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Abstract The current study reports the modification of pro-
karyotic microorganism through a single-layer technique by
using different polyanions/cations and doping with magnetic
(Fe304) nanoparticles. Briefly, individual Escherichia coli
cells were encapsulated through deposition of 1% sodium
alginate as first layer followed by depositing precipitate layers
of calcium chloride, disodium hydrogen phosphate, and
Fe;0,4 nanoparticles. Surface and cross sectional analysis of
modified E. coli cells by field emission scanning electron
microscope (FE-SEM) confirmed the synthesis of varying
sizes of artificial shells around the microbial cells while the
deposition of Fe;0,4 nanoparticles was confirmed by transmis-
sion electron microscope (TEM). Thermogravimetric analysis
(TGA) showed the deposition of 58 wt% of Fe;0,4 nanoparti-
cles on E. coli cell surface. Chemical structure analysis by
Fourier transform infrared (FTIR) spectroscopy confirmed
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the presence of characteristic functional groups of deposited
reagents in the hydrogel capsule. Zeta potential analysis of
hydrogel capsule showed moderate stability with a surface
charge of —21 mV. Growth and viability analysis by Alamar
Blue assay indicated marked increase in the reduction of
resazurin blue (> 100%) by the modified E. coli indicating
their viability. The movement and control of magnetized
E. coli cells were manipulated using external permanent mag-
netic field as observed with optical microscope images. The
surface-modified cells can find potential applications in bio-
remediation, biodegradation, and catalysis and can be used as
biosorbents.

Keywords Biomimetic modification - Microorganisms -
Encapsulation - Nanoparticles - Cell viability

Introduction

Different living organisms including mollusks, arthropods,
radiolarians, diatoms, and fungi protect their species under
unfavorable conditions by preserving their genetic materials
within a hard shell. Unfortunately, a number of these unicel-
lular organisms in nature do not possess such structured shells
to give enough protection to their genetic contents, hence are
at risk of extinction. To date, several strategies such as layer-
by-layer (LbL) and adsorption (Nguyen et al. 2015), direct
single-step magnetization (Garcia-alonso et al. 2010), and ex-
trusion (Poncelet et al. 2011) have been effectively used for
cell surface modification. These strategies involve the use of
polyelectrolytes, colloids, and molecules to impart surface
modifications onto cell walls or membranes of living cells
by creating artificial shells or capsules (Yu and Colfen
2004). Surface modification of living microorganisms through
biomimetic mineralization has resulted in generation of living
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mineral complexes with external shells or internal scaffolds
(Chen et al. 2014). Fabrication of biomimetic structures along
with living cells encapsulated with artificial shells provides
the base for nanotechnology science that cuts across chemis-
try, biology, and material science (Fakhrullin et al. 2012; Ullah
etal. 2017).

Most of prokaryotic and eukaryotic microbial cells are dia-
magnetic in nature; therefore, magnetic techniques are applied
by introducing magnetic nanoparticles (MNPs) (Ul-Islam
et al. 2017) into or onto live cells as an effective means for
remote magnetic field-based control of spatial deposition of
cells and fabrication of layered tissue-like structures (Ito et al.
2004). Microbial cells can be post-magnetized by a non-
specific attachment of magnetic nanoparticles or by covalent
binding on magnetic support. Such modified cells can then be
used as magnetic biosorbents or magnetic whole-cell
biocatalysts (Safarik and Safarikova 2007). Furthermore,
these modified cells have found different applications like
toxicological microscreening (Garcia-Alonso et al. 2011),
genotoxicity screening (Fakhrullin et al. 2010a), biodegrada-
tion (Li et al. 2013b), bioremediation (Zhang et al. 2011a),
adsorption (Zhang et al. 2011b; Li et al. 2013a), and biological
storage and protection (Wang et al. 2008).

