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An Interactive Model of Communication between Abiotic
Nanodevices and Living Microorganisms

Beatriz de Luis,®” Antoni Llopis-Lorente,®*! Paola Rincon,® José Gadea,® Félix Sancendn,” Elena
Aznar,2” Reynaldo Villalonga, José Ramén Murguia®® and Ramoén Martinez-Mariez*@.p.c.dl

Abstract: The construction of communication models at the micro-
/nanoscale involving abiotic nanodevices and living organisms has the
potential to open a wide range of applications in biomedical and
communications technologies. However, this area remains almost
unexplored. Here we report, as a proof of concept, a stimuli-
responsive interactive paradigm of communication between yeasts
(as a model microorganism) and enzyme-controlled Janus Au-
mesoporous silica nanopatrticles. In the presence of the stimulus, the
information flows from the microorganism to the nanodevice, and then
returns from the nanodevice to the microorganism as a feedback.

Chemical or molecular communication based on the
exchange of information by means of chemical messengers is the
way of communication used by nature. For instance, neurons
communicate by exchanging neurotransmitters; physiological
processes are regulated by hormone molecules segregated by
distant cells; and insects, bacteria and larger organisms
communicate with peers by means of pheromones.M
Communication may result in strategies of cooperation and
enables functionalities that go beyond those carried out by
individual agents. Compared to traditional telecommunication
technologies, molecular communication offers interesting
features such as the small (nanoscale) size of molecular
transceivers and receivers, the low power consumption required
and the ability to operate in biological and physiological
environments.? Despite its potential to enable future technologies,
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the design of molecular communication systems capable of
transmitting information using chemical messengers between
different micro/nanoscale entities is not an easy task and remains
almost unexplored.®l An appealing application in this field is to
develop communication protocols of living cells with abiotic
nanodevices.! Biological entities intrinsically react to their
environment by means of molecular communication paths
decoding the received stimuli and adapting to new conditions.?!
On the other hand, advances in nanoarchitectonics, materials
science and synthetic biology can provide the tools to design
smart ensembles capable of translating a wide array of
(bio)chemical stimuli into encoded messages for the next member
of the information chain.®! Recently, abiotic lipid vesicle-based
protocells, microdroplets or fusion protein assemblies capable of
translating molecular information from the environment into a
response from bacteria have been developed,” yet, similar
systems using nanoparticles have not been reported.

In communication theory terms, communication is the
process in which information is transmitted from one point to
another.® In the linear model, the simplest communication
scheme, the sender converts information into a code and this
message is decoded by the receiver on another point. In the
interactive model, a more sophisticated strategy, there is a
feedback process (Scheme 1A). First, a message is encoded by
the sender and transmitted to the decoding receiver. Straightaway,
functions reverse and the receiver encodes and transmits a
response to the original sender which now acts as receiver. This
two-way process facilitates building consortia between different
populations to target a common goal.

Here we present, to the best of our knowledge, the first
interactive  model of communication between living
microorganisms (budding yeast Saccharomyces cerevisiae) and
abiotic nanodevices (enzyme-controlled Janus Au-mesoporous
silica nanoparticles), in which a molecular communication
cascade is triggered in response to an environmental stimulus.
The expression of green fluorescent protein (GFP) in the
cytoplasm of S. cerevisiae cells®¥ is produced as the output signal
of the communication system. As illustrated in Scheme 1B, this
biunivocal communication starts with the input of sucrose (1),
which is detected and transformed by the yeast into glucose and
fructose (2). Glucose acts as a chemical messenger that is then
transmitted and sensed by glucose oxidase (GOx) on the abiotic
nanodevice (3). Transformation of glucose to gluconic acid
induces the opening of the gatekeeapers on the mesoporous
nanocarrier (4). Subsequently, phleomycin (a second chemical
messenger) is released as a feedback message (5) to the
microogamism that decodes the information and activates GFP
transcription (6) producing a fluorescent signal.

