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ABSTRACT: Recombinant Escherichia coli (E. coli) cells were
successfully encapsulated in reactive membranes comprised
of electrospun nanofibers that have biocompatible polyvinyl
alcohol (PVA)-based cores entrapping the E. coli and silica-
based, mechanically sturdy porous shells. The reactive
membranes were produced in a continuous fashion using a
coaxial electrospinning system coupled to a microfluidic
timer that mixed and regulated the reaction time of the silica
precursor and the PVA solution streams. A factorial design
method was employed to investigate the effects of the three
critical design parameters of the system (the flow rate of the
core solution, protrusion of the core needle, and the viscosity
of the core solution) and to optimize these parameters for
reproducibly and continuously producing high-quality core/
shell nanofibers. The feasibility of using the reactive
membranes manufactured in this fashion for bioremediation
of atrazine, a herbicide, was also investigated. The atrazine
degradation rate (0.24mmol/g of E. coli/min) of the
encapsulated E. coli cells expressing the atrazine-dechlorinat-
ing enzyme AtzA was measured to be relatively close to that
measured with the free cells in solution (0.64mmol/g of E.
coli/min). We show here that the low cost, high flexibility,
water insolubility, and high degradation efficiency of the
bioreactive membranes manufactured with electrospinning
makes it feasible for their wide-spread use in industrial scale
bioremediation of contaminated waters.
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Introduction

More than one-third of the accessible freshwater throughout
the world is used for agricultural, industrial, and domestic
purposes, leading to worldwide contamination of freshwater
systems with myriads of chemicals such as pesticides (e.g.,
DDT, acetochlor, and atrazine) or heavy metals (e.g., lead,
mercury, and cadmium) as well as various synthetic
chemicals, unmetabolized drugs, hydrocarbons and radioac-
tive wastes affecting the health of billions of people. In this
context, contamination of waters has become one of the
major problems facing humanity and this issue has received
considerable attention over the past two decades (Guillette
and Iguchi, 2012; Schwarzenbach et al., 2006).
Electrospun membranes has been widely used in tradi-

tional filtration, and manufacturing of biosensors, protective
clothing, energy conversion systems, cosmetics, tissue
engineering products, drug delivery systems, electronic and
optical devices, food items, and advanced composite
materials (Bhardwaj and Kundu, 2010; Lopez-Rubio
et al., 2012; Miao et al., 2010; Zucchelli et al., 2011). Thanks
to their high permeability, small pore size, high specific
surface area, good interconnectivity of pores and ability to be
functionalized chemically at the nanoscale, electrospun
nanofibrous membranes have been used in environmental
remediation applications for the removal of different
contaminants from wastewaters such as adsorption of heavy
metal ions (Abbasizadeh et al., 2013; Irani et al., 2012; Li
et al., 2011; Ma et al., 2011; Mahapatra et al., 2012; Wang and
Ge, 2013). Apart from their adsorbtive capability (e.g., of
heavy metal ions), electrospun nanofibrous membranes are
also suitable candidates for biodegradation of various
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contaminants because of their potential to incorporate
immobilized enzymes (Wang et al., 2009) or encapsulate
cells within (Zussman, 2011). Dai et al. (2013) and Niu et al.
(2013a) made laccase-containing fibrous mats by emulsion
electrospinning and have reported rapid adsorption and
degradation of polycyclic aromatic hydrocarbons. Similarly,
horseradish peroxidase (HRP)-containing fibrous mats were
made by emulsion electrospinning and the adsorption and
degradation of pentachlorophenol (PCP) was measured (Niu
et al., 2013b). The PCP adsorption values reached were as
high as 44.69mg/g while the removal efficiencies were 83%
and 47% for the immobilized and the free HRP, respectively.
Singh et al. (2013) used electrospun ZnO nanofibrous mats
and demonstrated the efficacy of these mats in complete
degradation of naphthalene and anthracene dyes in waters. In
a recent study, Klein et al. (2012) encapsulated Pseudomonas
sp. ADP cells into electrospun microfibers and demonstrated
their atrazine degradation ability.