Biomimetic mineralization process of living cells by using
different polyelectrolytes or polymers can be improvised by
depositing functional factors onto the cell surface (Soledad
Fernandez et al. 2001). The deposition of polyelectrolyte or
polymer microcapsules can be carried out using the LbL tech-
nique (Sukhorukov et al. 1998). This process involves the
deposition of polycation first onto the cell surface (carrying
a negative charge in water) followed by a polyanion until the
required number of bilayers is obtained (Fakhrullin et al.
2012). Besides, a single-step technique has also been used to
deposit functional polymers and magnetic nanoparticles onto
the cell surface (Fakhrullin et al. 2010b). Variety of synthetic
polycations are involved during LbL process, such as poly
(styrene sulfonate) (PSS), poly (allylamine hydrochloride)
(PAH) (Granicka et al. 2009), and poly (ethyleneimine)
(PEI) (Bieber et al. 2002). Some of these polycations have
been identified to have several limitations associated with
them; for example, polycations present in polyelectrolytes
have shown to be toxic since they penetrate into the cell mem-
brane and kill the cell (Godbey et al. 1998; Bieber et al. 2002).
This toxic effect of polycations can be minimized by using
natural polymers such as poly (L-lysine) (PLL), polypeptides,
and hyaluronic acid (HA) to encapsulate the cells
(Veerabadran et al. 2007). Cell surface modification process
is limited not only to microbial cells but also to human cells;
for instance, modification of mouse mesenchymal stem cells
(MSCs) within polymeric shells consisting of HA and PLL
using the LbL technique has been reported (Veerabadran et al.
2007). The HL60 cells and islets have also been modified by
using PSS and PAH nanoparticles (Granicka et al. 2009).
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Alginate being a natural polymer has been employed in
most biofabrication processes for various biomedical ap-
plications owing to its biocompatibility and gel formation
ability in the presence of calcium ions (de Lima et al. 2009;
Lan et al. 2010; Aljohani et al. 2017a, b). Calcium ions
serve as useful cross-linking agents to cross-link alginate
and form the hydrogel in dispensing-based biofabrication
processes. Encapsulation of living cells, probiotics, and
enzymes by alginate hydrogels has been extensively used
owing to their simple synthesis methods and structure, bio-
compatibility, non-toxicity, and low cost (Rowley et al.
1999; Krasackoopt et al. 2003; Ullah et al. 2014; Ullah
et al. 2015). Besides, calcium can cross-link with phos-
phate and form calcium phosphate hybrid nanoparticles
(CaP-HNPs) in aqueous solution through self-assembly.
This process involves two oppositely charged polyelectro-
lytes, poly (diallyldimethylammonium chloride)
(PDADMAC) and poly (acrylate sodium) (PAS), which
serve as dual templates. The formation of complexes of
PAS/Ca** and PDADMAC/PO,>” involves electrostatic in-
teractions of positive and negative charges which assemble
and form CaP-HNPs. This complex is spherical in shape,
dispersible in water, possesses narrow size distribution,
and demonstrates high colloidal stability in water (Zhao
et al. 2013), thus can be easily deposited on the cell sur-
face. Recently, Shi et al. developed a strategy to dope mi-
crobial cells with Fe;O,4 nanoparticles through the forma-
tion of sodium alginate gel on the cell surface. The manip-
ulated microbial cells efficiently responded to magnetic
stimulus and moved within a magnetic field without any
interference and effect on their viability and metabolism
(Shi et al. 2016).

Surface modification or biomimetic mineralization has
been reported mostly for eukaryotic cells (yeast). The cur-
rent study is aimed to evaluate the success of single-step
biomimetic mineralization and magnetization of prokary-
otic cell (e.g., Escherichia coli) by using different
polyanions and cations and doped with magnetic (Fe;04)
nanoparticles. It describes the biomineralization process of
E. coli. The surface-modified cells have been characterized
for various properties through different techniques such as
TEM, SEM, thermogravimetric analysis (TGA), and zeta
potential. Further, the viability of encapsulated E. coli cells
inside the capsule was also evaluated to investigate the
toxicity of polycations and anions used. The magnetic
properties of the magnetized E. coli cells were studied
which demonstrated that the magnetically modified
E. coli cells can assemble in the presence of a permanent
magnet. The magnetic-modified E. coli cells were viable
even after exposure to magnetic fields, hence showing their
potential to be used as biosensor and in environmental
microbiology such as bioremediation of toxic heavy metals
(Pb, Hg) that are risk to human health.
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Materials and methods
Materials

The chemical reagents including low-molecular-weight
sodium alginate (C¢H,NaOy),, anhydrous calcium chlo-
ride (CaCl,), disodium hydrogen phosphate
dodecahydrate (Na,HPO4.12H,0), iron (III) chloride
hexahydrate (FeCl3-6H,0O, >98%), iron (II) chloride
tetrahydrate (FeCl,4H,0O, >99%), ammonia solution,
phosphotungstic acid, and sodium hydroxide were obtain-
ed from Sinopharm Chemical Reagent (Shanghai, China).
The nutrient broth for E. coli was purchased from
Qingdao Hope-Technology Company, China.

Microorganism and cell culture

E. coli (ATCC 11775) cells were obtained from China
General Microbiological Culture Collection Center. The
E. coli cells were grown in nutrient broth of pH 7.0 at
37 °C for 24 h. The freshly prepared cultures were centri-
fuged at 7000 rpm for 10 min and the pellets obtained were
washed three times with distilled water to remove any me-
dium components.

