong, Heng, & Wong, 1992; Kriegel et al., 2008; Lim, Gwon, Jeun, &
Nho, 2010; Vegd.ugo & Lim, 2012).Since ©ianging concentration is quite eagy
is one of the most studigghrameters electrospinningtsidies(Coles & Woolidge,

2015. Many studies showetiat obtaining homogeneous nanofibers at very low and

very high viscosities was not possilflecr e not , Henri ksson, &

L -
L -



Larrondo & St. John Manley, 1981; Sukigara, Gandhi, Ayutsede, Micklus, & Ko,
2003.

Coles and Woolridge (2015 explained the effect of the changing viscosity on
electrospinning in detail. Increasing the viscosity from low to the critical value leads
to obtaininghomogeneousdibers. After critical point,diameter of fiber starts to
increag. When the viscosity of the solutiomas not inthe range proper for
electrospinning process, bead formation occurs and homogenous fibers cannot be
obtained againMany studies in the literature reported an increase in diameter of
fibers with an increasm solution concentrationThis phenomenon as explained

with the increase in viscosity of the electrospinning solys@achley & Wen, 2009;

Cho, Nnadi, Netravali, & Joo, 2010; Ramji & Shah, 2014; Uyar & Besenbacher,
2009)

1.1.3.2.Electrical conductivity

Charged ions in thelectrospinningsolution influence thejet formation As it is
explained in section 1.1.2, in order to initiate the electrospinning pradesged
particlesmustovercome the surface tension due to the chageasion(Paul, 200%.
Therefore, kectrical conductivity of the solution is atherimportant parametean

order toinitiate electrospinningprocessAt low electricalconductivity values, the
electrospinning solution cannot be electrically charged. In this situation, formation of
Taylor cone cannot take pla@hardwaj & Kundu, 2010; Lu, Zhu, Guo, Hu, & Yu,
2009.

It is also important to obtain homogeneous nanofibers with thirioer diameter.
Raghavan et al, (2012) stated that an increase in electrical conductivity led to an
increase in charge carrying capacity of the jets. When the electric field is applied, the
tension become higher and fibers can be collected more alignatar§inBeachley

& Wen (2009) sated that increasing the electrical charge of the solution to a critical



value alloved the electrospinning to occuAlso, the diameter of the nanofibers

decreasg with increasing electrical conductivity

Methods like addion of ionic salts, using organic acids as the solvent or changing
the pHcan be used to increadlee electrical conductivity of the electrospinning
solutions(Fong, Chun, & Reneker, 1999; Vegjago & Lim, 2012; Zong et al.,
2002)

1.1.4. Electrospinning conditions

As well as the solutionharacteristicgprocess parameteasealsoimportant factors

for electrospinningHaider, Haider, & Kang, 2015; Nezarati, Eifert, & Cosgriff
Hernandez, 2013Jlow rate, voltageanddistance between syringe and thdexibr

are three main process parameters for electrospinfimgye are many studies in
literature about the effects of electrospinnpsgameters on the production and the
morphology of thdibers. Deitzel, Kleinmeyer, Harris, & Beck Tan (20&howed

that feed rat@andvoltage had a strong influence on the fiber morphology. In fact, it
was stated that production of homogeneous fiber cannot be succeeded without using

the unique optimum conditions for the polymer used in electrospinning process.

1.1.4.1Voltage

Applied voltage is a very important parameter because without reaching a critical
voltage value, electrospinning process cannaithdged To initiate this process, an
electric field must be created and voltage is the parameter that creates this electric
fieldk ener , Al Q@ly)stated&thaddppliedyoltage determines the strength

of the electric fieldAs it is explained in sectiof.1.2, when the charged particles
overcome the surface tension, droplet elongates and charged jets derived from the tip
of the Taylorcone Coles & Woolridge, 20161n order to create Taylor cone, applied

voltage must be higher than a spedificeshold value (L& Wang, 2013).
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The effects of the applied voltage on the fiber morphology and fiber diameter is a
controversial issue. In the literature there are some stattiet showed that using

high voltage values increasbead formatiorfBuchko, Chen, Shen, & Martin, 1999;
Deitzel et al., 2001; Demir, Yilgor, Yilgor, & Erman, 200Paul (2005plso stated

that increasing the applied voltage increbsead density due to the instability of the
charged jets. Higher applied voltage values may lalad to smaller fiber diameters.
Due to the stronger electric field created by applied voltage, charged jets will stretch
more (Buchko et al., 1999; Lee et al., 2004; Megelski, Stephens, Bruce Chase, &
Rabolt, 2002; kener et al., 2011).

Paul (2005)statel thatflight time of the charged jets alsffects fiber diameter.
Fibers can elongat@nd volatile solvent can evaporat®re when the flight time is
longer. Creating a weaker electric field bging low voltage values decreases the
acceleration of theharged jets. Therefore, the flight time becsioager, which can
create smaller fiber&Zhao, Wu, Wang, & Huang, 20p4

On the other handmany studies reported no significant difference of fiber
morphology or fiber diameter with the change of applieliage (Andrady, 2008;

Fong et al., 1999; Pham et al., 2D0OBue to these confounding observations, the
effects of the voltage should not be separated from other electrospinning parameters,
especiallythefeedrate and distanc&k(e ner , Al t261p) & Al t ay

1.1.4.2 Flow rate

Flow rate determinethe availability of the electrospinning solution for the process.
Theelectrospinningystem need to be fed bye electrospinningolution in order to
create a stable droplet at the tip of the needlelgs & Woolridge, 2015
Gravitationalforce or a pump can be ustxstartthe electrospinning process. Even
though gravity is enough to initiate the process, replication cannpetiermed
consistently Coles & Woolridge, 2016 Controlling the system pressuoe using a

pumpgive higher control on the systeamd help producing more consistent fibers.



For a specific voltage value, there is a specific flow rate range. The relation between
flow rate and applied voltage must be balanced to create a stable Tayl¢Paahe
2005H. Beachley and Wen (2009) stated tinateasing flow ratéoo muchcauses an
accumulation at the tip of the needle daeexcess amount of solutioblsing low
flow rates is more favorabléo give enough time to the volatile solvent of
electrospinning solution for evaporatigBeachley & Wen, 2009b; Paul, 2005)
According b Yuan, zhang, Dong, & Shen@004) if the time is not enough for
evaporation, fibers may create webs by fusing each other.

In some studies, an increase in the diameter of filvasobserved with an increase

in flow rate(Hohmanmichael et al., 2001; Zoagal., 2002)Similarly, Beachley and
Wen (2009), reported thatlaigh flow rates, obtaining smooth fibers with small fiber
diameterwas hard due to lack of time for evaporation. Thick fibers and bead
formation occur since stretching forces ao¢ enogh. Hohmanmichael et al. (2001)
stated thatncreasing the fiber dimeterauld stop at some point. In order to keep

process stable, there should be an increase in voltage with the increase in flow rate.

