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Alginate/silica hybrid materials for immobilization
of green microalgae Chlorella vulgaris for cell-
based sensor arrays†

Angela Pannier,*a Ulrich Soltmann,a Bettina Soltmann,b Rolf Altenburgerc

and Mechthild Schmitt-Jansenc

Thin layers and patterned dot arrays of sodium alginate containing living microalgal cells were deposited

onto glass carriers which were subsequently gelled using amino-functionalized silica sol to obtain

reinforced alginate hydrogels. The resulting alginate/silica hybrid materials showed improved stability in

salt-containing solutions compared to alginate gels gelled by traditional methods using Ca2+-ions. Cell

arrays were patterned by printing nanolitre-scale drops of sodium alginate/cell suspension using a non-

contact micro-dosage system which allows the printing of solutions of high viscosity. Cultures of the

green microalga Chlorella vulgaris were immobilized within the newly developed alginate/silica

hydrogels in order to demonstrate the potential of the hybrid matrix for the design of cell-based

detection systems. The herbicide atrazine as well as copper ions have been used as model toxicants.

Short-term toxicity tests (exposure time: 1 h) have been carried out using atrazine and changes in

chlorophyll a (Chl a) fluorescence were measured by imaging pulse amplitude modulated-fluorometry

(Imaging-PAM). C. vulgaris cells immobilized within alginate/silica hydrogels demonstrated a highly

reproducible response pattern and compared well to freely suspended cells. Activity and response

sensitivity of immobilized cells to atrazine was largely maintained for up to 8 weeks, especially when

stored under cool conditions in the dark. Furthermore, immobilized cells could be repeatingly used for

short-term toxicity tests as atrazine produces a reversible inhibition of photosynthesis.

Introduction

Immobilizing living cells within dened cell arrays on platforms
such as biochips or optic bres holds much promise in mini-
aturizing toxicity test systems for rapid and parallel measure-
ments of samples in mass scale. Monitoring the response of
several species and/or multiple strains to different stressors
simultaneously in a single device could provide a valuable tool
to not only detect toxic effects but also to identify specic
toxicants or classes of toxicants. For instance Podola et al.1

demonstrated that the identication of a specic herbicide is in
principle possible by employing an array chip algal biosensor
based on nine different microalgal strains. Altamirano et al.2

and Peña-Vázquez et al.3 further suggested the use of mutants

sensitive/resistant to a given toxicant to further increase the
sensitivity and to improve the specicity of response patterns.

During the last years, advances in cell immobilization
strategies have provided the possibility to position different
cells in microarrays by using various deposition and printing
techniques,4,5 such as micro-contact printing (micro-
stamping)6,7 and non-contact printing like ink-jet printing.8–12

However, immobilization of living cells is still a crucial step as
the viability and activity of the cells has to be maintained by
ensuring a rm xation of immobilized cells at the same time.

The sol–gel process holds much promise to design cell-based
detection systems and rmly attach cells within mechanically
and chemically stable silica gels.13 A few studies exist where
microarrays of silica gels were directly printed to immobilize
proteins14–17 and even living cells.18,19 Nevertheless, it has been
shown that pin printing is difficult to perform using traditional
sol–gel processing solutions14 due to severe deposition prob-
lems. Once the silica sol is neutralized, the polymerization
reaction (condensation) is accelerated, which results in an
increasing viscosity during the printing process. In order to
preserve spot uniformity and to avoid clogging of the pin,
specic care has to be taken that the gelation reaction does not
occur too quickly so that viscosity changes of the spotting
solution can be minimized during the printing process.19,20
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However, when choosing prolonged gelation times, detrimental
effects on spotted cells may arise during gelation as living cells
are susceptible to drying-out. To minimize drying-out, Ge et al.19

performed gelation of printed silica gel spots in a humid
atmosphere, and aer 30 min of gelling, cell arrays were
immediately transferred to aqueous media.

In the present study, an alginate/silica hybrid gel was applied
in order to circumvent printing and drying problems. The
anionic polysaccharide alginate was chosen due to its good
applicability to printing techniques, transparency, and good
biocompatibility.21–23 Arrays of alginate with embedded cells can
easily be deposited onto solid supports by printing nanolitre-
scale drops of sodium alginate/cell suspensions with no
expectable viscosity changes. Directly aer printing, the sodium
alginate dots were gelled using amino-functionalized silica sol to
obtain alginate/silica hydrogels. Aer that, gelled dots were
immediately washed and transferred to freshmedia. In this way,
alginate dots were in liquid media all the time except during the
printing process which, however, takes only a few seconds.

Furthermore, by the combination of negatively charged
sodium alginate with positively charged amino-groups of the
amino-functionalized silica sol a hybrid gel is formed which
exhibits a good chemical stability in biological buffer or
nutrient solutions. In contrast, alginate gels commonly gelled
using divalent cations such as calcium (Ca2+) which has been,
by far, the most studied cross-linker of alginate24 oen show
insufficient stability in such solutions. Ca2+-ions are easily
removed by chelating agents (e.g., phosphates and citrates) and
monovalent ions such as Na+ and K+, as found in usual bio-
logical buffers and media.22,24,25 Thereby the cross-linking of the
Ca–alginate gel is decreased, which results in destabilization of
the alginate matrix. This causes osmotic swelling of the gel
matrix leading to leakage of the immobilized cells and even to
the complete disintegration of the alginate gel network. Thus,
pure Ca–alginate carriers cannot be maintained for longer
periods in aqueous solutions.24,25

Several strategies have been explored to increase the stability
of the alginate matrix, such as the use of divalent cations other
than Ca2+ for cross-linking (e.g., Ba2+ or Sr2+)22 or reinforcement
by additional cross-linking using polycations, such as poly-L-
lysine or poly(ethyleneimine).26,27

The sol–gel process has shown to be a promising approach to
prepare reinforced alginate/silica hybrid materials.24,28

Combining alginate with inorganic silica matrices offers several
advantages in that the resulting ceramic-like silica matrices
possess high mechanical and chemical stability. Existing
attempts to combine the benets of the sol–gel process and
alginate gels have recently been described by Coradin et al.24 For
instance, silica sols were mixed with a solution of sodium
alginate followed by gelation with Ca2+.29 Another strategy relies
on the pre-immobilization of the cells within Ca2+-cross-linked
alginate beads followed by reinforcement either by embedding
the Ca–alginate beads within thick silica gel bodies25,30,31 or by
silica layer deposition at the bead surface.32,33 When silica is
deposited onto alginate, it is important to note that silica and
alginate are both negatively charged at neutral pH; only weak
hydrogen bonds may arise between the two components.24 To

strengthen the interface between alginate and silica, Coradin
et al.32 deposited an intermediate layer of polycations (e.g., poly-
L-lysine) on the Ca–alginate bead surface, resulting in a net
positive charge favouring silica condensation at the surface of
the Ca–alginate matrix. Sakai et al.33 further improved the silica
layer deposition by using an amino-functionalized silica
alkoxide: aminopropyl-trimethoxysilane. The organically
modied silica alkoxide bearing cationic groups was used alone
or in combination with the non-modied silica precursor
tetramethoxysilane (TMOS). Ammoniummoieties of the amino-
functionalized silica sol (aminosilane) interacted with the
anionic groups of the alginate. In this way, silica layers were
directly deposited onto Ca–alginate without requiring an
intermediate layer. Kurayama et al.34 have shown that not only a
silica layer is formed at the surface of alginate beads previously
gelled using Ca2+-ions but that the amino-functionalized silica
nanoparticles are able to penetrate into the polymeric network
of Ca–alginate and replace the Ca2+ ions.