Synthesis and characterization of Fe;O4 nanoparticles

The magnetic nanoparticles were synthesized from an aque-
ous solution of FeCl;-6H,0 and FeCl,-4H,O using the co-
precipitation method (Darwish et al. 2015). Briefly, FeCl,-
4H,0 and FeCls-6H,0 at a molar ratio 2:1 (Fe**/Fe**) were
dissolved in deionized distilled water and heated at 70 °C.
Thereafter, 6 mL of ammonium solution was quickly added
to the reaction mixture that resulted in the formation of a deep
black magnetite precipitate. The obtained suspension was
stirred at 70 °C for 30 min. The obtained precipitate was
washed several times with distilled water and extracted from
the impurities (if any) using a permanent magnet and washed
again until the pH of the supernatant reached 7.0. The obtain-
ed nanoparticles were oven-dried at 70 °C and stored in dark
at room temperature for further analysis. The chemical struc-
ture and confirmation of synthesized magnetic nanoparticles
were done through FTIR using a Perkin Elmer FTIR spectro-
photometer (Spectrum GX and Autoimage, USA; spectral
range 4000—400 cm'; beam splitter: Ge-coated on KBr; de-
tector: DTGS; resolution 0.25 cm ™! (step selectable)).
Similarly, the size and morphology of magnetic nanoparticles
were determined through TEM. For this purpose, magnetic
nanoparticles were coated onto the carbon coated formvar film
and stained with 1% (w/v) phosphotungstic acid (pH 7.0) for
few minutes and examined through TEM.

Biomimetic mineralization and Fe;O4 doping of E. coli cell
surface

The synthesized magnetic nanoparticles were suspended in
distilled water (0.05 wt%) by vortexing. The magnetic nano-
particles were added to a mixture of 0.005 M aqueous CaCl,
and 0.005 M Na,HPO, and sonicated for 10 min to stabilize
the synthesized magnetite with the precipitate. The mixture
was isolated using a permanent magnet and washed again with
distilled water and sonicated. On the other hand, E. coli cells
were harvested from an overnight culture via centrifugation
and washed three times with distilled water. A detailed biomi-
metic mineralization and Fe;O,4 doping of E. coli cell surface
are shown in Fig. 1. Briefly, the harvested E. coli cells were
suspended in 0.1% sodium alginate solution and vortexed for
5 min and left to stand for 20 min to form a single alginate
layer around the E. coli cells. The alginate-coated E. coli cells
were harvested and washed with sterile distilled water three
times to remove excess alginate and named as “alg-cells.”
Thereafter, 1 ml of alg-cells was mixed with 10 ml of precip-
itate mixture of stabilized CaCl,, Fe;0,4, and Na,HPO,4
(CaHPO4-Fe;04 stabilized complex) and vortexed for
15 min. The modified E. coli cells were separated from the
unbound magnetic nanoparticles using a permanent magnet
and washed several times with distilled water. These modified
E. coli cells were named as “mag-min-cells.” A 0.1% sodium
alginate solution was added to the cells, vortexed for 5 min,
and left to stand for 20 min followed by washing and
suspending in 0.005 M aqueous CaCl, and finally in
0.005 M Na,HPO, solution. The mineralized cells were left
to stand for 20 min to form a precipitate layer on the surface of
alginate-coated cells. The coated cells were washed with dis-
tilled sterile water and named “min-cells.” Cells modified
with single layer of alginate followed by suspension in single
layer of calcium chloride were named “Ca-alg-cells.” Finally,
all the modified cells were fixed with 3% glutaraldehyde and
dehydrated with different dilutions of ethanol (30, 50, 70, 90,
and 100%).

FE-SEM analysis of unmodified and surface-modified
E. coli cells

The surface of unmodified E. coli cell, alg-cells, and min-cells
was all analyzed through FE-SEM (Nova NanoSEM450, FEI,
Holand). Briefly, alg-cells and min-cells were fixed with 3.0%
(v/v) glutaraldehyde in 0.2 M phosphate buffer for 1.0 h at
4 °C. Thereafter, the cells were washed with 0.1 M phosphate
buffer at pH 7.0 and dehydrated with different dilutions of
ethanol (30, 50, 70, 90, and 100%). The modified cells were
freeze-dried and sputter-coated with a thin copper film and
placed on the grid followed by gold coating and observed
under scanning electron microscope. The unmodified E. coli
cells were used as reference.

@ Springer
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Fig. 1 Single-step process of
biomimetic mineralization (a) and
magnetic modification (b) of
E. coli cells with different
polyanions and cations. The

E. coli cells were modified with
single layer of a polyanion
alginate (gelation), polycation
(calcium chloride and disodium
hydrogen phosphate)
(mineralization), and Fe;Oy4
nanoparticles (magnetization)
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rosslinking
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TEM analysis of unmodified and surface-modified E. coli
cells

The surface and cross section of unmodified E. coli cell, alg-
cells, min-cells, and mag-min-cells were observed through
TEM. Briefly, the glutaraldehyde-fixed cells were embedded
in 2.25% (w/v) low-gelling-temperature agarose. Thereafter,
the agarose blocks were dehydrated by using different dilu-
tions of ethanol (25, 50, 70, 95, and 100%) for 15 min follow-
ed by dehydration in propylene oxide. After an overnight in-
filtration in Epon 812-propylene oxide (1:1), the agarose
blocks were embedded in fresh resin and polymerized.
Ultrathin sections (80420 nm) were cut using an ultra-
microtome EM UC7 (Leica, Germany) and stained with ura-
nyl acetate and lead citrate. Finally, the modified cells were
observed using TEM (Hitachi H-7000FA, Japan) operated at
75 kV. Here, the unmodified E. coli cells were used as
reference.

