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ABSTRACT

DEVELOPMENT OF BIOINTEGRATED ELECTROSPUN
NANOFIBERS FOR ENVIRONMENTAL APPLICATIONS

¥mer Faruk Sar éojlu
Ph.D.in Materials Science and Nanotechnology
Advisor: Tamer Uyar

August2016

Electrospinning is an easy and economical production technique to
produce nanofiber/nanofibrous webs from different polymers, polymer mixtures,
inorganic materials, supramolecular structures and composite materials. These
nanofibers have unique physical/chemical properties due to their large surface
areas and highly nanoporous structures. Since these nanofibers have superior
properties, various functions and can be modified by physical/chemical
methods, they have a great gutial to be applied in membrafhlter

applications.

Bioremediation is a commonly used technique for removal of water
contaminants, and different kinds ledicteriahave been used fdwioremediation
of water systems. Use of biointegrated hybrid materialsan alternative
approach for bioremediation, and thmgy providehigher efficiency, ease of
application and reusabilityAs a carrier system,lextrospun nanofibers are
suitable materials for integratioof bacteria,since electrospinningcan allow
production of nandmicro scale composites with tunable physical/chemical

properties.

In thisthesis it wasaimed to integrate bacterihathave bioremediation

capability with electrospun nanofibers by using immobilization/encapsulation



techniquesand testthe potentih of these biocomposites fotreatment of
contaminatedwater systems. The integration of bacteria that can remediate
ammoniumheavy metgltextile dyeandsurfactat with electrospun nanofibers
was achieved bywo different approaches. Imé first approach, bacterial cells
were physically immobilized oncellulose acetateCA), polysulfone (PSU),
polysyrene (PS)polycaprolactoa (PCL) and polylactiacid (PLA)electrospun
nanofibers In order to observe effects of nanofiber/nanofibrous web
morphology and arrangements on the immobilization of bacteoiae ofthese
nanofibers wereproduced as porous, parallelly arranged, and with different
diameters. In the second approach, by using polyvaigbhol (PVA) and
polyethyleneoxide (PEO) polymerssimultaneous encapsulation of bactena i
nanofiber structures waprovided. Afterwards all these diffeent kinds of
biocomposites wertestedfor their remediation potential in accordance with the
intended use of the integrated bacteria.

Keywords: electrospinning, nanofiber, bacteriagadvy metal, textile dye,

surfactam, biocomposite, bioremediatipimmobilization, encapsulation
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Chapter 1

General Introduction



1. Water pollution and sustainable water management

Water is the main component of life and its role in international affes
becomeof great importanceAlthough earth hagremendous amousbf water
souces its distribution and availability is the major isstm regular use
Insufficient amount of water sources can lead to drought, famine and health
problems.Because of that, water sustainability isnajor issue even in water

rich countries, and noveitrategies have being developed for sustainable water

use.

One of the mairarea of use for water is imdustrial processes. For
various operations, water is extensively used and recycling is not in charge for
manyof them, so that, industrial wastewateleases as effluent to natural water
sources (e.g. river, sea} the end Although for some wastewater (e.g. food
industry), most ofthe contaminantsre highly biodegradable and not harmful
for biological organisms,for some of the others (e.g. textiledustry) the
concentrations of contaminanshould be strictly regulated anchust be

removed before discharge.

In addition to industrial wastewater, rdestic wastewater (grester)
needs tde remediated before discharge to natural water ssukven though
this type of wastewater is not generally as harmful as industrial wastewater,
because of thpotentialtoxicity of cleaning agents (e.g. detergents, shampoos),
it should be properly remediated as well. Cleaning agentsowmrtginvarious
chemicals as ingredientsfor different purposesNevertheless, the toxicity

problem is mainlydue to the presee of surface active ager({surfactantsjn



their formula hence more biodegradable surfactants are preferred for easier
remediation of water soces from surfactant8ecause of the biodegradability
issue, most of the current cleaning agents contak® (Linear Alkyl
Sulphonatg type of sufactants which are relatively wre biodegradable than

old-fashion ABS (Alkyl Benzene Sulphonate) type of aatantq1].

Figure 1: Foaming in an industrial effluent due to contamination of surfactants.

Today, chemical, physical and biological methods are used for
remediation of water systems from contaminants. Somthesfe methods are
used in combination to obtain the highest efficiency. For last decaddsased
methods have received more attraction because of theiiriendliness, cost
effectiveness and sustainability. Furthereydoio-based methods ampen for
improvement since many types of microorganisms can be used for these
purposes, and genetic or material engineecdaig be performed for improved

bioremediation capability or development of dbigbrid materials. By



integration of specific microorganisms enzymes with carrier materials, bio
hybrid materials can be generated for intended uses. These types of materials
can be more effective than separate systems and can bring some advantages (e.g.

reusability).

2. Bio-based approaches for water sustainality

Bio-based approacheasave being used for remediation of water systems as
alternatives tophysicalthemical treatment method3hese approaches are
suggested to be more efriendly and sustainabléor water treatmentSome
biotechnology companies nkat specific bacteria solutions as commercial
productsfor wastewater treatmeriDead or alive biomasses have being used for
removal of different contaminants, which may include bacteria, fungi, yeast,
agricultural waste and microalgadhese biomassesan remediate water
pollutants either by biosorption or liccumulation. Although dediiomasses

can only be used for biosorption, living cells can possess both bioaccumulation
and biosorption, hence higher efficiency for bioremediation could be achieved
by living cells in some studieR]. Some plant spees canbe used fowater
cleaning purposess well, known as phytoremediatioand it can bevery
effective strategyin some casesRelatively few numbers gblant speciehave
beingused forthis purpose andiscovery of wvel more efficientplant species

can make this strateggore favorabldor remediation of water systems.