In the present study, the possibility to directly solidify
sodium alginate with amino-functionalized silica sols without
the previous gelation by calcium salt was investigated to reduce
preparation steps on one hand and to avoid the presence of Ca2+

ions on the other hand as calcium is implicated in various
signalling pathways and its presence may lead to biological
interference in some test systems.19

The applicability of alginate/silica hydrogels as immobiliza-
tion matrix to design cell-based detection systems for toxicity
responses was investigated using cultures of the green micro-
alga Chlorella vulgaris as sensing microorganisms. Microalgae
are frequently used in bioassays as they are very sensitive
towards different pollutants35 such as heavy metals36–38 and
herbicides.3,30,39

In the present study, the triazine herbicide atrazine was used
as model substrate for short-term toxicity testing in aquatic
samples. The phytotoxic action of this herbicide is based on the
interference with the electron transport in the photosystem II
(PSII) of photosynthetic organisms.40 For quantication of the
resulting changes in photosynthetic activity, variable chlorophyll
a (Chl a) uorescence was used as a rapid and sensitive indi-
cator.41 Chl a uorescence can easily be monitored using non-
invasive methods such as uorescence spectroscopy36 and pulse
amplitude modulated (PAM) uorometry.38,41,42 As these methods
are non-invasive, they provide the possibility to use immobilized
cells repeatedly for toxicity assessment aer cell recovery. In this
way, long-term maintenance of activity and response sensitivity
during storage and repeated usage of C. vulgaris cells immobi-
lized within alginate/silica hydrogels were investigated over a
period of eight weeks. Imaging-PAM uorometry based on the
saturation pulse method42 was applied to quantify the changes in
photosynthetic activity due to the presence of atrazine during
short-term toxicity tests (exposure time: 1 h).

Experimental section
Chemicals

Sodium alginate (viscosity of 1% solution in water at 20 �C:
350–550 Pa s) was purchased from Roth (Karlsruhe, Germany).

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B, 2014, 2, 7896–7909 | 7897
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The diamino-functional silane N-(2-aminoethyl)-3-amino-
propyltrimethoxysilane (CAS RN 1760-24-3) was obtained from
ABCR (Karlsruhe, Germany) and the silica precursor tetrae-
thoxysilane (TEOS; CAS RN 78-10-4) from Wacker Chemie
GmbH (Munich, Germany).

The cationic polyamine solution Catiofast 159 used for
surface-modication of glass was purchased from BASF (Lud-
wigshafen, Germany).

The herbicide atrazine (CAS RN 1912-24-9) was supplied by
Riedel deHaën (Seelze, Germany) with a purity of >99%. The
solvent dimethyl sulfoxide (DMSO; CAS RN 67-68-5) was
purchased from Merck (Darmstadt, Germany).

De-ionized water (dI-H2O), obtained from a SERADEST S600
system (<0.5 mS cm�1 conductivity; USF GmbH, Ransbach-
Baumbach, Germany), was used for the preparation of various
solutions.

Microalgal strain and culture conditions

The unicellular freshwater green algae Chlorella vulgaris strain
C1 (IPPAS C-1, Moscow, Russia) were maintained as batch
cultures on an inorganic medium (1/2 Tamiya medium,43 pH
5.5–6.0, composition see ESI, Table 1†) at 25 �C under constant
illumination (25 mmol photons per m2 s1) and bubbling with
ambient air. Culture media were exchanged weekly.

Surface modication of glass carriers

Standard microscopic glass slides (SuperFrost® cut edges,
Menzel GmbH, Braunschweig, Germany) as well as glass discs
(1.5 cm diameter, Marienfeld GmbH, Lauda-Königshofen, Ger-
many) tting into 24-well plates were used as carrier substrate
for cell immobilization. To obtain stable adhesion of negatively
charged alginate gels, the glass surface was modied by cationic
coating. The glass was cleaned with HNO3 (2%) and aqua dest
(three times). Aer drying, glass slides were activated by
microwave plasma activation using Creaetch 250 Plasma MV
(Creavac GmbH) and dip coated using a 0.5% polycation solu-
tion Catiofast 159, directly aer activation. Coated glass slides
were nally air dried and autoclaved at 121 �C for 15 minutes.
The cationically modied glass slides were storable under dry
conditions for several months prior to further usage.

Synthesis of amino-functionalized silica sol

Amino-functionalized silica sols were prepared by mixing the
silica precursor tetraethoxysilane (TEOS), and the diamino-
functional silane,N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
with de-ionized water and 1 NHCl; in a ratio (v/v) of 1 : 2 : 17 : 6
respectively. The mixture was stirred overnight at room
temperature to ensure hydrolysis. Alcohol formed during
hydrolysis was removed by evaporation. Due to the preparation
conditions of the amino-functionalized silica sol, no further
sterilization was necessary to use it for the immobilization
experiments.

Particle size distribution of formed silica nanoparticles were
investigated at 25 �C by dynamic light scattering using Zetasizer
1000HSA (Malvern Instruments).

Prior to cell encapsulation, the pH of the amino-functional-
ized silica sols was adjusted to pH 7.5 by using 30% HCl.

Deposition of sodium alginate containing C. vulgaris cells

As sodium alginate is not heat stable, a solution of sodium
alginate (2%, w/v) was prepared shortly before cell immobili-
zation under semi-sterile conditions by dissolving 1 g of sodium
alginate within 50 mL of sterile de-ionized water.

C. vulgaris cells were harvested and cell density was deter-
mined using a microscope counting chamber (Neubauer
chamber, depth 0.1 mm). Cells were precipitated by centrifu-
gation at 4000 rpm (¼ 2800g) and diluted with 2% sodium
alginate (w/v) to a density of 108 cells per mL. The suspension of
C. vulgaris cells and sodium alginate was deposited onto
surface-modied glass slides within dot arrays or thin lms by
the procedures described below. Subsequently, the deposited
sodium alginate was gelled by amino-functionalized silica sol or
Ca2+-ions.

Printing of single dot arrays. Arrays of single dots of the
suspension of C. vulgaris cells and sodium alginate were spotted
onto surface-modied glass using a non-contact piezoelectric
micro-dosage printer Nano-Plotter 2.0 (Gesellscha für Sili-
zium-Microsysteme, GeSiM, Groberkmannsdorf, Germany) (for
details see Gepp et al.44). The micro-dosage system was equip-
ped with a modied micrometering valve (Delo-Dot, DELO
Industrial Adhesives GmbH, Windach, Germany) allowing
dispensing microvolumes of the highly viscous sodium alginate
solution. Dots were dispensed in an array of 5 � 5 dots with a
center-to-center spacing of 1000 mm. The volume of one droplet
was 70 nL (corresponding to about 7 � 103 cells) resulting in a
diameter of about 650 � 30 mm per dot onto Catiofast 159-
modied glass slides. Due to the high viscosity of the sodium
alginate, cells remained evenly distributed within the printing
solution during the printing process.

To prevent drying, air humidity was maintained between
70% and 80% within the printing chamber. The time required
for printing an array of 5 � 5 dots was in the order of 1 s.
Immediately aer spotting, dots of sodium alginate were gelled
by incubation in neutralized amino-functionalized silica sol or
by cross-linking using traditional Ca2+-ions (see below).

Dip coating of thin lms. Surface-modied glass was dipped
into a suspension of 2% sodium alginate containing C. vulgaris
cells. Due to the high viscosity of the sodium alginate and its
resulting low drain-off characteristics, it was necessary to
subsequently centrifuge the samples at 1000 rpm (¼ 176g) for
15 s to obtain homogenous, thin lms. Immediately aer
centrifugation, the lms of sodium alginate were gelled by the
procedures described below.

