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Nanomaterials synthesis
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CONTINUOUS MICROFLUIDIC SYNTHESIS
Most laboratory-scale syntheses of nanomaterials consist of complex, multistep processes that yield a
few tens of milligrams of product per batch. Conventional batch reactors suffer from serious
limitations due to the inefficient heat and mass transfer that makes it very difficult to achieve an
accurate control on the synthesis conditions. This has a direct effect on key aspects such as
reproducibility, selectivity and scalability. In fact, one of the bottlenecks in the development of
Nanotechnology lies in the lack of precise synthesis methods capable of a scaled up production.
Our approach
Continuous flow reactors based on microfluidic principles offer potential solutions to the
aforementioned concerns. The exquisite control afforded by microfluidic reactors enables continuous
production of nanocrystals with well‐defined sizes, shapes and composition. We have designed
versatile synthesis microfluidic platforms to produce a broad library of nanostructures in a continuous
fashion, often with a strong reduction of processing times with respect to the corresponding batch
process. We have shown that even complex multistage processes can be translated into continuous
microfluidic production. Also, we use segmented flow reactors not only to homogenise residence
time distributions, but also to attain unprecedented flexibility in terms of tuning the reaction
atmosphere.
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Some recent related publications
1. Continuous Microwave-Assisted Synthesis of Silver Nanoclusters Confined in Mesoporous
SBA-15: Application in Alkyne Cyclizations. Manno R.; et al., Chem. Mater., 32 2874–2883
(2020). http://doi.org/10.1021/acs.chemmater.9b04935
2. Customized hybrid and NIR-light triggered thermoresponsive drug delivery microparticles
synthetized by photopolymerization in a one-step flow focusing continuous microreactor. Ortiz
de Solorzano I.;et al., Colloids and Surfaces B: Biointerfaces, 190, 110904 (2020).
http://doi.org/10.1016/j.colsurfb.2020.110904
3. Gas-Directed Production of Noble Metal-Magnetic Heteronanostructures in Continuous
Fashion: Application in Catalysis. Larrea A.; et al., ACS Appl. Mater. Interfaces, 11, 43520-43532
(2019). http://doi.org/10.1021/acsami.9b15982
4. Continuous Microfluidic Synthesis of Pd Nanocubes and PdPt Core–Shell Nanoparticles and
Their Catalysis of NO2. Reduction Pekkari A.; et al., ACS Appl. Mater. Interfaces, 11,
36196–36204 (2019). http://doi.org/10.1021/acsami.9b09701
5. Rapid on-Chip Assembly of Niosomes: Batch versus Continuous Flow Reactors. Garcia-Salinas,
S.; et al., ACS Appl. Mater. Interfaces, 10, 3341-3348 (2018).
http://doi.org/10.1021/acsami.8b02994
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CONTINUOUS LASER PYROLYSIS REACTORS
Most processes for nanomaterials synthesis use liquid phase routes. However wet routes sometimes
face important limitations, such as the solubility of the precursors and the post processing steps
needed to remove the liquid from the solid nanoparticles. Gas phase processes would be
advantageous in this respect, but facing the problem of nanoparticle agglomeration that occurs
quickly in the gas phase and on the filters used to collect the product nanoparticles. Laser pyrolysis is
an important, and still scarcely explored, nanoparticle synthesis technique that allows continuous
production while solving part of the above problems.
Our approach
Our laser pyrolysis unit uses a laser beam to selectively heat a gas stream containing one or more
chemical precursors that decompose, inducing nucleation of nanoparticles. The short, well-controlled
residence time in the reaction zone is especially suitable for the production of very fine
homogeneous nanoparticles. In addition, we have developed liquid collection systems that minimize
agglomeration and we are able to use not only gas but also liquid and solid phase precursors, thanks
to a mist chamber that allows the feeding of micron-size aerosols. The nanomaterials synthesized
have been used in a range of applications, from energy and electro-catalysis to nanomedicine.