In general microorganisms in naturelo not encounter withwater
contaminantsso they mayhave difficulties to remediate themwithout prior

adaptations Nonethelessafter they encauer wih thesecontaminarg, they



may developnew strategies to deal with and survigy applying genetic
engineering techniques some microorganismscan gain bioremediation
capabilityfor certaincontaminants or their existing bioremediation capalslitie
can be enhancedJsing special bacteria forwater treatments both moe
effective and faster thaother methodsn some cased~urthermore, bacteria
productionand growthis very economical in comparison to other methdde
issues that should be codesied before use of bioremediatitgcteriafor
remediation purposeare growth rate, pathogenicity drrate of metabolism
Bacterial cells should not be pathogenic for use in remediation applic&tions
prevention of potential diseaseslthough some baeria can be used as dead
biomass for adsorptiopurposes for continuous activity and remediation of
more complex contaminants, biodegradatiotioconversiorareneeded. Dead
cell biomasses can be used for heavy metal ren{ev@al hexavalent chromium
removal) yet they are not so effective for removal of more complaiutants

such agextile dyes and surfactants.

There are numerous examples in the literature which present specific
microorganisms that have tolerance to grow in extreme environmedts a
having bioremediation capability for a specific contaminant. Besides using those
microorganisms planktonic in a liquid medium, they can also be used as
immobilized on a carrier material, for a specific application. Integration of
bioremediating microomnisms to a carrier material makes the final product
potentially reusable, more resistant to environmental extremes and more
practical. The carrier materials for bimtegration are selected for their

biocompatibility, availability, coseffectiveness an@otential biodegradability.



The carrier systems should be roric for biological organisms during and

after application. After the end of application, they should be easily recycled.

3. Electrospun fibrous networks as carrier matrices for

development ofbiointegrated systems

I n t o d ay addferentv dypds dof microorganisms are use for
biotechnological purposes aruoremediation is one of the most common
application arem By the devpments in biotechnology field, novel
microorganismshave ben isolated for treatmendf water pollutants Besides

using these microorganisms in a freely floatfiogm, microorganisms can be
integratedon a carrier material and their integration makes those carrier
materials functional foispecific purpose Biotechnolaical applications of bio
integrated hybrid systems can be more advantageous than planktonic cells in
terms of lower space and growth medium requirements, ease of application and
potential reusability of the system. In addition, it may also be advantafmous

the resistance of cells to harsh environmental conditiemsinstance, for water
purification in aquaculture systems, bacteria integrated sand or pelalpldse

usedfor continuougemediation ohitrogerouswastes irthe environment.

Electrospun anofibers are suitable materials for wastewater filtration
(detoxification, decoloring, purification etc.) and by different types of
modifications, their availability for environmental applications can be
augmented. In addition to morphological modificago of electrospun
nanofibers, functionalization of those nanofibers with various molecules and

microorganisms makes them more available for environmental applications.



recent years, electrospun fibrous materials have become available candidates as
carrier systems for specific microorganisms, since electrospinning is an easy and
economical production technique to produce tuneatdmoscale fibrous

materialswith unique physical/chemical properties.

High voltage power supply

Polymer solution Nanofibrous web

Figure 2: Schematic representation of the elegianng setup.

Figure 3: Photograph of an electrospun cellulose acetate nanofibrous web.



There are some pioneer studies in the literature about integration of
different microorganisms to electrospun nanofibers. There are several ways to
integrate microorgnisms to nanofiber structures, which are: direct
encapsulation of microorganisms to nanofiber structi8€y, encapsulation of
microorganisms to corghell structures [10-13] and physical/chemical
attachment of microorganisms to nanofiber surffté<22]. Most of the studies
consist of survival and proliferation profiles of the integrated microorganisms,
but the number of studie®lated with the application of those biointegrated

nanofibers are very few in the literature.

Electrospun nanofibers have various advantages over other carrier
materials such as activated lsan and paper discs. For instanbigh surface to
volume raio, porosity and biocompatibility make electrospun nanofibers as
ideal carrier materials for the attachment of microorganiSimse electrospun
nanofiberscan be produceftom different mixturesthey can be produced with
desired properties and morphaleg for the attachment of different types of
microorganismsin addition by usingencapsulation strategies (direct or core
shell), microorganisms can be encapsulated within electroBprous webs,
without a need for post processing step. Thegstems an be very seful for

long term storageandprovide ease of handling and lower space requirements.



Chapter 2

Bacteria immobilized electrospun cellulose

acetate fibrous webs fomammonium removal
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aquatic environments b&cinetobacter calcoaceticUSTB1 immobilized on an
electrospun cellulose acetate nanofibrous avedmer Faruk SariogluAsli

Celebioglu, Tamer Uyaand Turgay Tekinay Green ChemistryJuly 9 2013
(Web), Reproducé (or 'Reproduced in partfjom Ref.[18] with permission

from theRoyal Society of Chemistrgloi: 10.1039/c3gc40885



1. Introduction

Ammonium (NH"), nitrite (NOQ') and nitrate (N@) comprise the most
common nitrogenous compounds found naturally in aquatic ecosystems, and are
formed by atmospheric decomposition, degradation of organic matter, and N
fixation by certain microorganisnig3]. Howeve, human activities have altered

the nitrogen content of aquatic environments for the last two centuries, and the
accumulated nitrogenous wastes now have afgignt effect on the ecosystem
[23]. Among the nitrogenous pollutants reledis® aquatic environments,
ammonia is one of the most toxic ones and exists in water as either non
dissociated ammonia (NMHor the ammonium ion (NH) [24, 25] Ammonia
corcentrations between 2 and 10 mglie lehal for many aquatic organisms,
and concentrations greaterath 1.5 mg/L are considered unacceptable in
drinking water by the U. S. Environmental Protection Agency (US HP3)

