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a b s t r a c t
Cyclodextrins (CD) are cyclic oligosaccharides produced from the enzymatic degradation of starch as a
white powder form; on the other hand, they can be transformed into ultrathin electrospun ﬁber form by
electrospinning technique. The electrospun cyclodextrin ﬁbers (CD-F) can be quite attractive materials
to encapsulate bacteria for bioremediation purposes. For instance, CD-F not only serve as a carrier matrix
but also it serves as a feeding source for the encapsulated bacteria. In the present study, we demonstrate
a facile approach by encapsulation of bacteria into CD-F matrix for wastewater treatment application.
The natural and non-toxic properties of CD-F render a better bacterial viability for ﬁbrous biocomposite.
The encapsulated bacteria in CD-F exhibit cell viability for more than 7 days at 4 ◦ C storage condition. Furthermore, we have tested the bioremediation capability of bacteria/CD-F biocomposite for the treatment
of heavy metals (Nickel(II) and Chromium(VI)) and textile dye (Reactive Black 5, RB5). The bacteria/CD-F
biocomposite has shown removal efﬁciency of Ni(II), Cr(VI) and RB5 as 70 ± 0.2%, 58 ± 1.4% and 82 ± 0.8,
respectively. As anticipated, the pollutants removal capabilities of the bacteria/CD-F was higher compare to free bacteria since bacteria can use CD as an extra carbon source which promotes their growth
rate. This study demonstrates that CD-F are suitable platforms for the encapsulation of bacterial cells to
develop novel biocomposites that have bioremediation capabilities for wastewater treatment.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The use of biomass such as bacteria, fungi and algae as a
biosorbent have great potentials for cleaning up environmental
contaminants due to the availability of wide range of sorption sites
which retain metals and metallic ions, as well as other organic
compounds [1,2]. A variety of approaches are employed in bioremediation, encapsulation of bacterial cells is considered to be the most
promising due to their potential in removing speciﬁc contaminants
within a carrier matrix [3]. Encapsulation has many promising
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applications in a broad range of ﬁelds from bioreactors to medicine.
Advantages of encapsulated cells include, ease of separation, protection from harsh external conditions, and reduced susceptibility
to contamination by foreign organisms. The most common encapsulation techniques are spray-drying [4], emulsifying-crosslinking
[5] or coacervation [6]. However, these techniques involve use of
high temperature or organic agents in at least one of the production
steps, leading to potential destruction of sensitive encapsulated
nutrients as well as toxicity problems associated with residual
organic agents [7]. Hence, to overcome these limitations, new
encapsulation technologies that do not involve harsh conditions
such high temperature and toxic solvents are being investigated,
which can provide effective encapsulation for sensitive guest
agents.
Recently, electrospinning technique has attracted certain attention in which active agents such as pharmaceuticals [8,9], food
additives [10–12] are being simultaneously encapsulated into
ﬁber matrix via electrospinning process. Electrospun ﬁbers have
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received a great deal of attention owing to their high surface
area, very light-weight, nano-porous nature, and ﬂexibility in speciﬁc physical and chemical functionalization [13–15]. Thereby,
electrospun ﬁbers and their webs are very promising candidates
for membranes/ﬁlters and environmental applications [16–20].
For example, electrospun webs were also used as immobilization
matrix for living microorganism for remediation of waste water