TGA analysis of surface-modified E. coli cells

TGA was performed to determine the percentage of mag-
netic nanoparticles present in the sample by using a ther-
mogravimetric analyzer (NETZSCH STA 449F3, Japan).
Briefly, a sample of 5 mg was weighed and heated at a rate
of 10 °C/min under nitrogen at temperature range of 50—
700 °C. The iron oxide content in the sample was calculat-
ed based on the formula below. Mass of the residue is mass

@ Springer

of the sample remained at 700 °C. Origin 8 software was
used to draw the graphs.

Mass of the residue
Mass of the dried sample

Iron oxide composition(wt%) =

x 100

FTIR analysis of unmodified and surface-modified E. coli
cells

FTIR analysis was carried out for five groups of samples in-
cluding (a) unmodified E. coli cell, (b) alg-cells, (c) Ca-alg-
cells, (d) min-cells, and (¢) mag-min-cells. FTIR was done
using a Perkin Elmer FTIR spectrophotometer (Spectrum GX
and Autoimage, USA; spectral range 4000400 cm '; beam
splitter: Ge-coated on KBr; detector: DTGS; resolution
025cm ! (step selectable)) for identification of chemical bonds
and possible interactions between the components in the mod-
ified cells. Graphical analysis was done by Origin 8 software.

Zeta potential analysis of unmodified
and surface-modified E. coli cells

Zeta potential was performed for five groups of samples includ-
ing (a) unmodified E. coli cell, (b) alg-cells, (c) Ca-alg-cells, (d)
min-cells, and (e) mag-min-cells. A Zetasizer Nano machine
(Nano-ZS90) was used to determine the surface charge of the
coated cells and colloidal stability of artificial shell formed
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around the cell. For charge determination, the samples were
placed in a zeta cell and loaded into the Nano-Zetasizer ma-
chine. All measurements were taken at pH between 7 and 8.

Alamar Blue assay of unmodified and surface-modified
E. coli cells

The viability of modified cells was determined through
Alamar Blue staining. Briefly, a 100 pl of each (a) unmodified
E. coli cell, (b) alg-cells, (c) Ca-alg-cells, (d) min-cells, and (e)
mag-min-cells and nutrient broth (blank or negative control)
were plated into the 96-well plates and mixed well. A 10 pl of
the Alamar Blue dye was added to each well containing
100 ul of the cells. The modified E. coli cells with the dye
were incubated at 37 °C for 4 h. As a result of incubation with
viable cells, the dye changed color from blue to red. The
absorbance of Alamar Blue dye was measured at 570 nm
using 600 nm as a reference. The analysis was done in tripli-
cate by using a plate reader. One-way ANOVA was done by
using Origin 8 data analysis graphic software.

Magnetic properties and viability of magnetic-modified
E. coli cells

To test the magnetic properties of the cells, mag-min-cells
were observed using an optical microscope (Nikon-Ti 80,
Japan). A magnet was placed on the sides of the slide contain-
ing magnetic-modified E. coli cells. The LIVE/DEAD Cell
Vitality Assay was performed for the cells after exposure to
magnetic field. The kit has two-color fluorescence assay that
distinguishes metabolically active cells from injured cells and
dead cells. This assay is based on the reduction of C,-
resazurin to red-fluorescent C-resorufin in metabolically ac-
tive cells and the uptake of cell impermeant, green-fluorescent
nucleic acid stain, and SYTOX Green dye, in cells with com-
promised plasma membranes (usually late apoptotic and ne-
crotic cells). Dead cells emit mostly green fluorescence
whereas the healthy and metabolically active cells emit mostly
red fluorescence because they possess intact membranes.
Briefly, 1 ul of each 50 uM C,-resazurin and SYTOX
Green stains were added to 100 pl of cell suspension. The
cells were incubated at 37 °C for 15 min; following which,
these were immediately observed under the optical micro-
scope (Nikon-Ti 80 Japan) equipped with objective lenses
with integrated digital camera and imaging software.

Results
Synthesis and characterization of Fe;O,4 nanoparticles

The synthesis and chemical structure of Fe;O4 nanoparticles
were confirmed through TEM and FTIR, respectively. The

TEM image shown in Fig. 2a indicates successful synthesis
of spherical Fe;0,4 nanoparticles. It was also evident that the
particles were agglomerated. Magnetite nanoparticles have
high surface energy and thus tend to quickly aggregate; there-
fore, the agglomeration is prevented by coating them with an
organic or inorganic layer (Cao et al. 2012a, b). The particle
size and relative particle size distribution was determined
through Image J software using the TEM image (Fig. 2a).
The results indicated that most of the nanoparticles were in
the range of 9-22 nm, with an average particle size of 16.2 +
5 nm. These results demonstrate that magnetic nanoparticles
have narrow size distribution and uniform spherical shape.
The FTIR spectrum of Fe;0,4 nanoparticles (Fig. 2b) showed
a clear band at 3438cm ™' indicating the hydroxyl (—OH)
group and another band at 587cm™" which is related to Fe-O
group, thus confirmed the phase and purity of magnetite nano-
particles which is in agreement with previous report (Garca
Casillas et al. 2012).