There are significant advantages offered by reactive
filtration systems and biosensors that utilize bioreactive
organisms encapsulated in electrospun microfibers. There is
also the potential for wide-spread industrial use due to very
high surface area to volume ratio achieved, ease in scale up and
the cost-effectiveness of the technology. However, develop-
ment of a water insoluble, solvent-free and multilayered
coaxial encapsulation technology that ensures long-term
reactivity of the encapsulated microorganisms remains to be a
challenge. Figure 1 summarizes the critical requirements for

wide-spread adoption of encapsulated cell-based electrospun
systems in bioremediation industry. In previous studies to
date, cells have been encapsulated into electrospun nanofibers
made of materials that slowly degrade, such as polycapro-
lactone (PCL) (Klein et al., 2009), or are not biodegradable,
such as Pluronic F127 dimethacrylate (FDMA) (Liu et al.,
2009). However, these fabrication processes required exten-
sive use of organic solvents, which are known to reduce the
reactivity and longevity of the encapsulated cells. Electro-
spinning techniques that do not require the use of organic
solvents were also developed and live cells have successfully
been encapsulated by electrospinning (Fung et al., 2011;
Gensheimer et al., 2007; Lopez-Rubio et al., 2009; Salalha
et al., 2006). However, the resultant materials were water-
soluble, making them unsuitable for use in aqueous
environments that are encountered in all water bioremedia-
tion applications.

Silica nanofibers can be made by sol–gel electrospinning
without using organic solvents, and the produced electrospun
nanofibers are water-insoluble (Kim et al., 2010; Patel
et al., 2006). This makes silica an appealing material for
electrospin encapsulation biological materials, but the
electrospinning process is not stable due to continuously
changing viscosity of the silica precursor solution during
gelation (Ponton et al., 2002). In the present study, we
developed an electrospinning system that utilizes a micro-
fluidic timer coupled with a coaxial electrospinning setup.We
utilized coaxial electrospinning that combines a silica

Figure 1. Critical requirements for electrospinning reactive bacteria for bioremediation applications.

1484 Biotechnology and Bioengineering, Vol. 111, No. 8, August, 2014



precursor solution (that formed a hard shell around the
nanofibers) and a bacteria suspension medium (that formed
the biocompatible core for the nanofibers, encapsulating
reactive bacteria). This enabled us to continuously produce
water insoluble, high bioreactivity nanofibers thus satisfying
the critical design requirements for successful bioremedia-
tion applications (Fig. 1).

Materials and Methods

Materials

Tetramethyl orthosilicate (TMOS), hydrochloric acid (HCl),
and polyvinyl alcohol (PVA) were obtained from Sigma
(Sigma–Aldrich Corp., St. Louis, MO). Eight percent to 28%
(w/v) PVA was dissolved in water to make the core solution.
Silica was used as the shell solution by hydrolyzing TMOS in
the presence of HCl. The molar ratio of TMOS:water:HCl
was 1:2.8:0.00024. E. coli expressing green fluorescent protein
(GFP) were encapsulated for confocal microscopy imaging
while the E. coli expressing atrazine chlorohydrolase (AtzA)
were encapsulated to be used for atrazine bioremediation
activity assays (Strong et al., 2000).

Preparation of Reactive Membranes

Figure 2 shows the schematic of the designed electro-
spinning setup capable of forming reactive membranes
comprised of nanofibers that have PVA-based biocompati-
ble cores that contain the encapsulated bacteria and porous
silica shells surrounding the core. To prepare the core
solution, E. coli pellets were mixed with the PVA solution at
a cell loading density of 0.5 g/mL and the mixture was
loaded into syringe A. Three different PVA solution
concentrations (8%, 18%, and 28%, w/v) were investigated.
The hydrolyzed TMOS solution was loaded into syringe B,
which was connected to one of the inlets of a microfluidic
timer. The 18% (w/v) PVA solution, which had the
optimum viscosity for electrospinning when mixed with
the TMOS solution, was loaded into syringe C, which was
connected to the other inlet of the microfluidic timer. The
microfluidic timer precisely controlled the reaction of the
hydrolyzed TMOS solution and the 18% (w/v) PVA
solution. The reaction time was set to 9min to ensure
that the optimum viscosity of the mixture is reached during
gelation before electrospinning. The viscosities of the shell
solution and the core solutions at different PVA concen-
trations were measured by a digital viscometer (NDJ-8S,
Shanghai Nirun Intelligent Technology Co Ltd., Shanghai,
China). The flow rates of the shell TMOS solution extruded
from syringe B and the PVA solution fed from syringe C
were 0.7 and 0.5mL/h, respectively. This was done to reach
an optimum viscosity value for the mixture. A voltage of
15 kV was applied to the outer needle by a high voltage
power supply so that the shell solution was drawn by the
electric force while the core solution was drawn by the shear
force at the interface of the core solution and the shell

solution, as illustrated in Figure 2c. Core/shell structured
nanofibers were collected by a grounded conductive plate.
As a control, core/shell nanofibers that do not contain any
bacteria were manufactured.