Gelation of the deposited sodium alginate

Alginate/silica hydrogels (gelation by amino-functionalized
silica sol). The arrays of sodium alginate dots were gelled by
incubation in neutralized amino-functionalized silica sol for
5 s. Thin lms were gelled for 2 min. The obtained alginate/
silica hydrogels were further washed with de-ionized water and

7898 | J. Mater. Chem. B, 2014, 2, 7896–7909 This journal is © The Royal Society of Chemistry 2014
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transferred into fresh culture media (1/2 Tamiya) until further
use.

Ca–alginate hydrogels (gelation by traditional calcium-ions).
For comparison of matrix performance and stability, sodium
alginate deposited onto surface-modied glass slides was ioni-
cally cross-linked using 0.1 M CaCl2 solution (20 min incuba-
tion). Ca–alginate hydrogels were washed using de-ionized
water and further treated in the same way as alginate/silica
hydrogels.

Characterization of alginate/silica hydrogels

Characterization of chemical composition. Chemical
composition of alginate/silica hydrogels containing no cells
were characterized by energy dispersive X-ray (EDX) analysis
and Fourier transform infrared (FT-IR) spectroscopy.

The inner and outer surface of freeze-dried alginate/silica
lms (gelation time 2 min) were characterized by EDX analysis
using SwiED-TM detector (Oxford Instruments) integrated
into a scanning electron microscope (SEM) Hitachi Tabletop
Microscope TM-1000 (Hitachi High Technologies). Detectable
elements range from Na(11) to U(92). For FT-IR spectroscopy,
KBr pellets of sodium alginate, Ca–alginate and alginate/silica
hydrogels (gelation time 1.5 h) were prepared and FT-IR trans-
mission spectra were recorded using Bruker Alpha spectrometer
(Bruker Corporation) (scan numbers: 64; resolution: 4 cm�1).

Stability testing. The adhesion properties of alginate dots
and thin layers onto surface-modied glass slides have been
investigated in de-ionized water with and without stirring at
1000 rpm for up to three months.

Furthermore, the stability of alginate/silica as well as Ca–
alginate micro-arrays printed onto Catiofast 159 coated glass
slides was tested in different solutions (de-ionized water, 0.9%
NaCl, 0.1 M phosphate buffer pH 7.0, and 1/2 Tamiya medium).
Alginate arrays were characterized by visual observation and
microscopic study.

Characterization of immobilized cells by microscopy

C. vulgaris cells were immobilized within Ca–alginate as well as
alginate/silica hydrogels and cultured within 1/2 Tamiya
medium at 20 �C under daylight. Immobilized cell cultures were
monitored via light microscopy and uorescence microscopy
using Olympus BX60 (Olympus, Hamburg, Germany) equipped
with a CCD camera (CC-12, Olympus So Imaging System,
Hamburg, Germany). The following lters were used for the
observation of the Chl a uorescence: Olympus WB (excitation
bandpass 460–490 nm, beam splitter 500 nm, emission lter
520 nm) and Olympus NUA (excitation bandpass 360–370 nm,
beam splitter 400 nm, emission lter 420–460 nm). Exposure
times were chosen in order to obtain a good contrast ratio.
Images were captured using the computer program Cell-A
(Olympus, Hamburg, Germany).

Initial toxicity testing using uorescence microscopy

Changes in Chl a uorescence were investigated using copper-
ions as model toxicant. Dot arrays of alginate/silica hydrogels
containing C. vulgaris cells were incubated in 1/2 Tamiya

medium containing 2 mmol copper nitrate. A control sample
not containing Cu was included. At specic time intervals (0.5 h
to 5 h) uorescence images of individual dots were taken (Filter
characteristics: Ex.: 460–490 nm; Em. > 520 nm; shutter speed
100 ms).

Toxicity testing using PAM uorometry

Short-term toxicity tests of photosynthesis inhibition. Glass
discs (1.5 mm diameter) containing C. vulgaris cells immobi-
lized within thin layers of alginate/silica gels were placed into
24-well plates (Greiner GmbH, Frickenhausen, Germany) and
2 mL of fresh culture media (1/2 Tamiya) were added into each
well. The stock solution of the herbicide atrazine (10 g L�1 in
dimethyl sulfoxide DMSO) was diluted in DMSO and added to
the samples in six different concentrations ranging from
0.002 mg L�1 to 10 mg L�1. Samples containing the equal
amount of DMSO as the treatments (0.1%) and further samples
without any addition served as controls. Each concentration
was tested in triplicate. Samples were exposed to the herbicide
on a shaker (100 rpm) under continuous light conditions having
a light intensity of about 40 mmol photons per m2 s1, at about
20 �C before Chl a uorescence measurements. If not speci-
cally mentioned, duration time of exposure to atrazine was 1 h.

Fluorescence quenching analysis of chlorophyll a. Chl a
uorescence measurements were conducted at two random
points on each disc using an Imaging-PAM chlorophyll uo-
rometer (Maxi-Imaging-PAM, Walz, Effeltrich, Germany). Before
starting measurements, samples were kept in the dark for 10
min to ensure that all reaction centers of the PSII were open.
Aer dark adaptation, the maximum quantum yield of electron
transport of PSII, Y(I), was measured by the saturating pulse
method (for details see Schreiber et al.42) and calculated
according to Genty et al.45 and Kromkamp and Förster46 with
eqn (1).

Y(I) ¼ DF/Fmax ¼ (Fmax � F)/Fmax (1)

where, the maximum uorescence yield (Fmax) was measured at
a wavelength >630 nm during a saturating pulse (instrumental
settings: excitation 450 nm, duration 800ms, intensity 5, gain 2)
which leads to the closure of all PSII reaction centers and the
full inhibition of energy conversion. Saturation pulses were
conducted with Fmax measurement intervals of 2.5 minutes. The
momentary uorescence yield (F) was determined between the
saturation pulses. The percentage to which the photosynthesis
efficiency was inhibited was calculated based on three
measurements.

The relative inhibition of variable uorescence in relation to
controls was calculated by comparing the quantum yield
without (Y(I) control) and with addition of atrazine (Y(I)sample)
according to eqn (2).

Inhibition [%] ¼ 100 � (1 � Y(I)sample/Y(I)control) (2)

Inhibition data (N ¼ 6) were used to model concentration–
response curves using log–logistic analysis according eqn (3).

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B, 2014, 2, 7896–7909 | 7899
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y ¼ Amin + ((Amax � Amin)/(1 + x/x0)
p) (3)

where y is the effect and Amin and Amax refers to the minimal and
maximal response, x is the concentration, x0 the concentration
at median efficacy and p stands for the slope. Aer data
inspection, Amin was xed to 0, while Amax was kept variable.
Estimation of statistical parameters was performed using non-
linear regression and least square tting of the soware Origin
8.1 (OriginLap, Northampton, MA, USA). The median effect
concentration (EC50) which corresponds to 50 % inhibition of
photosynthesis was calculated (see ESI, Tables 2–5†).

Evaluation of sensitivities of immobilized versus suspended
cells. Short-term toxicity tests were carried out using freely
suspended C. vulgaris cells (at a density of 106 algal cells per mL)
as well as immobilized cells coated onto glass discs within
alginate/silica hydrogels. Samples were exposed to atrazine
under continuous light and agitation, as described previously.
Fluorescence quenching analysis of Chl a was performed aer
1 h, 3 h, 5 h and 24 h exposure to the herbicide atrazine. Values
aer 24 h exposure were obtained aer conduction of a light/
dark period of 14/10 h.

Evaluation of reproducibility. Samples of C. vulgaris cells
were cultured and harvested for immobilization at four inde-
pendent points of time – over a period of two months. For
evaluation of sensitivities of these four independent batches,
toxicity tests were conducted shortly aer immobilization.
Samples in each batch were tested in duplicates.

