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Abstract

One of the major concerns in the application of nanocarriers in oncology is their scarce penetration
capacity in tumoral tissues, which drastically compromises the effctivity. Living organisms as
cells and bacteria present the capacity to navigate autonomously following chemical gradients
being able to penetrate deeply into dense tissues. In the recent years, the possibility to employ
these organisms for the transportation of therapeutic agents and nanocarriers attached on their
membrane or engulfed in their inner space have received huge attention. Herein, based on this
principle, a new approach to deliver drug loaded nanoparticles achieving high penetration in
tumoral matrices is presented. In this case, Escherichia coli (E. coli) bacteria wall is decorated
with azide groups, whereas alkyne-strained groups are incorporated on the surface of mesoporous
silica nanoparticles loaded with a potent cytotoxic compound, doxorubicin. Both functional groups
form stable triazole bonds by click-type reaction allowing the covalent grafting of hanoparticles on
living bacteria. Thus, the motility and penetration capacity of bacteria, which carried nanoparticles
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are evaluated in a 3D tumoral matrix model composed by a dense collagen extracellular matrix
with HT1080 human fibrosarcome cells embedded. The results confirmed that bacteria are able

to transport the nanoparticles crossing a thick collagen layer being able to destroy almost 80% of
the tumoral cells located underneath. These findings envision a powerful strategy in nanomedicine
applied for cancer treatment by allowing a homogeneous distribution of therapeutic agents in the
malignancy.
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1 Introduction

Conventional antitumoral chemotherapy is based on the administration of highly toxic drugs,
which provoke the apparition of systemic toxicity in the host due to their lack of selectivity.
After the paramount discovery of the selective accumulation of nanometric devices into
tumoral tissues reported by Matsumura and Maeda in 1986,[1] a phenomenon known as
enhanced permeation and retention (EPR) effect hundreds of different types of nanocarriers
have been developed; from pure inorganic systems as metallicl?l or ceramic particles,[34] or
organic ones like polymersomes,®] micelles, ] liposomes,[”] or polymer nanocapsulest8] to
hybrid nanodevices which combines both natures.[®] The capacity to recognize the tumoral
cells within the myriad of cells which compose a solid tumor has been provided with

the incorporation of targeting moieties on the nanocarrier surface. These moieties bind to
specific cell receptors located on the membrane of tumoral cells triggering the particle
uptake through a specific receptor-mediated endocytosis mechanism.[10] Thus, theoretically,
the nanodevices will be accumulated by EPR effect within the tumoral tissue after their
injection in the bloodstream and once there, they will be engulfed by the tumoral cells due
to the presence of the targeting groups on their surface. Unfortunately, despite the excellent
performance of different nanocarriers in in vitro cell cultures and even in some in vivo
models this behavior is not achieved in real clinical situations and only a few nanosystems
have reached the market.[!1] The reasons of this disappointing outcome are varied. One

of them is that tumoral tissues present a dense extracellular matrix, which hampers the
particle penetration constraining the therapeutic effect of the nanocarrier only on the tumor
periphery.[12] The targeting capacity of the nanocarriers takes place in the nanoscale.
Therefore, a proper distribution of the nanocarriers within the malignancy is compulsory

to treat the whole tumoral cell population. This scenario is not present when the particles
are blocked in the tumor margins.[*3] Some research groups have addressed this limitation
anchoring proteolytic enzymes on the nanoparticle surface in order to digest the extracellular
matrix improving the particle diffusion throughout the malignant tissue.[14.15] Recently, our
research group have reported the use of stimuli-responsive polymeric nanocapsules which
release collagenase under the mild acidic conditions present in the tumor environment.[16]
These capsules were anchored on the surface of drug loaded protocells functionalized with
a specific antibody against lung cancer cells, improving their penetration into tumoral tissue
and allowing the particle internalization into deep tumoral cells. Other problem which
strongly limits the therapeutic efficacy of nanomedicines is the high interstitial pressure
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usually present in solid tumors caused by their fast growing rate that compresses the
surrounding lymphatic vessels blocking the tissue drainage.[1”] This pressure makes particle
diffusion considerably difficult. Finally, EPR effect is not generally present in all solid
tumors but it is limited to a few of them as Kaposi’s sarcoma, being only partially present or
completely absent in many of them.[28] Even, EPR effect within the tumor vary during the
treatment.

In the last years, the use of living systems as carrier of hanocarriers has been postulated

to overcome these limitations.[*®] The self-propelled and guiding capacity of cells[2%] and
bacterial?1] allow them to penetrate living tissues regardless hydrodynamic considerations.
Among them, the use of bacteria as drug carriers has received huge attention in anti-tumoral
therapy due to their excellent motion capacities.[221 Moreover, these tiny microorganisms are
able to move toward gradients in response to small changes in internal stimulus (specific
chemicals, temperature, or pH variations), or guided by external stimulus (magnetic field).
[23-27] Thus, anaerobes bacteria are able to colonize hypoxic regions into tumoral tissues
reaching inner zones of the malignancy, as has been studied in vitro and in vivo.[28-30]
Herein, we report the use of Escherichia coli (E. coli) as model of facultative anaerobic
bacteria for the transportation of mesoporous silica nanoparticles (MSN) loaded with a
potent cytotoxic compound, doxorubicin (Dox). In this work, MSN have been used as
nanocarrier in this work due to their excellent biocompatibility and lack of toxicity as