[21–24]. There are also very few reports about encapsulation of
microorganism in electrospun ﬁbers. For example, Salalha et al.
[25] showed encapsulation of Escherichia coli and Staphylococcus
albus by electrospinning of bacteria suspensions with polyvinyl
alcohol (PVA). Further, Fung et al. [26] has successfully encapsulated probiotics in agrowaste-based nanoﬁbers, and Liu et al.
[27] has fabricated an insoluble ﬁbrous material via electrospinning which encapsulate industrially important bacteria. Another
report by Vajdai et al. [28] demonstrates successful tracking of cell
viability of Stenotrophomonas maltophilia bacteria in PVA ﬁbrous
webs. Furthermore, Lee and Belcher fabricated one-dimensional
(1D) micro- and nanosized diameter ﬁbers with long rod-shaped
M13 viruses [29]. Encapsulation technique may represent excellent alternative to lyophilization for the preservation of organisms.
Furthermore, no need to wait bacterial attachment (3–21 days) and
has lower contamination risk. Even though few studies reported
successful encapsulation of bacteria in electrospun matrix, the
proof-of-concept studies for the potential applications of these
ﬁbers have not been demonstrated satisfactorily. One of our recent
study bioremediating bacterial cells were successfully encapsulated into polyvinyl alcohol (PVA) and polyethylene oxide (PEO)
polymeric matrices while keeping the bacteria bioactive and the
viable cell numbers in desirable amounts [30]. Moreover, the choice
of ﬁber matrix was often a water soluble polymer such as PVA
or PEO since aqueous solution was preferably used as an electrospinning solution in order to provide suitable environment for
the bacteria before electrospinning. Yet, after the electrospinning,
these synthetic polymeric matrixes are not very appropriate once
the bacteria are encapsulated within the matrix since bacteria need
carbon source for their survival. Hence, carbohydrate-based ﬁber
would be much preferable matrix for the encapsulation of bacteria.
Therefore, in this study we choose cyclodextrin (CD) electrospun
ﬁber matrix to encapsulate bacteria for bioremediation purposes.
CDs are classiﬁed as cyclic oligosaccharides which are produced
from starch as a white powder form, and they can be transformed
into ﬁber form by electrospinning technique [31–34]. In general,
polymeric materials are needed for the electrospinning of ﬁbers
since chain entanglement and overlapping between the polymer
chains are the requirements to sustain the continuous jet elongation during the electrospinning process [13,14]. Nevertheless,
in our recent studies we have shown successful electrospinning
of ﬁbers from CD without using any polymeric carrier matrix.
Although CD are cyclic oligosaccharides, which are considered to be
very small molecules compared to polymers, the self-assembly and
aggregation characteristics of CD molecules in their concentrated
solutions enables the electrospinning of ﬁbers from CD without the
need of carrier polymeric matrix [31–34].
In our study, we successfully demonstrated the encapsulation
of Lysinibacillus sp. NOSK bacteria in water based and biocompatible non-polymeric cyclodextrin ﬁbers (CD-F) using electrospinning
process. The CD-F protects bacterial cells to reduce the effects
of exterior environment; beside they served as an encapsulating
matrix and carbon-source for the bacteria. Furthermore, these bacteria encapsulated water-soluble ﬁbers exhibited an instant release
mechanism. The potential application of this bacteria/CD-F biocomposite in bioremediation of heavy metals (Ni(II) and Cr(VI)
ions) and reactive dye from aqueous solution was systematically
investigated. The morphological characteristics of the pristine and
bacteria encapsulated ﬁbers were evaluated. Our results clearly