Regarding the design of the chemical communication
system, we used budding yeast as an eukaryotic cell model of
easy handling and manipulation.l% Yeast cell wall is mainly
composed of polysaccharides, proteins and lipids and avoids the
internalization of nanoparticles unless permeability treatments
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Scheme 1. (A) Representation of the proposed interactive model of communication between living microorganisms and abiotic nanodevices following a flowchart
symbology as used in telecommunications. (B) lllustration of the sucrose-responsive interactive system of communication between GFP-expressing S. cerevisiae

yeasts and Janus Au-mesoporous silica hanoparticles.

such as electroporation, high temperature incubation and
presence of monovalent cations are applied.*Y] This fact assures
that the interaction process occurs via molecular communication
through the medium and not due to nanopatrtilces internalization.
The yeast strain used in our studies expresses GFP under the
control of the RNR3 promoter. RNR3 gene transcription is
induced upon exposure to DNA-damaging agents. Accordingly,
GFP expression is triggered in the selected strain in presence of
a genotoxic such as phleomycin.? As nanodevice capable of
producing a programmed response when a specific stimulus is
present, the Janus Au-mesoporous silica architecture is
employed as a versatile platform whose double-face nature
allows designing systems with a double receiver-sender
behaviour.*¥! Moreover, although biomimetic protocells have
been previously used in communication processes, the use of
mesoporous silica scaffolds offers additional appealing properties
such as: high thermal and chemical stability, large loading
capacity, versatility regarding the nature of cargos and easy
synthesis and functionalization  with  stimuli-responsive
gatekeepers and targeting groups.

In our designed systems, the gold particle with immobilized
enzymes operates as a control unit processing the chemical
information received from the environment and emitting a
response which regulates the nanovalve uncapping on the
mesoporous  face. In particular, the = pH-responsive
supramolecular nanovalve we have used consists of an inclusion
complex between a benzimidazole moiety and B-cyclodextrin.
Local gluconic acid produced by GOx causes the protonation of
benzimidazole group (pKa = 5.55) and therefore the
dethreading of the complex leading to the delivery of the
entrapped cargo. Notwithstanding, a variety of molecular and
supramolecular gatekeepers have been developed in recent
years which can be used for developing future communication
systems.[d]
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Figure 1. Images of the nanodevice and microorganism employed in the
communication network. (A) Transmission electron microscopy (TEM) image of
a Janus Au-mesoporous nanoparticle and (B) transmitted light image of
Saccharomyces cerevisiae budding yeasts obtained by confocal microscopy.

In a first step, after nanoparticle preparation and
characterization by different techniques (see Supporting
Information), we tested the ability of the nanodevice to recognize
glucose and release the cargo with the dye ([Ru(bpy)s]Cl)-loaded
nanoparticles (Slgox). With this aim, we brought solid S1gx to a
concentration of 1 mg- mL? in aqueous solution at pH 7.5 and
monitored cargo release in the absence and presence of the input
(glucose 1 mM). Aliquots were taken at scheduled times,
centrifuged to remove nanoparticles and the fluorescence of the
supernatants was measured (emission band of [Ru(bpy)s]Cl. at
595 nm, Aexc = 453 nm). The delivery studies showed negligible
dye release in absence of glucose whereas the presence of the
input led to opening of pores and the subsequent remarkable
release of the fluorescent dye (Figure SI-8). As explained above,
this is due to the activity of GOx which oxidized glucose to
gluconic acid contributing to the protonation of benzimidazole. A
selective sensing-actuating behaviour is a highly desired
characteristic for a component of a communication network. Thus,
we confirmed the specificity of the nanodevice by carrying out
delivery experiments with Slgy in the presence of different
monosaccharides and disaccharides. In these studies, no



noticeable [Ru(bpy)s]Cl. delivery was observed after 3 hours as
these species are not recognized by the GOx enzyme on the gold
unit (Figure SI-10).