has been widely proved elsewhere.[31] Bacteria wall has been decorated with azide groups
through the incorporation of an azide-functionalized aminoacid (azide-J-alanine) to the
culture media.[32] This aminoacid was incorporated to the bacteria wall through the normal
bacteria metabolism and the presence of azide groups on the outer bacteria surface was
employed for the covalent attachment of MSN decorated with strained alkynes by the
well-known cooper-free azide-alkyne cycloaddition which is compatible with living systems.
According to these results, it is established that these modifications do not affect to the
bacterial viability.[33:34] Therefore, bacteria were able to transport them into deep zones
into a 3D tumoral matrix model composed by a dense collagen extracellular matrix with

the HT1080 human fibro-sarcome cells, as tumoral cell line model, embedded within their
structure. The homogeneous MSN distribution allowed by the action of bacteria as carriers
yielded a significant improvement in the therapeutic effect due to Dox release in comparison
with free particles. This proof of concept opens the way to treat solid tumors employing this
strategy using nonpathogenic bacteria. Therefore, it would be possible to utilize organisms
as nanoparticle carriers capable to follow specific gradients within solid tumors as hypoxic
zones or acidic environments improving the distribution of nanomedicines within the
malignancy.

2 Results and Discussion

2.1 Synthesis and Characterization of MSN-PEG-DBCO

Fluorescent MSN were synthetized by covalently linking the fluorescent dye to the silica
network following a modified Stober method[1°] yielding monodisperse nanoparticles with
an average diameter of 80-100 nm and a pore size of 2-3 nm. The functionalization of
MSN materials was carried out in several steps. First, MSN were functionalized with
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(3-triethoxysilyl)pro-pylsuccinic anhydride (TESPSA) providing carboxylic groups on the
particle surface (MSN-COOH), which allow to bind dibenzylcyclooctyne-PEG,4-Amine
(DBCO-PEG-NH,) by amide formation via carbodiimide coupling to yield MSN-PEG-
DBCO. DBCO is a biorthogonal group that allows the attachment of different biomolecules
thanks to the specific reaction with azide derivatives yielding stable triazoles in mild
conditions.[3°] The hydrophilic polyethylene glycol (PEG) spacer provides a large and
flexible connection that minimizes steric hindrance in the ligation of MSN-DBCO to
complementary azide-containing molecules and also avoids the aggregation of MSN by
steric hindrance.[36] Regarding MSNs degradation, our research group has previously
reported that degradability of MSN depends on numerous factors, as nanoparticle diameter,
pore type, and surface functionalization.[3”] This research work states that 200 nm MSNs
dispersed in PBS are partially degraded after a few days in aqueous suspension but the
structural integrity of the nanoparticle remains almost invariable for about a week. In
addition, the degradation product leached in form of orthosilicic acid is harmless. Dynamic
light scattering (DLS) measurements of the obtained MSN-PEG-DBCO revealed an average
particle diameter of 91-105 nm (see Figure S1A, Supporting Information). Figure 1A
displays the transmission electron microscopy (TEM) image corresponding to MSN-PEG-
DBCO sample, showing a nearly hexagonal shape with an average diameter of 100 nm and
monodispersed distribution.

Fourier transform infrared (FTIR) spectroscopy was employed to verify the successful
functionalization with carboxylic groups and DBCO-PEG-NHS>, respectively. For pristine
MSN, the characteristic absorption bands of the tetrahedron silica structures at 1100

cm~1 (Si—O-Si bending) and 800 cm~1 (Si-O stretching) were clearly observed. After

the functionalization with TESPSA, the peaks corresponding to C(=0) —OH stretching
vibrations appeared at =1700 cm™2. Finally, the DBCO-PEG on the silica surface was
confirmed by the apparition of the characteristic amide band at =1650 cm™1 (N-H

stretch) and a slight increase in C—H alkane band (2850-2950 cm™1) (Figure 1B). The
organic content of MSN materials was quantified by thermogravimetric analysis (TGA)
measurements to follow the incorporation of the organic material (see Figure S1C,
Supporting Information). TGA indicates a slight increase in the organic matter after each
synthetic step, and Z potential analysis at neutral pH indicates an alteration in the surface
charge from =20 mV in the case of naked MSN to —24 mV in MSN-PEG-DBCO. Finally,
MSN-PEG-DBCO was incubated with a slight excess of TAMRA-Azide (10 uL ofa 1

mg mL~1 solution) in order to evaluate the capacity of these functional groups to attach

a biomolecule model, in this case TAMRA fluorophore. The particles which contained the
strained alkyne on their surface showed 13-fold higher fluorescence than nonfunctionalized
ones, confirming the presence on the nanoparticles surface of DBCO and its reactivity. The
amount of DBCO present in the nanoparticles (0.72 ug DBCO-PEG-NHy/mg MSN-PEG-
DBCO) was determined from the TAMRA fluorescence obtained for MSN-PEG-DBCO (see
Figure S2, Supporting Information).

