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ABSTRACT: The development of new and more efficient
vaccination approaches is a constant need, due to the pressure
of historical and emerging infectious diseases and the limited
efficacy and universality of the current vaccination technologies.
Peptides and recombinant proteins have been explored for
decades as subunit vaccines for bacterial and viral infections,
presented either as soluble protein species or as virus-like
assemblies. Recently, synthetic secretory protein-only micro-
scale granules have been developed as dynamic depots for
sustained protein release. They are based on the reversible
coordination between ionic Zn and histidine residues, which promotes a fast formation of granular particles in vitro out of
soluble protein and a slow release of such building block protein in vivo through the physiological chelation of the metal. Such
an endocrine-like platform represents a new drug delivery system fully validated in oncology by which soluble and functional
protein drugs are progressively released from the granules and made available for antitumor activities upon subcutaneous
administration. By exploring such an approach for immunization here, microparticles made of a recombinant form of the
receptor binding domain (RBD) of SARS-CoV-2 were tested as an antigen delivery system for induction of antibody responses
against the virus upon administration of the material in the absence of added adjuvants. Also, the comparison between protein
materials produced in bacterial, mammalian, or insect cell factories has demonstrated a moderate impact of protein
glycosylation on the final immunological performance of the system. Therefore, we propose the consideration of synthetic
protein secretory granules as a new sustainable immunization platform based on fully manageable, self-organized, and self-
formulated immunogens, aimed at reducing the dosage, costs, and complexity of vaccination regimens.

The emergence of infectious diseases is pushing toward
the sustainable development of novel materials,
instruments, and approaches for proper prophylaxis

and therapies.1,2 Because of the lack of generically usable
antiviral drugs, efficient immunization against viral infections is
particularly desired but not reachable through one universal
approach. In contrast to the classical inactivation or
attenuation of whole pathogens, largely used for smallpox,
poliomyelitis, rabies, and other historical human or veterinary
diseases,3 genetic vaccines (based on expressible DNA or
RNA) have emerged, pushed by the COVID-19 pandemics, as
promising and fast-adapting tools for immunization.4−6 Amid
both types of technologies, protein-based subunit vaccines
(including virus-like particles (VLPs),7,8) have been developed,
tested, and adapted for decades.9 They have mostly used
immunodominant antigens from the target pathogen obtained

in cell factories through scalable, cost-effective recombinant
DNA procedures. Even though some prototypes have reached
the market,10 they have generally resulted in disappointing
levels of immune activation and in limited effectiveness, that
require repeated administrations and incorporation of
adjuvants, resulting in high economic costs and logistic
complexity.11,12 Among other reasons, the failure in selecting
or presenting the antigens in an appropriate way might be the
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cause for moderate immune responses.12−14 In previous
studies, we have developed Zn-supported protein-releasing
microscale granular materials15 that, upon subcutaneous
injection, act as intriguing drug-delivery systems.16 These
protein granules are formed by pure protein preparations in
which the individual polypeptide chains are clustered together
into insoluble aggregates by the fast coordination between
histidine residues of soluble proteins and divalent cations.17,18

In the absence of local or systemic toxicities,19 the resulting
micrometer-scale particles disassemble, through a self-disinte-
grating process in vivo, into functional building block
polypeptides, during prolonged time periods.15 Both the
structure and mechanics of the synthetic granular materials
are similar to those of natural protein depots of protein/
peptide hormones in the mammalian endocrine system,20−24

Therefore, the observed protein leakage from the artificial
materials, based on Zn chelation25 can be considered a
secretion-like event within an endocrine-like process. While
these emerging manufactured materials have been fully
validated in oncology,25,26 so far, their applicability to other
clinical areas has been neglected. Then, we wondered if the
unique presentation of a pathogen-derived antigen in such a
formulation (protein releasing microgranules) might be
appropriate for immune activation and if such an approach
might reduce the number of administrations and, therefore, the
costs and complexity of the vaccination protocols. In this
context, we have recently approached the comparative
fabrication of secretory granules out from a single model
protein (the extended receptor binding domain -eRBD- from
the SARS-CoV-2 spike protein) obtained in three different cell
factories, namely bacteria, insect cells and mammalian cells.27