Biomimetic mineralization and Fe;O4 doping of E. coli cell
surface

The cell surface modification was carried out as described in
Fig. 1. TEM analysis of unmodified E. coli cell surface dem-
onstrated a smooth appearance (Fig. 3a). In contrast, the sur-
face of alg-cells possessed a thick shell of alginate (Fig. 3b)
which is in agreement with optical microscopy analysis. TEM
analysis also confirmed the synthesis of calcium phosphate
shell by the addition of calcium chloride and sodium hydrogen
phosphate to the alg-cells as shown in Fig. 3¢ (min-cells). It is
clearly shown in Fig. 3¢ that the calcium phosphate shell on
the surface of the cell is thin and non-uniform (heterogeneous
surface) which is in accordance with previous study (Wang
et al., 2008). Finally, the cells were doped with the Fe;O,4
nanoparticles to form mag-min-cells (Fig. 3d). SEM analysis
showed a rod-like appearance of unmodified E. coli cells
(Fig. 3e) and alg-cells (Fig. 3f). Figure 3g shows in situ pre-
cipitate surface of calcium hydrogen phosphate shell (min-
cells). The magnetic property of mag-min-cells was confirmed
by suspending the cells in water and a permanent magnet was
applied at different sides. The cells effectively moved towards
the magnet leaving behind a clear solution as shown in Fig. 3h.

Thermogravimetric analysis

The magnetic response of the cells is mainly due to the mag-
netic nanoparticles content loaded on the cell surface.
Therefore, TGA was carried out to determine the iron oxide
content in the sample and results are shown Fig. 4. The TGA
curve shows three phases of weight loss. The first phase of
weight loss at 50-125 °C was attributed to the vaporization
of small molecules such as water and low-molecular-weight
polymers. The second phase ranging from 125 to 250 °C
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Fig. 2 a TEM micrographs and b FTIR spectrum of Fe;0,4 nanoparticles

indicates the decarboxylation of sodium alginate-released car-
bon dioxide and part of the products were carbonized. The
third phase was observed at 250-550 °C indicating the slow
decomposition of the higher-molecular-weight species in the
sample.

FTIR analysis of unmodified and surface-modified E. coli
cell

FTIR spectroscopy was used to investigate the presence of
different functional groups and the nature of chemical bonds
in a molecule (Ul-Islam et al. 2011; Ul-Islam et al. 2012). In

Fig. 3 Morphological analysis of unmodified and surface-modified
E. coli cells through various techniques. TEM analysis of a unmodified
cells, b “alg-cells”, ¢ “min-cells”, and d “mag-min-cells” at 200 nm.
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the current study, FTIR characterization of five groups of
samples including (a) unmodified E. coli cell, (b) alg-cells,
(c) Ca-alg-cells, (d) min-cells, and (e) mag-min-cells was car-
ried out to identify the presence of different electrolytes and
Fe;0,4 nanoparticles on the surface of modified cells and pos-
sible interactions between them. The combined spectra for all
samples are shown in Fig. 5, indicating the peak positions of
various functional groups. Origin 8 software was used to draw
the graphs.

FTIR spectra of unmodified E. coli cell (Fig. 5a) indicated
characteristic peaks at 3419cm ™' for -NH groups present on
the cell surface. Similarly, the absorption bands at 3395, 3420,

)

SEM analysis of images of e unmodified cell, f “alg-cells”, and g “min-
cells” observed in 1 wm resolution and h magnetic property of the
modified cells
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Fig. 4 Thermogravimetric analysis of magnetic-mineralized E. coli cells

3428, and 3408 cm ' confirmed the stretching vibrations of —
OH groups on the cell surface. Further, characteristic bands
for amide I and amide II groups in bacterial cell wall appeared
at 1656 cm™'. These results were in agreement with previous
study (Naumann 2000). The alg-cells (Fig. 5b) showed a low-
er shift of —OH stretching vibration peak at 3395cm ™' which
could be correlated to the interaction of sodium ions with the
cell membrane to form a gelation surface (Malesu et al. 2011).
When calcium chloride was added to the alg-cells to form the
Ca-alg-cells, a shift to a higher wavelength of 3420 cm ' was
observed (Fig. 5¢) which could be attributed to the participa-
tion of hydroxyl and carboxylate groups of alginate and cal-
cium ion in order to form chelating structure, thus strengthen-
ing the hydrogen bonding (Daemi and Barikani 2012).

| a b c d e |

Transmittance (%)

I R A S S I S R E—
3500 3000 2500 2000 1500 1000 500
wavenumber cm™!