2.2 Attachment of MSN-PEG-DBCO to Bacteria (Bac-MSN)

The attachment of a nanoparticle on the surface of a living cell requires the use of
chemoselective reactions which can be carried out in mild conditions in the presence of
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the myriad of compounds that usually constitute the biological fluids. In the recent years,

a vast arsenal of these types of reactions, encompassed within the term of bio-orthogonal
chemistry, have been developed.[38] Among them, cooper-free strain-promoted azide-alkyne
cycloaddition is one of the most widely employed reactions with this purpose thanks to its
exquisite selectivity, high yield, and absence of the toxicity caused by the metal which allow
its use, even into complex organisms.[3%] The first step required for exploiting this chemistry
to attach the nanoparticles on the bacteria surface is the incorporation of azide groups on
their surface. This requirement was fulfilled growing bacteria in a culture medium enriched
with azide-D-alanine. Bacteria incorporates this aminoacid in the structure of peptidoglycans
of their cell wall and therefore, it places the azide groups on the bacteria surface. The
presence of azide groups on the bacteria wall was evaluated adding DBCO-TAMRA to

the cell culture media. Bacteria which were previously incubated with azide-D-alanine
exhibited a bright red fluorescence by fluorescence microscopy, whereas bacteria that

were cultured without this amino acid did not incorporate the fluorophore and therefore,
fluorescence was not visible (see Figure S3, Supporting Information). Once confirmed the
presence of azide groups on the bacteria surface, the attachment of MSN-PEG-DBCO

was evaluated. Thus, azide-decorated bacteria cultures (O.D. = 0.25) were incubated in

the presence of different nanoparticle batches with increasing nanoparticle concentrations
for 1.5 h (Figures 2 and 3). After the incubation time, the excess of nanoparticles was
removed by washing/centriflugation steps and the attachment of MSN on bacteria wall was
determined by flow cytometry analysis (FACS). Bacteria without nanoparticles were used as
control. To avoid bacteria growing, each batch was incubated with Paraformaldehyde (3%
wi/Vv) overnight previous to FACS analysis. For the detection of bacteria in the cytometry
equipment, they were stained with Propidium iodide (PI) as red fluorescence labeling.
Nanoparticle attachment to bacteria was evaluated by measuring the green fluorescence
(due to FITC-labeled MSN) percentage ratio obtained in the red-positive bacteria (+,+
fluorescence) dot-plots histogram region (see Figures S4-S11, Supporting Information).
The results indicate that the highest attachment rate was yielded by the concentration of

50 pg MSN mL~1 (=60%), whereas this amount was reduced when higher nanoparticle
concentrations were employed, probably caused by the formation of nanoparticle aggregates
in these high concentrated suspensions, as shown in Figure 3. The presence of nanoparticles
on bacteria surface was confirmed by scanning electron microscopy (SEM), which showed
a homogeneous distribution of nanoparticles in the bacteria wall comparing to bacteria
without nanoparticles (Figure 2) and demonstrating that nanoparticles are present in the
majority of bacteria (see Figure S12, Supporting Information).

2.3 Evaluation of Mobility and Penetration Capacity of Bac-MSN in 3D Nutrient-Rich
Collagen Gels

2.3.1 Mobility of Bac-MSN toward Gradient Assay—The capacity of bacteria to
transport nanosystems to different locations has been previously demonstrated, showing
that an anchored nanosystem not affect significantly to the mobility capacity of £. coli
comparing with free bacteria.[*°] Mobility and penetration capacity of bacteria with MSN
attached on their surface (Bac-MSN) was evaluated employing 3D collagen matrices
enriched in nutrients that act as bacteria chemoattractors. In this case, the collagen matrix
was impregnated with a nutrient media composed by complemented Dulbecco’s modified

Adv Mater Interfaces. Author manuscript; available in PMC 2021 June 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Moreno et al.

Page 6

Eagle’s medium (DMEM) with 10% of fetal bovine serum (FBS) and L-glutamine prepared
without antibiotic to preserve the bacteria alive. These gels were placed at a corner of
12-well plates and PBS was added as medium for bacteria migration. Simultaneously, in

the opposite corner, 100 UL of a suspension of Bac-MSN was added and incubated at room
temperature (RT) in static conditions during 3 h (Figure 4). Thus, thanks to the capacity

of bacteria to navigate toward favorable locations, the migration of bacteria to the 3D
collagen gel transporting with them the nanoparticles attached were monitored employing
fluorescence microscopy, observing fluorescence due to nanoparticles which were present in
the collagen gel after the incubation time. Previous to the microscopy observation, gels were
washed three times with antibiotic-containing PBS (0.1 mg mL™1 of Levofloxacin) to kill the
bacteria and gels were incubated with paraformaldehyde (3% w/v) overnight to freeze the
position of the nanoparticles in the gel. The results indicate that when the nanoparticles were
transported on bacteria surface, they were present on and inside the gel in higher amount
than in the case of free nanoparticles. Figure 4 shows a time comparison of the migration
process of Bac-MSN. At the beginning of the experiment (time = 0 h, Figure 4A), gels are
completely free of nanoparticles while after 3 h, the high presence of nanoparticles in the
whole inner gel in form of green dots was evidently visible by fluorescence microscopy
(Figure 4D).

2.3.2 Penetration of Bac-MSN in 3D Gel Assay—One of the most important
properties which can be achieved by self-propelled nanocarriers is their high penetration

in tumoral tissues. Bacteria can transport nanoparticles to specific zones as tumoral tissues
due to their ability to detect chemical gradients and additionally, they can penetrate deeply
into the diseased tissue. This last property is of paramount importance because to achieve

a homogeneous nanocarrier distribution in the target tissue is a compulsory requirement for
improving the efficacy of nanomedicines. In order to evaluate the penetration of Bac-MSN
in a tumoral matrix-mimic model, a 3D collagen gel with tumoral cells embedded within

a nutrient-rich organic matrix has been employed. In this case, we have incorporated into
the collagen gel HT1080 human fibrosarcome cells because the rheological properties of
the resulting gel which contains tumoral cells embedded are close to real tumoral matrix,
as has been reported elsewhere.[41] Thus, due to the nutrient guiding capacity of bacteria,
the nanoparticles carried by these organisms could reach inner zones of the 3D matrix. It is
important to remark that this is a simple model that has been applied only to test the bacteria
capacity to transport nanoparticles without losing their motility.