Fig. 1. Schematic view of encapsulation of bacteria in electrospun ﬁbers by electrospinning process (CD: Cyclodextrin, F: Fiber).

showed that encapsulated Lysinibacillus sp. NOSK were viable, and
their metabolic activity was not affected by the encapsulation into
electrospun CD-F. On the basis of present results, we can suggest
that this novel bacteria/CD-F biocomposite could be of interest for
wastewater treatment.
2. Material and methods
2.1. Materials
The hydroxypropyl-␤-cyclodextrin (HP␤CD) (degree of sub®
stitution: ∼0.6, Cavasol W7 HP Pharma) was kindly donated by
Wacker Chemie AG (Germany). The deionized water was obtained
from the Millipore Milli-Q Ultrapure Water System. The stock solution of Ni(II) was prepared by dissolving nickel sulfate heptahydrate
(Sigma Aldrich, 99.9%) in deionized water. Potassium dichromate
(Sigma Aldrich, ≥99.0%) was used to prepare Cr(VI) aqueous solution by dissolving in deionized water. Reactive dye (Reactive Black
5 (RB5)) was obtained from SETAŞ Chemistry Factory (Tekirdag,
Turkey). Appropriate volume of the stock solutions was added to
the nutrient broth (NB) medium (Peptone from meat 5.0 g/L; Meat
extract 3.0 g/L) for preparation of the experimental samples.
2.2. Cultivation of bacterium in nutrient broth (NB)
The Lysinibacillus sp. NOSK culture isolated from wastewater
treatment system [35] was routinely maintained in Nutrient Broth
(NB) medium. The working bacterial culture was prepared from
the stock culture stored at −20 ◦ C in 70% (v/v) sterile glycerol.
The frozen stock cultures were revived three times in NB medium
prior to experimental use. There activated culture was grown in
Erlenmeyer ﬂasks containing NB medium to get enough active
inoculum. The freshly cultured cells were collected by centrifugation at 5000 rpm for 10 min and then deﬁned volume of biomass
used for electrospinning process.
2.3. Electrospinning of bacteria encapsulated cyclodextrin ﬁbers
(bacteria/CD-F) and bacteria-free CD-F
The electrospinning of bacteria encapsulated CD-F were performed by using highly concentrated aqueous CD solution (200%,
w/v) with 0.5% (w/v) of skim milk media (Fig. 1). For bacteria
encapsulation process, electrospinning was carried out by making
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a suspension of bacteria in the CD aqueous solution. The amount
of bacteria in the CD aqueous solution was varied as 0.25%, 0.5%,
1% and 2% (w/w) (respect to CD concentration) in order to get
enough bacterial count in CD-F. The electrospinning of bacteria-free
CD solution and bacteria/CD suspension were performed separately by using 1 mL syringe with a needle of an inner diameter
of 0.4 mm. One of the electrodes of the high voltage power supply
(Matsusada Precision, AU Series) was clamped to the metal needle
tip, and the other was clamped to the grounded cylindrical aluminum collector. The electrospinning parameters were optimized
as follows: applied voltage: 15 kV, tip-to-collector distance: 10 cm,
and the solution ﬂow rate: 0.5 mL/h. All the electrospinning processes were performed in a UV sterile electrospinning cabin at room
temperature (∼24 ◦ C) and 25% relative humidity conditions. After
electrospinning process, the bacteria encapsulated CD ﬁbers have
been stored at 4 ◦ C (in a refrigerator) in small plastic petri dishes
which were enclosed by parafﬁn bands for prevention of air and
humidity passage. Petri dishes were sterile (UV-sterilized), dry and
having minimized headspace volume (by overspread with bacteria
CD-F) to enhance the stability of the encapsulated bacteria.
2.4. Viability testing
In order to check bacterial viability and their successful encapsulation within the electrospun CD-F, Lysinibacillus sp. NOSK
cells were stained with ﬂuorescent stains (LIVE/DEAD BacLightTM
kit) prior to the electrospinning process. Microscopic assessment
of LIVE/DEAD-stained bacterial cells is usually simpliﬁed with
“green”-labeled cells for alive bacteria. Photographs were taken
by using an optical microscope with an attached ﬂuorescence unit
(Leica, DMI 4000 B). The viability of Lysinibacillus sp. NOSK either in
electrospinning solutions or encapsulated in CD-F was also determined as colony-forming units (CFU) using the pour-plate assay.
To evaluate the encapsulation efﬁciency, pieces of the CD-F ﬁbrous
material were weighed (10 mg) which contain the living organisms.
Nutrient medium (1.0 mL) was added to these pieces in microcentrifuge tubes, held for 60 min at room temperature and serial
10-fold dilutions were made on these samples and plated on Nutrient agar. After incubation at optimal conditions, the number of CFU
was determined. All tests were performed in triplicate.
2.5. Characterization
The morphological investigation of the ﬁbers was carried out by
using scanning electron microscopy (SEM) (200 FEG, FEI). The samples were sputter coated (PECS-682) with a gold-palladium alloy