Evaluation of storage stability. Directly aer immobilization,
coated glass discs were placed in 24-well plates containing 2 mL
culture media (1/2 Tamiya). Subsequently, samples were either
stored at 4 �C in the dark or at 20 �C under a light/dark cycle of
14/10 h and an irradiance of about 40 mmol photons per m2 s.
Latter samples were shaken at 100 rpm and nutrient media were
exchanged daily to avoid nutrient depletion. Aer specic
periods of storage (1, 2, 4 and 8 weeks), samples were washed
three times with fresh culture media and toxicity tests (exposure
time: 1 h) were conducted according to the method described
above.

Evaluation of repeated usage. To evaluate the potential of
repeated usage of immobilized cells, glass discs coated with
C. vulgaris were washed thoroughly three times with culture
media aer toxicity testing. Subsequently, immobilized cells
were either stored in nutrient media in the dark at 4 �C or
cultured in a climate chamber at 20 �C under a light/dark cycle
of 14/10 h according to the storing method described above. At
regular intervals, short-term toxicity tests have been conducted.
Before starting the toxicity tests, samples were washed and the
vitality of the immobilized cells were evaluated by determining
the quantum yield, Y(I)prior exposure, of all samples before
repeated exposure to the toxicant atrazine.

Results and discussion
Surface modication of the glass carrier for improved
adherence of alginate hydrogels

In designing a cell-based detection system, the biocompatibility
and stability of the immobilization matrix is important but so is

the attachment to the carrier substrate. In the present study,
glass was chosen as carrier substrate due to its inertness and
transparency. However, alginate gels did not remain attached to
glass. Alginate lms and dots easily slip down from unmodied
glass. To overcome this, the surface of the glass was cationically
modied. It has been shown that due to its negative charge,
alginate forms strong complexes with polycations such as poly-
L-lysine and poly(ethyleneimine). These complexes do not
dissolve in the presence of Ca2+ chelators and are used to
stabilize alginate gels.21 The surface of the glass carriers was
therefore cationically modied by dip coating using the poly-
cation Catiofast 159. Alginate/silica hydrogel lms and dots
remained rmly attached to the modied glass surface even
under uid ow at 1000 rpm for about 3 months.

Catiofast 159-modied glass could be sterilized by auto-
claving and stored in dry places for several months prior to use
without losing its excellent adhering property for alginate.
Surfaces other than glass, such as plastics, textiles and metals,
can also be easily modied. For some carrier materials (glass
and plastic), plasma treatment was necessary before polycation
coating to ensure good surface wettability.

By choosing the kind of surface modication, the rmness of
attachment but also the appearance of alginate dots (diameter
and atness) can be tuned depending on the hydrophobicity
and polarity of the modied surface. With increasing hydro-
phobicity, the water-contact angle is elevated and alginate
droplets spread less on the surface resulting in a decreased
diameter of alginate dots. Thus, a closer center-to-center
spacing of the dot array can be achieved on hydrophobic
surfaces (see Fig. 1B). By contrast, a wider distance between
each droplet has to be chosen for more hydrophilic surfaces to
avoid merging of alginate spots.

Characterization of the amino-functionalized silica sol

Amino-functionalized silica sol used for gelation of sodium
alginate was synthesized by mixing the silica precursor TEOS
with diamino-functional silane and water. During hydrolysis
reaction, alkoxide groups of the precursors were removed
creating silanol groups (Si–OH) and releasing alcohol. Subse-
quent condensation reactions took place between silanol
groups forming siloxane bonds (Si–O–Si) resulting in the

Fig. 1 (A) Alginate/silica arrays containingC. vulgaris cells printed onto
Catiofast 159-modified glass slide with varying dot distance (ranging
from 300 mm to 900 mm). Water contact angle about 15�. (B) Alginate
array spotted onto a hydrophobic surface with a water contact angle
of about 90� (dot distance 10 mm).
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formation of silica nanoparticles bearing amino-groups. For a
more detailed description of the principle of silica sol–gel
synthesis for cell immobilization see Depagne et al.13 or Pannier
et al.47 Alcohol formed during hydrolysis was removed by
evaporation.

The FT-IR spectra of (A) unmodied silica sol and (B) amino-
functionalized silica sol are shown in Fig. 2. The broad
absorption band centred at about 3430 cm�1 can be attributed
to the stretching of Si–OH groups presumably overlapped with
the broad absorption band of adsorbed water. The strong and
broad absorption band in the range of 1200–1000 cm�1 is most
probably representing Si–O–Si groups which were formed as a
result of the condensation reaction between silanol groups (Si–
OH). The functionalization of the silica sol with amino groups is
reected by additional bands at about 2950 and 1470 cm�1 most
likely representing vibrational modes of R–NH2 functional
groups and/or alkyl groups of the amino-functionalized silica.

Particle-size analysis demonstrated that amino-functional-
ized silica nanoparticles were in a range of 1–5 nm.

Characterization of alginate/silica hydrogels

The interactions of alginate with the amino-functionalized
silica sol were investigated using FT-IR spectroscopy and SEM/
EDX analysis. Fig. 2 shows the FT-IR spectra of (D) sodium
alginate and (C) alginate/silica hydrogel. The FT-IR spectrum of
Ca–alginate gels is not shown as it is quite identical to the
spectrum of sodium alginate.

FT-IR spectra obtained in the present study are in accor-
dance to Kurayama et al.34 However, assignment of the
absorption bands to specic functional groups is difficult due to
the presence of bands related to residual water in the samples
strongly interfering with bands of interest.

The FT-IR spectra of sodium alginate and alginate/silica
hydrogel display characteristic bands observed for alginate. The
broad peak near 3400 cm�1 indicates OH stretching vibrations
of hydrogen-bonded OH groups. The two peaks near 1410 and
1600 cm�1 represent symmetric and asymmetric stretching
vibrations of the COO�, respectively, and the broad absorption

band in the 1200–1000 cm�1 region corresponds to vibrational
modes of the carbohydrate ring. Only minor differences can be
found between the spectra of the alginate/silica hydrogel
(Fig. 2C) and sodium alginate (Fig. 2D). In the region between
1200 and 1000 cm�1 a slightly broader band is observed in the
spectrum of alginate/silica hydrogel most probably representing
the presence of Si–O–Si bonds. In addition, a weak band around
1450 cm�1 appeared which is tentatively assigned to the ns
mode of carboxylate groups reecting an increased number of
these groups in this sample.

Previous studies showed that alginate may interact via elec-
trostatic interactions with the amino-groups of polycations such
as poly-L-lysine and chitosan.48,49 In this way, the formation of
alginate/silica hydrogels might be attributed to interactions
between carboxyl groups of alginate and R–NH3

+ groups of the
amino-functionalized silica nanoparticles (see Fig. 3).34,50,51 In
addition to these interactions, alginate/silica hydrogels are
presumably reinforced due to Si–O–Si bonds derived by the sol–
gel process.34,50,51

To verify the incorporation of the silica nanoparticles within
alginate/silica hydrogel lms (gelation time 2 min), chemical
composition was characterized by SEM-EDX analysis (data not
shown). It was found that Si was present at the outer surface as
well as at the interior of the lms demonstrating that silica
nanoparticles are able to penetrate the alginate network. By
contrast, no Si was found for alginate lms gelled by Ca2+-ions.