Bac-MSN were placed at the top of collagen gels and gels were incubated during 3 h.

Free MSN-PEG-DBCO was employed as a control. After this time, gels were thoroughly
washed to remove the particles which did not penetrate the collagen matrix and the particles
were visualized employing confocal microscopy. Free particles were accumulated on the
gel edges being not capable to penetrate the collagen matrix. Particles attached on the
bacteria surface were localized in the whole tissue, which indicate that bacteria were able

to penetrate the collagen matrix colonizing the gel, as can be observed in Figure 5A. In
order to visualize more properly the location of the particles and the distribution of tumoral
cells in the matrix model, HT1080 cells were stained with Phalloidin-Atto 565 that label

in red the actin filaments and the cell nuclei were stained with DAPI (blue). Similar to the
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previous assay, the green dots which correspond to the fluorescein labeled nanoparticles
were distributed in the whole tissue only in the case of Bac-MSN (Figure 5C), while they
remain on the periphery of the gel in the case of free particles (Figure 5B).

2.4 Evaluation of Antitumoral Properties of Bac-MSN@Dox in 3D Collagen Tumoral Matrix

Model

2.4.1 Doxorubicin Loading into MSN (MSN@Dox) and Bacterial Inhibition
Assay—Once the mobility and penetration capacity of Bac-MSN were validated, their
capacity to transport antitumoral agents to the tumoral space was tested loading the MSN
with a potent cytotoxic drug, Dox, which is widely used in oncology. Its hydrophobicity
becomes an ideal drug for the loading into MSN, due to the release from the porous at
physiological conditions is slow.[42] However, at mild acidic environment, as is usually
present in most of the solid tumors,[43] Dox release from the MSN is around 2.5-fold
times, so it has a pH-responsive behavior by itself. Thus, MSN were loaded with Dox

by immersion in a highly concentrated Dox solution in PBS (6 mg mL™1), yielding
nanoparticles loaded with Dox. The release profiles of Dox were obtained at different pH
(7.2 and 5.5, respectively), as are shown in Figure S13A of the Supporting Information,
confirming the pH-responsive behavior of these Dox-loaded nanoparticles.

Additionally, the influence of the released Dox in bacteria growth and viability was
evaluated exposing them to the Dox released from MSN at 50 ug mL™1 of concentration
during the time of the anchoring experiment (4 h). For it, we performed a dilution series
(from 107 to 10°7) and we pipetted five replicas of 10 pL onto agar plates for each dilution,
and then we counted the number of colony forming units (CFU) for the 10 dilution, where
the number of colonies were statistically representative (between 30 and 300 CFU). Data
shown a minor decrease in the bacterial viability of 20.5% (see Figure S13B, Supporting
Information). These results agree with other data reported by other research groups which
indicate that the presence of Doxorubicin does not affect significantly neither growth nor
viability of bacteria.[2°]

2.4.2 Evaluation of Antitumoral Potential of Bac-MSN@Dox—The capacity

of bacteria to transport Dox-loaded MSN (Bac-MSN@Dox) was tested employing a
homemade tumoral matrix model composed by a Transwell in which a collagen shell of
200-300 pm was grown on the top Transwell insert membrane, while HT1080 cells were
seeded at the bottom (see Figure 6). The role of this collagen shell is to act as a barrier
which hamper the nanoparticles to reach inner zones. Bac-MSN@Dox (Live) was placed
on the top of the collagen gel immersed in PBS and after an incubation time of 2.5 h, the
collagen surface was thoroughly washed with PBS to remove the particles which were not
able to penetrate into the collagen shell, and the cell culture media at the bottom of the
Transwell was replaced and repeatedly washed to eliminate the Dox prematurely released
during this time. The cells were incubated for 24 h to let time for Dox release and in the
presence of antibiotic in order to kill the bacteria which can interfere in the cell viability
evaluation. In this assay, the bacteria role is only to introduce deeply the nanoparticles into
the gel. Free nanoparticles are not capable to penetrate into the collagen gel, as was tested
in the previous experiments, and therefore, they were rapidly removed from the collagen
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surface. Cell viability was determined by Alamar blue assay. Different controls were
carried out in parallel placing at the top of collagen gel: bacteria alone, MSN@Dox, and
Bac-MSN@Dox (Dead) (incubated in PBS with Levofloxacin), and were treated following
the same protocol in order to evaluate the influence of each system. Graphic of Figure 6
shows that the addition of bacteria alone provokes a slight decrease in cell viability, which
was around 70%. MSN@Dox induced a more pronounced effect due to Dox released by
the particles, which remained adsorbed on the collagen surface after the washing steps. This
effect is almost the same as that achieved by the MSN@Dox attached on dead bacteria,

due to their obvious lack of motility (57% and 53% of cell viability, respectively). Finally,
Bac-MSN@Dox exhibited the best performance, yielding a significant tumoral cell mortality
being able to destroy almost 80% of the tumoral cells. The presence of fully functional
bacteria allows the penetration of the nanocarriers deeply into the collagen matrix resisting
the washing steps. The continuous Dox release from the mesoporous silica matrix fixed
there induce an efficient antitumoral effect over time.