for ∼5 nm thickness prior to SEM imaging.
Raman spectra of the samples were recorded on a WITec
alpha300 S Confocal Raman spectrometer. The near-infrared
785 nm line was used for excitation. For all presented spectra, the
laser power on the sample did not exceed 3 mW, and 10 scans
were collected in 15 s. All spectra were recorded with a spectral
resolution of 4 cm−1 .
2.6. Removal analysis
During the incubation period, a 3 mL sample was taken daily
from each ﬂask. Samples were centrifuged to precipitate suspended
biomass at 10.000g for 5 min. Cell free nutrient broth medium
was used as the blank. The concentrations of Ni(II) in the supernatant was determined spectrophotometrically at 340 nm by using
sodium diethyl dithiocarbamate (from Merck) as a complexing
agent. Residual Cr(VI) in the supernatant was measured using
the 1,5-diphenylcarbazide (from Alfa Aesar, A Johnson Mathey
Company, USA) method at 540 nm by UV spectrophotometer. The
concentration of dye (RB5) in each aqueous solution was measured
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on an UV–vis spectrophotometer while taking the absorption at
597 nm. All tests were performed in triplicate.
2.7. Adsorption isotherms and kinetics studies
Adsorption coefﬁcients were estimated via seven isotherm
models (Langmuir, Langmuir with linear partitioning, Freundlich, Freundlich with linear partitioning, Generalized
Langmuir–Freundlich, Toth, Linear) using the isotherm parameter ﬁtting software IsoFit [35]. The mean of three individual
determinations was used to calculate cell counts.
3. Results and discussion
3.1. Electrospinning of bacteria encapsulated cyclodextrin ﬁbers
(bacteria/CD-F) and bacteria-free CD-F
The electrospinning of pure CD-F without containing bacteria
was performed to obtain control sample. The representative SEM
images of electrospun bacteria-free CD-F are shown in Fig. S1a–b.
The average ﬁber diameter of the electrospun CD-F was calculated
as 605 ± 205 nm by measuring about 100 ﬁbers from different SEM
images. In order to achieve continuous ﬁber production by electrospinning, one of the important optimization parameter is ﬁnding
the optimal bacteria amount for encapsulation process. Regard to
this, the optimization of bacteria amount for encapsulation in CD
ﬁbers was investigated by using 0.25%, 0.5%, 1% and 2% (w/w) of bacteria and the morphologies of the ﬁbers’ structures were analyzed
by SEM.
SEM micrograph of the bacterium is shown in Fig. S2. In Fig. 2,
SEM imaging conﬁrmed the successful electrospinning of CD aqueous solution into bead-free and uniform ﬁbers having smooth
morphology. The incorporation of Lysinibacillus sp. NOSK into CD
solution did not signiﬁcantly affect the electrospinning process
and in all bacteria concentration used, ﬁbers were successfully
produced (Fig. 2a–d). However, we had some difﬁculties for the
electrospinning of CD solution containing 2% (w/w) of bacteria, the
electrospinning jet was disturbed frequently (Fig. 2d). Therefore,
we decided that 1% (w/w) of bacteria was an optimal concentration for the continuous electrospinning of bacteria/CD-F to obtain
homogenously distributed ﬁbrous webs (Fig. 2c). In a closer look,
the bacterial cells were completely encapsulated within the CD
ﬁber matrix, forming local widening of the ﬁber. Enlargement and
widening of some regions in the ﬁbers for the bacteria/CD-F samples was preliminary evidence for bacterial incorporation inside
the CD-F as depicted in Fig. 2a–d. From Fig. 2a thru Fig. 2d, it was
also evident that when bacterial number was increased in the electrospinning solution, the encapsulated cell number was increased
as well in the electrospun CD-F matrix.
3.2. Viability
Viability of Lysinibacillus sp. NOSK cells was determined as number of colony-forming units (CFU) in CD solution and in CD-F web
at refrigeration temperature (4 ◦ C) at different time intervals (24 h
to 7 days) (Fig. 3). Over a period of time, bacterial cell viability
was decreased, only a signiﬁcant percentage of bacteria retained
their viability at the end of 7 days. The cell viability of Lysinibacillus sp. NOSK was found to be 2.5 × 103 CFU/mL in CD solution
prior to encapsulation, which was decreased to 6.0 × 102 CFU/mL in
bacteria/CD-F stored at 4 ◦ C on day 1. The bacterial cell was further
decreased to 3.0 × 102 CFU/mL upon the bacteria/CD-Fs storage at
4 ◦ C for 7 days. Further, ﬂuorescence staining technique was performed in order to get an accurate cell viability assessment and
cell count. The loss in cell viability could be attributed to the effect
of electrostatic ﬁeld generated during the electrospinning process
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Fig. 2. Representative SEM images of cyclodextrin-ﬁber (CD-F) encapsulating (a) 0.25% (w/w) (b) 0.5% (w/w) (c) 1% (w/w) and (d) 2% (w/w) of bacteria. The circles show
some of the encapsulated bacterium into the electrospun ﬁber matrix.