Figure 2. Electrospinning setup for core/shell nanofibers that have a bacterium-

containing PVA core and a silica-based shell surrounding the core: (a) The coaxial

electrospinning system that is coupled to a microfluidic timer; (b) The chemical

reaction between the hydroxide groups of PVA and the silanol groups of silica during

the electrospinning process; (c) The effects of the three critical parameters: The ratio

of the core solution flow rate to the shell solution flow rate (Qc/Qs), the ratio of the core

needle protrusion length to the shell needle radius (Pc/Rs), and the ratio of the viscosity

of the core solution to the viscosity of the shell solution (mc/ms).
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Optimization of Parameters

The quality of the electrospinning manufacturing system is
defined by cell encapsulation efficiency (g cells encapsulated
per g material produced), and the production homogeneity
(minimization of defects such as droplets intermixed with the
fibers as well as ensuring a uniform diameter distribution
of the nanofibers). Therefore, the quality of the product is
affected by the physical and chemical properties of the
solutions used to make the core and the shell as well as the
processing parameters. To achieve the highest quality for
production, a factorial design method was employed to
optimize the solution properties and the processing
parameters.

Selection of the Manufacturing Parameters

Continuous manufacturing of core/shell nanofibers via
coaxial electrospinning relies on the formation of a jet of
the shell solution and the entrainment of the core solution.
For successful entrainment of the core solution, certain
parameters should be optimized: (1) ratio of the flow rate of
the core solution to the flow rate of the shell solution (Qc/Qs),
(2) ratio of the core needle protrusion to the outer needle
radius (Pc/Rs), and (3) ratio of the viscosity of the core
solution to the viscosity of the shell solution (mc/ms) (Reznik
et al., 2006). The effect of these parameters on coaxial
electrospinning is illustrated in Figure 2c. Extreme values of
these ratios generally lead to poor entrainment of the core
material into the jet or formation of multiple jets rather than
a stable core/shell jet (Moghe and Gupta, 2008). The values/
levels for the parameters investigated in the present study are
listed in Table I. Level 0, level 1, and level 2 corresponded to
the low, medium and high levels, respectively. A complete
factorial design with three parameters and three levels was
constructed to estimate the resultant effects and the
interactions between these parameters to determine the
best conditions to continuously produce core/shell nano-
fibers (Table II).

Product Quality Estimation

To determine the quality of the reactive membranes, three
aspects should be considered: cell encapsulation efficiency
(y1), droplet (defect) formation (y2), and fiber diameter (y3).
An ideal reactive membrane should have a large density of
encapsulated cells to enhance its specific degradation rate
per volume of the material produced. The defects (i.e.,
droplets) should be minimized so that additional processes/

steps for the removal of the defects from the final product
are not needed. Uniform fibers with smaller diameters are
preferred because they not only decrease diffusion length
when the fiber diameter is larger than the bacteria size but
also result in a higher surface area-to-volume ratio and
permeability.

To determine the cell encapsulation efficiency, E. coli
expressing GFP were encapsulated in electrospun reactive
membranes. The membranes were then washed with
ultrapure water three times to get rid of the loosely bound,
surface-attached cells to ensure that only fully encapsulated
cells are visualized in the subsequent confocal microscopy
images (Olympus FluoView FV1000, Center Valley, PA). For
each membrane, confocal microscopy images were obtained
at three different regions (the area of each region was
0.01mm2). The number of cells in each region was counted
(using green fluorescence imaging). The average value (Nc),
which reflected the number of cells within an area of
0.01mm2, was used as a measure of cell encapsulation
efficiency. The cell encapsulation efficiency of each sample
was given a value (y1), normalized with respect to the
maximum number of cells (Ncmax) measured among all
samples so that y1 values were kept in a range between 0 and 1
(Eq. 1). As the number of cells in Exp. 3 was the maximum
among all samples, Nc was taken to be equal toNcmax in Exp. 3.
Therefore, y1¼ 0 in Exp. 3, as can be seen in Table II