2.5 Evaluation of Immunogenic Response Against the Nanosystem Bac-MSN

For future biomedical assays, it is very important to evaluate the immune response caused
by our nanosystem. In addition to producing toxicity due to the release of Doxorubicin, we
could provoke an activation of the immune system that could be a new weapon to achieve
better clinical outcomes against the tumor. To elucidate whether our nanodevice (Bac-MSN)
induces any immune system response, we detected intracellular Interferon gamma (IFN- )
production by different immune cells. Mononuclear cells isolated from peripheral blood of
a healthy donor were cocultured with our nanodevice at scaling doses. After more than 5 h
in presence of Golgi apparatus inhibitor (Monensin), IFN-y were detected within immune
cells by flow cytometry. Serial gating of the different circulating populations (Figure S14,
Supporting Information,) showed an ~100-fold accumulation of IFN-» in monocytes in
response to the highest dose of our nanodevice and ~20-fold with nanoparticles alone
(Figure 7-left). Both T-cells and B-cells showed ~20 and ~7-fold less of intra-cellular
IFN-y, suggesting that monocytes are more sensitive, while not significance accumulation
was observed in presence of nanoparticles (MSN-PEG-DBCO) alone (Figure 7 center and
right). On the other hand, light responses are presented in all populations in presence of
high dose of bacterium. Altogether, we observed that our biohybrid nanodevice Bac-MSN
(NP-BAC in graphs) produce IFN-y in a synergic manner in all immune cells, particularly
strong retention in monocytes.

3 Conclusions

In conclusion, a novel strategy to enhance the penetration of drug loaded mesoporous

silica nanoparticles in 3D collagen tumoral matrix models through their covalent attachment
on the surface of living bacteria have been presented. Bacteria present a remarkable tumor-
homing capacity guided by the specific conditions present there, such as the necrotic and
hypoxic environment. These tiny organisms have been widely studied for cancer treatment
due to their potential capacity to reach even the hardly accessible core of solid tumors.[26]
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In this work, bacteria wall was decorated with azide groups to allow the covalent anchorage
of mesoporous silica nanoparticles functionalized with strained cycloalkynes click-type
reactions. The high chemoselectivity of the azide-alkyne cycloaddition allowed the easy
incorporation of nanoparticles loaded with cytotoxic drugs in mild conditions on the
surface of living bacteria. The capacity to transport the nanoparticles to deep zones of
tumoral matrix was evaluated employing 3D tumor models composed by a dense collagen
matrix which contains human fibrosarcoma cells embedded into the organic matrix. The
results indicated that nanoparticles carried by bacteria were homogeneously found in the
whole tissue, even in deep zones, whereas free nanocarriers were concentrated only in

the periphery. This fact allowed an improved release of cytotoxic drugs which caused a
significantly higher tumoral cell mortality in comparison with free nanoparticles (80% vs
40%, respectively).

The immune responses obtained in the immunogenic analysis indicate how our nanosystem
is able to activate innate and acquire immune cells suggesting a future use for reactivating
the intratumoral immune cells which are silenced by tumor microenvironment. Moreover,
the capacity of bacteria to transport nanoparticles within dense collagen matrices would be
a valuable strategy for improving the efficacy of hanomedicines in the fight against this
disease. For a future application in in vivo models, several ways to control the bacterial
pathogenicity should be considered, as the employ of attenuated or genetically modified
bacteria, the employ of antibiotics after treatment, or the adjust or the bacteria dose.

4 Experimental Section

Materials and Strains

Hexadecyltrimethylammonium bromide (CTAB), Tetraethyl orthosilicate (TEOS), and

dry Toluene were purchased from Sigma-Aldrich. Ammonium hydroxide (NH,OH, 28—
30%) from Fluka; (3-aminopropyl)triethoxysilane (APTES), TESPSA, and Fluorescein
isothiocyanate, isomer | (FITC) were purchased from Abcr; Absolute Ethanol from
Panreac; DBCO-PEG-NH2, and (R)-2-Amino-3-azidopropanoic acid hydrochloride (azide-
D-alanine) were purchased from Jena Bioscience Gmbh. N, V-Diisopropylcarbodiimide
(DIC), N-Hydroxysuccinimide (NHS), TAMRA-Azide, Ammonium nitrate (NH4NO3), and
Dibenzocyclooctyne-PEG4-Fluor 545 (TAMRA-DBCO) from Sigma-Aldrich.

DMEM, Luria-Bertani (LB) medium, Trypsin, FBS, and Antibiotic-Antimycotic (Anti-
Anti) 100x from GIBCO. Rat tail Collagen (type 1) Life Technologies S.A.; 10X PBS
Buffer solution pH = 7.4 from Ambion. Sodium hydroxide (NaOH), Dimethyl sulfoxide
(DMSO0), Paraformaldehyde, Phalloidin-Atto 565, 4',6-diamidino-2-phenylindole (DAPI),
and Doxorubicin hydrochloride (Dox) from Sigma-Aldrich; Alamar blue solution from
Invitrogen. £. colistrain Seattle 1946 (ATCC 25 922) was used as a model of Gram negative
bacteria. HT1080 human fibrosarcome cell line was obtained from ATCC (ATCC CCL-121).