The main metabolic bproducts of ammonia are NGand NQ’, both of which

are also toxic foaquatic life. US EPA regulations dictate that the concentrations
of nitrite and nitrate in drinkig water should not exceed 1 mg/L and 10 mg/L
respectively, and the sum of nitrite and nitrate concentrat&ould be lower

than 10 mg/L[26]. Therefore, remediation of high ammonium and nitrogen
concentrations in aquatic systems is necessary to maintain the quality of water
for human or agricultural use. Conventional wastewater treatment systems
include biological apications with both autotrophic nitrifiers and heterotrophic
denitrifiers in dynamic aerobic and anaerobic conditig@g]. However,

heterotrophic ammonium removal by a single nitrifier/denitrifier strain has many
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advantages, such as the simultaneous processing of nitrification and
denitrification reactions at equivalent conditions, and novel bacterial species

have been isolated from different aquatic environments for that pU628].

Electrospinning is an emerging nanofiber/nanoweb production technique
and has attracted much attention over the past decade due to its simplicity,
versatility and costeffectivenes [30-32]. Electiospun nanofibers and their
nanofibrous webs display a variety of unique properties, such as large surface
to-volume ratios and highly porous structures, aif@mheir use as effective
matrices in membranes and filters fmvironmental applicationg30-35]. For
instance, the use of immobilized microorganisms on electrospun nanofibrous
polymeric mats was recently shown to inceesiserate of nitrate removd[l4].

In that study, microalgal cells were effectively immobilized on electrospun
chitosan nanofiber mats in order to generate aithygystem for nitrate removal
[14]. Nitrate removal by nanofibemmobilized microorganisms has several
advantages over the use of free cells in suspension, including lower space and
growth medium requirements, ease of handling, and potential reusabilitg of t
same matrover several treatment cycl¢$4]. Furthermore, immobilization of
bacterial cells on polymeric network systems makes them more resistant to
harsh envionmental conditions, such as metal toxicity or extremesaltriity,
temperature and pE86]. Covalent coupling, crodiking, physical entrapment

and the natural process of bextal adhesion can be used for the immobilization

of microolganisms to nanofiberetworks [37]. Natural adhesion is the most

advantageous among these methods, as it enables the formation of biofilms
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following surfaece attachment and results in maximal cell \igbi and

biochemical activity{30].

It was previously shown thafcinetobacter calcoaceticu'STB1 could
remove high concentrations of ammami atheterotrophic condibins[29]. This
strain can successfully remove high concentrations of ammonium in several
days, and is netoxic for aquatic life, hence it can effectively be used for the

remediation of aquatic environments.

In the current studyA. calcaceticusSTB1 cells were immobilized on
electrospun cellulose acetate (CA) nanofibrous web in order to achieve
enhanced ammonium removal in aquatic environments. CA was chosen as the
fibrous matrix, as it is the most common used regenerative cellulosds and
biodegradable and biocompatible, which renders it advaategn biological
applicationgd38]. Electrospun CA nanofibers have been used for filtration, drug
delivery, enzyme immobilization, artificial tissue matrix format[88-42], and
successful growth of fibroblasts d$chwann cells on CA nanowebs héeen
reported in the literaturf43, 44] Moreover, CA nanofibers can be converted
into more functional and applicable forms by the incorporation of other
polymers into the nanifer mesh, or by the chemical conversion of cellulose
into a variety of derivative fiberg45, 46] Here, we successfully produced a
nanofibrous biocomposite web by immobilizing STB1 cells on electrospun CA
nanofikers for the removal of ammonium in aqueous systems. Reusability test
results indicate that STB1/CA nanofibrous webs can be reused without

significant loss of their ammonium removal capacity.
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2. Experimental

2.1. Preparation of porous CA nanofibers

The eletrospinning of cellulose acetate (CA) nanofibers was performed as
detailed in a previous stud¥7]. While production of porous CA nanofibers
generally requires posteatment of the ultimate nafiber structure, the porous

CA nanofibers described here were produced from a dichloromethane
(DCM)\acetone binary solvent system without additional treatndf.
Constituent solvents of thBCM/acetone binary system were purchased from
SigmaAldrich (USA) and used without any purification (dichloromethane,
DCM, O099% (GC); acetone, O099% (GC) ;
39.8 wt. % acetyl). Briefly, the homogenous electrospinning soluti@as
prepared by dissolving CA in a DCM/acetone (2/1 (v/v)) binary solvent mixture
at a 7.5% (w/v) polymer concentration. The clear CA solution was then placed
in a 3 mL syringe fitted with a metallic needle of a 0.6 mm inner diameter. The
syringe was fied horizontally on the syringe pump (model SP 1011Z, WPI,
USA). The electrode of the higloltage power supply (Matsusada Precision,
AU Series, Japan) was clamped to the metal needle tip, and the cylindrical
aluminum collector was grounded. Electrospinniegameters were adjusted as
follows: feed rate of solutions = 1 mL/h, applied voltage = 15 k\tdip
collector distance = 10 cm. Electrospun nanofibers were deposited on a
grounded stationary cylindrical metal collector covered with aluminum foil. The
electrospinning apparatus was enclosed in a Plexiglas box, and electrospinning

was carried out at 25°C at 24% relative humidity. Collected
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nanofibers/nanowebs were dried overnight at room temperature under the fume