Figure: Examples of nanomaterials synthesized in our laser pyrolysis reactor. A) TEM image of
monodispersed magnetic nanoparticles (3-5 nm) collected in a polyol liquid medium (inset:
HRTEM image of an individual nanoparticle). B) Carbon supported Single-Atom Catalysts with Fe-N
active centers. C) STEM-HAADF image of 2-4 nm Pt3Co/C alloy nanoparticles. D) TEM image of 15-20
nm TiO2 nanoparticles.
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Highlighted and recent publications
1.

Laser-driven direct synthesis of carbon nanodots and application as sensitizers for visible-light
photocatalysis. Mas, N., Hueso, J.L., Martinez, G., Madrid, A., Mallada, R., Ortega-Liebana,
M.C., Bueno-Alejo, C., Santamaria, J., Carbon, 156, pp. 453-462, (2020).
https://doi.org/10.1016/j.carbon.2019.09.073

2.

Laser-Assisted Production of Carbon-Encapsulated Pt-Co Alloy Nanoparticles for Preferential
Oxidation of Carbon Monoxide. G. Martinez; et al., Frontiers in Chemistry, 6, 487 (2018).
https://doi.org/10.3389/fchem.2018.00487

3.

Facile production of stable silicon nanoparticles: laser chemistry coupled to in situ stabilization
via room temperature hydrosilylation, A. Malumbres; et al., Nanoscale, 7, 8566-8573 (2015)
https://doi.org/10.1039/C5NR01031D

4.

Use of a polyol liquid collection medium to obtain ultrasmall magnetic nanoparticles by laser
pyrolysis, G. Martinez et al., Nanotechnology, 42, 425605, (2012)
https://doi.org/10.1088/0957-4484/23/42/425605
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Martínez, Gema: gemamar@unizar.es
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MICROWAVE-ASSISTED SYNTHESIS OF NANOMATERIALS
Microwave heating possesses distinctive features compared to conventional heating allowing
ultrafast volumetric heating and especially selective heating for suitable materials. These
characteristics can be leveraged to prepare nanomaterials that otherwise could not be easily
produced by conventional heating methods. Also, higher energy efficiency can be expected as already
shown in the food industry. However, microwave-driven synthesis of nanomaterials needs a precise
control of local temperature and the design of microwave cavity together and of the reactor where
synthesis takes place are key aspects.
Our approach
Fast heating is directly related to the reduction of synthesis time but also results in other advantages.
Thus, we were able to synthesize a thin layer of silicalite on silicon micropillars in 3 minutes, but the
short synthesis time also avoided the dissolution of silicon on the basic synthesis gel (Figure (a)). Also,
the synthesis of materials at high temperatures, with short contact time and fast cooling is a good
strategy for stabilizing metastable phases that otherwise could not be synthesized under
conventional heating. The synthesis of nanoclusters is possible using this principle, avoiding further
growth to bigger nanoparticles.

Figure: a) Synthesis of silicalite layer on Si micropillar under microwaves (MW) in 3 minutes, b)
Synthesis of Ag nanoparticles in continuous millifluidic reactor under conventional heating (CH) and c)
microwave heating (MW).
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Some recent related publications
1.

Continuous Microwave-Assisted Synthesis of Silver Nanoclusters Confined in Mesoporous
SBA-15: Application in Alkyne Cyclizations. Manno, R., RanjaN, P., Sebastian, V., Mallada, R.,
Irusta, S., Upendra K. Sharma, U.K., Van der Eycken E.V., Santamaria, J., Chem. Mat. 32, 7,
2874–2883, (2020). https://doi.org/10.1021/acs.chemmater.9b04935

2.

Ultra-Small Silver Nanoparticles Immobilized in Mesoporous SBA-15. Microwave-Assisted
Synthesis and Catalytic Activity in the 4-Nitrophenol Reduction. Manno, R., Sebastian, V.,
Irusta, S., Mallada, R., Santamaria, J. Catal. Today, In press (2020).
https://doi.org/10.1016/j.cattod.2020.04.018

3.