Synthesis of Mesoporous Silica Nanoparticles

To prepare green fluorescent dye-labeled MSN, 1.5 pL of APTES was added to a solution
of 1.5 mg of FITC dissolved in 1 mL of absolute ethanol and was kept under magnetic
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stirring during 1 h at RT in the dark. Separately, 0.290 g of CTAB was dissolved 150 g in

a solution of ammonium hydroxide (NH40OH) 0.22 m and was incubated at 50 °C under
magnetic stirring for 1 h in a 250 mL beaker sealed with parafilm. Then, both 3 mL of 0.88
m TEOS in ethanol and FITC-APTES solution were added to the surfactant solution after
adjusting the stirring speed to 600 revolutions per minute (rpm). The mixture was incubated
at 50 °C under magnetic stirring for 1 h without parafilm, then the solution was aged at

50 °C overnight under static conditions. Subsequently, the nanoparticles were subjected to
a hydrothermal treatment at 70 °C for 20 h before being collected by centrifugation and
washed three times with water and ethanol, respectively. The ion exchange method was
employed for the removal of the surfactant by placing the particles in 500 mL of a solution
of 95% ethanol, 5% water, and 10 g of NH4NO3 per liter at 80 °C overnight. The MSNs
were washed three times with ethanol and were finally stored in pure ethanol.

Functionalization of the MSNs with DBCO-PEG-NH; (MSN-PEG-DBCO)

The nanoparticles surface was functionalized in consecutive steps. First, MSNs were
functionalized with TESPSA providing functional carboxylic groups (MSN-COOH), which
allow the subsequent binding of DBCO-PEG-NH> trough carbodiimide-mediated coupling
to yield MSN-PEG-DBCO. For the obtention of MSN-COOH, 120 mg of dried MSNs were
dissolved in 10 mL of anhydrous toluene (99.8%) under N, atmosphere and gently scattered
in an ultrasound bath. After vigorous stirring during 30 min at 80 °C, 18 mg of TESPSA
dissolved in 5 mL of anhydrous toluene was added to the mixture. The resulting mixture was
stirred overnight at 110 °C under N,. Then, the sample was collected by centriflugation at 13
000 rpm for 1 h and washed three times with toluene and ethanol and dried under vacuum.
After that, 15 mg of MSN-COOH was suspended in NV, N-dimethylformamide (DMF) and
0.035 mmol of DIC and 0.038 mmol of NHS were added. This mixture was stirred for

30 min under N, atmosphere at RT. Then, 0.015 mmol of DBCO-PEG-NH, was added

and stirred overnight at RT. The obtained nanoparticles were washed with DMF, H,O, and
absolute ethanol, respectively, and were finally stored in absolute ethanol. The resulting
samples were named as MSN-PEG-DBCO.

The resulting materials were deeply characterized through different techniques as: DLS to
determinate the size distribution and electrophoretic mobility measurements to calculate

the values of zeta-potential (Zetasizer Nano ZS equipped with a 633 nm “red” laser);
attenuated total reflectance (ATR)-FTIR Thermo Nicolet nexus equipped with a Goldengate
attenuated total reflectance device) for the identification of functional organic groups;
thermogravimetric and differential thermal analysis (Perkin Elmer Pyris Diamond TG/DTA
analyzer, with 5 °C min~1 heating ramps, from R to 600 °C) for the quantification of the loss
of organic mass of each sample; and TEM (JEOL JEM 2100 instrument operated at 200 kV,
equipped with a CCD Camera (KeenView Camera) to observe the morphology and size of
nanoparticles.

Anchoring of MSN-PEG-DBCO to the E. Coli Surface (Bac-MSN)

E. colistrain was routinely grown at 37 °C overnight after inoculation of 20 pL of £. coli
into 10 mL of LB medium. This overnight culture was diluted 1:5 with LB medium until
obtaining a suspension with optical density (ODggp) of 0.25 (2 x 108 cells mL™1). Then,

Adv Mater Interfaces. Author manuscript; available in PMC 2021 June 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Moreno et al.

Page 11

10 L of a 10 x 1073 m of azide-D-alanine solution in DMSO were added to the £. coli
suspension and incubated at 37 °C with slight orbital stirring for 1 h. After that, it was
centrifuged two times at 8000 rpm for 5 min and suspended with PBS. Afterward, the
resulting bacteria suspension was incubated with 50 pL of well-dispersed MSN-PEG-DBCO
(1 mg mL™1) suspension in PBS at 37 °C with slight orbital stirring for 1.5 h. Finally, it

was centrifuged two times at 8000 rpm for 5 min and suspended with PBS to obtain the
Bac-MSN with an ending ODgq0 of 0.291 (2.33 x 108 cells mL™1).

For the evaluation of the binding efficiency of MSN to Bacteria by fluorescence-activated
cell sorter (FACS, Bac-MSN was suspended in a 3% paraformaldehyde solution during 1 h
at RT to avoid the growth of bacteria. Then, for the detection of bacteria in the cytometry
equipment (FACSCalibur, Becton Dickinson), they were stained with Pl as red fluorescence
labeling.