y1 ¼
Ncmax � Nc

Ncmax
ð1Þ

To determine defect formation, each reactive membrane
sample was examined by scanning electron microscopy
(SEM) (Hitachi S-4700, Tokyo, Japan). In each sample,
SEM micrographs were obtained at three different regions
measuring approximately 256mm2. The number of droplets
(that are not connected to fibers) in each region was counted
and the values determined at the three regions were averaged
(Nd). The defect formation in each sample was given a value
(y2) and normalized with respect to the maximum number of
droplets (Ndmax) measured among all samples so that y2 fell
within a range between 0 and 1 (Eq. 2). As the number of
droplets in Exp. 19 was the maximum among all samples, Nd
was equated to Ndmax in Exp. 19. Therefore, y2¼ 1 in Exp. 19,
as can be seen in Table II

y2 ¼
Nd

Ndmax
ð2Þ

To determine the fiber diameter uniformity in the
produced filters, each SEM micrograph was analyzed using
ImageJ. The fiber diameters were measured at 50 different
locations and the average fiber diameter (D) was obtained.
The response reflecting the fiber diameter of each sample was
given a value (y3) and normalized with respect to the
maximum fiber diameter (Dmax) to ensure that y3 fell within a
range between 0 and 1 (Eq. 3). As the fiber diameter in Exp.
12 was the maximum among all samples, D was taken as Dmax

Table I. Parameters and levels investigated in the factorial design.

Parameter

Level

0 1 2

A. Core solution flow rate (mL/h) 0.6 1.2 1.8
B. Core needle protrusion length (mm) 0.2 0.4 0.6
C. Core solution concentration (%, w/v) 8.0 18.0 28.0

1486 Biotechnology and Bioengineering, Vol. 111, No. 8, August, 2014



in Exp. 12. Therefore, y3¼ 1 in Exp. 12, as can be seen in
Table II

y3 ¼
D

Dmax
ð3Þ

The overall response (y) that corresponds to the overall
quality of the manufactured filter (Eq. 4) is calculated as the
weighted average of all of the parameters measured above

y ¼ y1 þ y2 þ y3
3

ð4Þ
The weight for each outcome (yi) can be adjusted

according to the desired application. If a very high atrazine
degradation efficiency is desired at the expense of increased
defects (i.e., a high number of droplets with respect to the
number of fibers) in the finished product, one may assign a
higher weight for cell encapsulation efficiency and a lower
weight for tendency of droplet formation. On the contrary, if
a moderately high atrazine degradation efficiency is sufficient
but the homogeneity of the finished product is of utmost
concern, one may assign a higher weight for the defect
formation and a lower weight for the cell encapsulation
efficiency. In this manuscript, we assigned equal weights to
each of the three outcomes (yi) used in this study.
The value of overall response (y) was between 0 and 1 for

each reactive membrane manufactured in this study. A

quality response value of 0 indicated that the reactive
membrane had a high amount of encapsulated cells, had
minimum defects, and the smallest fiber diameter among all
reactive membranes investigated, whereas a value of 1 meant
the opposite. A reactivemembrane with theminimumoverall
response was regarded as the optimized membrane. The 27
experimental conditions conducted in the three-parameter,
three-level factorial design and the corresponding overall
responses were analyzed by a statistical analysis software
(Statgraphics1) and optimum values for operational para-
meters were determined.

Characterization

Fourier transform infrared spectroscopy (FTIR) analysis was
conducted with the reactive membranes manufactured using
the optimized parameters, silica/PVA nanofibrousmembranes
that did not contain any bacteria, and silica/PVA mixtures
with known E. coli content (for calibration) using a Nicolet
Continumm FTIR microscope. IR spectra in the range of
400–4,000 cm�1 were recorded at a resolution of 4 cm�1. Each
sample was scanned at five different regions on the sample
using an aperture size of 100mm� 100mm. The amount of
the encapsulated E. coli in the electrospun membrane sample
was calculated using the ratio of the intensity of the Amide II
peak (corresponding to cellular proteins) to the intensity of the
methylene peak (originating from silica and PVA) (Fig. S1).

Table II. Effects of the three chosen parameters on the quality (y) of the electrospun fibers.

Exp.