When incubating droplets of 2% sodium alginate within the
amino-functionalized silica sol (pH 7.5), it has been observed
that the diameter of the alginate bead decreased signicantly by
about 35% within 20 min during incubation. Furthermore, the
transparency of the beads was signicantly reduced over time.
Fig. 4 shows images of alginate/silica beads aer different
incubation times within the amino-functionalized silica sol. By
contrast, shrinkage of the alginate bead was not so pronounced
within 0.1 M CaCl2 (about 15% within 20 min) and transparency
was not so strongly affected over time of incubation. Similar
ndings have been observed by Kurayama et al.34 They assigned
the strong shrinkage of the alginate/silica hydrogel to aging
processes of the amino-functionalized silica gel (condensation

Fig. 2 FT-IR spectra of (A) unmodified silica sol, (B) amino-function-
alized silica sol, (C) alginate/silica hydrogel and (D) sodium alginate.
Spectra offset for clarity.

Fig. 3 Possible alginate/silica hydrogel formation due to interaction
between amino groups of amino-functionalized silica and carboxyl
groups of alginate.
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of near Si–OH groups and formation of Si–O–Si bonds), as
shrinkage increased with increasing initial concentration of the
aminosilane and continues even though incorporation of the
aminosilane was completed. Kurayama et al.34 further observed
that shrinkage of alginate is promoted under acidic and alka-
line conditions as the pH signicantly affects the dissociation of
carboxyl groups and amino groups, as well as, the formation of
Si–O–Si bonds via the sol–gel process.

Concerning transparency of alginate/silica hydrogel dots and
lms, pH 7.5 of the amino-functionalized silica sol gave best
results. At that pH, carboxyl groups (–COO�) of the repeating
units of alginate dominate since carboxylic acid dissociation
constants (pKa) of 1,4-D-mannuronic acid (M) and a-L-guluronic
acid (G) are 3.38 and 3.56, respectively.49 Furthermore, consid-
ering the basic nature of amino groups of aminosilanes (pKa is
estimated at 9–10),52,53 most of the amino groups of the amino-
functionalized silica should be protonated.

For alginate/silica hydrogel lms, a gelation time of 2 min
has been chosen possessing best quality concerning trans-
parency and stability. Due to the much smaller volume of
printed alginate dot arrays (70 nL per dot) optimal contact time
was reduced to 5 s. For longer contact times, an increasing
opacity and a signicant contraction of the small dots have been
observed.

Stability testing

Ca–alginate matrices ionically gelled by conventional use of
calcium ions (Ca2+) are easily destabilized in the presence of
Ca2+ chelators (e.g., phosphates and citrates) and non-gelling
agents such as Na+. In the present study, alginate dots and lms
deposited onto Catiofast 159-modifed glass slides were gelled
by amino-functionalized silica sol to improve matrix stability.
The performance of the newly developed alginate/silica hybrid

matrix was investigated in culture media (1/2 Tamiya) as well as
in de-ionized water, phosphate buffer (PB) and 0.9% NaCl.
Results were compared to Ca–alginate gels (see Table 1 and
Fig. 5). Within de-ionized water, both gel matrices remained
intact. However, Ca–alginate dots rapidly dissolved within
phosphate buffer (0.1 M PB, pH 7.0) and physiological saline
solution (0.9% NaCl). Only remnants of the Ca–alginate matrix
could be found at the outer edge of the dots aer 30 min
incubation in phosphate buffer (see Fig. 5B). Aer longer
exposure times, the remains of the Ca–alginate dots dissolved
further. By contrast, alginate/silica hydrogel dots (see Fig. 5A)
remained intact over a testing period of two weeks. Similar
results were obtained with a physiological saline solution; but
dissolution of Ca–alginate dots required slightly more time
(about 20 h).

Within 1/2 Tamiya, Ca–alginate dots remained reasonably
stable. However, Ca–alginate dots signicantly swelled within
the culture medium leading to strong cells leakage (Fig. 5D).
Aer 1 week incubation in 1/2 Tamiya medium, only few cells
remained within the Ca–alginate dots.

Alginate/silica hydrogel dots (Fig. 5C) also slightly swelled
within the culture media but cell leakage was not so distinct and
cells were retained within the gel matrix. Comparing Fig. 5A
(corresponding to initial cell concentration) to Fig. 5C, where
immobilized cells were incubated in culture media for one
week, it can be seen that there was an increase of entrapped cell
density during incubation in culture media. This nding indi-
cates that the alginate/silica hydrogel is exible enough to allow
C. vulgaris cells to proliferate within the immobilization matrix.

Initial toxicity testing using uorescence microscopy

Initial toxicity studies using the heavy metal ion copper
demonstrated that algae entrapped within alginate/silica
hydrogel dots can respond to their environment and changes in

Fig. 4 Time course observation of an alginate bead during gelation
reaction within amino-functionalized silica sol (pH 7.5).

Table 1 Stability testing of Ca–alginate and alginate/silica hydrogel
dots within de-ionized water, phosphate buffer, 0.9% NaCl and culture
medium over a period of two weeks (� not stable,� reasonably stable,
+ stable)

dI-H2O PB 0.9% NaCl 1/2 Tamiya

Ca–alginate + � � �
Alginate/silica + + + +

Fig. 5 Light microscopy images of single (A and C) alginate/silica
hydrogel dots and (B and D) Ca–alginate dots containing C. vulgaris
cells (starting cell concentration 108 cells per mL sodium alginate).
Dots were incubated (A and B) for 30 min in phosphate buffer (0.1 M
PB, pH 7.0), and (C and D) for one week in 1/2 Tamiya culture medium
at 20 �C under light/dark (14/10 h).
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Chl a uorescence can easily be observed (Fig. 6). At specic
time intervals, cells were imaged using a uorescence micro-
scope. It can be seen that Chl a uorescence decreased signif-
icantly in the presence of 2 mmol Cu over time. Aer 5 h,
uorescence was very weak. By contrast, control cells, which
had not been in contact with copper ions showed little changes
in uorescence during that time. Due to the good responsive-
ness of C. vulgaris immobilized within the newly developed
alginate/silica hydrogels, toxicity testing has been extended and
the inhibition of photosynthesis was quantied by saturated
pulse measurements using an imaging pulse-amplitude
modulated chlorophyll uorometer (Imaging-PAM) (see next
Section).

Toxicity testing using PAM uorometry

Short-term toxicity tests (exposure time: 1 h) have been con-
ducted using the model herbicide atrazine. As the smallest
adjustable area of interest (AOI) of the Imaging-PAM
uorometer was much bigger (2.08 mm) than the diameters of
printed alginate/silica dots (650 mm), C. vulgaris cells were
immobilized within thin lms of alginate/silica hydrogels for
toxicity testing. Immobilized cells have been exposed to six
different concentrations of the model herbicide atrazine and
the concentration–response curves were modelled based on the
resulting inhibition of photosynthesis. For all samples, Chl a
uorescence was inhibited in a concentration dependent way
and followed the sigmoidal concentration–response curve
(example see Fig. 7). High correlation coefficients were obtained
(R2 > 0.98). For demonstrating the quality of experimental data
sets behind the concentration–response curves and the good-
ness of statistical ts, the inhibition data of the sample
demonstrating the highest variance of test results and the
lowest R2-value are visualized in Fig. 7.

In the following gures, only mean values of inhibition data
are presented in order to simplify the presentation of data.
Median effect concentrations (EC50), which causes 50% inhi-
bition of photosynthesis, are displayed in all gures for better
evaluation of sample sensitivity and comparison to literature
data. For more specied information and summary of all tting
parameters and statistical values, see ESI, Tables 2–5.†

Evaluation of sensitivities of immobilized versus suspended
cells. To study whether the sensitivity of C. vulgaris cells to
atrazine is modied by immobilization within alginate/silica

hydrogels, the response behaviour of immobilized versus freely
suspended cells was monitored aer selected exposure times to
atrazine (1 h up to 24 h). Furthermore, the maximum quantum
yield, Y(I), of control samples (culture media with and without
0.1% DSMO) was compared to evaluate stress induced to the
cells by immobilization (values see ESI, Table 2†). Short-term
toxicity tests have been carried out the next day aer immobi-
lization. Samples have been stored at 25 �C in the dark in the
meantime. Aer 1 h of illumination at about 40 mmol photons
per m2 s followed by 10 min dark adaptation, Y(I)controls was
0.41 � 0.011 compared to 0.47 � 0.005 for immobilized versus
free cells; indicating minor effects on photosynthesis induced
by immobilization.