This anchoring was also examined by SEM. To observe it, Bac-MSN were suspended with
a 3% paraformaldehyde solution for 1.5 h. Then, it was dehydrated in increasing series

of water—ethanol solutions (10-100%), and finally air-dried in vacuum. The samples were
sputter coated with a layer of gold and examined in a JEOL JSM 7600F

Preparation of 3D Collagen Gels Enriched with Nutrients

Briefly, 2 mL of Rat Tail Collagen type | (3 mg mL™1) and 0.6 mL of complemented DMEM
(DMEM medium with 10% FBS and L-Glutamine) were mixed at 0 °C and subsequently
100 pL of a 2 m NaOH solution was added until neutral pH. Then, 0.5 mL of FBS and 1

mL of complemented DMEM were added to the solution at 0 °C. Afterward, 0.5 mL of this
mixture was added to the wells of a 24-well plate and incubated at 37 °C at an atmosphere
of 5% CO, for 1 h to promote the collagen gelification. To avoid gel cracking, the edge of
each well was encircled with a needle. Finally, 250 pL of complemented DMEM medium
was added, and incubated at 37 °C at an atmosphere of 5% CO, overnight. The resulting
collagen gels were employed for the further experiments 1 day after gels formation.

For the collagen gel containing HT1080 human fibrosarcoma cells, the cells were embedded
into the collagen matrix following the same procedure by adding 1 mL of complemented
DMEM with a suspension of cells (5 x 10° cells mL™1) instead of complemented DMEM
alone. As well as above gels, they were used 4 days after for the confocal microscopy (Leica
SP2) analysis with the aim of evaluating the bacteria penetration experiment.

In Vitro Bacteria Penetration and Mobility Assay

The previously prepared 3D collagen gels enriched with nutrients were transferred to

the corner of a well of a 12-well plate and 0.4 mL of 1X PBS was added to cover it.
Straightaway, 100 pL of freshly prepared Bac-MSN sample was added in the other corner of
the well (*6-7 mm), and incubated at RT for 3 h without agitation. Then, the supernatant
was removed and gel was washed three times with PBS. This experiment was monitored by
EVOS fluorescence microscopy. The same procedure was employed for the gel penetration
experiment, but instead of adding the nanosystem on one side of the transwell (mobility
assay), it was added over the top of the gel. Then, gels were incubated in a 3% w/v
paraformaldehyde solution overnight. Next day, cell-containing collagen gels were stained
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with 10 pL of Phalloidin-Atto 565 (10 pg mL1 solution) and 1 uL DAPI (1 pg mL™1
solution) and washed two times with PBS. Thereafter, gels were analyzed by confocal
microscopy at different depths.

MSN-PEG-DBCO Loading with Doxorubicin (MSN@Dox) and Effect on Bacterial Viability

2.5 mL of a solution of Dox in PBS (6 mg mL1) was added to a well-dispersed suspension
of MSN-PEG-DBCO in 2 mL of PBS (5 mg mL~1) and were stirred in an orbital shaker
overnight at RT. Then, Dox-loaded MSN-PEG-DBCO (MSN@Dox) were centrifuged at

13 000 rpm for 10 min and washed 5 x PBS. Final centrilugation pellet was stored at 4

°C. Loading capacity of nanoparticles was confirmed by Infrared spectroscopy (FTIR) and
quantitatively evaluated by TGA and measuring the fluorescence of Dox (A gy = 480 nm; A
em = 600 nm) liberated along the time (Figures S1C and S13A, Supporting Information).

To evaluate the effect of MSN@Dox on bacterial viability, £. coli strain was routinely grown
at 37 °C overnight after inoculation of 10 uL of £. co/iinto 5 mL of LB medium. This
overnight culture was diluted with LB medium until obtaining a suspension with a ODggq

of ~0.25. Then, 50 pL of a MSN@Dox suspension (1 mg mL™1) in PBS were added to the
E. coli suspension and incubated at 37 °C with orbital stirring for 4 h (same conditions as

in the procedure of anchoring nanoparticles to bacteria). After that, a dilution series of the
mixture (from 1075 to 10~7) was performed and 10 pL of each dilution onto agar plates was
pipetted and, thereafter it was incubated at 37 °C overnight. Next day, the number of CFU
was determined (Figure S13B, Supporting Information).

Preparation of 3D Collagen Covered Transwell as Tumoral Matrix Model

For this study, the collagen gels were prepared without nutrients in the same way that has
been described before, but instead of adding DMEM medium, it was replaced by PBS on
each step. Then, 0.2 mL of this mixture was added to each Transwell insert of a 12-well
plate and was incubated at 37 °C at an atmosphere of 5% CO, overnight to promote the
gelification, obtaining a gel thickness of 200 um. At the same time, 20 000 HT1080 human
fibrosarcoma cells cm=2 were seeded at the bottom of each well of a 12-well plate with
complemented DMEM medium at 37 °C in an atmosphere of 5% CO.

In Vitro Cytotoxicity Assay in Tumoral Matrix Model

After 24 h, wells of 12-well plate seeded with cells were washed three times with PBS
and 1.5 mL of complemented DMEM without Anti-Anti was added. Previously prepared
gel-containing transwells were transferred to this 12-well plate with cells, and 100 pL

of the corresponding sample suspension (Live Bac-MSN@Dox, Dead Bac-MSN@Dox,
MSN@Dox [1 mg mL™1], Bacteria, and PBS control) with a ODgqg of 0.239 (1.91 x 108
cells mL~1) were added on top of each gel-containing Transwell insert.