Parameter and its level

Response y1 Response y2 Response y3 Overall response yA B C

1 0 0 0 0.7810 0.3088 0.6026 0.5641
2 0 0 1 0.5429 0.1324 0.6485 0.4412
3 0 0 2 0 0 0.8603 0.2868
4 0 1 0 0.6571 0.3235 0.5993 0.5267
5 0 1 1 0.3048 0.2353 0.6648 0.4016
6 0 1 2 0.3048 0 0.6714 0.3254
7 0 2 0 0.9714 0 0.6616 0.5443
8 0 2 1 0.9810 0 0.7194 0.5668
9 0 2 2 0.9905 0 0.7194 0.5700
10 1 0 0 0.6381 0.5735 0.5819 0.5978
11 1 0 1 0.4857 0.3676 0.7784 0.5439
12 1 0 2 0.2667 0 1 0.4222
13 1 1 0 0.6476 0.5735 0.5742 0.5985
14 1 1 1 0.5143 0.4265 0.7707 0.5705
15 1 1 2 0.3048 0 0.9662 0.4236
16 1 2 0 0.9905 0 0.6572 0.5492
17 1 2 1 0.9810 0 0.7151 0.5653
18 1 2 2 0.9810 0 0.7271 0.5693
19 2 0 0 0.5524 1 0.5448 0.6990
20 2 0 1 0.2952 0.7353 0.6343 0.5549
21 2 0 2 0.1714 0 0.9651 0.3788
22 2 1 0 0.2952 0.4853 0.5699 0.4501
23 2 1 1 0.2476 0.1471 0.6288 0.3412
24 2 1 2 0.0762 0 0.9727 0.3496
25 2 2 0 0.9714 0 0.6703 0.5472
26 2 2 1 0.9905 0 0.7205 0.5703
27 2 2 2 0.9905 0 0.7194 0.5700
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For SEM and Transmission Electron Microscopy (TEM, FEI
Tecnai G2 F30, Hillsboro, OR) imaging, reactive membranes
containing E. coli cells expressing AtzA were manufactured
using the optimized values for the parameters examined.
Reactive membranes comprised of core/shell nanofibers
without any bacteria were also fabricated in a similar fashion.

Biotransformation of Atrazine Into Hydroxyatrazine

Activity measurements of the optimized reactive membranes
were conducted at room temperature. The reaction was
initiated by exposing the optimized reactive membrane to
5mL of 0.1M potassium phosphate buffer (at pH 7.0)
containing 150mM (32.4 ppm) atrazine. The supernatant
was sampled after 20min and the concentrations of atrazine
and its metabolite, hydroxyatrazine, were measured by high-
performance liquid chromatography (HPLC) as previously
described (de Souza et al., 1995). Activity measurements of
the free bacteria were conducted in a similar fashion.

Results and Discussion

Fabrication of Silica-PVA-Based Core/Shell
Encapsulating Nanofibers

Silica is an excellent material for bioencapsulation because of
its low cost, mechanical robustness, manufacturability,
thermal and pH stability, and chemical inertness (Nassif
et al., 2002). Unlike most electrospun fibers, especially those
made of natural polymers such as gelatin or alginate, which
are mechanically fragile and rapidly dissolve in water, silica
fibers can maintain their morphology in water during
continuous use. Nevertheless, the silica fibers are yet quite
brittle. Fabrication of silica nanofibers via traditional
electrospinning methods has previously been reported
(Shin et al., 2010; Tsou et al., 2008). For example, tetraethyl
orthosilicate (TEOS) has widely been used for fabricating
pure silica or silica-polymer nanofibers via sol–gel electro-
spinning (Katoch and Kim, 2012; Pirzada et al., 2012).
However, the sol–gel process unavoidably requires ethanol,
which is not only released by the hydrolysis reaction but also
is added to eliminate phase separation and to accelerate
hydrolysis. However, ethanol is known to negatively affect the
reactivity and the viability of the encapsulated bacteria.
Therefore, to date there has been no report of successful
encapsulation of reactive bacteria in electrospun silica
nanofibers. A mixture of TEOS and aminopropyl triethox-
ysilane (APTES) (Irani et al., 2012) has also been used for
forming silica nanofibers via sol–gel electrospinning but the
process still requires ethanol.