These materials have been preliminarily explored here as
immunogens in mice and the quality of the elicited immune
responses have been analyzed through the induction of
neutralizing antibodies over infectious SARS-CoV-2 virus
particles.
The eRBD protein was designed to comprise the extended

sequence of RBD from SARS-CoV-2 (Figure 1A), being
successfully produced as described27 in three different cell
factories, namely, bacteria (E. coli), insect cells (SF9), and
mammalian cells (EXPI), without (from bacteria) or with
different glycosylation patterns, respectively. The presence and
type of glycosylation was the only clear structural difference
observed between these protein versions, since other
physicochemical properties were essentially indistinguishable
among them.27 Proteins obtained from these different
expression systems were evaluated here as soluble antigens
or protein-leaking dynamic depots (Figure 1B). These depots
organize as microscale granular protein clusters generated in
vitro by the addition of a molar excess of cationic Zn.28 With a
size ranging from ∼3 to 70 μm and an average of 20.3 ± 17.0
μm, these materials release the forming building blocks upon in
vivo administration, mimicking the behavior of the hormone
granular depots from the human endocrine system.
Soluble versions of these antigens were subcutaneously

administered in mice according to conventional immunization
protocols, namely, in two doses of 100 μg each (at days 0 and
21), formulated with the conventional adjuvant Addavax,
which is a MF59 mimetic.29 Other groups of animals were
equally immunized with 300 μg of the granular version of these
antigens, always following the vaccination regimen described in
Figure 1C.

As observed (Figure 2A), all recombinant protein versions
induced detectable anti-SARS-CoV-2 IgG antibodies when
administered as soluble adjuvanted antigens, showing a
positive time evolution. Especially regarding the BL21 and
SF9 products, specific antibodies were not detected at 21 days.
Although with nonsignificant differences at the end point (56
days) due to high variance, the IgG responses elicited by
mammalian cells were strong and consistent since the first
evaluation at 21 days. In a more robust trend, antigens derived
from insect cells took longer to trigger specific antibodies but
ended up providing the highest anti-SARS-CoV-2 IgG levels.
The virus neutralizing responses induced by all the tested
antigen types were also comparable among candidates, with
values slightly higher, again, in the case of the product from
insect cells (Figure 2B). At the concentration tested (100 μg of
soluble antigen), insect and mammalian antigens induced a
statistically relevant neutralizing response against viral particles
in viral neutralization assays. Despite showing no statistical
differences with other tested versions, the bacterial antigen has
an observable neutralizing effect compared with the control
group administered with saline. The animals’ weight, a
common key parameter used in toxicity determinations,30

was monitored for the duration of the experiment, with male
and female data plotted separately since their initial values
differed and since they progressed slightly different. Weight of
immunized animals showed steady increases within the
expected range without significant differences in comparison
with the saline group (Figure 2C). The regular body weight
progression was then fully consistent with lack of toxicity of the
administered proteins. Altogether, the data depicted above
demonstrate that immunization with Zn-assisted granular

Figure 1. Conceptualization of eRBD production and immuniza-
tion regimens. (A) Scheme of the spike protein trimer of SARS-
CoV-2, highlighting a subunit in gray and the eRBD (residues
300−545, GenBank: QHD43416.1) region used in the present
study in blue. (B) Representation of the approaches used for
recombinant protein expression and further formation of granules
that constitute protein depots. (C) Schematic representation of the
immunization regimes.
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depots preserves immunological features of the SARS CoV-2
RBD protein with minor influence of the cell factory used for
production of the recombinant antigen.
Then, the preliminary set of neutralization data was also

suggestive that the glycosylation pattern was moderately
relevant to the quality of the triggered antibody response,
while the quantity of induced antibodies might be affected by
the type of glycosylation. At this point, we decided to explore
how these antigens might behave once they are formulated as
secretory protein granules. These structures are capable of
gradually releasing building block proteins in monomeric or
oligomeric forms (Figure 3A) in its full-length intact form
(28.6 kDa), as confirmed here for the bacterial protein (Figure

3A). This was indicative of the competent proteolytic stability
of the polypeptides when clustered in microscale granules.
In the context of the prolonged protein release associated

with this new protein material, it has been recently
demonstrated that a slow and controlled release of antigens
is associated with improved immunological responses,31 a fact
that might confer appealing properties to protein-leaking
depots. Since the soluble protein obtained in mammalian cells
did not result in stable aggregates upon exposure to cationic
Zn,27 the study of secretory granules was limited to bacterial
and insect cell products. In this regard, data presented in
Figure 2 suggest that the RBD version produced by Expi cells
has no clear advantages, in comparison with the SF9

Figure 2. Immunization with the soluble versions of eRBD. (A) Anti-SARS-CoV-2 IgG antibody levels determined at various times upon
antigen administration (which occurred subcutaneously at days 0 and 21). (B) Neutralization capacity of the animal sera (collected at day
56) against infectious SARS-CoV-2 particles. Vaccine doses were administered subcutaneously on days 0 and 21. (C) Weight followup of
animals immunized with soluble antigens.