Fig.5 FTIR analysis of (a) unmodified cells, (b) “alg-cells”, (c) “Ca-alg-
cells”, (d) “min-cells”, and (e) “mag-min-cells”

4000

Further, characteristic peaks at 1029 and 1030 cm ' for min-
cells (Fig. 5d) confirmed the phosphate group single bond
which can be attributed to the symmetric stretching mode of
non-bridging oxygen in Q° tetrahedral and asymmetric
stretching vibration of P-O-P chemical group (Shih 2003;
Carta et al. 2007). FTIR spectrum of mag-min-cells (Fig. 5¢)
showed additional peaks at 561 cm ™' confirming the presence
of Fe-O bond and successful attachment of Fe;O4 nanoparti-
cles. The shift of Fe-O bond to a lower wavelength instead of
587 cm ' could be due to asymmetrical stretching vibration of
Fe-O bond that becomes weak and also due to bending vibra-
tion mode of O-P-O chemical group (Elbatal et al. 2011).
Generally, the PO, units have two non-bridging bonds and
two bridging oxygen bonds (P-O- and P = O) which are in
resonance with each other (Bridge and Patel 1987). Besides,
peaks appeared at 2927, 2928, 2928, and 2925 cm” ! in sam-
ples (b) alg-cells, (c) Ca-alg-cells, (d) min-cells, and (¢) mag-
min-cells, respectively, for the CH, group of sodium alginate
(Zhang et al. 2008). A similar peak in this range at 2928 cm
in Fig. 5a appeared for amide I« helical structure of protein on
E. coli cell surface (Naumann 2000). Characteristic peak for C
= O group appeared at 1655 cm™ ' in FTIR spectra of sample
(b) alg-cells, (c) Ca-alg-cells, and (d) min-cells, while it ap-
peared at 1654 cm ™' in mag-min-cells which is in accordance
with previous study (Malesu et al. 2011).

Zeta potential analysis of unmodified
and surface-modified E. coli cells

Zeta potential is an analytical technique used to investigate the
cellular interaction with charged ions or molecules. In princi-
ple, the negatively charged ions or molecules decrease the
surface zeta potential while positively charged ions increase
the surface zeta potential (Altankov et al. 2003). Zeta potential
is usually known to determine the colloid stability and some
values of zeta potential have been classified to show the sta-
bility of a sample. For instance, zeta potential values of sam-
ples in range of + 0—10 mV are referred as highly unstable, +
10-20 mV are relatively stable, =20-30 mV as moderately
stable, and >+30 mV are classified as highly stable
(Agrawal and Patel 2011). In the current study, zeta potential
was performed for five groups of samples including (a) un-
modified E. coli cell, (b) alg-cells, (c) Ca-alg-cells, (d) min-
cells, and (e) mag-min-cells to determine the surface charge of
the coated cells and stability of the magnetic mineralized
E. coli cells. The results are shown in Fig. 6.

As expected, the zeta potential of unmodified E. coli cells
(Fig. 6a) was found to be —51.6 mV due to the negatively
charged cell surface. Upon the addition of sodium alginate,
the zeta potential of alg-cells (Fig. 6b) was significantly in-
creased to — 39 mV. Further, the addition of calcium chloride
Ca-alg-cells (Fig. 6¢) shifted the zeta potential value to —
24.3 mV which can be attributed to the aggregated alginate
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Fig. 6 Zeta potential analysis of (a) unmodified cells, (b) “alg-cells”, (c)
“Ca-alg-cells”, (d) “min-cells”, and (e) “mag-min-cells”

molecules on the cell surface. Studies have shown that Ca®*
ions selectively bind with guluronic acid (G) residues of algi-
nate and form a cross-link between alginate molecules to form
the gel aggregates (Draget et al. 2005). The addition of
disodium hydrogen phosphate to the calcium alginate layer
on the cell surface resulted in the shift of zeta potential to —
4.64 mV (Fig. 6d) which can be attributed to the presence of
ions in the higher valency. Usually, the presences of positive
charges on the cell surface destabilize the hydrogel. Further,
the valency of the ions is also important when measuring the
zeta potential. For instance, the ions with higher valency (Ca2+,
AP**) compared to monovalent ions (Na*, H*, and OH | etc.)
create a more compressed electric double layer on the surface
of the particles, therefore decreasing zeta potential in magni-
tude (Bhattacharjee 2016). A zeta potential of —21.0 mV was
observed when Fe;O4 nanoparticles were loaded on to the
precipitate layer of calcium hydrogen phosphate (Fig. 6e).
This can be attributed to the negative charge of magnetic nano-
particles that moderately stabilized the hydrogel.