In this communication, reactive membranes comprised of
nanofibers made of silica and PVA were produced using a
novel coaxial electrospinning process. The uniqueness of the
approach presented here is that no extra ethanol needed to be
added during the process, which maximized the biocompati-
bility of the produced material while enabling continuous
production. Furthermore, the technology aims at encapsula-

tion of intact bacteria, not purified enzymes. The advantage of
encapsulating bacteria over enzymes is that it is easier and
more economical to grow and use bacteria as the biodegrada-
tion agent since additional steps for enzyme purification are
not required. Furthermore, in intact cell encapsulation, the
enzymes are better protected against swings in temperature,
pH, and salinity since they reside in their native environment
in the cytoplasm of the cells.

Polyvinyl alcohol (PVA) used in the formulation served
multiple purposes; (1) PVA acted as a thickener, helping to
adjust the viscosity of the electrospinning solution, (2)
enhanced biocompatibility of the bioencapsulation solution
by enveloping and protecting the bacteria from the gelling
silica precursors, (3) when mixed with the silica in the shell
solution, decreased the brittleness of the shell and increased
its flexibility, (4) Increased the porosity of the shell, and (5)
dissolved away when the finished product was exposed to an
aqueous solution, therefore increasing the permeability of the
membrane (Fig. 3a).

Optimization of Electrospinning Parameters

The quality of the electrospun reactive membrane (repre-
sented by the overall response, y) is a function of three
parameters: cell loading density (represented by the response
y1), defect formation (represented by the response y2), and
uniformity of the produced fiber diameters (represented by
the response y3). The value ywas taken to be the average of y1,
y2, and y3 and the lower the value of y, the higher the quality of
the produced reactive membrane. The value y for each
formulationwas determined and is summarized in Table II. It
can be clearly seen that the overall response y reached the
minimum at Experimental condition 3, corresponding to
the optimum design conditions for manufacturing of the
reactive membranes. On the contrary, the overall response y
was the highest at Experimental condition 19, indicating
that the combination of the design parameters resulted in a
sub-standard membrane material.

Figure 3 shows the SEM micrographs of the reactive
membranes that containGFPexpressing E. coli encapsulated at
conditions corresponding to Exp. 3 (Fig. 3b) and Exp. 19
(Fig. 3c). The inserts show the confocal microscopic images of
the same samples. It can be clearly seen that more cells were
encapsulated in Exp. 3 compared to Exp. 19. This could be
explained by rheological analysis: The viscosity of the core
solution used in Exp. 3 was approximately 4,000 cP while it
was below 1,000 cP in Exp. 19. The viscosity of the shell
solution, identical in both cases, was measured to be
4,173� 686 cP, a value very similar to the viscosity of the
core solution in Exp. 3, but significantly higher than that in
Exp. 19. Therefore, it was easier for the core at Exp. 3 to be
entrained by the shell solution and incorporated into the
electrospun jet by the shear force generated at the core–shell
interface, thus enhancing the cell encapsulation efficiency.
Although the average diameter of the fibers fabricated at Exp.
19 was slightly smaller than that at Exp. 3, the membranes
fabricated at Exp. 19 were not considered to be superior than
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those fabricated at Exp. 3 since the diffusional distance is
independent of the fiber diameter when the fiber diameter is
smaller than the width of the bacteria such that the thickness
of the shell wall covering the bacteria remains unchanged. The
diameters of the fibers in both samples were smaller than the
width of an E. coli cell (around 500 nm). Therefore, the
thickness of the encapsulating shell produced in Exp. 19
should be similar to that of the encapsulating shell is Exp. 3,
even though the average fiber diameter in Exp. 19 was smaller.
The substantial number of droplets observed in Exp. 19 results
in a lower quality of the manufactured membranes. In Exp.
19, the core solution flow rate was high but the core solution
was poorly entrained into the jet. Therefore, it is highly likely
that the excess core solution is drawn as a separate jet, which
might be broken down into droplets by the electric forces.
The main effects of core solution flow rate, core needle