hood. Theprocess isummarized in Fig. .4

(a) High voltage power supply

Syringe pump

Electrospinning solution

(b) CA Nanofibers

\

4 : ¥
STB1 immobilized CA nanofibers  S1B1colonies CA nanofibers

Figure 4. (a) Schematic representation of electrospinning process for CA
nanofibers and photograph of CA nanofibrous web (b) photograph of STB1
immobilized CA nanofibrous web and schematic representation of bacterial cells
on nanofiber surfacegCopyi g h 't ERe@dicé&drom Ref. [18] with

permission fronthe Royal Society of Chemisdry

2.2. Growth and immobilization of Acinetobacter calcoaceticus

STB1

The bacterial strain utilized in this study was isolated from brackiaterw
samples collected from a commercial sea bass fagh Immobilization of

bacteria was achieved by the inclusion of CA nanofibrous webs in the growth
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media of newly inoculated bacteria. Colonies were maintained in 100 mL
culture flasls for 3035 days. The ingredientd$ the growth medium were: 6.3

g/L NgHPO, ( O 99 %) , PG ( ©®/ B9%H, 0.5 g/ L NacCl (
glucoe (anhydrous), and 300 mLi&f a trace elemes solution consisting of

6.1 g/LMgSQ( O 99. 5%)BO; (D P/9L 586MnCl, 0 O5 9 § M) ,
005dLCaCh( O 93%), O0.,THD (oBdh), 0P GLOCUGI( O

97%), 0.03g/lZnCL( O 99. 99%) . Ammoni 4m, ( iOn 99 h & %
was utilized as the nitrogen source during incubation and immobilization, with

an initial concentration of 50 mg/LFollowing the incubation period, bactéria
immobilization was confirmed by SEM imaging and nanofiber samples of equal
weights were prepared for further testing. All reagents utilized in this study were

purchased from Sigmaldrich (USA).

2.3.  Ammonium removal experiments by using STB1l

immobilized CA nanofibers

The same basal growth medium utilized in bacterial immobilization studies was

used in the heterotrophic ammonium removal experiments. Basal growth
medium samples were spiked with varying amounts of ammonium (aSINH

inoculated with freebacterial samples, bacteffiee nanofibers or bacteria

i mmobilized nanofibers and incubated f
positive control contained only bacterial inocula at an iniaaimonium
concentration of 50 mg/Lthe negative control contathenly nanofibers (0.4

mg of nanofiber per mL) at an initiailnmonium concentration of 50 mg/and

the experimental samples contained bacteria immobilized on CA nanofibers (0.4
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mg of nanofiber per mL) at initial ammonium contations of 50, 100 and 200
mg/L. Initial ammonium values of the experimental samples \a€jasted to

50, 100 and 200 mg/to represent low, medium and high concentrations of
ammonium, and to determine ammonium removal efficiencies at different
concentration ranges. Samples were leobéd periodically to analyze
ammonium, nitrite and nitrate values. Bacterial growth rates of the positive
control samples were followed by @f@measurements. Changes in ammonium,
nitrite  and nitrate concentrations in the samples were determined by
spectophotometric test kits (Merck Ammonium Cell Test 14559, Merck Nitrate
Cell Test 14563 and Merck Nitrite Cell Test 14547). Before performing the
tests, samples were centrifuged for 1 min at 12000 rpm at room temperature, and
the supernatants were used makytical measurements of ammonium, nitrite and
nitrate. All tests were done in triplicate. Experiments were repeated at least

twice.

2.4. Scanning Electron Microscopy (SEM)

Millimeter-length nanofiber pieces with and without bacterial immobilization

werecut and prepared for SEM analysis to monitor bacterial attachment before

and after ammonium removal experiments. A protocol similar to the Greif and

coll eaguesd was ut j48]. Breetydsanipleswere washed e f i X
twice with PBS buffer and fixed by overnight incubation in 2.5% glutaraldehyde

in PBS buffer at room temperature. Following gluteraldehyde fixation, samples

were washed twice by PBS buffer and then dehydrated by immersion in a series

of ethanolwater solutions ranging from 30% to 96%. Prior to SEM imaging, all
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samples were coated with5 nm layer of golghalladium. A Quanta 200 FEG
scanning electron microscope (FEI Instruments, USA) was used for the

acquisition of SEM images.

2.5. Reusability test for STB1 immobilized CA nanofibrous web

Ammonium removal studies were performed 5 tinteadsess the reusability of

the bacteriammobilized nanofibers. Prior to each cycle, nanofiber pieces were
washed twice with PBS buffer and incubated overnight in PBS to remove any
unattached bacteria. The ammonium removal experiments (incubation at 140
rom and 30°C for 48 h) described above were performed after each washing
step, for a total of 5 cycles. The initial ammoniumrm@entration was fixed at

100 mg/L, since this concentration was found to be more suitable to observe
changes in performance vatuen eah cycle compared to low (50 mg/land

high (100 mg L) initial ammonium concentrations. Ammonium concentrations
were measured at 0 h and 48 h, and the percentage removal of ammonium was
calculated using these results. Each cycle was terminatad4&ftb of total
incubation and washing steps were repeated for nanofiber samples before the

initiation of the next cycle. All tests were done in triplicate.