Figure 3. Immunization with the microparticle versions (granules) of eRBD combined to adjuvant. (A) (Left panel) Scheme of the
performance of secretory microscale granules and of their protein-release dynamics. (Right panel) Size and molecular weight of the protein
leaked in vitro from BL21 protein granules after 24 h of incubation at 37 °C in PBS. The inset features SDS-PAGE and Western blot images
of the released fraction, confirming full protein integrity. (B) Anti-SARS-CoV-2 antibody levels determined at various times upon antigen
administration. Vaccine doses were administered subcutaneously at days 0 and 21. (C) Neutralization capacity of the animal sera (collected
at day 56) over infectious SARS-CoV-2 particles.
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counterpart, in terms of neither IgG levels nor neutralization
capacity. Therefore, the study, as limited to two alternative
products, would be highly valuable. These two types of depots
were combined with Addavax and administered following the
vaccination regimen indicated in Figure 1C (two doses, at days
0 and 21, respectively). Formulated in such a way, and in the
presence of adjuvant, both antigens triggered antigen-specific
serum (IgG) antibody responses (Figure 3B) and neutralizing
antibody responses over infectious viral particles (Figure 3C).
However, the effectiveness of the triggered responses could
only be evidenced statistically in terms of antibody production
for the BL21-derived antigen and in neutralization for the SF9-
derived antigen. Despite this, no significant differences in the
viral neutralization effects were observed between antigen
types, suggesting that potency in terms of virus neutralization
activity was present, irrespective of the cell factory used for
protein production (Figures 3B and 3C).
In a step further, we decided to explore if the administration

of the materials per se, without the addition of adjuvant, would
be sufficient for proper immune stimulation. For that, the
protein dose was adjusted to the percentage of protein (∼30%)
that is released from the granules (and therefore bioavailable)
during the first days.16 We first confirmed the morphology and
stability of secretory microgranules by FESEM (Figure 4A).
The followup of mice immunized with these materials revealed
that the administration of secretory granules had no relevant
impact on body weight (Figure 4B), again indicative of the
absence of acute toxicities, as discussed above. As observed,
without any adjuvant, both one single and double shots of
granules resulted in relevant serum antigen-specific IgG
responses (Figure 4C), while the administration of a second
dose seems to be supportive of a better induction of antiviral
neutralizing antibodies (Figure 4D). Overall, the secretory

microgranules were able to trigger antibody responses and
neutralization potencies comparable to those detected by a
conventional immunization approach with an adjuvanted
soluble antigen (Figure 2). Interestingly, both protein products
rendered similar responses, irrespective of the cell factory used
for production, and the administration of a second protein
bolus slightly increased the reached antibody titers (despite
not in a significant manner, Figure 4C).
Synthetic microscale secretory granules, made of his-tagged

recombinant proteins, have been recently developed as novel
protein-release platforms.15,32 Being dynamic protein-releasing
depots supported by metal-protein coordination, they mimic
the architecture and functionalities of the secretory granules of
peptide hormones from the mammalian endocrine sys-
tem.21−23 The artificial material versions are fabricated in
vitro by simple procedures out of pure soluble, his-tagged
recombinant proteins, by the coordination of the imidazole
rings from histidine residues with ionic Zn or other divalent
cations.17,28 This property generates reversible links between
histidine residues from different polypeptidic chains and, thus,
a cross-linking effect.33 The mechanical stability of secretory
granules is sustained by their amyloid content;15 they are, in
fact, considered members of the category of functional,
nontoxic amyloids abounding in Nature.34−38 This specific
type of aggregate is reversible,39−43, and this feature ensures
the bioavailability of functional proteins to support the cellular
or organic needs.44,45 Both in vitro and upon subcutaneous
administration, the granules disassemble into the forming
building block polypeptides or into oligomeric forms of
them,15,25,46 that reach the bloodstream available for the
intended protein functionality.15,47 Previous studies with
synthetic granules formed by cytotoxic proteins, growth
factors, or highly specific cell surface peptidic ligands,15,48