protrusion and core solution concentration on the overall
response y were investigated. Figure 4a shows the surface plot
as a function of the core solution flow rate and the core needle
protrusion distance when the core solution concentration is
kept constant at the medium level of 18% (w/v). The minimal
response for y was observed when the core solution flow rate
and the core needle protrusion were low, indicating that a high
quality membrane could be manufactured by reducing both
the core solution flow rate and the core needle protrusion.
Figure 4b shows the response surface as a function of the core
solution flow rate and the core solution concentration, with
the core needle protrusion kept constant at the medium level
(0.4mm). The response, y, in general decreasedwith increasing
core solution concentration but the core solution flow rate did
not play a significant role, implying that for this specific
protrusion length, a higher core solution concentration would
result in a higher quality membrane. Figure 4c shows the
response surface as a function of the core needle protrusion
distance and the core solution concentration, when the core
solution flow rate was kept constant at the medium level
(1.2mL/h). The minimum response for y was observed when
core needle protrusion was at the low level while the core
solution concentrationwas at the high level, indicating that the
quality of the membrane could be increased by reducing the
core needle protrusion and increasing the core solution
concentration. Figure 4d shows the response plot as a function
of all three parameters and the plot clearly indicates that the
minimum response of y (corresponding to the highest quality
of the membrane) could be achieved when the core solution
flow rate and core needle protrusion were set to low while the
core solution concentration was set to high. Therefore, the
optimum parameters were chosen as: Core solution flow
rate¼ 0.6mL/h; core needle protrusion¼ 0.2mm; and core
solution concentration¼ 28%(w/v) for the production of the
membranes to be characterized and analyzed in detail as
described below.

Characterizations of the Optimized Reactive Membranes

E. coli-containing nanofibrous membranes fabricated under
the optimized conditions were analyzed with FTIR

Figure 3. a: The nanofiber architecture comprised of a bacterium encapsulated in

a water soluble PVA core and a silica-based porous shell surrounding the core. SEM

micrographs and confocal microscopic images (insets) of the electrospun fibers that

contain encapsulated E. coli expressing GFP: (b) Exp. 3; (c) Exp. 19.
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spectroscopy. As shown in Figure S1, the silica/PVA matrix
generated spectra with prominent peaks between 3,200 and
3,500 cm�1 originating from the n-OH vibrations, the peaks
between 2,900 and 3,000 cm�1 originating from the vibrations
of the –CH2 groups, the peaks around 1,430 cm�1 due to the
scissoring motion of CH2, and the peaks around 1,380 cm�1

due to the bending of CH2. Apart from the aforementioned
common peaks, the FTIR spectrum for the E. coli-containing
nanofibrous membrane exhibited additional peaks including
the peak at 1,656 cm�1 arising from the protein and water
bending peaks generating the Amide I band and the peak at
1,542 cm�1 due to the Amide II protein band. The amount of
E. coli encapsulated in the electrospun nanofibrous mem-
branes was measured using the ratio of the intensity of the
Amide II peak to the intensity of theCH2 peak. In this analysis,
the Amide II peak, instead of the Amide I peak, was used
because the Amide II peak does not include spectral
contributions from water bending peak located at
1,650 cm�1 (Pelton and McLean, 2000). Table III shows the
correlation between the Amide II-to-CH2 ratio (m) and the
mass percentage of E. coli in fibers (n). The relationship
between m and n was determined to be:

m ¼ 0:1549 e0:0473n ð5Þ

Using this equation, the mass ratio of the E. coli in the
electrospun reactive membranes produced at the optimum
condition (Exp. 3) was determined as approximately 40% g

cells/g matrix. This is a very high level of loading that has not
been reported elsewhere before.

SEM imaging was used to explore the ultrastructure of
the core/shell nanofibers fabricated at the optimized
conditions (i.e., the conditions that minimized y).
Figure 5a shows the electrospun membrane comprising
the core/shell nanofibers. When encapsulated, the bacteria
were oriented along the longitudinal direction of the
nanofiber without experiencing a significant morpholog-
ical change due to encapsulation (Fig. 5b). The surface of
the nanofibers was smooth, indicating homogeneous
mixing of the PVAwith the silica. The average diameter of
the AtzA expressing E. coli-containing nanofibers was
255� 19 nm, which was similar to that of the GFP
expressing E. coli-containing nanofibers fabricated in Exp.
3 (263� 17 nm). The core/shell morphology of the
nanofibers was confirmed by TEM imaging (Fig. 5c),
which showed that the thickness of the porous silica shell
was approximately 20 nm.

Figure 4. Three-dimensional response surface plots for the interactions between: (a) core solution flow rate and core needle protrusion; (b) core solution flow rate and core

solution concentration; (c) core needle protrusion and core solution concentration; and (d) all three parameters.

Table III. Relationship between the Amide II-to-CH2 ratio (m) and the

mass percentage of E. coli (n).