Fig. 8 displays the concentration–response curves in the
presence of atrazine. Aer 1 h of exposure, immobilized cells
seemed to be only slightly more sensitive to that herbicide
compared to freely suspended cells especially at higher toxicant
concentrations, which may be due to stress induced by prior
immobilization. The EC50 was 0.09� 0.007 mg L�1 compared to
0.11 � 0.008 mg L�1. However, differences were only minor.
Aer 3 h exposure to the herbicide, differences were compen-
sated and the concentration–response curves of immobilized
and suspended cells showed a comparable response pattern.

Noteworthy, for both samples prolonged exposure times
resulted in a decrease of inhibition of photosynthesis especially
at high atrazine concentrations indicating physiological accli-
mation of the algae.54,55 EC50 values were increased about three
fold compared to starting conditions of 1 h exposure. Further-
more, the concentration–response curves reached saturation.
For instance aer 5 h exposure, a maximal response was
reached at concentrations above 2 mg L�1 with approximately
90% of inhibition of photosynthesis for both, suspended and
immobilized cells.

Fig. 6 Fluorescence images of a single dot of immobilized C. vulgaris
cells after different periods of exposure time; (above) in the presence
of 2 mmol copper-ions and (below) control without Cu. (Filter char-
acteristics: Ex.: 460–490 nm; Em. > 520 nm; shutter speed 100 ms).

Fig. 7 Example of concentration–response curves modeled based on
the measured inhibition data of photosynthesis in relation to controls
(N ¼ 6). Open triangles mark control samples without DSMO and filled
triangles mark controls containing 0.1% of the solvent DSMO. EC50

denotes the concentration, which causes 50% inhibition of photo-
synthesis. (Here: test results are shown of samples stored 8 weeks at
20 �C; see Fig. 10B).

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B, 2014, 2, 7896–7909 | 7903
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Aer 24 h of exposure, inhibition of photosynthesis did
again rise slightly. Compared to EC50 values aer 1 h exposure,
EC50 values were only twice as high. The increase in sensitivity
may be due to secondary effects of the herbicide (inhibition of
repair mechanisms and rapid chlorophyll turnover).56 For the
following experiments exposure of 1 h has been chosen, pos-
sessing the highest sensitivity.

EC50 values obtained in the present study showed good
correspondence to literature data. From the ECOTOX-database
of the US EPA (June 06, 2014),57 EC50 values for photosynthesis
could be retrieved for atrazine in the range of 0.06–0.15 mg L�1

for C. vulgaris1,39,58,59 and 0.03–0.5 mg L�1 for other species of
Chlorella41,60–62 (exposure times ranging from 5 min to 3 h).

Evaluation of reproducibility. Reproducibility of the
response pattern was evaluated between four independent
batches of immobilization. Over a period of two months,
samples of C. vulgaris cells in batch culture were harvested for
immobilization at four independent time intervals.

24 hours aer cell immobilization within thin layers of
alginate/silica hydrogel lms, short-term toxicity tests were
conducted (1 h exposure to atrazine). Fig. 9 depicts the
concentration–response curves obtained for four independent
batches. It can be seen that concentration–response curves
obtained for samples from the same batch (samples a and b in
Fig. 9) showed excellent correspondence. Between immobilized
cells derived from different batches, minor differences in the
concentration-dependent responses could be observed. EC50

values derived from independent batches varied by a factor of
two only (ranging from 0.04 mg L�1 to 0.09 mg L�1), still
demonstrating an adequate correspondence. Differences are
probably due to test variance and biological variability. Similar
results (variance by a factor of two between parallel and inde-
pendent batches) have been obtained by Faust et al.63 who
investigated the reproducibility of algal toxicity tests using
synchronized cultures of suspended Chlorella sp. Védrine et al.39

demonstrated that the reproducibility could be improved by
continuous cultivation techniques to provide cells in the same
physiological state for immobilization and toxicity tests.

Evaluation of storage stability. To detect the inuence of age
and storage conditions of C. vulgaris cells immobilized within
alginate/silica hydrogels, short-term toxicity tests were per-
formed aer storage at 4 �C (in the dark) and at 20 �C (light/dark
cycle of 14/10 h). Aer specic periods of storage (up to 8
weeks), immobilized cells were thoroughly washed before
exposure to atrazine to eliminate suspended cells. Fig. 10
depicts the age-dependent concentration–response curves and
EC50 values evaluated aer 1 h exposure to atrazine. It can be
seen that aer storage at 4 �C in the dark (Fig. 10A), concen-
tration–response curves showed good correspondence to start-
ing conditions (continuous line in Fig. 7A) especially for
concentrations <1 mg L�1. EC50 values remained in the range of
initial data, indicating that older samples were almost as
sensitive to atrazine as freshly immobilized cells. Aer 8 weeks
of storage at 4 �C, no complete inhibition of photosynthesis was
achieved at elevated test concentrations. Maximal inhibition
Amax was about 94%.

Samples stored at 20 �C (Fig. 10B) showed good correspon-
dence aer 1 and 2 weeks of storage compared to newly
immobilized samples. For longer storage periods, a shi in
sensitivity can be observed. Samples stored at 20 �C for 4 weeks
and longer seemed to be less sensitive to atrazine. EC50 values
were increased by a factor of three up to 0.12 compared to
starting conditions (EC50 0.04). However, EC50 values were still
comparable to literature date from ECOTOX-database where
values ranging from 0.06–0.15 mg L�1 were found for C. vulga-
ris1,39,58,59 as previously discussed.

The decrease in sensitivity over time of storage may be due to
proliferation and aging of the immobilized cells. These results
are consistent with those of Ivorra et al.69 and Schmitt-Jansen
et al.41 They observed a decrease in sensitivity to atrazine and

Fig. 8 Concentration–response curves of the inhibition of photo-
synthesis of immobilized (filled symbols and continuous lines) as well
as freely suspended C. vulgaris cells (open symbols and dotted lines)
after different exposure times to atrazine (1 h, 3 h, 5 h and 24 h). Mean
values of inhibition data (N ¼ 6) are presented.

Fig. 9 Concentration–response curves of the inhibition of photo-
synthesis of independent batches of C. vulgaris cells immobilized
within alginate/silica hydrogels (1 h exposure to atrazine). Mean values
of inhibition data (N ¼ 6) are presented.
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other herbicides for older microalgal biolms which correlated
with growth and biomass.

Comparing Y(I) values of control samples (see ESI, Table 4†),
it can be seen that Y(I)controls rises from 0.39 to about 0.52 over
time of storage under cultivation conditions at 20 �C. This
nding indicates recovery of the C. vulgaris cells from possible
stress induced by the immobilization procedure but also cell
growth within the alginate/silica hydrogel.

By contrast, aer a rst slight increase aer one week storage
at 4 �C from 0.39 to 0.43 (probably due to cell recovery),
Y(I)controls values stayed constant for the whole storage period
investigated (8 weeks).

Evaluation of repeated usage. Being non-invasive, the in vivo
observation of Chl a uorescence by Imaging-PAM provides the
possibility to regenerate and reuse the designed cell-based
detection system. To assess the potential of repeated usage,
eight exposure cycles were conducted with intermediate storage
and regeneration of immobilized cells for 1 week between each
cycle in culture media.