Cells were incubated 2.5 h at 37 °C at 5% CO, atmospheric concentration, and then both
gel-containing Transwell inserts and cell-containing wells were washed five times with PBS
to remove the released Dox. Cell medium was refreshed with 1.5 mL of DMEM with Anti-
Anti and 100 pL added to the gel-containing inserts. It was incubated at 37 °C at 5% CO»
atmospheric concentration during 24 h.
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After 24 h, the cytotoxic capacity of Dox was evaluated with Alamar Blue test. For that,
cells supernatant was removed and cells were washed two times with PBS. Then, 1 mL of
Alamar Blue solution (10% in DMEM medium) was added to each well, and the gels were
incubated at 37 °C at 5% CO, atmospheric concentration during 2 h. The fluorescence of
supernatant was measured at A ¢ =570 nm and A ¢, = 585 nm using a microplate reader.

Immunogenic Assay

Peripheral blood was used to study IFN-y production into the main circulating immune
cells in response to the bio-hybrid nanodevice. Briefly, mononuclear cells were isolated
by density gradient centriflugation method by Ficoll (Histopaque-1077, Sigma-Aldrich).
Then, 106 cells per well in a 24-well plate were seeded. One side, 0.5 pg mL~1 was
added from a suspension of nanoparticles (MSN-PEG-DBCO) as positive control. On the
other side, the same cellular concentration was used to be stimulated at scaling doses of
bacteria alone (Bac) and the nanosystem (Bac-MSN) in presence of 2 x 1076 m mL™1

of Monensin (Sigma-Aldrich), a Golgi apparatus inhibitor for more than 5 h. Finally,
intracellular retention of IFN-vy into circulating monocytes, T-cells, and B-cells by FACS
following Beckton Dickson’s protocol for intracellular staining with minor modifications
(Figure S14, Supporting Information) was analyzed.

For immunophenotype analysis, immune cells were first stained for surface markers

with allophycocyanin (APC)-conjugated anti-CD14 (clon M®P9), and R-phycoerythrin
and cyanine dye Cy7 (PECy7)-conjugated anti-CD19 (clon J3-119) and allophycocyanin-
H7 (APC)-conjugated anti-CD3 (clon SK7). For IFN-y detection, R-phycoerythrin (PE)-
conjugated anti-IFN-y(clon GIR-208) was used. All human monoclonal antibodies were
purchased from BD Pharmingen, and anti-CD19 from Beckman Coulter. Cell acquisition
was performed by flow cytometry (Canto-I1, BD Biosciences) equipped with FACSDIVA
software (BD, Biosciences) for multiparameter analysis of the data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) TEM micrography corresponding to MSN-PEG-DBCO sample. B) FTIR spectra

corresponding to MSN, MSN-COOH, MSN-PEG-DBCO, and MSN@Dox samples.
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Figure 2.
Upper image shows a schematic procedure of “click reaction” between Bacteria-N3 and

MSN-PEG-DBCO nanoparticles. Lower images show SEM micrographs of nude bacteria
(left) and bacteria with MSN attached on their surface (right).
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Figure 3.
Flow cytometry corresponding to percentage of bacteria which incorporate MSN-PEG-

DBCO on their surface depending on the nanoparticle concentration. Bars represent mean
+ standard error of the mean (/7= 3). *p < 0.05 versus 10 and 25 pg of MSN. (Student’s
two-tailed #test).
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Figure 4.
Top: Motility assay scheme of Bac-MSN in a nutrient-rich collagen 3D gel. Bottom:

Microscopy images of a gel edge (left images) with Bac-MSN added at /=0 h in
transmittance A) and fluorescence microscopy B), in which nanoparticles correspond to
green dots. Right images show the central area of the same gel at #= 3 h in transmittance C)
and fluorescence microscopy D) images.
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Gel incubated with MSN-PEG-DBCO Gel incubated with Bac-MSN

Figure5.
A) Confocal microscopy Z-axis projection of MSN-PEG-DBCO and Bac-MSN placed on

3D collagen gel. B,C) Confocal microscopy 3D panoramic view of collagen gels which
contains HT1080 human fibrosarcoma cells embedded incubated with MSN-PEG-DBCO
B) and Bac-MSN C), respectively. Green dots correspond to FITC-labeled MSN, red color
corresponds to actin filaments and blue color correspond to cell nuclei.
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Figure®6.

Upper image shows the schematic procedure for cytotoxicity experiment: 1) Transwell with
HT1080 human fibrosarcoma cells seeded in the lower compartment, and 3D collagen gel
covering the upper compartment of the insert. Sample is added in the surface of this gel.

2) After 2.5 h static incubation, bacteria had penetrated and are retained inside the gel. The
lower and upper part of the Transwell were abundantly washed and incubated with fresh
culture medium. 3) 24 h after incubation, bacteria retained inside the gel have liberated the
Doxorubicin loaded into the MSN and it has diffused to the culture medium. Cell viability
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was measured at this point. Lower graphic show cytotoxicity results for each control and
sample. Bars represent mean * standard error of the mean (7= 3). *» < 0.05 versus Dead
Bac-MSN@Dox; MSN@Dox, and Cell control (Student’s two-tailed £test).
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Figure7.

Graphs represent the percentage of IFN-ymeasured in monocytes (left), T lymphocytes
(middle), and B lymphocytes (right) by flow cytometry. BAG: 1.91 x 10° cells mL™1; BAC2:
1.91 x 106 cells mL~1; BAC3: 1.91 x 107 cells mL~1. NP-0.5 pg: 0.5 pg. NP-BAC1: 0.05
p,g-1.91 x 10° cells mL~1. NP-BAC2: 0.5 p,g-1.91 x 106 cells mL~1. NP-BAC3: 5 p,g-1.91
x 107cells mL™1. *p < 0.05, **p < 0.01, ****p < 0.0001.
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