1.1.4.3 Distance

As it was discussed in section 1.1.4.1 and 1.1.4.2, both the strength of the electric
field and the flight time of the charged jetgere important parameters for
electrospinning process. The distance between the tip of the needle and the collector
has influence omoth of thesgparametersA decrease in distanceduces the flight

time while it increases the electric field strengBa(l, 200%. Huang et al(2003)

stated that fibers may stick to the surface of the collector and also each other if the
distance beteenthe tip of the needle and collector is too short. The reason is
explained as at short distance, volatile solvent cannot evapdatpiatelyHigh

field strength also causes bead formation due to insgatsi¢Deitzel et al., 2001;

Zong et al., 20025imilarly, Li & Wang (2013}¥tated thaas fibers ouldnot solidify

at short distance whereas bead formation @ztat long distanceSome studies

showed when the distaness increased, dmeter @ fibers decrease(fyutsede et



al., 2005; Yuan et al.2004) Reneker, Yarin, Fong, & Koombhong$2000)
explained that increasing the distancavgmore flight time, which increase
stretching of the jets before reaching the collector. However, literature reviews
showed that therewere exact oppositeases asvell. Costolo, Lennhoff, Pawle,
Rietman, & Stevens (2008tated that therewas a direct relation between the
diameter of fiber and distance. Moreov&nao et al. (2004eportecthat none of the
fibers could reach on the surface of the collector atdagdistance. The reason is
that the field strength decreases with inceeas the distance, which leads to a
decrease irfiber stretching(Faridi-Majidi, Ziyadi, Naderi, & Amani,2012. In
addition to that there are studwhich reported no significargffect of the distance

on the fiber morphologyZhang, Yuan, Wu, Han, & Sheng, 200®aul (2005)
suggestedhat there should be an optimum distance which edd¢hé optimum field
strength. Overall, unique electrospinning conditions must be succeeded in order to
obtain smooth electrospun fibers.

1.1.5. Environmental conditions

As itwas explained in sections 1.1.3 and 1.1.4, morphology of the nanofibers depends
on many variables. While solution characteristics and electrospinning conditions can
be altered easily, changing environmental conditions is a little bit more challenging
(Haghi,2009. Especially ambient parameters temperature and humidity have strong
effect on electrospinning proce@Soles & Woolridge, 2015; Haider et al., 2015;
Paul, 2005).

Thetemperature of the environmemlherethe electrospinning process is taking place
must be consideredThompson, Chase, Yarin, & Reneker (20@@8ted that the
effects of the temperature on thkectrospinningorocess should not nsidered
alone. Haider et al. (2015) explained that themere two main effed of the
temperature othe electrospinninglhe first onewas the temperature effeain the

solvent evaporation rate. The second was the effect of temperature onscosity
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of the electrospinning solutionColes and Woolridge (2015 reported when
temperature was increasetetviscosity of the electrospinning solutidacreasd,
which affected both fiber morphology and fiber diametevlit-uppatham,
Nithitanakul, & Supapho{2004)proved that an increase in temperature reduced the
diameter of the fibers due to the decrease in the solution viscosity.

There are many researches simmythat there is a clear influence of the humidity of
the environment on the electrospinninbhe ctange in humidity affects both
nanofiber morphology and nanofiber diameter due to its effects on solidification of
the electrically charged jets during the electrospinning prqttsder et al., 2015).

Li & Wang (2013) stated when the humidity is highptiter of the fibers become
thicker due to the small stretching forces on the jets. Comipmr®rmal atmosphere,
water vapor molecules have a tendency to condense on the fiber collected on the
collector at highhumidity (Paul, 200%. In addition to thatthe size and the frequency

of the pores on the fibencreaseat high humidity(Coles & Woolridge, 2015; Paul,
2005). At lower humidity, especially in dry conditions, evaporation of the volatile
solvent increases; therefore, smoother fibers can be obtairg&dvVang, 2013; Paul,
2005).

1.2.Nanofibers

Nanofibers which have 1 to 100 nm diameter range show different mechanical,
electrical and optical properties due to the higher surface area/volume ratio than
macrofibers (Neethirajan & Jayd@011). Usage of nanofibers in many different areas
like textile, biomedical, cosmetic and pharmaceutical industries have become popular
in recent yearsPaul (2005)statedthat almost in dlareas,there is a demand in
developing novel materials. Nanoéits obtainedby electrospinning can bexamples

for these new material-However, there is not enough study about the use of

nanofibers in food industry applications. One of the most important reason is that the
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solvents used for electrospinning are naidcsafe.Selecting a proper solvent is

detailed inthe nextsection.

1.2.1. Use of solvents in electrospinning

Selecting a proper solvent is an important parameter for electrospinning solution.
There is a limitation for choosing a proper solvent for a specific electrospinning
system.Sincesome of the solvents have potential hazards on human haaytiof

the residual of these solvents can restrict the applications of the electrospinning
proces. The solvents commonly used for electrospinning process are 1,1,4,3,3,3
hexafluore2-propanol (HFP), trifluoroacetic acid, and 2;&i@uoroethanol (TFE)

ethyl acetate, tetrahydrofuran (THF) dimethylformamide (DMF), methyl ethyl
ketone, and 1;dichloroethane(Haider et al., 2015)However, they are toxic and
prohibited from fooerelated applications (Vegaugo & Lim, 2012).

Electrospinning of the biopolymers by using water as solvent is a challenging topic.
Yet, there are many studies which could obtaomogeneous nanofibers by
dissolving of polymer in water.Son, Youk, Lee, & Park (2004) and Deitzel,
Kleinmeyer, Hirvonen, & Tan (2001) obtained nanofibers from the most common
polymer used in electrospinning process, polyethylene oxide (PEO), byiigsol

in the waterZhang et al(2005)dissolved poly (vinyl alcohol) (PVA) in water and
also obtained nanofiberBesides polymebased nanofibers, it is possible to obtain
proteinbased nanofibers by electrospinnii@ullivan, Tang, Kennedy, Talwar, &
Khan (2014) and Veghugo & Lim (2012) obtained nanofiber by dissolving whey
protein isolate (WPI) and PEO in wat€&ho et al (2010) reported homogeneous
nanofiber production from PVA and soy protein isolate (SPI) bieride water. In
many studies conducted with carbohydrates, nanofibers could be obtained using
water as a solvenk e n e r (2@lib)uaedd water as the solvent of the sodium
alginate and PVA blend. Kayaci, Sen, Durgun, & Uyar (2014) dissolved
geraniol/gclodextrin inclusion complexes in the water and obtained-freedand

uniform nanofibers
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Selecting a proper solvent is also important to obtain bead free homogeneous
nanofibers because selected solvent direetfgcts the surface tension of the
electrespinning solution.Yang et al.(2004) stated that different solverdffect
surface tension of the solutions differently. When the concentration of the sadution
kept constant, reduction of the surface tension reduces bead formation and then
homogeneousibers can be obtainedtong et al (1999) suggesteché usage of
ethanol as solvent because its surface tension is low, which helps obtaining smooth

fibers.