3.3. Characterization

Fig. 3. Viability of Lysinibacillus sp. NOSK as number of colony-forming units (CFU)
in CD solution and bacteria/CD-F at 4 ◦ C and different storage times (1 day to 7 days).
Inset photographs shows bacteria count on the agar surface.

due to the application of high voltage between the metal capillary
and the collector [8,9]. Furthermore, rapid evaporation of water
during electrospinning process is also anticipated to cause drastic
changes in the osmotic environment of the bacteria. The effect of
storage on the viability of encapsulated bacteria is of great concern
for their potential application in industrial-scale processes, since
application of these novel bioactive biocomposites requires to be
intact and functional at the time of use in desired site.

In addition to the SEM image, presence of Lysinibacillus sp. NOSK
was further supported by ﬂuorescence microscopy images. Fig. 4a
clearly indicates that the stained Lysinibacillus sp. NOSK bacterial
cells emit green ﬂuorescence owing to their viability nature which
conﬁrms their successful encapsulation in CD-F matrix (Fig. 4b).
Although bacterial cells were generally localized individually inside
the ﬁber matrix, some more agglomerated cells were also observed
in certain areas of the ﬁbrous web.
Raman spectroscopy is considered to be an molecular ﬁngerprinting technique for studying structure of polymers and
microorganisms [36]. Raman spectra of pristine CD-F, pristine bacteria and bacteria/CD-F with main Raman shifts and assignments
of the Raman bands are given in Fig. 5. The observed peaks around
851 cm−1 in the Raman spectrum of pristine CD-F is due to skeletal
CCH. Pristine bacteria Raman spectra shows the amide I vibration at
1650 cm−1 , and the CH2 deformation vibration at 1420 cm−1 . After
encapsulation process, presence of proteins in the bacteria/CD-F
was conﬁrmed from the peak around 1005 cm−1 and as well two
prominent peaks i.e., ∼1048 and ∼995 cm−1 observed at polysaccharide region (1200–900 cm−1 ) could be arising from vibrations in
the peptidoglycan of bacterial cell wall26 which further conﬁrmed
the presence of the bacterial cells in the ﬁbrous matrix.
3.4. Removal analysis
The heavy metal removal capability of the bacteria/CD-F was
investigated in a batch system with regard to the initial pH and
Ni(II) concentrations. Uninoculated erlenmeyer ﬂasks containing
heavy metals, reactive dye and CD-F were used as control sam-
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Fig. 4. Fluorescence microscopy images of bacteria (a) before encapsulation process (b) after encapsulation in CD-F matrix.