3. Results and Discussion

3.1. Attachment of STB1 strain on CA nanofibrous web

CA nanofibers can bebtained in smooth or porous morphology depending on
the solvent type utilized. While the Ny@methylacetamide (DMAc)/acetone

blend is one of the most common solvent systems for the electrospinning of
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uniform and smooth CA nanofibefd9], we have previously demonstrated the
production of m@anoporous CA nanofibers by using a highly volatile
DCM/acetone solvent mixturd47]. While conventional electrospun CA
nanofibers are already suitable for use in biological systems; the rotfghesu

and the higher surface area of porous electrospun CA nanofibers were expected
to increase the utility of CA nanowebs in biological applications, and especially
for biomedical research. SEM imaging was performed to observe the bacterial
adhesion to n@ofibers, and 30 days were found to be required for the robust
attachment of bacterianto nanofiber surfaces. Fig. 5a and Fidp. $how
Acinetobacter calcoacetiuSTB1 cells after 7 days of incubation, wherein no
biofilm formation can be observed. SEM ineagof porous CA nanofibers prior

to bacterial tachment are depicted in Fig. 6a and Fig. &he CA fiber

di ameter range was between 500 nm and
like morphology[47]. Fig. 6¢c and Fig. & show bacteria strongly attached onto
nanofibrous web after 35 days of incubation, and the attached bacteria are
observed to form a biofilm structure by adhering to each other and surrounding
the filaments of the CA web. Thisgg of attachment was found to be adequate
for further studies, and ammonium removal experiments were started with STB1

immobilized CA web samples at this stage.
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Figure 5. General morphology oAcinetobacter calcoaceticuSTB1 under
Scanning Electron Mroscope (SEM) at 5000X (a) and 15000X (b)
magnification.( Co py r i g hReproBuce#ronm Ref.[18] with permission
from the Royal Society of Chemisiry

Figure 6: SEM micrographs of bacteriaee electrospun CA nanofibers (@)

2500X and (b) 200000X; and STB1 immobilized nanofibers after 35 days of
incubation at (c) 5000X and (d)10000X magnificatignCo py r i ght E 20
Reproducedfrom Ref. [18] with permission fromthe Royal Society of

Chemistry
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3.2. Ammonium removal capability of STB1 immobilized CA

nanofibrous web

STB1 immobilized CA nanofibrous webs have shown efficient removal of
ammonium at each concentration within 48 h, and the percentile ammonium
removal capability of the web samples desegh as the initial ammonium
concentrations increased (Fig. 7c, Fig. 7d, Fig). Bacteridfree CA webs
displayed negligible decreasesammonium concentrations (Figb)7 and the
removal capability of STB1 immobilized CA nanofibrous web samples were
therefore attributed to bactetianitrogen metabolismAmmonium removal
capability of the STB1/CA nanofibrous web is very similar to that of the free
bacteria sample at the initiammonium concentration of 50 mg/L (Fig. 7a and
Fig. 7c), which shows that theTB1/CA nanofibrous web can provide the same
outcome as fresuspended bacteria at a defined w/v ratio without including any
additional bacterial inocula into the aquatic system. The STB1/CA nanofibrous
web was capable of fully remediating an inig@mhmonum concentration of 50
mg/L, and displayed 98.5% and 72% removal rates at initiam@mum
concentrations of 100 mg/L and 200 mgrespectively. Increase in nitrate and
nitrite  concentrations were limited, nitrite concentrations in particular were
below cetectable limits. Increase in nitrate concentrations was igdesminimal,

not exceeding 2 mg/lat the end of 48 h period for each sample. As such,
concentrations of nitrite, nitrate and their sum were all below the legal limits for

water quality managemen[25], which suggests that the production of toxic
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metabolic byproducts of ammonium is not a problematic issue for STB1/CA

nanofibrous webs.
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Figure 7. Ammonium, nitrite and nitrate levels for: (a) free STB1 cells at initial
ammonium concentration of 50 mg/l(b) bacteia-free CA web at initial
amnonium concentration of 50 mg/l(c) STB1 immobilized CA web at initial
ammonium concentration &0 mg/L; (d) STB1 immobilized CA web at initial
ammonium concentration of 100 mg/{e) STB1 immobilized CA web at initial
ammonum concentration of 200 mg/LError bars represent mean of three
independent replicate§. Co p y r i g h Reprdslucezftbrh Ref. [18] with

permission fronthe Royal Society of Chemisdry
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Since nitrite and nitrate levels were migihior STB1, we have tried to
account for the remaining products of ammonium remediation in a previous
study by performing Total Nitrogen (TN) analysis with an elemental analyzer
[29]. The only nitrogen source in the bacterial growth medisas ammonium
for STB1 cells, hence we were able to determine the percentage of ammonium
incorporated intaellular biomass for the 100 mgdample. Around 22% of the
initial ammonium concentration was found to be introduced into the cell
biomass; and aufther 4% was initially incorporated into cell biomass and
subsequently released to the supernatant. For this reason, we have concluded
that STB1 cells converted most of the remaining ammonium ins&eoyes
denitrification productd29]. A similar situation was previously observed by
Zhao and colleagues, who demonstrated Attittetobacter calcoaceticusrain

HNR could convert a considerable amount of ammonium intgals[27].

3.3. Reusability and applicability of STB1 immobilized CA

nanofibers

Ammonium removal capabilities of reused STB1 immobilized CA
nanofibrous webs were testddr five cycles of reuse. Fig. 8hows the
performance values of each cycle for the total of 5 cycles. 86% of ammonium
removal capacity was obtained for the final cycle (5th cycle) which suggests
STB1/CA nanofibrous webs can sustain their ammonium removal capacity
under several cycles of reuséhis result is highly promising and with a

successful optimization, STB1/CA rafibrous web may be utilized repeatedly
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for ammonium remediation, constituting a reusable material for ammonium

remediation from aquatic environments.