Immobilized cells were washed vigorously with water aer
each exposure and transferred to fresh culture media. Two

different possibilities of intermediate storage between each
cycle have been investigated. Samples were either stored at 4 �C
in the dark or cultured at 20 �C under illumination (14/10 h
light/dark cycle). Culture media were exchanged daily to avoid
nutrient depletion. Every week repeated toxicity tests were
carried out. For validation of recovery and vitality of repeatedly
used cells, samples were washed rigorously to remove free cells,
transferred to fresh media containing no atrazine, and Y(I) was
measured for each sample prior to each exposure cycle. Mean
values of Y(I)prior exposure can be found in ESI, Table 5.† In
general, no signicant variations were observed between
samples previously exposed to atrazine (concentrations ranging
from 0.002–10mg L�1) and control samples which were never in
contact with that herbicide. This nding indicates that inhibi-
tion of photosynthesis by atrazine is reversible and C. vulgaris
cells immobilized within alginate/silica hydrogels are able to
recover from short-term exposure to atrazine. In accordance to

Fig. 10 Age-dependent concentration–response curves of the inhi-
bition of photosynthesis after storage (A) at 4 �C in the dark or (B) at
20 �C under a light/dark cycle of 14/10 h in culture media. Exposure
time 1 h. Mean values of inhibition data (N ¼ 6) are presented.

Fig. 11 Concentration–response curves after repeated-usage. After
each exposure cycle, immobilized cells were washed vigorously and
transferred to fresh culture media. Samples were either (A) stored at
4 �C in the dark or (B) cultured at 20 �C under a light/dark cycle of
14/10 h until the next exposure cycle. Age of the samples is given in
parenthesis. Periods of intermediate storage were one week for cycles
1–7 and two weeks between cycle 7 and 8. Concentration–response
curves of the first exposure are marked with continuous lines. Expo-
sure time 1 h. Mean values of inhibition data (N ¼ 6) are presented.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B, 2014, 2, 7896–7909 | 7905
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the results of the previous experiment (evaluation of storage
stability; see Fig. 10 and ESI, Table 4†), where samples were
never exposed to atrazine, similar ndings were observed when
comparing mean values of Y(I)prior exposure for each exposure
cycle. During intermediate storage under cultivation conditions
at 20 �C, there was an increase in Y(I)prior exposure indicating cell
growth. For samples stored intermediately at 4 �C in the dark,
this shi was much lower. However, as cells were repeatedly
exposed to light and 20 �C during exposure cycles, the increase
in Y(I)prior exposure was higher compared to the previous experi-
ment where samples were continuously stored in the dark at 4
�C prior to toxicity testing.

Repeatedly conducted short-term exposure tests (Fig. 11)
demonstrated that compared to starting conditions, repeatedly
exposed cells showed in general a similar sensitivity to atrazine
aer recovery; especially when stored at 4 �C (Fig. 11A). The
good agreement of the concentration–response curves demon-
strates clear stability and reversibility of the concentration-
dependent response of immobilized cells. C. vulgaris cells
immobilized within alginate/silica hydrogels were able to
recover readily from the inhibitory effects of atrazine aer
repeated usage. The results of this study suggest that even aer
intermediate storage at ambient temperatures (20 �C) between
each exposure cycle (Fig. 11B), correspondence of the response
pattern was achieved. However, at elevated concentrations no
complete inhibition of the PSII was achieved aer repeated
exposure to atrazine, indicating tolerance development. With
rising number of exposure cycles and age of the immobilized
cells, maximal inhibition Amax showed a tendency to decrease.

The adaptation to herbicide exposure by developing toler-
ances is a common feature. For instance, microalgae cells
exposed to atrazine were revealed to be less affected by addi-
tional atrazine than were previously unexposed cells.64,65 This
phenomenon was not so distinctive when samples were stored
under cool conditions in the dark indicating a dependency of
the effect from growth and an active photosystem during light
exposure.

Thus storage under cool conditions seemed favourable in
avoiding cell proliferation and minimizing aging effects. EC50

values were achieved ranging from 0.04 to 0.07 mg L�1 even
aer 8 weeks of storage at 4 �C. Nevertheless, a comparable
sensitivity is also obtained for samples stored at 20 �C for about
2 weeks with EC50 ranging from 0.04 to 0.06 mg L�1. For older
samples a more pronounced shi in sensitivity has been
observed. However, EC50 values were still in the range of data
retrieved from ECOTOX-database.

Besides the good results of the performance of C. vulgaris
cells during repeated short-term toxicity tests, it has to be taken
into account that results have to be seen in correlation to the
triazine herbicide atrazine. This herbicide generally produces a
reversible inhibition of the PSII. It is barely bioaccumulated and
typically does not result in lethality or permanent cell damage in
short term.66 The performance of the designed cell-based
detection system may thus be different in the presence of other
toxicants.

Rapid recovery of algae has also been reported for photo-
synthesis inhibitors other than atrazine67,68 Reversibility and

possibility to re-use immobilized algal cells for toxicity tests
were shown for atrazine and other triazine herbicides (e.g.,
simazine, propazine, terbuthylazine) as well as urea based
herbicides (e.g., isoproturon, diuron, linuron).3,39,59 By contrast,
the phenolic herbicide dinitro-o-cerosol (DNOC) produced
irreversible damage to C. vulgaris cells due to uncoupling effects
of oxidative phosphorylation in addition to the inhibition of
PSII electron transport.39

Comparison of the results of repeatedly used samples to the
previous experiment where the storage stability has been eval-
uated, demonstrated that in both cases the response signal to
atrazine remained largely preserved aer storage for up to 8
weeks even when the samples were repeatedly exposed to short-
term toxicity tests.

EC50 values obtained aer storage with and without repeated
usages were still in the same range as results obtained between
independent batches (see section Evaluation of reproducibility)
thereby conrming the work of Baxter et al.,68 who found that
the sensitivity of Pseudokirchneriella subcapitata populations
does not change by pulsed previous exposures with atrazine.

Only samples stored at 20 �C under a light/dark cycle,
showed a more pronounced shi in sensitivity; EC50 rises up to
0.08 mg L�1. Never exposed samples of the previous storage
experiment even showed a more signicant shi in sensitivity
where EC50 rises up to 0.12 mg L�1 aer 4 weeks of storage. The
reason for the lower sensitivity of previously unexposed samples
could be that these samples were not disturbed during cell
growth. The resulting denser colonies could shade the inhibi-
tion of photosynthesis more intensely.

Whereas at low test concentrations, never exposed samples
demonstrated less sensitivity to atrazine, at elevated concen-
trations a more pronounced tolerance development was
observed for repeatedly exposed samples with no complete
inhibition of photosynthesis at elevated test concentrations.
Whereas the maximal inhibition of the 4 weeks old never
exposed samples reached almost maximum (Amax ¼ 98.7%),
Amax was 89.5% for repeatedly used samples. Aer 8 weeks of
storage at 20 �C, previously unexposed samples showed a
comparable sensitivity to repeatedly exposed samples at
elevated atrazine concentration.

Conclusion

The rst objective of this study was to rmly immobilize living
cells within patterned cell arrays by printing techniques. Arrays
of single dots of a sodium alginate/cell suspension were there-
fore printed onto cationically-modied glass carriers. By
immersion within amino-functionalized silica sol, deposited
spots were gelled within seconds directly aer printing. In
addition to the fast gelation and the ease of printing, this
approach presented the possibility to signicantly reinforce
alginate gels. Compared to alginate gels ionically cross-linked
using conventional Ca2+-ions, the newly developed alginate/
silica hydrogels showed improved stability in saline solutions.
The cationic ammonium groups of the organically modied
silica sols seem to be able to interact strongly with the anionic
groups of the alginate. By condensation reactions between

7906 | J. Mater. Chem. B, 2014, 2, 7896–7909 This journal is © The Royal Society of Chemistry 2014
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amino-functionalized silica nanoparticles a silica gel network
may form, further reinforcing the alginate/silica hybrid matrix.

