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Abstract - A new method for triggering the burst liberation of encapsulated sub-micron

is used as a trigger
mechanism for stimuli-responsive releascggs apsulated content. The hybrid
living/artificial capsules were formed b

biologically triggered release was show pntly labelled liposomes.

1 Introduction

The cg se of a substances (e.g. drugs, fragrances, probiotics, nutrient

preservative h man-made’capsules is of considerable interest in many fields of science

and technology? ariety of chemical and physical methods have been developed to release
the capsule conten§Pcf e.g. a review by Esser-Kahn et al.'. The release triggers are
frequently based on mechanical, chemical, electrical, thermal, photo, or magnetic stimuli.
While these stimuli are well-defined in terms of their timing and the threshold value of a
physical quantity that characterises each stimulus (e.g. voltage, temperature, concentration,
etc.), release triggers occurring in nature are often more complex and comprise the
simultaneous occurrence of several stimuli — for example, the combination of specific
temperature, humidity and light conditions is necessary for seed germination.

The use of actual living microorganisms or their spores offers a possible way of

achieving such complex triggers even in synthetically made particles. To achieve this, a

necessary condition is the ability to fabricate composite microcapsules that incorporate the



chosen microorganism or its spores, and to ensure their viability. In the specific case of yeast
cell encapsulation into alginate gel, currently available encapsulation techniques include
microfluidic approaches’, electrostatic droplet generation’, spinning disk atomization® or
simply dropping an alginate solution into CaCl, by a syringe™®. At present, the main reasons
for microbial cell encapsulation into various matrix materials include cell protection from
negative environmental influences such as shear forces, phagocytosis or digestion.
Immobilized microbial cells can also be handled more easily’.

In most current applications of immobilised cells, microcapsule rupture due to
internal pressure of proliferating cells is usually not of interest. In the case of cell-based
biosensor applications, the cell division and capsule disintegration would be outright

undesirable. Cases where the capsules rupture due to CO, formation when are placed in a

growth medium have been reported® and the surfactant Tween-20 has been prove
the permeability of the capsule for easier CO, liberation’. A silica hance
the mechanical resistance of capsules’. A case where 1.cell di i rocess has

110

been reported by Hamad et al.” who fabricated composi i ella¢ microcapsules

that contained living yeast cells. Cell release from i er incubation in a

The present paper describes thoDNgRrati hybrid alginate microcapsules capable
of releasing encapsulated payloa, gfclled liposomes in this case — as a result
rupture caused by proliferating f [ eture and mechanism of action of the
microcapsules is shown j favourdble conditions (absence of nutrients, low

temperaturg iSt not occur and the microcapsules are stable in aqueous medium

cell division anS@@ewth causes an eventual rupture of the alginate capsule and release of the

embedded liposom®@PAdditionally, magnetic iron oxide nanoparticles were also embedded
within the composite microcapsules to facilitate their manipulation and separation by a
magnetic field. Liposomes loaded with fluorescein represent a model “active” particulate
substance that is to be liberated from the composite microcapsules. Calcium alginate hydrogel
was chosen as a matrix material in which the three types of internal components (yeast cells,

liposomes, magnetic nanoparticles) were embedded due to its ability to form microcapsules

by means of an ink-jet printing process, which has been demonstrated in our previous work'"
12
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Fig.1 Schematic principle of microcapsule rupture and liberation of an active substance into

the environment caused by yeast cell growth in the culture medium.

2 Materials and methods

2.1 Materials .

was 2:1) were synthesized in the same M8 Wd in'*. Deionised water was produced

by a ionex filter (Aqual 25).
2.2 Microcapsule formati

t printing"”. A piezoelectric drop-on-demand print-
supplied by Microfab, Inc. (Plano, Texas, USA) was used,
supplied by afab, Inc. 2 ml of aqueous solutions of 2% (w/w) sodium alginate and 2 ml
of aqueous suspe wOf yeast cells were mixed and printed into approximately 50 ml of
aqueous solution o#2% (w/w) CaCl, where a rapid ionic cross-linking of the microdroplets
occurred. The receiving CaCl, solution was constantly agitated to avoid microdroplets
coalescence after impact. To prepare magnetic microcapsules, one half of the cell suspension
was replaced by citrate-stabilized iron oxide nanoparticle dispersion in water (15 mg/ml). The
solution for printing of magnetic capsules containing liposomes was mixed from a sodium
alginate solution, the cell suspension, the iron oxide nanoparticle solution and a liposome
solution in the volume ratio 4:1:1:2. Cross-linked calcium alginate microcapsules were

separated from the CaCl, solution by using a filter or magnet and suspended in deionized

water in which they were stored at room temperature until further use. In this state the



composite microcapsules were stable for up to 4 months without any significant loss of yeast

cell viability.
2.3 Microcapsule characterization

The microcapsules were characterized by means of inverted optical microscope (Olympus
CK40) and a laser scanning confocal microscope - LSCM (Olympus Fluoview FV1000). The
particle size was evaluated by laser diffraction (Horiba Partica LA 950/V2). The viability of

yeast cells was confirmed by using the standard fluorescein diacetate solution method.