. Initial NH,"-N (mg L'1) Concentration

. Final NH,"-N (mg L") Concentration

125+
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75+

50

NH,*-N (mg L™)

25+

N 4 -] ™ )
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Figure 8: Reusability test results of STB1 immobilized CA web for 5 cycles of
ammonium removal expenents at initial mmonium concentration of 100
mg/L. Error bars represent mean of three independent repli¢ateo py r i g h't
2013, Reproducedrom Ref.[18] with permission fromthe Royal Society of

Chemistry

After the reusabilityexperiments, CA webs were washed several times
with PBS ad fixed for SEM imaging. Fig. 9a and Fid» Show visible bacterial
biofilms on nanofiber surfaces, suggesting that STB1 cells displayed a stronger
attachment to CA webs compared to the beginninthe reusability test. As
such, washing and reuse of these webs did not lead to a decrease in the quantity
of bacterial biofilms, in contrast, the extent of biofilm formation increased and a

stronger attachment to the nanofibrous matrix was observed.
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Figure 9: SEM micrographs of STB1 immobilized CA web after the reusability
tests, showing robust attachment of bacterial biofilms on nanofiber surfaces at
(a) 2500X and (b) 10000X magnificatign.Co p y r i g Reproducedronl 3 ,
Ref.[18] with permission fronthe Royal Society of Chemisiry

The remediation of aquatic systems is an important issue and sustainable
solutions, particularly novel and green approaches, for the removal of a wide
host of pollutants have received considéaditention in recent timg80, 51]

Since our bacterial isate is not pathogenic or toxi@9], and biological
treatment methods are generally more sustainable and environmentally friendly
thantheir physcal and chemical equivalenf52], the use of our bacterial strain

is advantageous for ammonium removal. In this study, we immobilized STB1
bacterial strain on electrospun CA nanofibrous webs to antigzefficiency of

these bacteria in ammonium removal, which would be of considerable use in
developing novel commercial removal techniques. We deem this approach is
successful since bacteria could attach strongly on nanofiber surfaces, STB1
immobilized CAnanofibrous webs could remediate ammonium as effectively as
freely floating STB1 bacterial inocula, and the biocomposite material could be
used for several cycles for ammonium removal, as showrelbsability test
results (Fig. 8 Similar approaches haween proposed in the literature. Eroglu

et al. have immobilized microalgal cells on electrospun chitosan nanofiber mats
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for the removal ofnitrate from liquid effluentg31]. In the present study,
ammonium was clsen as the target contaminant due to its high toxicity, and
different concentration ranges of ammonium were tested to determine the
efficiency of bacteriammobilized nanofibrous web samples for ammonium
removal. The time requirefbr complete removal of 0 mg/L ammonium by
STB/CA nanofibrous webs was around 48 h. Zhao et al. reported an
Acinetobacter calcoaceticisirain capble of completely removing 120/mgaf

initial ammonium within 48 h, albeit without the immobilization of bacterial
cells on a solidmaterial, whichis vey similar to our result§26]. The time
required for complete removal can be reduced by further modifications, such as
increasing the number of bacterial biofilms on nanofiber surfaces forméang
optimization studies in heterotrophic conditions for enhanced nitrogen
metabolism. However, the presence of embedded bacterial cells within the
biofilm complex prevents the estimation of total bacterial count on nanofiber
surfaces, and it is thewak difficult to make a quantitative comparison between
our results and previous reports in terms of the number of bacteria required for a

defined ammonium removal rate.

We observed that, the results of freely floating STB1 cells and STB1
immobilized CA ranofibrous web are quite close however, using STB1/CA
nanofibrous web is more advantageous in terms of several points. While a small
portion of STB1 immobilized CA nanofibrous web is enough for ammonium
bioremoval in a liquid environment, there should bsufficient number of
unimmobilized bacteria in its growth medium for removal of ammonium.

STB1/CA nanofibrous web is more applicable and more-efbsttive as well,
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since when we compare the required amount of STB1/CA nanofibrous web and
free STB1 cellsfor removal of a defined concentration of ammonium, the
weight of required STB1/CA nanofibrous web is much lighter in comparison to
free STB1 cells (0.4 g of STB1 immobilized CA web is equivalent to 1 L of
bacteria containing liquid medium to show the sapsgformance), which
provides ease of application for large scale environments and lower
transportation costs. In addition, since free STB1 cells are dispersed throughout
the medium, it is much more difficult to isolate and reuse them in another
ammoniumcontaminated area. Finally, biofilm formation in STB1/CA
nanofibrous web brings some advantages over free STB1 cells such as higher
resistance to environmental extremes and enhanced metabolic activity. Thus,
although the results of STB1/CA nanofibrous wel ree STB1 cells are very
close, the former one is more advantageous for ammonium removal due to

aforementioned reasons.

In brief, ammonium removal by STB1 immobilized CA nanofibrous web
is very effective and easily applicable to be utilized in aewidriety of
environments. The novel biocomposite material described in the present study
may therefore assist in the development of alternative green strategies for
effective ammonium removal in a variety of freshwater and possibly marine

environments.
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Chapter 3

Bacteria immobilized electrospun fibrous

websfor hexavalent chromiumremediation

(Partsofthist udy was PBactbricimmobilzed elactosgun fibrous
polymeric webs for hexavalent chromium remediation in wa®mer Faruk
Sariglu, Asli Celebioglu, Turgay Tekinayand Tamer Uyar International
Journal of Environmental Science and Technologyne 2 2016 (Web)
Reproduced (or 'Reproduced in paftdm Ref. [53] with permission from

Springerdoi: 10.1007/s1376016-10330)
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1. Introduction

Chromium is acommerciallyimportant metallic elementhat is integralfor

many important industrial processesich as electroplating, steel production,
leather tanning, textile manufacturing and chromate prepargfiéh The
trivalent (Cr(lll)) and hexavalent (Cr(VI)) forms are the most commonly
encountered forms in natufg5]. While Cr(lll) is not transported into cells and

can be tolerated by many orgsms at moderate concentratio®;,(VI) is a

toxic and carcinogenic form that readily permeates through biological
membranes and may disrupt the functions of intracellular proteins widcn
acids[56]. Chromium has been designated as a major pollutant by the United
States Envbnmental Protection Agency (USPA), and the legal limit defined

for all forms of chromiumincluding Cr(VI), in drinking water is 0.1 mfdy [57].