In contrast to pure silica hydrogels where cells are commonly
unable to divide within the rigid silica matrix and may thus be
physiologically compromised,13,70 C. vulgaris cells were able to
grow and divide within the alginate/silica hydrogel matrix. This
fact may favour the long-term viability and activity of the
immobilized cells observed in the present study.

The second aim of this study was to investigate the appli-
cability of alginate/silica hydrogels as immobilizationmatrix for
the design of cell-based detection systems. Short-term toxicity
tests (exposure time 1 h) using the herbicide atrazine as model
toxicant and the green microalgae C. vulgaris as sensing
microorganism demonstrated that C. vulgaris cells immobilized
within alginate/silica hydrogels remain capable of reporting the
presence of that toxicant. Photosynthetic activity has been
evaluated by measuring changes in Chl a uorescence using
PAM-uorometry. The response of the immobilized microalgae
was concentration-dependent and rapid and could be
compared to freely suspended cells. The evaluation of the
reproducibility by comparing sensitivities between parallel and
independent batches of immobilized cells showed reasonable
response variability.

The presented study demonstrated that the photosynthetic
activity and response sensitivity to atrazine of C. vulgaris
immobilized within alginate/silica hydrogels was maintained
over several weeks. Cells could thus be easily stored and
transported aer immobilization allowing operation in the
eld. Furthermore, immobilized C. vulgaris cells could be
repeatedly used for short-term toxicity tests. Response charac-
teristics of the sensing cells to atrazine revealed to be reversible
and largely preserved for up to 8 weeks aer immobilization
and several cycles of repeated usage. Storage under cool
conditions in the dark is favourable compared to storage at
20 �C under light/dark cycles.

Nevertheless, results have to be considered conned to
atrazine and other triazines as they induce no permanent cell
damage in the short-term and inhibition of photosynthesis is
completely reversible.

Although this study centred on the microalgae C. vulgaris,
preliminary studies of other cell types were also performed; for
instance the microalgal strain Kirchneriella contorta, as well as
Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia
coli) bacteria, and yeast cells (Saccharomyces cerevisiae) were
immobilized within alginate/silica hydrogels. They also
remained viable upon immobilization and were able to prolif-
erate within the gel matrix. Thus, immobilization of microor-
ganisms within alginate/silica hydrogels may be suitable for the
design of multispecies test systems.

Perspectives

In view of their high stability in saline solutions and their rm
attachment to cationically-modied glass carriers, alginate/
silica hydrogels demonstrate high potential for use in the
design of cell-based detection systems. By printing processes,
multiple cell arrays may be created.

Due to limitations of the applied Imaging-PAM uorometer
in downsizing the area used for Chl a uorescence measure-
ments in the present study, C. vulgaris cells were immobilized
within thin lms of alginate/silica hydrogels by dip coating and
not by printing. In order to fully use the potential of printing cell
arrays, future work is planned to apply a Microscopy-PAM
uorometer (HeinzWalz GmbH, Effentrich, Germany). By
combining a PAM-uorometer with an inverted epiuorescence
microscope high spatial resolution can be achieved, which
allows the detection of uorescence signals of single cells.

Future work is planned to immobilize different microalgae
strains of different groups (e.g., chlorophytes, cyanophytes and
diatoms) onto a single support in order to test the potential of
the printing process to generate multispecies test systems.
Therefore, multiple algal strains shall be immobilized each in
separate dots and its performance during toxicity testing and
storage shall be evaluated. Taking advantage of the different
response sensitivities, this approach could be a promising tool
for a fast evaluation of the ecotoxicological state of environ-
mental samples.

Acknowledgements

This study was supported by the German federal Ministry of
Education and Research (BMBF project BioSAT, Grant no.
03WKP08) and the German federal Ministry of Economics and
Technology (INNO-KOM-OST project BIMAP, Grant no.
MF100008). The authors would like to thank the IGV (Institute
for Cereal Processing Ltd, Nuthetal, Germany) for kindly
providing the microalgal strain C. vulgaris C1. Furthermore, the
authors are particularly grateful to Iris Christmann and Marie-
Luise Krumbiegel (Helmholtz Centre for Environmental
Research Leipzig, UFZ, Germany) for their technical help during
toxicity testing. In addition, the authors would like to express
their deepest appreciation to Dr Harald Foerstendorf and
Karsten Heim (Helmholtz Centre Dresden-Rossendorf, HZDR,
Germany) for FT-IR analysis and their expert guidance in
interpretation of data.

Notes and references

1 B. Podola and M. Melkonian, J. Appl. Phycol., 2005, 17(3),
261–271.
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39 C. Védrine, J.-C. Leclerc, C. Durrieu and C. Tran-Minh,
Biosens. Bioelectron., 2003, 18(4), 457–463.

40 W. Draber, K. Tietjen, J. F. Kluth and A. Trebst, Angew.
Chem., Int. Ed. Engl., 1991, 30(12), 1621–1633.

41 M. Schmitt-Jansen and R. Altenburger, Toxicol. Environ.
Chem., 2007, 89(4), 665–681.

42 U. Schreiber, in Chlorophyll a Fluorescence, ed. G.
Papageorgiou and Govindjee, Springer, Netherlands, 2004,
279–319.

43 E. Hase, Y. Morimura and H. Tamiya, Arch. Biochem.
Biophys., 1957, 69(0), 149–165.

44 M. Gepp, F. Ehrhart, S. Shirley, S. Howitz and
H. Zimmermann, Biotechnol., 2009, 46(1), 31–43.

45 B. Genty, J.-M. Briantais and N. R. Baker, Biochim. Biophys.
Acta, Gen. Subj., 1989, 990(1), 87–92.

46 J. C. Kromkamp and R. M. Forster, Eur. J. Phycol., 2003, 38(2),
103–112.

47 A. Pannier and U. Soltmann, in Advances in Materials Science
Research: vol. 12, Nova, Science Publishers, New York, 2012,
49–88.

48 S. K. Tam, J. Dusseault, S. Polizu, M. Ménard, J.-P. Hallé and
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54 F. Marvá, V. López-Rodas, M. Rouco, M. Navarro, F. J. Toro,
E. Costas and A. Flores-Moya, Aquat. Toxicol., 2010, 96(2),
130–134.

55 A. D. Bradshaw and K. Hardwick, Biol. J. Linn. Soc., 1989,
37(1–2), 137–155.

56 H. Nestler, K. J. Groh, R. Schönenberger, R. Behra,
K. Schirmer, R. I. L. Eggen and M. J.-F. Suter, Aquat.
Toxicol., 2012, 110–111, 214–224.

57 U.S. Environmental Protection Agency, ECOTOX User Guide:
ECOTOXicology Database System, 4th edn, 2013, http:/
www.epa.gov/ecotox/, update 2014/06/06.

7908 | J. Mater. Chem. B, 2014, 2, 7896–7909 This journal is © The Royal Society of Chemistry 2014

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 0
6 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

N
E

B
R

A
SK

A
 o

n 
11

/0
3/

20
16

 1
9:

26
:5

4.
 

View Article Online

http://dx.doi.org/10.1039/C4TB00944D


58 R. Muller, U. Schreiber, B. I. Escher, P. Quayle,
S. M. Bengtson Nash and J. F. Mueller, Sci. Total Environ.,
2008, 401(1–3), 51–59.

59 M. Naessens, J. C. Leclerc and C. Tran-Minh, Ecotoxicol.
Environ. Saf., 2000, 46(2), 181–185.
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