1.2.2. Use of polymers in electrospinning

Due to their high availability and low cost, synthgimymers are more commonly

used in electrospinning proced3al, 200% However, with the increase in the

environmental awareness, biodegradable polymers started to be predsrred
comparéd to synthetic polymerg§Cho, Netravali, & Joo, 2012Many of theg

polymers have been electrospun successfliyl, 200%.

1.2.2.1.Protein and carbohydrate

Pulses, which are the seeds of legumes, are known as high nutritional value foods.
According to Food and Agricultur al Or gal
production of pulses increased by 57.4% from 1981 to 2011 (Ariyawardana,
Govindasamy, & Lisle, 2015). However, Previtali et al. (2014) stated that with the
change of eating habits, legume consumption decreased. Consequently, scientists
started to search ifdrandnew areas to use pulses. Thus, pulses have been used in
pharmaceutical formulations and in biodegradable materials, such as plastics, inks

and dyes (Graham & Vance, ).
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As it is mentioned in section 1.2.1, there are many studigghich homoge®ous

nanofibersare obtainedrom protein and carbohydrates. Whey protein isolate, soy

protein isolate, sodium alginated cyclodextrin can be given as exangp{€ho et

al ., 2010; Kayaci et al ., 2014; -Lugener et al
& Lim, 2012). In addition to that nanofibers could be obtained from collagen, gelatin,

fibrinogen, silk, cellulose and so oRgul, 200%.

Lentil, which is the second biggest traded pulse crop in developing countries, is a rich

protein, vitamin and mineralource (Ariyawardana et al., 2015). Therefore, it takes

an important part of the diets of people. Lentil is used especially in flour form in

various food applications such as soups, snacks, baked products and so on (Ahmed,

Taher, Mulla, AlHazza, &Luciano, 2016)In addition to that, scientists started to

use lentil flour for production of functional foods such as to increase the nutritional

value of the bread, as pgelatinized starch, to improve soil health aodemowe
hazardous dye as anoadlsorbenf ¢ el ekl i, Tanriverdi, & Bozkur
Shand, Pickard, & Wanasundara, 2015; Previtali et al., 2014; Sharma & Banik, 2015)

The usage of lentil flour in electrospinning processrw®eenstudied so far

1.2.2.2 Polyethylene oxide

Polyethylene oxidéPEO)is chosen as a carrier polymer matrix due to itstoaic,
bio-soluble and chemical resistamtdwatersolublenature(Safi, Morshed, Hosseini
Ravandi, & Ghiaci, 2007)PEO has been used in many studies in order to increase
the spinnability of the solutions. PEO was used to increase the spinnability of
cellulose and chitosarfPakravan, Heuzey, & Ajji, 2011; Samad, Asghar, &
Hashaikeh, 2013Jyar& Besenbacher (2@)added PEO into their solutions, which
wascomposed of cyclodextrins (CD), for same reason. PEO was added into protein
isolate solutions as well. To increase the spinnability of the soy protein isolate (SPI)

solutions and whey protein isolate (WPI) solutidiEOwasused as carrier polymer
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matrix in many studie$Ramji & Shah, 2014; Shankar, Seyam, & Hudson, 2013;
Sullivan et al., 2014; Veghugo & Lim, 2012; Xu, Jiang, Zhou, Wu, & Wang, 2012)

1.2.2.3.Hydroxypropyl methylcellulose

Hydroxypropyl methylcellulose (HPMC) is a cellulose derivative. It is used in food
industry in many areas. Xuan et al. (2017) studied the effects of HPMC on frozen
storage of wheat gluten and recently stated that HPMC could stabilize gluten network.
Tanti,Barbut, & Marangoni (2016) showed that HPMC could be used as a shortening
in sandwich cookie creams. Mariotti, Pagani, & Lucisano (2013) reported that the
presence of HPMC could make the crumb of the gluten free bread softer and slow
down the staling prass. HPMC has been used for edible film production in many
studies as wel(Akhtar et al., 2013; Bilba®& § i n z ,-BugiNog Waod, Williams,

& Mchugh, 2010; Brindle & Krochta, 2008; Perone, Torrieri, Cavella, & Masi, 2014)

In addition to these, ther@re many electrospinning studies have been conducted
based on HPMC. Frenatt al. (2007) showed that it was possible to obtain

homogeneous nanofibers from HPMC in dimethyl acetamide solution.

1.3.Objective of the study

Nanofibers have recently become very popular in food industry for their utilization
as highly functional ingredients, higierformance packaging materials, processing

aids and food quality and safety sensé&ilectrospinning i& method which isised

to producenandibers Due toits simple mechanism, cheap construction and short

processing time among the other methadisctrospinning has come to the forefront.

Studies related teehtil have increased due tasta rich protein, vitamin and mineral
source The flour form of lentil is used in many food applications. Recertliy,
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interest in production of biopolymérased nanofibers has increadddwever, here

is lack of research on the usage of lentil flour in electrospinning process.

The aim of the sty is to produce homogeneous nanofibers suitable for food industry
from a solution containing lentil flour and HPMC by using electrospinning method.
The effects of pH, lentil flour concentrationrHPMC concentration and
microfluidization on solution charaetistics and fiber morphology astudied. In
addition to that the effects of electrospinning conditions on fiber morphology are
investigated. Finally, the effects ofentil flour concentrationand HPMC

concentratioron water vapor permeability and color of nanofibars highlighted.
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CHAPTER 2

MATERIALS AND METHODS

2.1.Materials

Lentil flour (LF) containing 22.2 % protein, 1.7 % fat, 8.9 % moisture and 3 % ash
was obtained from Smart Chemical Trading Co. Inc. (Turkey). Polyethylene oxide,
PEO (molecular weight = 900,000 Da) and hydroxyl propyl methyl cellulose
(HPMC) were boughtrbm Sigma Aldrich Chemical Co. (St. Louis, MO, USA). The
emulsifier, Tween 80 was supplieg Merck (Darmstadt, GermanyJig. 3)

O
\>—o
X
H33C47 (CoHs50)w
(C2oH50)y

(CoHs50)y
(CoH50),

Figure 3. Tween 80 molecular structure. X, y, z, and w were selectedkeajtban,
Basri, Rahman, &alleh, 2012)
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2.2.Solution preparation and characteristics

PEO solution of 3.5% (w/v) was prepared and dissolved at 1,000 rpm for overnight

at room temperature by using a magnetic stirrer (Daihan Scientific Co, KR). Distilled

water was used abe solvent. Lentil flour was added into the 3.5% (w/v) PEO

solution at two different concentrations (1% and 2 % (w/v)). Solutions were
homogenized with a higepeed homogenizer at 12,000 rpm for 3 min (IKA T25

Digital Ultra-T u r r a x ;WerkeK&GBH & CO. KG, twufen, Germany). After

that, pH of the solutionwasadjusted to 7, 10 and 12 by the addition of 2M NaOH
solution. Then, solutions were heated to
magnetic stirrer at 1,000 r ponswertfitat 8O0AC
cool down until they reach the room temperature. Tween 80 (2% (w/v)) and HPMC
(0.25%, 0.5% and 1% (w/v)) were added into the solutions and homogenized with a
high-speed homogenizer at 10,000 rpm for 5 min. Solutions were stirred at 750 rpm

for overnight at room temperature by using a magnetic stifhegse solutions were

used for determination of effects of lentil flour concentration, HPMC concentration

and pH on rheological behavior, electrical conductivity and fiber morphdleigy

4).