2.4 Yeast cell division and microcapsules disruption study

monitored by an optical microscope for 24 hours. The cell grow red by
means of visible spectrophotometer (Specord 205QU, A
wavelength used for the measurement of optical density w

3 Results and discussion

3.1 Microcapsule characterization

Fig.2 Magnetic alginate microcapsules with various cell concentrations. Optical microscope

images: (A) 2.25-10° cell/ml, (B) 3.75:10° cell/ml. (C) Laser scanning confocal microscope
image (single slice in x-y plane) of a 1 month old magnetic alginate microcapsule with

2.25:10% cell/ml labelled by FDA. Scale bars represent 50 pm.
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Fig.3 Yeast cell division in alginate microcapsules incubated in a Petri dish with culture

Oh

medium. The initial concentration of yeast cells in the microcapsules was 3.75-10° cell/ml.

Scale bar represents 100 um.
The mean size of freshly precipitated capsules measured in CaCl, s static
light scattering was 61 pm; in water the mean size "reased o swelling of
calcium alginate. This is provoked by the relaxation of the e presence of
osmotic pressure. Swelling of the calcium alginate b i until the osmotic
pressure equals the forces of the cross-linking i the structure of the
polymer network'®.
The viability of yeast cells in the g i sules was confirmed by using

fluorescein diacetate (FDA)'". This colgl d exhibits no fluorescence, however,

FDA. The groSgapots correspond to living cells, which confirms that the cell viability is

preserved for ma eks. The viability tests also excluded that the magnetic iron oxide
nanoparticles have”a harmful effect on yeast cells. Viable yeast cells clearly exist in the

composite microcapsules in the presence of inorganic nanoparticles.

3.2 Yeast cell growth in microcapsules

The hybrid microcapsules with embedded yeast cells were stored in water for a few weeks
and no microcapsule changes or cell division in capsules were observed. Radical changes
occurred only after incubation with a growth medium containing yeast extract and glucose.

For the preparation of the culture medium we have used water instead of phosphate buffer,



which is normally used, due to the fact that the phosphate buffer would precipitate calcium
jons and reverse the alginate crosslinking'®.

To observe the division of encapsulated yeast cells, composite microcapsules were
suspended in a Petri dish with the growth medium and placed under a microscope at
laboratory temperature (~25 °C). Images in 1-minutes intervals were grabbed for at least 24
hours and compiled into a movie (see Supplementary material S17). A series of experiments
starting from capsules containing different initial cell concentrations with and without
magnetic nanoparticles were performed. Typical results are summarized in Figures 3 and 4
for microcapsules containing iron oxide nanoparticles and yeast cells in concentration

3.75%10°% cell/ml.

Figure 3 shows the evolution of microcapsule structure in time under s conditions in a

Petri dish with a cultivation medium. During ink-jet fabrication of the micro o cell
loss was observed and the cell number per microcapsule was theref e cell
concentration in the initial alginate solution (apprm.ately cle). Time

eventually disintegrated and essentially d microcapsules were evident at time

t =24 h. Only clusters of yeast ¢ pfic Petri dish.
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Fig. 4 Growth curves of yeast cells in the microcapsules (initial concentration
3.75-10% cell/ml) for various concentrations of microcapsules in growth medium. The corves

correspond to different microcapsule dilutions as indicated in the legend.

The growth kinetics was also evaluated by using visible spectrophotometry, when the growth
curves of cells in alginate microcapsules were measured as a function of optical density at the

wavelength of 600 nm. These two types of experiments differ in conditions. Observation by



microscope was under static conditions without any mixing whereas microcapsules in the
spectrophotometer cuvettes were intensively stirred by a magnetic stirrer in order to keep
them suspended. Mixing might affect the microcapsule disintegration, therefore the capsule

disintegrate somewhat earlier than on the Petri dishes.
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capsule suspension at 600 nm. During

egst cells were still in the lag phase of

evertheless, a continuous increase of absorbance is evident
t = 24 h, which indicates continuing cell division. After the time t = 24 h,
the absorbance no J€r increased as the cells entered into the stationary phase due to lack of
nutrients.