Figure 4. Immunization with microparticle versions (granules) of eRBD. (A) Representative FESEM images of secretory granules formed by
eRBD from either BL21 or SF9. (B) Weight followup of immunized mice. (C) Anti-SARS-CoV-2 antibody responses determined at different
times upon antigen administration, which was done subcutaneously either at day 0 (one dose, ×1) or at day 0 and at day 21 (two doses, ×2).
(D) Neutralization capacity of the animal sera (collected at day 56) against infectious SARS-CoV-2 particles.
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whose functions are highly conformation-dependent, demon-
strated that the released protein keeps, as in the natural
counterparts, the native conformation. Also, a recombinant β-
galactosidase clustered by ionic Zn, is functional within the
artificial granules, and it is able to perform its catalytic
activities.49

In the context of these properties regarding the conservation
of the protein conformation, we have proved here that
secretory granules formed by SARS-CoV-2 eRBD stimulate a
humoral neutralizing response upon in vivo administration in
the absence of adjuvant (Figure 3). The potency of this
response is comparable to that triggered when administering
the mere building blocks (the soluble eRBD species) in a
conventional two-dose adjuvation (Figure 2). It is noteworthy
that the adjuvant used, Addavax, is a squalene-based oil-in-
water emulsion that was previously reported to boost immune
responses against vaccine formulations, without affecting
antigen conformation in protein nanoparticles.50

The protein leakage from the microscale protein granules is
mediated by a dilution of the clustering Zn cations from the
complexes, which results in the progressive disassembling of
the his-tagged monomers and their release from the depot
core. In fact, during the formation of amyloid protein nuclei,
there is a recruit of soluble building block versions to reach a
steady-state equilibrium between insoluble and soluble
forms.24 Then, the depots, upon dilution, are also able to
release the forming proteins in a functional, properly folded
version,24 which is corroborated by the fact that eRBD released
from granules is capable of eliciting neutralizing antibodies that
recognize the native protein in the viral particle. The whole set
of such events define a slow protein-release platform that, in
vivo, is the source of soluble protein for at least 1 week or
more.25 When using antigens as building blocks, the
administration of the granules results in a prolonged exposure
of the immune system to them in a comparable way in which
an antigen from a replicating microbe is seen during a natural
acute infection.51 Since the success of vaccination is at least
partially observed because of a prolonged exposure to
antigens,31 we speculated that secretory granules might be
good immunostimulatory agents. In fact, the slow release of
eRDB from Zn-assisted depots had been already demonstrated
in vitro,27 as well as their lack of toxicity.19 Being the amount
of Zn in the granules (∼5 mg per dose) much lower than the
recommended daily intake for humans (with an upper limit of
∼40 mg/day)17 and much far below the range of the metal in
the human body (2−4 g),52 the presence of the metal should
not be a matter of concern. It must be noted that, in addition,
other divalent cations such as Ca, which is much more
abundant than Zn in the mammalian bodies (estimated to be
higher than 1000 g), have been proven to be also suited for the
construction of secretory granules.15,25 Importantly, Zn shows
itself immunomodulating properties, and then, it is a supporter
of the antigen-specific immune response.53 Therefore, the use
of this particular metal for the fabrication of the granules and
its presence in the administered material, even at very low
levels, might represent an added value regarding the
immunogenic potential of the whole platform. Not needing
external adjuvant, the secretory granules developed here are
then self-organized, self-formulated antigen delivery platforms
for a time-prolonged immune stimulation.
This is of course a proof of concept that needs further

development, and accumulative testing of the self-disintegrat-
ing material under different experimental setups is largely

required. However, the fact that the administration of eRBD
depots (followed by the natural prolonged dosage during
depot disintegration), in the absence of externally added
adjuvant, triggers efficient neutralizing responses (Figure 3B)
might allow one to approach the dilemma about the number of
necessary shoots in vaccination.54−57 Also, the hope of
skipping the adjuvant in the final formulation, a possibility
that is currently being tested through very different alternative
approaches,58−60 is appealing from the viewpoint of safety and
economy. Furthermore, previous studies about the stability of
cation-induced protein aggregation attribute a higher structural
stability, under different physicochemical conditions, to the
clustered protein versions, compared to soluble ones.16,61 This
means that any storage conditions intended for conventional
protein drugs should be suited for adaptation to granular
depots, including 4 °C, freezing, and lyophilization. This fact
allows envisaging smooth distribution routes for potential
future vaccine preparations based on the concepts described
here.
In the context of approaching a circular and sustainable