For water vapor permeability, color and FTéRperimentsfour different solutions
were prepared. 2% (w/v) and 5.25% (w/v) lentil flour were added into 3.5% (w/v)
PEO solutionSolutions were divided into two. 2% (w/v) Tween 80 was added into
all of the ®lutions and 0.5% (w/v) HPMC was added into half of ti{Eig. 4)
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PEO solution

Zl,OOO rpm for overnight

Lentil Flour

Z High-speed homogenizer at 12,000 rpm for 3 min

Adjusting pH (with 2M NaOH solution)

ZHeated to 80AC in a water b:e

Mixed( 1, 000 rpm and at 80AC for 2h

Z Cooled down to room temperature

Tween 80 and HPMC

ZHigh-speed homogenizer at 10,000 rpm for 5 min

Stirred at 750 rpm for overnight

Figure 4. Solution preparation fordetermination of effects of lentil flour
concentration HPMC concentration and pH on solution characteristics and fiber

morphology and characterization of fibers

For microfluidization part, first, lentil flour solutions of 5.25% (w/v) and 7.5% (w/v)

were prepared. Solutions were homogenized with a-$pgled bmogenizer at

12,000 rpm for 3 min (IKA T25 Digital Ultrd u r r a x “WerkekGmBEH & CO.

KG, Staufen, Germany). After that, pH of the solutions was adjusted to 10 by the
addition of 2M NaOH solution. Then, sol u
andm xed with a magnetic stirrer at 1,000
(w/v)) and HPMC (0.5% (w/v)) were added into the solutions, which were left to cool

down until they reach the room temperature, and homogenized with -@gegh
homogenizer at 100® rpm for 5 min. Then 3.5% (w/v) and 2.5% (w/v) PEO was

added into the solutions containing 5.25% (w/v) and 7.5% (w/v) lentil flour,
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respectively. After that, solutions were homogenized with a-$fipgled homogenizer
at 10,000 rpm for 5 min again. Finallstions were stirred at 750 rpm for overnight

at room temperature by using a magnetic stiiffeg. 5).

Lentil Flour Solution

Z High-speed homogenizer at 12,000 rpm for 3 min

Adjusting pH (with 2M NaOH solution)

/Heated to 80AC in a water bath

Mixed( 1, 000 rpm and at 8O0AC for 2h)

Z Cooled down to room temperature

Tween 80 and HPMC

ZHigh-speed homogenizer at 10,000 rpm for 5 min

Microfluidization (At 100 MPa with 3 and 5 cycle numbers)

r

Z

PEOaddition

ZHigh-speed homogenizer at 10,000 rpm for 5 min

Stirred at 750 rpm for overnight

Figure 5. Solution preparation for determination of effects of microfluidization on

solution characteristics and characterization of fiber morphology

20



2.2.1. Rheological measurements

Rheological behavior of the solutiowasmeasured by using a controlled strain cone

& plate rheometer (Kinexus, Malvern Instrumetds ) . The cone angl e
the plate had 46hm diameter. Shear rate varied from 1 to 160T®mperature was
setto5AC. The shear s trydatswere cdlectedaBxperingemse ar r

were replicated three times.

2.2.2. Electrical conductivity measurements

Electrical conductivity of the solutionsvas investigateda t 25AC by usi |
conductivity meter (Inol#b7110, Wissenschaftlich e c hni sche Wer kst at

Weilheim, Germany). Experiments were replicated three times.

2.3.Microfluidization

Four differentsolutions 3.5% (w/v) PEO solutionontainings.25% (w/v)lentil flour
and 2.5% (w/v) PEO solutiooontaining 7.5% (w/v) lentil flouwith and without
0.5% HPMC were processed wittmicrofluidizer (Suflux, ILSHIN AUTOCLAVE)
at 100 MPapressure and different cycle numbersaf®l 5) to see the effect of

microfluidization on electrospinning.

2.4.Electrospinning

Solution prepared for spinning was placed in 5 mL syringes, which had 11.58 mm
inner diameter. The needle was positioned horizontally on the syringe pump and
connected to the positively charged electrode, which had high voltage supipéer.

stationary collector, which was connected to the negatively charged part, was covered

21



with aluminum and fixed 30 cm away from the tip of the needle. For soluigets

for water permeabilityand color measuremenftow rate was adjusted to 0.8 mL/h
ard the voltage was varied betweerl® kV. Flow rate and applied voltage in
electrospinning device (NanoWeb 103, Mersin, Turkey) were varied betwe&rb0.6
mL/h and 820 kV for solutions prepared witmicrofluidization, respectivelyFlow

rate of0.6 mL/handvoltage ofl1l kV were used forest of thenanofibers obtained

for investigating the effects of pH, lentil flour concentration and HPMC
concentration The electrospinning process was performed at around 40% relative
humi di ty and 2 0 Aixédto Fhoursdoethesnofibérswbtainedfsr
investigating the effects of pH, lentil flour concentration and HPMC concentration.
The time was varied between-80 hours for nanofibers used for water vapor

permeability, color and FTIR analyses.

2.5.Characterization of fibers

2.5.1.Scanning electron microscopy (SEM)

For the morphological investigation, the nanofiber samples were collected on the
stationary collector. Before SEM analysis, samplese coated with Au/Pd. After

that, images were takdmy using Field Emission Scanning Electron Microscopy
(FESEM) (JEOL, J apan) atMMetallumeca andMatertala t i o n
EngineeringDepartment, Middle East Technical Universifjhe diameter of the
nanofiber was measured by using the Image50iJanalysis software. For each
image, diameters of 100 fibers were measured. These measurements were used to

determine range of diameter and to calculate the average diameter for each sample.
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2.5.2. Water vapor permeability analysis

Water vapor permedlty of the nanofibers wsmeasured with ASTM, E96 method
(Busolo et.al. 2009). When nanofibers were collected enough, they were kept in a
desiccator with aluminum foil for 24 hours. After that, obtained nanofibers were
peeled off from the aluminum foil.he thickness of nanofibers was measured with
calipersby taking 10 measurements for each samplee surface area of the
nanofibers was calculated as the base area of the plastic cor§aeaally designed
plastic containers with 4 cm diameter weled with water coveredup by the peeled
nanofiberand kept at controlled environment. The weight of the contawwass
measured until the steadyate weight loss was obtained. Water vapor permeability
(WVP) was calculated with equatidn

760 (1)

W/t = Slope of the weight loss and time grapls)(g/
X: Average nanofiber thickness (mm)

A: Surface area of the nanofib@n?)