Mass percentage of E. coli, n (%, g/g) Amide II-to-CH2 ratio, m

36 0.8405� 0.0871
44 1.2659� 0.1146
51 1.7051� 0.1131
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Biotransformation of Atrazine Into Hydroxyatrazine

Rietti-Shati et al. (1996) immobilized Pseudomonas ADP using
Ca-alginate encapsulation technique and found that the
bacterium lost much of its atrazine degrading activity upon

immobilization (50% reduction in atrazine concentration
before immobilization versus 8% reduction in atrazine
concentration after immobilization). Vancov et al. encapsu-
lated Rhodococcus erythropolis cells in alginate-based spherical
beads and demonstrated the ability of the encapsulated cells
to degrade atrazine. However, with soft materials such as
alginate, there is always the risk of releasing cells into the
environment. Therefore, alginate gels are impractical for field
applications due to their inferior mechanical properties,
inability to stop cell leakage, and poor cell viability during
storage (Vancov et al., 2005). A very recent study reported
encapsulation of Pseudomonas sp. ADP cells into core/shell
nanofibers for atrazine bioremediation (Klein et al., 2012).
The cell suspension was mixed with a core solution of
polyethylene oxide dissolved in water, which was electrospun
with a shell solution made of polycaprolactone and
polyethylene glycol dissolved in chloroform and dimethyl-
formamide. The atrazine degradation rate was reported as
0.0023mmol/g of nanofibers/min following bioencapsula-
tion. Although atrazine degradation was restored to
0.039mmol/g of nanofibers/min by allowing the cells to
grow in the nanofibers, the degradation rate of the
encapsulated cells was still an order of magnitude less than
the free cells. It is probable that the organic solvents involved
in electrospinning had adverse effects on the enzymatic
pathway for atrazine bioremediation.
In this study, atrazine degradation activity of both free E.

coli expressing AtzA and nanofiber encapsulated E. coli
expressing AtzAwere assessed using HPLC analysis. In order
to measure the reaction rates and the bioremediation
efficiency accurately, the measurements focused on pro-
duction of hydroxyatrazine in order to eliminate the bias
due to adsorption of atrazine by silica (Reátegui et al., 2012).
Table IV shows the quantities of atrazine degraded/adsorbed
and hydroxyatrazine produced per unit gram of E. coli
(or per gram of nanofibers) per minute for free and
encapsulated E. coli. In both cases, the rate of atrazine
degraded or adsorbed was comparable to that of hydrox-
yatrazine produced, implying that adsorption of atrazine
into the silica-based nanofibers was negligible. The specific
activity of the encapsulated E. coli was at the same order of
magnitude as that of the free E. coli, indicating that the
optimized reactive membranes did not present significant
diffusional resistance.
We showed that we could achieve high degradation activity

levels in electrospun reactive filters that are comparable to
free-cells. In a novel approach, a multilayer geometry was
utilized and the bacterium-containing core was enveloped in
a porous shell produced in a continuous fashion. This served
the purpose of increasing the biocompatibility of the process,
adding an extra layer of separation between the bacteria and
the environment (to further protect against accidental
release) and also enhanced the encapsulation efficiency while
minimizing the diffusion length. This scalable technology can
be used tomanufacture bioreactive filters that can biodegrade
chemicals at large throughput levels, replacing the traditional
size exclusion-based filtration systems. This opens new

Figure 5. a: Core/shell nanofiber membranes produced by coaxial electro-

spinning with the optimized parameters, (b) SEM micrograph of the core/shell

nanofibers showing an encapsulated E. coli (c) TEM image of the core/shell nanofibers

showing the PVA core and a silica/PVA composite shell surrounding the PVA core

(fiber portion between encapsulated bacteria was selected).
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avenues in industrial scale bioremediation of contaminated
waters.

Conclusions

Reactive membranes comprising electrospun nanofibers
composed of a PVA core that encapsulate reactive E. coli
and a silica/PVA composite shell surrounding this core were
fabricated by a novel coaxial electrospinning method. Using
this method, a very high loading efficiency of up to 40 g of E.
coli in 100 g of matrix material could be reached. The atrazine
biodegradation rate achieved by the reactive membranes
produced by this method was quite high at 0.24mmol/g of E.
coli/min, which is approximately 40% that of the free bacteria
(0.64mmol/g of E. coli/min).
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Sciences in University of Minnesota. The authors thank Mr. Alan
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