Fig. 5. Raman spectra of (a) pristine CD-F (b) pristine bacteria and (b) bacteria/CD-F. Insets show the micrograph of pristine CD-F, pristine bacteria and bacteria/CD-F.

ples to observe any reactions of the media with heavy metal and
dye (Fig. S3). In these samples, removal yield was 0.8% for Ni(II),
0.3% for Cr(VI) and %0.5 for RB5. There was no signiﬁcant difference
in the bioremoval yield of Ni(II), Cr(VI) and RB5 by pristine CD-F,
respectively.
The percentage uptake of heavy metals and reactive dye were
calculated from the difference between the initial and ﬁnal values
using Eq. (A.1)
Removal(%) = (C0 − Ceq )/C0 × 100

(A.1)

Here C0 and Ceq are the initial and equilibrium concentrations of
heavy metals and reactive dye (mg L−1 ), respectively. The removal
capacity can be determined by the mass balance principle (Eq.
(A.2)).
qm = (C0 − Cf )/Xm × 100

(A.2)

In these two equations, qm (the maximum heavy metal and dye
uptake) represents the maximum amount of heavy metal/dye per
unit of dry weight of microbial cells (mg L−1 ), Xm represents the
maximum dried cell mass (g L−1 ), and C0 and Cf represent the initial
and ﬁnal concentrations (mg L−1 ), respectively.
The initial pH value of the solution is an important parameter to
investigate higher removal capacities. The RB5 and Cr(VI) removal
yields of the bacterial cells were similarly high at pH 8.0 as found
in our previous study [35]. Furthermore, in this study, the effect
of pH was examined after 24 h of bacterial incubation for the samples at an initial Ni(II) concentration of 30 mg L−1 , but at different
initial pH values within the range of 4–9. As shown in Fig. 6, the
removal efﬁciencies after 24 h were found as %77.0, %77.5, %78.0,
%76.1, %72.1 and %71.7 at pH values of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0,
respectively. The optimal pH range for Ni(II) removal was found to
be 4.0–6.0. A near-neutral pH condition is preferable since opera-
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Fig. 6. The effect of pH on the Ni(II) removal yield of the free bacteria at 10 mg L−1
of initial Ni(II) concentration (T: 30 ◦ C; stirring rate: 100 rpm). Error bars represent
standard deviation of the mean values for independent replicates (n = 3).

around 70 ± 0.2%. After 7 days storage at 4 ◦ C, Ni(II) removal yield of
bacteria/CD-F reduced to 48.07 ± 0.4%. The Ni(II) removal capabilities of the bacteria/CD-F were higher than that of the free-bacteria
for all the samples having different initial Ni(II) concentrations.
When CD-F matrix was dissolved in the medium, bacteria used CD
as an extra carbon source and achieved an enhanced growth rate
(OD600 nm: 2.09). However, since the free bacteria had no extra carbon source, their growth rate was not enhanced (OD600 nm: 1.03)
(Fig. S4).
The effect of the initial concentration of Cr(VI) on the removal of
Cr(VI) is shown in Fig. 7b. Lysinibacillus sp. NOSK could reduce Cr(VI)
50 ± 1.2%, 23 ± 1.3% and 9.8 ± 1.3% from the medium contains 30, 50
and 100 mg L−1 , respectively. After encapsulation process, the maximum removal yields of bacteria/CD-F were 58 ± 1.4%, 26 ± 0.9%
and 12 ± 0.7% for 30, 50 and 100 mg L−1 Cr(VI) concentrations. After
7 days storage at 4 ◦ C, Cr(VI) removal yields were decreased to
23 ± 1.2%, 12 ± 1.6% and 3.5 ± 1.2% for 30, 50 and 100 mg L−1 Cr(VI).
It is clear that, after 7 days storage with decrease in bacterial count,
the removal performances of bacteria/CD-F decrease.
Fig. 7c illustrates the evolution of the dye removal yield as
a function of the initial dye concentration. At the end of the
incubation period, the maximum removal yields were 78 ± 1.1%
at 30 mg L−1 . The removal capacities of Lysinibacillus sp. NOSK
were found to be ranging between 64% and 47% in media with
increasing RB5 concentrations. The pattern of the changes in
removal efﬁciency of bacteria/CD-F was found to be quite different. Bacteria/CD-F removed the dye efﬁciently, in spite of increasing
dye concentrations up to 300 mg L−1 level, with the highest yield of
82 ± 0.8%. Removal efﬁciency decreased, when the dye concentration increased in all of the other trials performed with bacteria.
After 7 days storage, the decolorization of RB5 was 79 ± 1.2%,
34 ± 1.5% and 21 ± 2.3% for bacteria/CD-F.
3.5. Adsorption isotherms and order of reactions