0 : Saturatedvapor pressure (kPa)

Ri= Relative humidity of the environme(®)

Ro= Relativehumidity of the containef©s)

Experiments were replicated two times.
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2.5.3 Color analysis

Color of the samples was measured using a color reader (Minolta, CR10, Osaka,
Japan). White | ight was used and the angl e v
by CIE coordinates, L* a* and b* where L* indicates whiteness/darkness, a*

indicates redness/greenness, and b* indicates blueness/yellowness values. Two color

data were taken from different 498Qations f o
-1.4 and Q12 reference values were used, whietre Lo*, ag* and h* values of

BaSQ.

25.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR analyses of PEO powder, HPMC powder and nanofibers obtained from
electrospinning were conducted by using a F$fectrophotometer (HRffinityl,
Shimadzu, Kyoto, Japan). The analysis was performed in attenuated total reflectance
(ATR) mode using a diamond ATR crystal. The infrared regions analysis was
recorded with 16 scans. FTIR spectra were collected over the wewbker range

600i 4000 cm?.

2.6. Statistical analysis

Analysis of variance (ANOVA) was performed to determine whether there was
significant difference between the factors (
to compare variable means by using MINITAB statistics programme (MINITAB for

Windows, Version 16Minitab Inc., State College, Pa., US@ppendix A)

24



CHAPTER 3

RESULT AND DISCUSSION

When the solutions composed of only lentil flour and HPMC homogeneous
nanofibers could not be obtained. Thereforeto increase the spinnability,
polyethyleneoxide (PEO) was added into the solution. PEO was chosen as a carrier
polymer matrix due to its netoxic, bio-soluble and chemical resistant nature as well
as its solubility in water (Saét al., 2007)PEO has been used in many other studies
to increasehe spinnability of the solutions. It was shown to increase the spinnability
of cellulose and chitosafiPakravan et al., 2011; Samad et al., 20E8}.the same
reason, Uyar & Besenbacher (2009) also added PEO into their solutions, which
composed of cyclagktrins. To increase the spinnability of they protein isolate
solutions anavhey protein isolateolutions, PEO was used as carrier polymer matrix

in many studie§Ramji & Shah, 2014; Sullivan et al., 2014).

In this study, a nofionic surfactant 2% Twee80 was added into the solution to
decrease the surface tension, which increased the chance of obtaining more
homogeneous nanofibers. Velgago & Lim (2009) stated that high surface tension
could cause bead formation. Yang et al. (2004) stated that eliffesiolvents affected
surface tension of the solutions differently. When the total polymer concentration of
the solution was kept constant, reduction of the surface tension reduced bead
formation and as consequence homogeneous fiber could be obtgiegitunc
Medina et al. (2013)sed Tween 80 as surfactant in their study. In an elsptiaying

study, PerezMasia et al.(2014) added various surfactants (Tween20, Span20 and
lecithin) into solutions composed ofwo different low molecular weight
carbohydates (maltodextrin and commercial resistant starch). It was shown that all
of the surfactants decreased the surface tension of the solution. When the solutions,

which did not contain any of the surfactants were used, extensive dropping was
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observed due tounstable electrspraying. Solution properties (polymer
concentration and electrical conductivity) and electrospinning conditions (voltage
and flow rate) are important for electrospinning process. Therefore, in this study, the
effects of pH, lentil flour ad HPMC concentrations on the solution characteristics
and fiber morphology were discussdd. addition the effects of electrospinning
conditions on fiber morphology was examined. Lastly, the effects of lentil flour

concentration on water vapor permedbiind color of nanofibers were analyzed.

3.1.Obtaining nanofibers with high lentil flour and low PEO concentrations

In order to obtain homogeneous nanofibers, solutionsdifférentlentil flour, PEO
and HPMCconcentrations were preparéd Table 1 morphology of fibers obtained

from different solutions argiven.

All solutions were prepared at pH I®ffect of the pH will be discussed later. Lu et

al. (2006) stated that electrospinning ofumat biopolymers washallengingIn most

of thestudiespead formation was observed or nanofiber cootde obtained at all.

With the addition of nontoxic, biocompatible carrier polymers like PEO, spinnability
of the solutions could be improved. Below 2.5% PEO concentration, no matter what
the protein concerdtion was, homogeneous nanofibewslld notbe obtaineqTable

1). Thus it can be concluded thREO concentratioless than 2.5% wasot enough

to obtain a solution with sufficient spinnability.
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Table 1. Nanofiber morphology of electrospwolutionswith different lentil flour,
PEO and HPMC concentrations

Concentration (%) Nanofiber
PEO Lentil Flour HPMC Morphology
3.5 5.25 0 HNF*
3.5 5.25 0.5 HNF
3.5 3.5 0 HNF
3.5 3.5 0.5 HNF
35 2 0 BF*+
3.5 2 0.5 HNF
3.5 1.5 0 NF***
3.5 1.5 0.5 HNF
3.5 1 0 BF
3.5 1 0.5 HNF
3 6 0 HNF
3 6 0.5 BF
3 3 0 HNF
3 3 0.5 HNF
2.5 7.5 0 HNF
2.5 7.5 0.5 HNF
2.5 5 0 HNF
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Table 1 (Continued)

Concentration (%) Nanofiber
PEO Lentil Flour HPMC Morphology

2.5 5 0.5 BF
2.5 2.5 0 HNF
2.5 2.5 0.5 BF

2 5 0 BF

2 5 0.5 BF

2 4 0 BF

2 4 0.5 BF

2 2 0 NF

2 2 0.5 BF
1.5 3 0 NF
1.5 3 0.5 BF
1.5 2.25 0 BF
1.5 2.25 0.5 BF

1 5 0 NF

1 5 0.5 BF

1 4 0 NF

1 4 0.5 BF

1 3 0 NF
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Table 1 (Continued)

Concentration (%) Nanofiber
PEO Lentil Flour HPMC Morphology
1 3 0.5 BF
0.5 2.5 0 NF
0.5 2.5 0.5 BF
0.5 15 0 NF
0.5 1.5 0.5 BF

*HNF means homogenous nanofiber
*BF means bead formation
*** NF means homogenous nanofib

All of the solutions were prepared at pH 10 and coeté®¥% Tween80

Oneof the purposes of this study wasobtain nanofibers with high biopolymer
concentration. Lentil flour is mainly composed proteins and carbohydrates.
Therefore,it was tried tause higher amount of lentil flouHowever, concentration
could notbe inceased more than 5.25% for solutions prepared with 3.5% PEO.
Increasing lentil flouconcentration more than 1téld for solutions containing 3.5%
PEO affected spinnability negatively and homogeneous nanofibers could not be
obtained. This proportion wasfold and 3fold for solutions with 3% and 2.5% PEO
concentrations, respectivehsimilarly, Ramji & Shah (2010) observed bead
formation when solutions were prepared with 7% soy protein and 5% PEO whereas
homogeneous nanofibers could be obtained wheneotrationswere changed to
12% soy protein and 10% PEO.
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3.2.Effect of pH on solution characteristics and fiber morphology

The shear str es g)dataoptaineedfrom thismical bxpaiments at e  (
were fitted well to Power Law model (E@)) with high coefficient of determination
values (f=0.965 0.997).

z O 2

wher e, U is the shear 'sKisthesconsiteRagy)ndex o i s t he

(Pa $) and n is flow behavior index.