Heavy metal contamination in water systems can be treated by physical or
chemical treatment methods (e.g. chemical oxidation or reduction, ion exchange,
reverse osmosifb8]. However there are several problems related with these
techniques such as high operating and maintenance costs, high energy
requirements, operational coregity and the production of secondary waste
products[59]. Today, biological treatment methods have received considerable
attention apotential alternatives to conventional treatment methi&®s61]. In
general, bioremediatioof heavy metal is performedunder acidic pHsince the
existence of excess hydrogen ions in the mediaalitates the redumn of

metal cations, resulting inigher removal efficiencief62]. However,theseare

not selfsustaining and require the constant influx of externally produced
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biomass, asmost microorganisms cannot tolerateidac environments and
perish rapidlyunder such conditions. In additiothe water system must be
further treated for neutralization before discharge. For that reason,
bioremediation at neutral conditions with living microorganisma more eco
friendly process, and allows metal removal to occur continuously without
external interventionMorganella morganiiSTB5 is a bacterial strain previously
isolatedfor this purposeand can be used fohe effective removal o€r(VI) at

neutral conditions

Carrier maerials can be used to enhance the heavy metal removal
capacities of bioremediative organisff8]. Electrospun nanofibers are popular
choices as carrier materials and they have already been studied for pollutant
removal [64, 65] Polystyrene(PS) and polysulfong(PSU) are two common
biocompatiblepolymers [66] that have been used for water filtration, and there
are various examples in the literature altbetapplications of these polymers as
electrospun nanofibers for filtering purpog8Ss, 6769]. Studies regarding the
use of microorganisamtegrated electrospun fibrous biocomposites for pollutant
removal have recently begun to appear in the literd0ell, 14, 180, 22].
Lower space and growth mediumquirements, ease of handlingd potentia
reusability of thessystens are some of the main advantages for usiregnin
remediation studiefl4]. Immobilization of microorganisms on a carrier matrix
protects them from harsimvironmental conditionand stresses associated with
heavy metal toxicityf36]. In addition, natural adhesion of bacteria permits the
formation of biofilms and maximizes cell viability and biochemical activity

[37].
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In this study development of two novel biocomposite materitds
Cr(VI) remova in water byimmobilization ofa previously isolatetflorganella
morganii STB5 strainon electrospun PS and PSU fibrous webs is described
Integration of PS and PSU webs with bacterial cells is aimed to be effective for

continuous Cr(VI) remediation in agaus systems.

2. Materials and Methods

2.1.Electrospinning of PS and PSU webs

The homogenous electrospinning smn was prepared by dissolving0 %

(w/iv)  polystyrene (PS, Mw ~208,000, Sigmddrich) in N,N-
dimethylformamide (DMF, anhydrou89.8 %, SgmaAldrich) or 32 % (w/v)
polysulfone (PSU, Mw ~60,000, Scientific Polymer Products, Inc.) in-N,N
dimethylaceamide/acetone (9/1, (v/v)) (DMAC, Sigr#ddrich, 99 %; acetone,
SigmaAldrich, ©9 % (GC)) binary solvent mixtureEach polymer solution

was loaded ima syringe withan inner diameter 0.4 mm. The syringe was
fixed horizontallyto the syringe pump (model KD801, KD Scientific, USA).

The electrode of the higioltage power supplySpellman, SL30, USA) was
clamped to the metal needle tip, and the plate aluminum collector was grounded.
Electrospinning parameters were adjusted as follows: feed rate of solutions = 0.5
mL/h, applied voltage = 10 kV, tifp-collector distance = 10 cm. &dtrospun
nanofibers were deposited on a grounded statiopdaye metal collector
covered with aluminum foil. The electrospinning apparatus was enclosed in a

Plexiglas box, and electrospinning wpsrformedat 25 °C at 20% relative
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humidity. Collected naofibers/nanowebs were dried in vacuum oven af&0
overnight to remove residuakolvent The electrospinning processs

schematically represented in Fid).

-

Polymer solution ‘
Fibrous webs

¥
STB5 colonies PS*ibers

\_ STB5 immobilized PS web

C (/ ‘ \

¥
STB5 colonies PSU&fibers
\ STB5 immobilized PSU web /

Figure 10: (a) Schematic representation of electrospinning process and
photographs of PS and BSwebs, (b) photographs of STB5 immobilized PS
and (c) STB5 immobilized PSU webs along with SEM micrographs and
schematic representations of bacterial cells on fibrous surfac€so py r i g ht
2013,Reproducedrom Ref.[53] with permission fronSpringe}
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2.2.Contact angle measurements

Thin surfaces of PS and PSU webs were electrospun on microscope slides to be
analyzedwith a conact angle measurement system (Dataphysis, OCA 30).
Contact angles were measureder a relatively intact and smooth region for
each web;three independent measurements were recorded for each sample.

Measurements were performed in a closed chamber atrartdmeperature.