Fig. 7. The effect of initial (a) Ni(II) (b) Cr(VI) and (c) Reactive Black 5 concentration
on the removal yield of the free bacteria and bacteria/CD-F after 1 day and 7 days
storage at 4 ◦ C during the 24 h incubation period (T: 30 ◦ C; stirring rate: 100 rpm).
Error bars represent standard deviation of the mean values for independent replicates
(n = 3).

tion under near-neutral conditions can easily be applied to most
wastewater systems [37].
The effect of initial Ni(II), Cr(VI) and RB5 concentrations on the
bioremoval performance was evaluated using free-bacteria and
bacteria/CD-F after 24 h storage at 4 ◦ C, and after 7 days storage at
4 ◦ C at different initial heavy metals and dye concentrations (30 mg
L−1 thru 100 mg L−1 ). As seen in Fig. 7a, the average Ni(II) removal
yield was calculated as 25.5 ± 0.3% for the free-bacteria. After
encapsulation process, the Ni(II) removal yield of bacteria/CD-F was

In order to investigate the adsorption processes of heavy metals
and dye on bacteria and bacteria/CD-F, ﬁve kinetic models were
used. Adsorption kinetics parameters and statistical parameters
of all isotherms tested for Ni(II) removal are listed in Table S1.
While bacteria/CD-F ﬁts well for each of the tested model, only
bacteria does not ﬁt any of the tested models, hence the estimated
adsorption isotherm coefﬁcients of this sample was not discussed.
No linear component was found in Ni(II) removal by bacteria/CD-F
after storage at 4 ◦ C for 1 day and 7 days. Linearity assessments for
Ni(II) were found as non linear in Langmuir and Freundlich models.
In addition, Ry2 values of linear isotherms are lower than the Ry2
values of other isotherms. The best ﬁtting model for Ni(II) removal
was Langmuir model for bacteria/CD-F after both 1 day storage at
4 ◦ C (Ry2 0.993) and 7 d storage at 4 ◦ C (Ry2 0.924). Since the highest correlations observed in Langmuir isotherms, Ni(II) removal is
likely to be monolayeric by bacteria/CD-F. The maximum removal
capacities (Qmax ) of bacteria/CD-F after storage for 1 day and 7 days
under the Langmuir model were estimated to be 45.95 mg g−1 and
30.95 mg g−1 , respectively.
Table S2 shows the adsorption kinetics parameters and statistical parameters of all isotherms tested for Cr(VI) removal. The
Langmuir equation correlates the Cr(VI) adsorption equilibrium
data using bacteria/CD-F both 1 day storage at 4 ◦ C (Ry2 0.993) and
7 day storage at 4 ◦ C (Ry2 0.944) very well and suggests its removal
is likely to be monolayeric. However, the Langmuir–Freundlich
adsorption models do not ﬁt the data as well as the Langmuir equation does.
Adsorption kinetics parameters and statistical parameters of
all isotherms tested for RB5 removal are listed in Table S3. Toth
generalized models were found to be the best ﬁtting models for
RB5 removal using both bacteria/CD-F 1 day storage at 4 ◦ C (Ry2
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0.977) and 7 day storage at 4 ◦ C (Ry2 0.999). The highest correlations observed in Toth isotherm suggests its removal is rather
heterogenous and multilayeric by bacteria/CD-F.
3.6. Discussion
Electrospun nanoﬁbers have high surface area and porous
structure compare to ﬁlm based materials, so, such nanoﬁbrous
materials provides better performance and higher efﬁciency. Moreover, during the electrospinning process, the additives such as
drugs, food additives and microorganisms can be more homogenously distributed through the ﬁber matrix. On the other hand,
the electrical power applied during the electrospinning can have