The power law parameters of spinning solutions at different pH values (7, 10 and 12)
are shown in Tabl@. Sincen values ranged between 0.879 and 0.944, which were
smaller than 1, it could be inferred that the solutions showed pseudoféastae
thinning) behavior. As it can be seen in FigBreapparent viscosities of spinning
solutions decreased as the shear rate increased.
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Figure 6. The effects of different pH on apparent viscosity of different spinning
solution ( 3: pH 7, 1: pH 10, ee: pH 12) PEO: |
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Polymer concentration is very important in electrospinning due to its effects on
viscosity of the solutin. Obtaining homogeneous nanofibers at very low and very
high viscosities was not possilfleaarrondo & St. John Manley, 1981; Sukigara et al.,
2003)

pH was also effective on rheological properties and as a consequence on
electrospinning.Table 2 shows he effect of pHon rheological characteristics of
solutions composed of 1% and 2% lentil flour. As the pH values increased, the
consistency index of solutions decreased
lentil flour containingsolutions (Table A). Demetriades, Coupland, & McClements
(1997) prepared corn eih-water emulsions stabilized by 2 wt%hey protein
isolateswith apH range of (87). In their study, the lowest viscosity values could be
obtained at only the pH values far away from the sdek point of the whey protein.

It was also reported that to obtain the highest viscosity values, the pH of the solution
should be near the isoelectric point. In another research, Cho et al. (2010) showed
that the viscosity valuesf soy protein solutiom decreased when pH level was
increased. The reason of this was explained by the fact that at high pH values protein
moleculeswere unfolded due to the reduction of entanglements. Dissanayake
Ramchandran& Vasiljevic (2013) reported that increasing pHues of the whey
protein solutionglecreasediscosity. The first reason was explair®dthe charged
nature of the whey proteimwhich might affect the rheological behavior of the
solution. When pH moved away from the isoelectric point, net charge onnprote
molecules became greater. Thus, water molecules had higher affinity and hydration
degree of protein molecules could increase. Secondly, when intermolecular repulsion
between whey proteins predominated at lower shear rates, weak interactions between
protein aggregates could be easily disrupted t#increase in shear. Similar to the
studies in literature, in the case of lentil flour, when the pH values were moved away
from the isoelectric point of the lentil protein, which was ~pH 4.5 (Bamdad, Dokhani,

& Keramat, 2009), the viscosity of the solution decreased.
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Electrical conductivity of the solution is an important parameter to obtain
homogeneous nanofibers since charged ions in the solution influenced jet formation.
With increasing electrical conducitly, charge carrying capacity of the jets increased;
consequently, theension became higher in the presence of electric field and fibers
could be collected more aligned (Raghavan et al., 2012). Moreover, fibers with
smaller diameters could be obtained &iwWang, 2013). In order to increase the
electrical conductivity of the electrospinning solutions, different methods can be used
such as addition of ionic salts, using organic acids as the solvent or changing the pH.
In a study conducted with various saftsH-PQs, NaHPQs, and NaCl), it was
reported thatheaddition of salts increased electrical conductivity; as a result of that,
more homogeneous and bead free fibers with smaller diametessbtained (Zong

et al., 2002). Similarly, Fonegt al.(1999)added NaCl into PEO in order to increase
the carried charge. Vegéugo & Lim (2012) showed thdhe increase in pH values

of soy protein isolatsolutions from 1 to 12 increased electrical conductivity of the

solutions almost twentyfold.

Lentil flour cortains 22.2% protein and hasisoelectric point of ~pH 4.5 (Bamdad

et al., 2009). When the pH of the solution was increased, it was expected that they
would be negatively charged in alkali conditions. As it was shown in Rallben

the pH was increasdtbm 7 to 12 or 10 to 12 bipeaddition of NaOH solution, the
electrical conductivity increased as expected for solutions containing both 1% and
2% lentil flour. This result is similar to the results found in literature. Maggo &

Lim (2012) reportedhat electrical conductivity valuesvere 0.49, 1.30 and 9.64
(mS/cm) vihenthe pH of the solutiowasl, 7 and 12, respectivelyhat is, electrical
conductivity values increased with increase in pH from 1 tor'his alteration was
because of the isoelectric points of the proteins, which was the point when the net
charge on the protein molecules was equal to zero (Singh, Kaur, & Sandhu, 2005).
When pH was altered, the distance to isoelectric point of the prafeamged,;
consequently, the amount of the charged particles inside the solution changed.
Therefore, the electrical conductivity of the solution was expected to change. In
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another studywhen the pH of the soy protein solution was increased, the conductivity
increased as well (Vegaugo & Lim, 2008).

In this study, homogeneous nanofibersuld notbe obtained from the solutions
prepared at pH 7 (FIgA, 7B) whereas perfectly homogeneous ones were obtained
atpH 10 and pH 12 (FigrC, 7D, 7E, 7F). In many otkr studies conducted with
proteins, researchers could not obtain homogeneous nanofibers at neutral pH either.
Cho et al. (2010) studied witkoy protein isolate and poly (vinyl alcohol) (PVA)
blends and bead formation occurred for solutions prepared at\MHen the pH was
increased to 9 and 12, bead formation decreased and eventually homogeneous
nanofibers could be obtained. Vegago & Lim (2008) reportethead formation for

WPI: PEO (10%:0.4%) solutions prepared at neutral conditions as well. At alkalin
conditions (pH 12) bead formation problem decreased while at acidic conditions (pH
1) totally homogeneous nanofibers were obtain@a |-Grazco, Zapatdorres,

Ro d r 2Gattoma, & Pedrozéslas (2015)also observed bead formation for
PEO:WPIsolutionsprepared with 30:70 and 20:@@oportionsandat pH values of

7.24 and 7.16, respectivelyor the solution prepared with 30:70 (PEO: WPI) ratio,
above pH value of 7.28omogeneous nanofibers were observed. Sullivan et al.
(2014) prepared WPI: PESdlutions at four different pH valueshich were 2.0, 4.0,