economy and because of the increasing global demands of
human and veterinary immunization programs, unfeasible in
specific geography areas, exploring, developing, and imple-
menting adjuvant-free vaccines based on a single depot shoot
might represent a paradigmatic shift.
We have demonstrated here, by using a SARS-CoV-2

protein (RBD) as a model, how an emerging endocrine-like
antigen-releasing system induces an antibody-based antiviral
neutralizing response. This is reachable upon a single,
adjuvant-free subcutaneous administration of dynamic micro-
granular depots that results in a time-prolonged dosage and
consequent sustained antigenic exposure to the immune
system. Although deserving further investigation regarding
the transversal character of the system, the presented data open
a door to a significant reduction of costs, chemicals, and
complexity in the administration of protein-based vaccines
through self-organized, self-formulated, protein-releasing dy-
namic depots.

■ EXPERIMENTAL SECTION
Protein Synthesis and Granule Preparation. eRBD is

an elongated form of the receptor binding domain (RBD) from
the SARS-CoV-2 virus. For production in Escherichia coli, the
gene was incorporated into a pET22b plasmid vector and
subsequently expressed in E. coli BL21 DE3 cells (Novagen-
Merck, Darmstadt, Germany) with a hexahistidine tag in the
C-terminus. The procedures for protein production in the form
of inclusion bodies and the further refolding processes to
obtain soluble protein were previously described elsewhere.27

In insect cells, the production of eRBD was carried out by
transiently transfecting SF9 cells with plasmid pIZT/V5-His
encoding the gene sequence with the gp67 secretion signal
peptide in the N-terminus. This was followed by protein
purification from the clarified supernatant of SF9 culture by
combining affinity chromatography and subsequent size
exclusion chromatography, as previously described.28 In
mammalian cells, eRBD was produced by transfection and
transient gene expression in the mammalian cell line Expi293
cells following the manufacturer’s instructions and purified
from the supernatant using a combination of affinity capture,
followed by two polishing steps based on ion exchange
chromatography, as described previously.28
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The formation of protein-leaking microparticles, which
represent an insoluble material, was accomplished from the
obtained soluble protein versions via a modified version of a
previously established method.28 In summary, the secretory
granules were generated by mixing the protein with a molar
excess of ionic zinc (Zn2+), relative to the number of histidine
residues present in the H6 tag. Specifically, the soluble protein
was combined with ZnCl2 in a molar ratio of 1:300
(protein:cation), within a potassium−sodium phosphate-
buffered saline solution maintaining pH 7.4 (physiological
pH). Following a 10 min incubation period for the reaction to
take place, the samples were subjected to centrifugation at
15 000g for 15 min to segregate the insoluble microgranules
from the remaining unreacted soluble protein present in the
supernatant.

Western Blot and Protein Size Measurement. To
assess the integrity of the polypeptides released from
microparticles, these materials were first resupended in PBS
and incubated for 24 h at 37 °C. Samples from the soluble
fraction were then analyzed by SDS-PAGE and further
Western blot tests. SDS-PAGE was performed by using TGX
Stain-Free FastCast acrylamide 12% (Bio-Rad, Hercules, CA,
USA), and protein bands were visualized with a ChemiDoc
Touch Imaging System (Bio-Rad, Hercules, CA, USA). To
reveal immunoreactive bands in Western blots, an anti-His
mouse monoclonal antibody (from GeneScript, Piscataway,
NJ, USA, Ref. No. A00186-100) was used as the primary
antibody. The determination of the molecular hydrodynamic
size was carried out via dynamic light scattering (DLS) at 633
nm, in a Zetasizer Nano ZS (Malvern Instruments, Malvern,
U.K.), operating at a controlled temperature of 25 °C. For that,
60 μL of undiluted supernatants were measured in triplicate in
a low-volume cuvette. Data were processed in the ZS
XPLORER software (version 2.0.1.1).

Microscopy. High-resolution electron microscopy images
of the eRBD microparticles were captured by using a field-
emission scanning electron microscopy (FESEM) instrument,
specifically the Zeiss Merlin (Oberkochen, Germany),
operating at 1 kV and equipped with a high-resolution
secondary electron detector.