Next, we evaluated the linear yeast-nanodevice
communication pathway as an initial key step in order to build the
interactive model of communication. To this end, we carried out
delivery studies combining both elements, i.e. yeast and the
mesoporous nanocarriers Slgy in  solution. For these
experiments, dye-loaded solid S14x and yeast were brought to a
final concentration of 1 mg-mL? and 1.5-10% cells-mL?,
respectively, in water at pH 7.5. Then, dye release was monitored
by fluorescence spectroscopy in the absence and presence of the
input (sucrose 2%). As shown in Figure 2, the results validate the
establishment of a linear communication pathway between the
microorganism and the nanodevice in the presence of sucrose
(blue curve, 74.8% release efficiency). In contrast, no dye release
was triggered in the absence of sucrose (red curve) nor in the
presence of sucrose and absence of yeast (black curve). This
sucrose-recognition capability of the communication system is
ascribed to the abundance of invertase enzyme in the periplasmic
space and cell walls of Saccharomyces cerevisiael'® (catalysing
the hydrolysis of sucrose into fructose and glucose) and the
subsequent connection with the glucose-responsive nanocarrier.
Moreover, we also demonstrated that the [Ru(bpy)s]Cl, released
in these experiments did not induce significant toxicity in yeast
cells (Figure SI-11).
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Figure 2. Validation of the sucrose-responsive linear communication pathway
between the microorganism and the enzyme-controlled nanodevice, as
determined by dye delivery studies. Kinetics of [Ru(bpy)s]Cl2 release in aqueous
solution at pH 7.5 that contained Slgox and yeasts in the absence (red curve)
and presence (blue curve) of sucrose (2 %). A negative control (only sucrose
and nanoparticles) was also performed (black curve). Error bars correspond to
the s.d. from three independent experiments.

On a further step towards the construction of the interactive
model of communication, we prepared nanopatrticles loaded with
the genotoxic phleomycin which was expected to act as a
feedback messenger in order to close the communication loop.
Delivery kinetics (Figure SI-9) from the phleomycin-loaded
nanodevice (S240x) Were determined by measuring phleomycin
absorbance at 300 nm in solution in the presence and absence of
glucose (1%, nanoparticle conc. = 2.5 mg-mL™?). After 3 hours, the
supernatants were added to fresh S. cerevisiae -cultures
(inoculated in yeast extract peptone dextrose (YPD) medium) and
the mixtures were shaken at 28 °C for another two hours. Then,

the GFP signal expression was evaluated by confocal microscopy.

Furthermore, positive and negative control experiments were
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carried out by adding or not free phleomycin to yeast cultures and
incubating for two hours. A similar fluorescent response was
obtained from yeast treated with free phleomycin and treated with
phleomycin released from S24x in the presence of glucose
(Figure SI-12). These results confirmed the potential of the
nanodevice S2yx to induce GFP expression in yeast upon
glucose-inducted delivery.

(C)] (b)

[N]
(=TS
¥ o

o
(=]

A2 O @
o © o

[N]
o

% Relative fluorescence

04

S2, S2

gox

Figure 3. GFP signal induction in S. Cerevisiae cells examined by confocal
microscopy after 2 hours for (a) incubation with S240x and sucrose 1 % and (b)
incubation with S2 and sucrose 1 %. Above: fluorescence images, below:
transmission images. Additional images are provided in the Supporting
Information (Figure SI-13). (c) Normalized quantification of the GFP-associated
fluorescence intensity for the two different treatments. Several fields of each
condition in three independent experiments were analyzed obtaining similar
results. Data represent the mean + s.e.m. of three independent experiments (*p
<0.01).

Encouraged by these findings, we addressed the complete
interactive communication model in which the microorganism and
the nanodevice S24x were expected to exchange chemical
messengers through an aqueous medium. Yeast microorganisms
were inoculated in fresh YPD and incubated until reaching mid-
log exponential phase. Then, yeasts were washed three times (by
centrifugation) and resuspended in YPD medium without glucose.
For the final experiments, aqueous solutions at pH 7.5 containing
the nanodevice S240« (10 pg-mL? of final concentration) were
mixed with yeast suspensions. Then, 1% of sucrose (input) was
added as energy source necessary for gene expression in yeasts
(171 and initiator of the communication network. Same experiments
were carried out with nanoparticles S2 (lacking the GOx enzyme)
as a control. Confocal microscope images showed that the
communication system displayed a clear GFP-associated
fluorescence when S240, was present (Figure 3a and Sl-13a). On
the contrary, the fluorescent signal was negligible when S2
(lacking GOx) was used (Figure 3b and SI-13b). Quantification of
the GFP-associated fluorescence intensity by analysis of the
confocal images (from three independent experiments), revealed
a marked 8-fold enhancement in cell emission for the complete
yeast-S24x communication system (Figure 3c). As additional
control experiments, we prepared nanodevice S3gox (lacking the
cargo) and nanodevice S3 (lacking both the cargo and GOx
enzyme). As expected, no communication and therefore no GFP
expression was observed when these nanoparticles were used
(Figure SI-14). Altogether, confocal imaging experiments
demonstrated that only in the presence of all components of the
communication network, the GFP output signal was achieved.