5.2 and 7.5. Uniform fibers were obtained at pH 2.0 and 7.5, whereas fibers contained
beads at pH 4.0 and 5.2. Monahan, German, & Kinsella (1995) stated that, the
solubility of the proteins incresad as the distance from the isoelectric point increased.
Malik & Saini (2017) also reported the same result. Isoelectric point of lentil protein
was the same with soy protein and whey protein, which were around Beénslad

et al., 2009; Elizalde, Barttomai, & Pilosof, 1996; Pelegrine & Gasparetto, 2005).
Therefore, an increase in solubility of the proteins by moving away from pH 4.5 was
an expected result. When tresults of the researches were examined, homogeneous
nanofibers were obtained when hté value was far away from the isoelectric points

of the proteins.
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Figure 7. SEM images of different nanofibers at different pH values and with
different formulations (A) PEO: LF ratio of 3.5:1 at pH 7, (B) PEO: LF ratio of 3.5:2
at pH 7, (C) PEO: LF ratio of 3.5:1 at pH 10, (D) PEO: LF ratio of 3.5:2 at pH 10,
(E) PEO: LF ratio ©3.5:1 at pH 12, and (F) PEO: LF ratio of 3.5:2 at pH 12
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As discussed before, moving away frémeisoelectric poinof the solution not only
affected the solubility but also the electrical conductivity and rheological properties
of the solutions. This @ngein the electrical conductivity and viscosity of the
solution had also significant effsadn the diameter of the nanofibers. Bhardwaj &
Kundu (2010) reported that solutions having low electrical conductivity could not be
electrically charged. Thus, Jlar cone formation and electrospinning could not take
place.lt can be see seen frohable2 that low electrical conductivity was an obstacle

for the production of homogeneous nanofibers (FAg.7B). Similar to our results,
Beachley & Wen (2009) statélat increasing the electrical charge of the solution to

a critical value allowed the electrospinning process to occur and also reduced the
diameters of the nanofibers. In another research, the production of homogeneous
nanofibers by using proteins couldtnbe achieved due to the low electrical
conductivity of the solution (Let al., 206). VegalLugo & Lim (2012) mentioned

that high electrical conductivity was desirable in electrospinning process because it
increased theepulsion on the charged particlegBich induced the critical parameters

for fiber formation like the bending instability and stretching. On the other hand, it
was emphasized that even though the electrical conductivity of the solution was really
small at pH 1 as compared tteat atpH 12,homogeneous nanofibers coutll be
obtained, which indicated that conductivity was not the main contributor of fiber
formation. Our experimental results were in agreement with results of Mega&

Lim (2012). For the solution containing 1% lentildlo the changa pH did not have

a significant effecon fiber diameter even though the electrical conductivity increased
significantly (TableA3andA4) . However, the fiber diamet
nmt o 231N3 nm significantly for the sol u
electrical conductivity increased significantlyhe reason could be explained by the
viscosity change. The viscosity of the solution with 1% lentil flour concentration did
nat change significantly with the increase in the pH value from 10 to 12 whereas the
viscosity of the solution with 2% lentil flour concentration decreased significantly
(Table2). Similarly, when the pH value was increased from 10 to 12, fiber diameter
of the solutions decreased for the solution containing 2% lentil flouit loid not
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change significantly for the solution containing 1% lentil flour. Shahreen & Chase
(2015) explainedhis phenomenomvith the combined effects of the viscosity and
electricalconductivity. When a decreaseviscosity was combined with an increase

in the electrical conductivity, viscoelastic force and charge density reduced;
consequently, fiber diameter decreadédvas stated that very low and very high
viscosities were condéred as an obstacle for fiber productibivassuggested that
increasing the solution viscosity at ideal range would as®ethe diameter of the
fibers. Diameter distribution was varied for different lerftdur concentrationsin

other words, fibers were not uniform in sig@r solutions containing 1% lentil flour,
both at pH 10 and pH 12 narrow diameter distributions were observedSfjig.
Diametes were concentrated aroundd@220 nm at pH 10 whereathey were
concentratecaround 20-240 nm at pH 12When the diameter distributions were
examined, a narrower distribution was obtained for the one with pH 12 as compared
to the one with pH 10 for 2% lentil flour containing solution (FAB). Most of the
diameter results wereoncentrated around22-240 nm at pH 12 forthe solution
containing 2% lentil flour After all, many studies showed that fiber diameter did not
depend on only one factor, but on a combination of many factors like electrical
conductivity, pH, viscosity andpolymer concentration. For 2% lentil flour
concentration, thaveragefiber diameter decreased significantly with pth the

combined effect of viscosity and electrical conductigitgble 2)
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Figure 8. The effects of@) :pH 10 and(E) : pH 12 on diameter distribution of
nanofibers formulation with PEO: LF of (A) 3.5:1 and (B) 3.5:2
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3.3.Effect of the lentil flour concentration on solution characteristics and fiber

morphology

Shear thinning behavior was seen for both 1%28adentil flour containing solutions

at different pH values since n values were smaller than 1. It was observéd that
values increased significantly with the increase in lentil flour concentration at the
same pH value (TabB. In other words, it waslearly seen that when the lentil flour
concentration increased from 1% to 2% at the same pH level, the viscosity of the
solution increasedKriegel et al. (2008) stated that most of the polymers had a
tendency to make hydrogen bonding. Therefore, wherpdihymer concentration
increased, the number of hydrogen bonds was expected to increase. Especially
carbohydrates, had significant effect on viscosity of the solutions due to their high
bonding capacities. Lentil flour is mainly composed of natural polymarich are
proteins and carbohydrates. In fact, the amount of carbohydrates are almost three
times more than the amount of protein in lentil flour. Thus, increasing in solution
viscosity when the lentil flour concentration increased was expected duzdasa

in the total polymer concentration of the solution. According to the literature, polymer
concentration and the viscosity of the solution were found to be directly correlated
(Kriegel et al., 2008; Veghugo & Lim, 2019. Fong et al. (1999) showedath
viscosity of solution increased as PEO (MW 900kDa) concentration increased from
1% to 4.5%. The lowest viscosity value was 0.013 Pa.s whereas the loigbests

1.84 Pa.s. Uyar & Besenbacher (2008rarporated three different types of
cyclodextbjnandUo) i n PEO. Viscosity was
concentrations combined with different concentrations and types of cyclodextrins.
Viscosities ranged between 0.523 and 1.180 Pa.s. Addition of proteins into the
electrospinning solutions was mathallenging than carbohydrates; consequently,
the number of studies increased in recent yéara study, PEO (MW 600 kDa) and

WPI were combined by using water as solvent (Sullivan et al., 2014). Viscosity
values were increased with increase in WPI cotrtegion and ranged between 0.34
and 2. 33 -CpPoaco st al. (ZH) stdiaedthe effects oiWPl and PEO (MW

300kDa)on viscosityas well. The highest viscosity was obtained as 9.233 Pa.s for
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PEO: WPI ratio of 100:0 whereas the lowest one was obta;m8d76 Pa.s for PEO:

WPI ratio of 0:100. In this study, viscosity values measured at S@ear rate were
ranged between 0.980 and 1.680 Pa.s for different lentil flour concentrations and pH
values (Table). The viscosity results of this study werea reasonable range when

it was compared to other studi&ghen the studiem the literaturevere compared,
different viscosity ranges were determined in each study. One of the reason of these
different ranges might be using PEO with different molecwulaight. It can be
concluded that the addition of both proteins and carbohydrates in solution increase
viscosity of the solution. Also, increasing the amount of the biopolymers, which can
be either protein or carbohydrate, causes an increase in the yissitll.Also,

the type of the biopolymer is important as well. For instaradglition of
carbohydratesncreass viscosity of the solutions more than proteins due to their

higher water lmding capacities.