2.3.Growth and immobilization of Morganella morganiiSTB5

The bacterial strainMorganella morganiiSTB5) utilized in this study was
previously isolated from a local river (Ankara RivaBacterial immobilization
was achieved by the indion of PS or PSU webs in the growth media of newly
inoculated bacteria. Bacterial lonies were maintained for 30 days in 100 mL
erlenmayer flaskgontaining M1 growth medium (pH 7.0)he ingredients of
M1 growth medium are: 16/L peptone, 2 k. meat exract, 1g/L yeast extract
and5 g/L NaCl ( @9 %) in distilled waterAfter 30 days of incubation, bacterial
immobilization was confirmed by scanning electron microscq®EM)
analysis. Following confirmation of bacterial immobilization, bacteria
immobilized PS and PSU web samples of equal weighvere prepared for
Cr(VIl) bioremoval experiments. All reagents utilized wererchased from

SigmaAldrich (USA).
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2.4. Cr(VI) bioremoval by using STB5/PS and STB5/PSU

biocomposite webs

M1 growth mediunwas used in the Cr(VI) bioremovstudies and @l tests were
performedin triplicate. The bacterial growth media were spiked wilifferent
amounts of Cr(VI) 10, 15 and 25 mgiLin the form of KCr,07, O 9 B, Sigma
Aldrich) andinoculated with free bacterial cells, bactefriee fibers or bacteria
immobilized fibersprior to incubationat 19 rpm and 30A Cfor 72 h. The
positive control contained free bacterial ce{lsl®® cfu/mL), the negative
control ®ntained pristine fibers and the experimental samples contained
bacteriaimmobilized PS or PSU fibersvhere the w/v ratio of web samples was
fixed as 2.8 mgmL. Samples were collected periodically determinethe
remaning amount of Cr(VI). Cr(VI) concerrations were measured vih5-
diphenylcarbazidefollowing the EPA protocol[70] for hexavalent chromium
detection. The removal capacities (Q of free STB5 cells and STB5

immobilized web samples were calculatsdEqg. 1 (1)

Qeq(Mg/g) = (G 7Cr) . VI M 1)

where Cy is the initial Cr(VI) concentration(mg/L), G is the final Cr(VI)
concentration (mg/), V is the solutionvolume (L) and M isthe totalbacterial
cell biomass (g) at equilibriuf71].

As demonstratecpreviously Morganella morganiiSTB5 cells do not
store or accumulate Cr(VI) without conversias no Cr(VI) release could be
observed following the destruction of bacterial cell membranes through

sonication [62]. It was thereforeassumed thatall decreases in Cr(VI)
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concentrations are due to reduction and the removed Cr(VI) is reduced entirely

to the stable Cr(ll).
2.5.Adsorption isotherms and kineticsstudies

Adsorptionisothermcoefficients were determined upéimeeisothem models
(Langmuir, Freundlicrand Toth) using the isotherm parameter fitting software
IsoFit[72]. The order of reactions f@r(VI) removal were predicted by plotting
zero, first, second and third order plots of STB5/PS and STB5/PSU webs to

calculate and compare theif Ralues for evaluation of the best fitting models.

2.6.Scanning Electron Microscopy (SEM)

Millimeter-lengthPS and PSU webs with and without bacterial immobilization
were cut and prepared for SEM analysis to evaluate bacterial attachment before
and after Cr(VI) bioremoval experimen# modified protocolwas utilized for

SEM sample fixation[48]. Briefly, samples were washed twice with PBS
(Phosphatduffered Salie) buffer and incubated overnight in 2.5%
glutaraldehydesolution prepared in PBS buffeat room temperatur&amples
werethenwashed twice by PBS buffer and dehydrated by immersion in a series
of ethanolwater solutions (30% 96%). All fixed samples ere coated with 5

nm Au-Pd prior to SEM imaging (Quanta 200 FEG SEM, FEI Instruments,

USA).
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2.7.Reusability and poststorage performances of STB5/PS and

STB5/PSU fibrous biocomposites

Cr(VI) bioremoval studies were performéde times to evaluate the usability

of STB5/PS and STB5/PSU fibrous biocomposites. Prior to each cycle,
biocomposites were washed with PBS buffer twicethedincubated overnight

in this buffer to eliminate any unattached bacteri@r(VI) bioremoval
experiments were performed tvithe parameters as described above (incubation

at 1% rpm and 30C for 72 h). The initial Cr(VI) concentration was fixed at 25
mg/L, the remaining Cr(VI) concentrations were measured at 0 h andafzlh

the percentile removal of Cr(VI) was calculatedhgsthese results. Each cycle

was ended after 72 h of incubation and washing steps were repeated for each

biocompositebefore starting the next cycle. All tests were done in triplicate.

3. Results and Discussion

3.1.Attachment of bacterial cells on PS andPSU webs

Polystyrene (PS) and polysulfone (PSU) based polymeric mateaialbeused

for water purification as membranes or filters, and theresaveralreportsin

the literature abouhe applications of these polymers as electrospun nanofibers
for water filtering purposes[35, 6769]. In this study, higfsurface area
electrospun PS and PSU fibevsre used as substrates for bacterial attachment
and the combined system was subsequently utilized for Cr(VI) r@m8&ZM
analysis was performed to assess éx¢ent of bacterial attachment othe

fibrous surfaces, andn incubation period @30 dayswasfound to be required
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for robust bacterial adhesion. SEM images of PS and PSU webs before bacterial

adhesion are sk in Fig. 11a andl1b.

Figure 11: SEM micrographs of (a) PS and (b) PSU webs without bacterial
immobilization, and (c) STB5 immobilized PS and (d) STB5 immobilized PSU
webs after 30 days of incubation for bacterial immobilizatiorCo py r i ght
2013,Reproducedrom Ref.[53] with permission fronSpringe)

The averageiameters of PS and PSU fibers were found @nznd0.8
O m respectively Furthermore, both electrospun webs were tested for
hydrophobicity differences by contact angle (CA) measurements. PSwezb
foundto berelatively more hydrophobic (CA: 146 AR 4 compayed tdPSU
webs (CA: 126.8 N 5 . aBhiughboth webshavehydrophobic characteFig.
11c and11d showthatbacterial cellsattached stronglgn PS and PSU fibrous
surfaces after 30 days of incubati@uggesting thaboth websare suitable for

strong bacterial adhesion. ThHeacterial cells formed bfilm structures by
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