Growth and viability analyses of unmodified
and surface-modified E. coli cells

Alamar Blue assay is based on the principle of reducing
resazurin blue dye into a colorless hydroresorufin molecule
through an oxygen-consuming metabolic pathway during
cell respiration (O’Brian et al. 2000). During this process,
viable cells maintain a reducing environment within their
cytoplasm. The Alamar Blue reagent is non-fluorescent
and blue in color in its oxidized form which turns to fluo-
rescent and red in reduced form upon incubation with viable
cells (O’Brian et al. 2000). This indicates that the Alamar
Blue reduction is directly related with the cell growth. In the
current study, Alamar Blue assay was performed for five
groups of samples including (a) unmodified E. coli cell,
(b) alg-cells, (c) Ca-alg-cells, (d) min-cells, and (¢) mag-
min-cells to determine the effect of encapsulation, minerali-
zation, and magnetic modification on viability of E. coli
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cells. The viability results of cells under different encapsu-
lating conditions are summarized in Fig. 7.

As shown in Fig. 7, the unmodified cells were marked by
the highest percentage reduction of resazurin blue of about
140% translating to more viable cells as compared to the
modified cells (Fig. 7a). The alg-cells also demonstrated a
higher percentage of viable cells indicating that sodium algi-
nate is non-toxic to the microbial cell and can effectively sup-
port the growth of the cells (Fig. 7b). Cross-linking of alginate
modified cells with calcium chloride Ca-alg-cells to form a
gelatinous hydrogel could have some impact on the cell
growth owing to increased viscosity and mechanical forces
(Cao et al. 2012a) as shown in Fig. 7c. Further, the precipitate
layer of calcium hydrogen phosphate could be too dense and
less porous for the movement of substances inside the cell,
thus presented a lower reduction of resazurin blue correspond-
ing to lower number of cells viable inside the mineral shell
(Fig. 7d). When the mineral layer was further doped with
Fe;0,4 nanoparticles, the surface became more rough and po-
rous and increased the porosity of mineral shell, thus allowing
the diffusion of more nutrients to sustain the cell inside the
shell as shown by the marked increase in the reduction of
resazurin blue (Fig. 7e), corresponding to increasing the num-
ber of viable cells.

Magnetic properties of surface-modified E. coli cell

Surface modification of microbial cells through encapsulation
and doping with magnetic nanoparticles enhance the cell’s abil-
ity to acquire magnetic properties similar to magnetotactic

(a) E.coli (unmodified cells)
(b) "alg- cells"

(c) "cal-alg-cells"
(d) "min-cells"

(e) "mag-min-cells"
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Fig. 7 Effect of cell surface modification on viability and growth
analysis of E. coli. The reduction of resazurin blue as a function of
viability and growth of (a) unmodified cells, (b) “alg-cells”, (c) “Ca-alg-
cells”, (d) “min-cells”, and (e) “mag-min-cells” was determined using
Alamar Blue assay
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bacteria (Yan et al. 2012). Such magnetically modified cells
allow for magnetically facilitated spatial manipulation
(Safarik and Safarikova 2007; Safarik et al. 2012). A study
reported that magnetophoresis and magnetic alignment of mod-
ified yeast cell (@MSi[n]) were due to net magnetization of
yeast with magnetic materials @MSi[n] on the cell surface.
All magnetized cells were able to be separated and spatially
manipulated independently from one another by modulating
the external magnetic field. The spatial-temporal control exhib-
ited by yeast @MSi[n] enhanced its application in protein size
marker for electrophoresis for guiding samples (Lee et al.
2016). These results were in accordance with our results where
the mag-min-cells were able to move towards the magnet or
aggregate together when a magnet was placed on the side of the
slide. Figure 8a shows that the magnetized cells are scarcely
distributed in the absence of any magnetic field to cause their
aggregation. In contrast, when a permanent magnet was placed
beside the slide, the cells aggregated by moving towards each
other (Fig. 8b). These observations were also demonstrated in
the video provided in supplementary data (Video S1). The cells
were able to move in the presence of a magnet.

Resazurin assay showed that the mag-min-cells were
metabolically active even after when mag-min-cells were
exposed to magnetic fields for a short period of time.
Figure 8c shows the red fluorescence emitted by the live
and metabolically active magnetic-modified cells. A bio-
chemical resazurin assay carried out by Konnova et al.
showed that the metabolic activity of PAH-MNPs-coated
bacteria was partially reduced at higher concentration of
magnetic nanoparticles and there was no significant reduc-
tion of metabolic activity even at lower concentration of
magnetic nanoparticles indicating that the cells were able
to retain their normal growth and behavior even in the
presence of magnetic nanoparticles and exposure to mag-
netic fields (Konnova et al. 2016). These results are in
agreement with our observations.