To confirm that the disruption of alginate microcapsules was caused solely by the
growth of encapsulated yeast cells, a blind experiment was performed. When alginate
microcapsules without yeast cells were prepared and placed into the growth medium, no
decomposition of the microcapsules was observed. Such a blind experiment excluded the
growth medium as a possible factor causing the microcapsule rupture and confirmed the role
of the dividing cells. To exclude the effect of yeast cell and their metabolites presence on the

decomposition of alginate microcapsules, another blind experiment was performed. Alginate

microparticles without embedded yeast were placed into a growth medium together with



freely suspended yeast cells. Again, no microcapsule disintegration was observed, the cells

have grown outside the microcapsules and did not affect the alginate integrity.

3.3 Mimicking spore behaviour

To demonstrate the concept of “artificial spores” or “artificial seeds”, additional experiments
with switching favourable/unfavourable conditions and drying of microcapsules were
performed. In biology, a spore is defined as a reproductive structure that is adapted for
dispersion and survival for extended periods of time in unfavourable conditions. Once
conditions are favourable, spores can develop into new organisms. The activators of such a

transformation from spore to cell could be e.g. nutrients, temperature, pH, or combination of

these parameters. The interesting property of this transformation is that the conditions

are suitable for germination, the spores enter a lag phase and activate spe gengs that
trigger signal pathways leading to swelling and cell emergence. ollen,
germination becomes irreversible, but during the la’hase a return to

dormancy"’.

The experiment mimicking spore response to
spectrophotometer equipped with heating/cooling . curves were measured
and temperature changes applied. The experigaan t unfavourable conditions, where
microcapsules were stored in water (witho S 1rst change consisted in placing
of capsules in the culture medium at te (corresponding to time t = 0 h in the
growth curves in Figure 5). E irst burs the yeast cells embedded in the
microcapsules were still dorma ce thdy entch » exponential phase of their growth,
perature shock stopped the cell growth,
rmancy. During this time no change of optical density was

ggion of cells. When temperature was increased back to 30

almost two days and then restart growth by a return to favourable conditions.

3.4 Cell growth triggered liberation of active substances from microcapsule

As was shown above, composite microcapsules are stable in water, whereas after cultivation
in a growth medium they are able to disintegrate. To demonstrate that capsule disintegration
can be used for the release of a previously encapsulated payload, the liberation of
fluorescently labelled liposomes was observed by a laser scanning confocal microscope.

Figure 6(A) shows the composite particles directly after their fabrication. The fluorescence



signal is obtained only in the microcapsules, which confirms the presence of liposomes. In
Figure 6(B), the same microcapsules were imaged one day after fabrication and storage in
pure water. Again, the fluorescence signal comes only from microcapsules, no liberation of
liposomes from microcapsules occurred. On the other hand, Figure 6(C) confirms that after
cultivation of the microcapsules in a growth medium, the cells divide and cause the rupture of
capsules, liberating the encapsulated substances into the surroundings. After one day of
incubation in culture medium, no compact microcapsules were present, only clusters of cells
were evident and the fluorescence signal was detectable from the whole medium in a diluted
way because the liposomes were released during the microcapsule disintegration. It should be

noted that although the fluorescence signal appears uniform throughout the medium once the

particles disintegrate, it is not possible to distinguish truly free individ
small clusters of liposomes that may still be associated with fragments of lgingte gel.
However, what is clear is that sub-micron object have been liber: the

particle.

(B)

v

Fig. 6 Alginate microcapsules with fluorescently labelled liposomes. (A) Freshly prepared
microcapsules in water. (B) Microcapsules after one day in water. (C) Disintegrated
microcapsules after one day of incubation in a culture medium. (Left column — optical image,
middle column — fluorescence signal, right column — superposition of both signals. The scale

bar represents 100 um.)

A final experiment has been carried out in order to investigate whether the time of rupture can

be controlled by the initial state of the particles — namely the initial cell concentration — on the



time to particle rupture. Particles prepared from yeast cells at three different dilutions
(1-107 cell/ml, 1-10® cell/ml, and 1-10° cell/ml) were cultured under favourable conditions and

the fraction of intact particles.

4 Conclusions

Composite hydrogel microcapsules with embedded yeast cells that can act as a biological
trigger for controlled opening of the microcapsules and locally liberate sub-micrometer
objects have been fabricated. Additionally, magnetic nanoparticles were added into the
microcapsules to enable manipulation by external magnetic field. The composite capsules

were stable in aqueous media for up to several months and retained t iability. Once

favourable conditions were encountered — i.e. the presence or nutrients a spitable

release systems where irreversible

biologically triggered release 4

2-3 um) do nONg@Rpregent the only option for the concept of biologically triggered

release; other migyBorganisms or their spores could potentially be used, enabling a
reduction of particle size or functionality at different temperatures (e.g. thermophilic

bacteria).
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