When the GOx enzyme or the cargo in the nanoparticles were
missing, the communication channel was disrupted and
information was lost (Table SI-4). Overall, the behaviour of this
hybrid interactive communication system between yeasts and
nanoparticles can be summarized in a Boolean logical table
(Table 1) and corresponds to a 4-input 3-level AND logic gate
(Scheme 2).

Eventually, it was demonstrated by cell viability assays
based on CFUs counting after 48 h that the unloaded nanodevice
(S340x) Was not toxic for the Saccharomyces cerevisiae yeast
(Figure SI-15). In contrast, S24. in the presence of sucrose
induced a significant reduction in cell viability to only 30%. This is
due to the release of phleomycin which acts a genotoxic
producing activation of GFP expression and leading to cell death.
Therefore, these results correlate well with the confocal imaging.

Table 1. Summary of the behaviour of the communication system in Boolean
logic notation (truth table). Presence of a component is summarized as 1
and absence with 0. In presence of the stimulus (1), the output signal (1) is
only produced when all components are present. The output signal is
considered 0 when the normalized quantification of the GFP-associated
fluorescence intensity is less than 20% of that found for the complete
systems, i.e. Input 1, Yeast 1, Enzyme 1 and Cargo 1.
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[a] Sucrose 1 % [b] S. cerevisiae budding yeast [c] glucose oxidase in
capped nanoparticles [d] phleomycin as cargo in capped nanoparticles [e]
GFP fluorescent signal.
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AND Output

Cargo

Scheme 2. 4-input 3-level AND logic gate corresponding to the logic Table 1
describing the behaviour of the communication system.

In conclusion, we have developed for the first time an
interactive model of communication between abiotic nanodevices
and living microorganisms in which communication is triggered by
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environmental agents. The information obtained by the emisor
(yeast cell) from the surroundings (sucrose as stimulus) is
processed and transmitted to the receiver (nanoparticles) which
in turn is capable of decoding the information and transmitting a
response back to the original sender. This communication
network based on a biunivocal scheme employs enzymatic
reactions and chemical messengers to enable an action which
could not be achieved in isolation (induction of GFP expression
by yeasts). In spite of being a proof of concept, these findings
demonstrate how abiotic nanodevices and living microorganisms
can be connected using molecular communication yielding
multicomponent systems with a collective synergic behaviour. In
addition, considering the large variety of molecules produced and
secreted by living microorganisms which can be processed by
enzymatic receptors as well as the numerous different species
potentially susceptible to be encapsulated in mesoporous silica
nanoparticles, we believe that the proposed communication
network represents a general versatile paradigm which can help
laying the foundations of future research toward the development
of novel technologies based on communication at the nanoscale.
We also envision that the combination of different enzymes
integrated on the same nanodevice could mimic the biological
cascade necessary to synthesize in-situ bioactive or functional
molecules from precursors present in the environment, produced
by organisms or released from the mesoporous support. Such in-
situ produced bioactive or functional molecules could be
implemented into the information network further increasing the
scope of the proposed communication paradigm. Moreover, we
also believe that the idea of tailoring synthetic nanodevices!*® and
communicating them with cells can have impact in the design of
new sensors, new strategies for diagnosis and personalized
therapeutics.'%
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COMMUNICATION

As a proof-of-concept, we report
herein an interactive paradigm of
communication between yeasts and
enzyme-controlled Janus Au-
mesoporous silica nanoparticles.
The fluorescent signal from the
microorganism (corresponding to
the production of green fluorescent
protein) is governed by the
biunivocal communication with the
nanodevice via enzymatic reactions
and the exchange of chemical
messengers.
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