The increase in lentflour concentration did not change electrical conductivity of
solution significantly (Tabl@, Table A3). The reason of that could be explained by
the decrease in mobility of ions due to increase in viscosity with increase in lentil
flour concentration (S3eh o n , 2 0-0r8Zca et aC ¢208% amd Sullivan et al.
(2014) reported electrical conductivity ranges between 600248 (mS/cm) and 0-1

3.4 (mS/cm) for PEO and WPI blends, respectively. For lentil flour, electrical
conductivity of the solutions rard between 0.369 and 1.255 (mS/cm) whvelsin
accordance with other studies. In the literature, several studies reportetiethat
increase in polymer concentration did not cause an increase in electrical conductivity.
Tort & Acart ¢r k Whero RE®)concertrptionr wae thcreashda t
electrical conductivity of the solutions did not change significantly. In a similar study,
Vegalugo & Lim (2012) alsaeported no significant change of conductivity with

increase in PEO concentration.
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Figure 9. The effects of lentil flourléd: 3.5:1 (PEO: LF) ankH: 3.5:2 (PEO: LF))
on diameter distribution of nanofibers formulation at (A) pH 10 and (B) pH 12
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The results of iber diametershowed that with the increase in lentil flour
concentration,thever age di ameter of the nanofiber
nm at pH 10 (Tabl@, Fig.7C, 7D). On the other hando significant difference was
observed at pH 12 in terms of lentil floaoncentration (Fig7E, 7F). When the
diameter distributions were examined, a wider distribution was obtained for the one
with 2% lentil flour concentration as compared to the one with 1% lentil flour
concentration at pH 10 (Fi§A). The oppositérendwas obtained for pH 12. In other
words, most of the diameter results were concentrated ar@@a4® nm, which

was the average diameter, for the solution containing 2% lentil flour while a wider
distribution was observed for solution containing 1% |didur at pH 12 (Fig9B).

There are many studies showing that increasing the protein content in the solution
resultedanincrease in fibediameter. Cho et al. (2010) prepared SPI and PVA blends
with 9, 11 and 13 wt% concentrations. When the SPI concemrags increased,

the average nanofi ber diameters increase
explained by increasing the viscosity of the solutions. In another research, Ram;ji &
Shah (2014) reported similar results as well. Four different solutiens prepared

with 5, 7, 10 and 12% SPI concentrations and 5% PEO. The average diameter
increased from 30 to 90nm when the SPI concentration increased. Increasing the
carbohydrate concentrations in the solution also led to an increase in the fiber
diameter.In another research with the increas the cyclodextrin concentrations

from 25% to 50% in the solutions fiber diameters increased (Uyar & Besenbacher,
2009). The ranges of the diameters increased fre2695110200 and 116203 nm

to 140180, 105210 and 1262 4 0 n m f o-ayclodextrins, reapedively. Fiber
diameter varied from one study to another, since different types of prateihs
carbohydrates were used in each study. Similar to the most of the researches, the
diameter of the nanofibersdreased with increasing lentil flour concentration at pH

10 (Table 2). The reason could be explained by the significant increase in the
viscosity However, at pH 12, the fiber diameter did not show significant difference
with increasing lentil flour concentration even though viscosity of the solution

increased. However, conductivity values were almost twofold for pH value of 12 as

43



compared to pH vak of 10. It was stated before that high electrical conductivity
could cause a decrease in the fiber diameter. Thus, while the diameters of the fibers
increasd with increase in viscosity, they decreased with increase in conductivity.
This might be the masprobable reason for the nonsignificant diameter change
observed at pH 12.

3.4 . Effect of the HPMC concentration on solution characteristics and fiber

morphology

Table3 and Figurd.0show rheological properti€& andn) of spinning solutions for
different HPMC concentrations. Apparent viscosity of the solutimessured at

50 s? shear rate,ignificantly increased with increase in HPMC concentration. The
highest viscosity values, which were 1.671 and 2.085 Reee obtained at the
highest HPMC concentration (1%) for both 1% and 2% lentil flour concentrations,
respectively. This was due to the fact that HPMC was a cellulose based molecule
which had many hydroxyl grospon it. These hydroxyl groups increased water
binding capacity of the HPMC which caused an increase in the viscosthe of
solution (Lim et al.,2010). Frenot et al. (2007) reported that solution containing
2.86% HPMC could not be spinned due to its high viscosity. When the HPMC
concentration was deeased to 2.14%, a spinnable solution with lower viscosity was
obtained. These results were in agreement with the results of Caeah992),
where they reported an increase in viscosity for higher HPMC concentrations. Lim et
al. (2010) alsshowed hat the solution viscosity increased from 1.284 to 8.614 (Pa.s)

when the HPMC concentration was increased from 0.5%086, fespectively.
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Figure 10. Theeffects of different HPMC concentrations( 0. 25 % HP MC,
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The electrical conductivity randebetween 0.505 and 0.595 mS/cm for solutions
containing 1% lentil flour whereas the range was between 0.738 and 0.851 mS/cm
for solutions pepared with 2% lentil flour (Tabl8). Since HPMC is a cellulose
derivative, it cannot be electrically charged by changing the pH of the solution.
Therefore, increasing HMPC concentration of the solutions riid create a
significant changén electrical onductivities for both solutions containing 1% and
2% lentil flour. Solutions with 2% lentil flour concentration had higher electrical
conductivity values than solutions with 1% lentil flour concentration regardless of
HPMC concentration. Having higher aormd of charged particles (charged protein

molecules) was the reason.

Beadfree nanofibers were obtained from all of the solutions with different HPMC
concentrations (Fig.11A, 11B, 7C, 7D, 11C, 11D). Increasing the HPMC
concentration affected the fiber diameters and diameter distributions. HPMC, which
is a derivative of the cellulose, is a polymer itself. Therefore, when the concentration
of HPMC was increased, viscosity also increased. Thusast mot surprising to
observe a larger fiber diameter with increase in HPMC concentration whatever the
lentil flour concentration was (Tab®. Solutions with 1% lentil flour resulted in
wider diameter distributions for each HPMC concentrations. For theéwsts contain

2% lentil flour with 0.25% HPMC concentratiatine frequency of the fibers was the
highest for themean diameteraround 20-220 nm With increasing HPMC
concentration, the variation of diameter became higher1B#.12B). These results

were in agreement with Beachley & Wen (2009) when polycaprolactone (PCL) was
used as a polymer in their electrospinning study. The diameter of nanofiber was
reported to be between 350 nm to 1 Om.
increased from 8% to 20%ber diameters showed significant variation. Increasing
the diameter was explained by increasing the viscosity of the solution similar to our
study. Frenot et al. (2007) studied two different types of HPMC, which had different
methoxy contents. Averagkameters were measured as 128 and 127 nm for HPMC
types used in the studgince HPMC was mixed with both lentil flour and PEO,

larger diameters were obtained in our study.
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Figure 11. SEM images of different nanofiber formulations (A) PEO: LF ratio of
3.5:1 andd.25% HPMC(B) PEO: LF ratio of 3.5:2 and 0.25% HPMC, (C) PEO:
LF ratio of 3.5:1 and% HPMC and (D) PEO: LF ratio of 3.5:2 aido HPMC
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