In Vivo Experiments. Experiments were conducted
following European Council directives and were approved by
the Mouse Ethics Committee at Hospital de la Santa Creu i
Sant Pau (Procedure No. 9721). Male and female BALB/c
mice, aged 6−8 weeks, and weighing between 16 and 27 g,
were obtained from Charles River (L’Arbresle, France) and
were housed in a sterile environment with bedding, water, and
γ-ray-sterilized food ad libitum. The administration regimen
included 1 or 2 repeated doses of different amounts of
microgranules of eRBD (300 or 100 μg), 2 repeated doses of
100 μg of soluble eRBD protein, or PBS in the control groups.
Mice were randomly allocated in each group with doses
administered on days 0 and 21. The administration was
performed subcutaneously in the mouse lumbar region using a
pellet of protein antigen granules suspended in 100 μL of PBS
buffer. However, groups injected with 100 μg of either
microgranules or soluble protein were resuspended in 50 μL of
Addavax and 50 μL of PBS buffer. Mice were weighed 3 times
a week to monitor for any weight loss. Animals in control
groups were injected with 100 μL of a saline solution (sterile
0.9% NaCl, B. Braun, Spain).

Humoral response. On days 21, 35, and 56 after the initial
injection, blood samples were collected from the mice to

measure the humoral response to the protein antigen. The
collected sera were analyzed for antibody levels using the
Recombivirus Mouse Anti SARS-CoV-2 (COVID) Spike 1
RBD IgG ELISA Kit (RV-405420 Alpha Diagnostics, San
Antonio, TX, USA), following the manufacturerś instructions.

In Vitro Neutralization Assay. Briefly, 7.5 μL of each
animal serum were incubated (Biosafety Level 3) at room
temperature in a volume of 50 μL with 20 or 50 plaque-
forming units of SARS-CoV2 (Strain: hCoV19/Spain/SP-
VHIR.02, D614G(S)). Five independent replicates were
analyzed per serum. After 1 h, the preincubated serum was
resuspended in a final volume of 300 μ L (DMEM + 10% heat-
inactivated serum) and added to 24-well plates of VeroE6 cells
(70%−80% confluency). Six hours later, cells were washed
three times with fresh media to remove remaining SARS-CoV-
2 particles. At 24 or at 48 h post-infection, 100 μL were taken
and centrifuged for 1 min at 10 000g, and 75 μL of the
supernatant were transferred to a new tube and inactivated
with RNA Shield in a 1:1 ratio (Zymo Research). The viral
RNA was extracted using Quick-RNA viral kit (Zymo
Research) following manufacturer’s recommendations and
further retrotranscribed using the Sensifast cDNA synthesis
kit (Meridian). RT-qPCR against was performed using a
Sensifast SYBR No-ROX kit (Meridian). Each sample was
analyzed by qPCR per duplicate. Amplification conditions
were as follows: (95 °C, 10 s + 60 °C, 1 min) × 40 cycles.
(Ramp = 1.6 °C/s); primers, FW 5′- gaccccaaaatcagcgaaat-3′,
RV 5′- tctggttactgccagttgaatctg, and probe 5′-FAM-accccgcat-
tacgtttggtggacc-BHQ1−3′. Procedure No. HR632-21 was
approved by the Biosafety Committee of the UAB. Results
are expressed in Cq values or cycle quantification values that
indicate the number of PCR cycles needed for the target
nucleic acid to reach a detectable threshold. Hence, lower Cq
values signify higher viral RNA concentrations, serving as a
measure of the initial viral load.

Statistical Analysis. Data are presented as mean ±
standard deviation. Statistical analyses were performed using
GraphPad Prism version 8.0.2 (GraphPad Software, San Diego,
CA, USA). Differences between groups were analyzed using a
two-way ANOVA test, followed by Bonferroni’s multiple
comparisons test, and p < 0.05 was considered statistically
significant.
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Universitat Autoǹoma de Barcelona, 08193 Bellaterra,
Spain; CIBER de Bioingeniería, Biomateriales y
Nanomedicina (CIBER-BBN, ISCIII), Institut de Recerca
Sant Pau, 08041 Barcelona, Spain

Carlos Martínez-Torró − Institut de Biotecnologia i de
Biomedicina, Universitat Autoǹoma de Barcelona, 08193
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Red- (CB06/01/0014), Instituto de Salud Carlos III, Minister-
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