some side effects especially on living microorganisms. This problem might be tolerated by increasing the number of living cells
in the electrospinning solution prior to electrospinning, such that,
sufﬁcient amount of viable cells could be achieved even after the
electrospinning process.
In this study, CD-F serves as an extra carbon source which
promotes the growth rate of bacteria, so the utilization of freestanding CD-F based ﬁbrous materials as encapsulation matrix is
an attractive approach for the later on use of these microorganisms. However, CD cannot form a ﬁlm structure and resulted in a
powder material after drying of its solution without any encapsulation of bacteria which can create challenges during the practical
applications. On the contrary, CD-F nanoﬁbrous mat can be easily handled and folded as free-standing material which provides
certain advantages during its practices.
As observed in the ﬂuorescence microscopy and SEM images,
even the size of bacteria is bigger than the nanoﬁber diameter, bacteria were dispersed pretty homogenous through the ﬁber matrix.
Here, microorganisms were encapsulated in CD-F having different
concentrations (0.25, 0.5, 1 and 2% (w/w)) and the remediation tests
were performed by using 1% (w/w) concentrated CD-F since there
were some difﬁculties for the electrospinning of CD solution containing 2% (w/w) of bacteria. Nevertheless, as it can be observed
from the results of removal tests, contaminants were remediated by
high efﬁciency from their liquid environment (70 ± 0.2%, 58 ± 1.4%
and 82 ± 0.8% for 30 mg L−1 concentrated solutions of the Ni(II),
Cr(VI) and Reactive Black 5, respectively). 30 mg L−1 concentration
is already above the acceptable limits of environmental concerns.
Therefore, it can be concluded that the encapsulation efﬁciency of
CD-F is quite well enough for the intended applications.
4. Conclusions
In this study, we have shown successful encapsulation of strain
Lysinibacillus sp. NOSK in CD-F by using electrospinning process.
The CD, which is a cyclic oligosaccharide obtained from starch,
was used as an encapsulation matrix and a feeding source thus
facilitate an easy revival of bacteria. The suitable conditions of the
electrospinning process for encapsulation of bacteria and maintaining their viability were optimized. Although the % loading of the
bacteria was limited because of the difﬁculty of electrospinning
of ﬁbers, the observed results conﬁrmed that signiﬁcant amount
of cells survived and retained biological functionality during the
process even in the drastic osmotic change and electrostatic ﬁeld
generated during electrospinning process. Moreover, Lysinibacillus
sp. NOSK remained viable within the CD-Fs for 7 days at refrigerator conditions (4 ◦ C). Electrospun ﬁber encapsulation technology
also offers signiﬁcant advantages for studying the behavior of cells
under conﬁnement. Cells, either bacterial or mammalian, were
found to alter their behavior in a conﬁned environment. We believe
that the bioactivity of encapsulated Lysinibacillus sp. NOSK cells
remains same in the CD-F that can allow an easy recovery of bac-
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terial cells during application. The obtained results suggest that
the CD-F biocomposite system well suitable for potential application in Ni(II), Cr(VI) and Reactive dye bioremoval from wastewater
systems. Therefore, electrospinning technique may represent an
excellent alternative to lyophilization for the preservation of organisms for strain collections, and for applications such as wastewater
treatment.
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