AP A5 R U678, 15 A
- 5 £ 5
3 O 8 "‘\\_ e ) ’ YhiA
3 5] o RN &
ity P i Ty L 4N
N €5 ~ o f{ . <t Y S O
A : . 3 & %
- & 3%
3 -

Magnetized cells in absence of a magnet Magnetized cells in presence of a magnet Viability of “mag-min-cells’

Discussion

In the attempt to modify the cell surface by biomimetic min-
eralization and doping it with magnetic nanoparticles, it was
confirmed that the cells were successfully fabricated with dif-
ferent polycation and anions used. The alg-cells demonstrated
a gel-like appearance due to the viscous nature of sodium
alginate (Cao et al. 2012a) (Fig. 3b). Cross-linking of alg-
cells with Ca®* and disodium hydrogen phosphate (Fig. 3c)
formed a compatible hydrogel (Cao et al. 2012b; Ullah et al.
2014; Ullah et al. 2015). Doping the calcium phosphate shell
with Fe;04 nanoparticles resulted in the formation of a rough
surface (mag-min-cells) (Fig. 3d), thus confirming the suc-
cessful fabrication of mag-min-cells. It was also evident that
the nanoparticles did not aggregate; rather, these were uni-
formly distributed on the surface of mineralized cell.
Further, SEM results confirmed the fabrication of alg-cells
which showed a smooth gel-like structure (Fig. 3f). The
min-cells (Fig. 3g) formed a precipitate when combined to-
gether to form a rough shell on the surface of the cell (Wang
et al. 2008). Figure 3h confirmed the magnetic property of
magnetic-modified cells mag-min-cells. The cells remained
intact even after removal of magnet (placed beside the vial)
for a couple of minutes until they were disassembled through
shaking. These results showed that E. coli cells were effective-
ly fabricated by different polyanions/cations and successfully
magnetized and can be easily manipulated and moved in dif-
ferent directions and positions through the induction of exter-
nal magnetic field.

The percentage weight of iron oxide content in the sam-
ple is shown by TGA curve (Fig. 4). The mass change in
the curve between 550 and 700 °C could be attributed to
the organic species in the magnetic composite nanoparti-
cles, indicating complete decomposition and that Fe;O0,4
nanoparticles remain (Pimpha et al. 2012; Li et al. 2017).
The percentage of iron oxide doped onto the cell surface

Fig. 8 Optical images of “mag-min-cells” in the a absence and b presence of a magnetic field and ¢ viability of “mag-min-cells” after exposure to

magnetic field
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was calculated to be 58 wt% and it was the main contrib-
uting factor causing the movement of the cells within a
magnetic field. The chemical interaction and bonding
among different polyanions/cations and magnetic nanopar-
ticles analyzed by FTIR revealed no significant interfer-
ence during deposition of the layers. Overall, FTIR spectra
of all samples did not show much interference in the bond
structure of the hydrogel. The surface charge of unmodi-
fied E. coli cell was stabilized by fabricating the cells. The
polyanions and cations used to coat the E. coli cell surface
have almost the same functional groups which make the
hydrogel stable. Zeta potential revealed that the artificial
shell has different colloidal stability (surface charge) de-
pending on the cation and anion used to form the layer.
Magnetic-modified E. coli cells acquired an outer shell
(artificial shell) with a moderate colloidal stability (surface
charge of —21 Mv).

The cell growth and viability were not altered by the
natural polyanions/cations and magnetic nanoparticles.
Modified E. coli cells were able to survive and grow inside
the shell; thus, the artificial shell offered protection to the
E. coli cells. The coating materials used to encapsulate the
cells were suitable since there was no significant differ-
ence in the growth of the cells. The polyelectrolytes and
Fe;04 nanoparticles were shown to be non-toxic towards
the magnetic-modified E. coli cells and effectively sup-
ported the growth of E. coli cells. When cells are alive,
they maintain a reducing environment within their cytosol.
This indicates that the acrobic respiration of bacteria is not
in any way interfered by encapsulation process (O’Brian
et al. 2000). Manipulation of cells with magnetic fields did
not affect the viability of the cells since most of the cells
were able to reduce Cj,-resazurin to red-fluorescent C-
resorufin (Fig. 8c). The movement of magnetized E. coli
cells within the magnetic fields was observed; thus, the
magnetic-modified E. coli cells were easily susceptible
for spatial manipulation with a permanent magnet. The
spatial movement of magnetically modified E. coli cells
is attributed to the presence of magnetic nanoparticles on
the surface of magnetic-modified E. coli cells. The advan-
tage of addition of magnetic functionality to cells allows
for effective spatial manipulation using relatively simple
and accessible magnetic fields, which dramatically im-
proves the control over geometry, size distribution, and
cell distribution (Dzamukova et al. 2015). The current
study demonstrated a novel biofabrication strategy for
magnetic modification of prokaryotic microorganisms by
doping their surfaces with nanoparticles in the presence of
single layer of various polyanions/cations. The magnetic
fabrication of cells to obtain magnetic property enhances
the functionality of the cell to find potential applications in
detecting toxic compounds in environment and other bio-
technological applications.
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