Nucleation of Ag nanoparticles in helical microfluidic reactor. Comparison between microwave
and conventional heating Manno, R., Sebastian, V., Mallada, R., Santamaria, J. Ind. Eng. Chem.
Res., 58 (28), pp. 12711-12711, (2020). https://doi.org/10.1021/acs.iecr.9b01460

4.

Numerical analysis of microwave heating cavity: Combining electromagnetic energy, heat
transfer and fluid dynamics for a NaY zeolite fixed-bed. Nigar, H., Sturm, G.S.J., Garcia-Baños,
B., Peñaranda-Foix, F.L., Catalá-Civera, J.M., Mallada, R., Stankiewicz, A., Santamaría, J. Applied
Thermal Engineering, 226-238 (2019). https://doi.org/10.1016/j.applthermaleng.2019.03.117

5.

Nano-heaters: New insights on the outstanding deposition of dielectric energy on perovskite
nanoparticles. Gracia, J., Escuin, M., Mallada, R., Navascues, N., Santamaria, J. Nano Energy,
20, 20-28 (2016). https://doi.org/10.1016/j.nanoen.2015.11.040
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Mallada, Reyes: rmallada@unizar.es
Santamaría, Jesús: jesus.santamaria@unizar.es
Sebastián, Víctor: victorse@unizar.es
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Nanomaterials for energy, environment and safety

10/39

MOLECULAR RECOGNITION: DETECTION OF HAZARDOUS COMPOUNDS
While many types of chemical sensors display remarkable sensitivity (e.g. down to the femtogram
level for cantilever mass sensors) they often lack selectivity, reacting similarly to a variety of
substances. New sensors are needed that are not only fast, inexpensive and sensitive, but also highly
selective, capable of discriminating among different molecules in a mixture. This is of major
importance in the CBRNe field. Although currently extremely rare, CBRNe incidents pose a very
significant threat to society. There is a need for technologically advanced tools and equipment that
are affordable and innovative to rapidly identify and analyse threats.
Our approach
We concentrate our efforts in the detection of explosives and chemical warfare agents.
1. Electronic nose approach
We explore the combination of nanoporous solids and highly sensitive cantilevers arrays configured
as an electronic nose. We have employed the molecular recognition capabilities of nanoporous solids
(zeolites, titanosilicates, MOFs and mesoporous silicas) often functionalized to enhance their
selectivity. The nanoporous materials are deployed on mechanical transducers with the aim of
serving either as a target for the desired species, or as a barrier for interfering components.

Figure: Different Si based cantilever designs for gas sensing applications: a,b) different magnification
before discrete zeolite crystals deposition and c,d) after discrete zeolite crystals deposition.
A workable electronic nose requires miniaturization of its components, for economic as well as for
practical (fast detection, regeneration times for efficient operation and system integration) reasons.
We have developed a new generation of cantilevers based on nanoporous solids capable of achieving
detection limits towards explosive vapours down to 400 ppbV. A precise temperature control on the
cantilever allows us to track regeneration and also to enhance the combinatorial selectivity of the
platform by measuring with temperature modulation.
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Figure: Electronic nose based on Si micro-cantilevers coated with nanoporous materials working in
dynamic mode. a) Chip design (top) and temperature profile (bottom) during degassing step, b)
evolution of the resonance frequency shift of the multisensing platform based modified with
titanosilicates in presence of vapors emanating from solid PETN at 343K and c) evolution of the
resonant frequency of Co-BEA modified cantilever upon the introduction of 2-nitrotoluene (o-MNT)
vapors at room temperature.
2. SERS based approach.
Surface-enhanced Raman spectroscopy (SERS) is one of the leading techniques for label free
ultrasensitive vibrational fingerprinting of a variety of molecular compounds. Surface design is key in
SERS as strongly enhanced Raman scattering only occurs in very close vicinity (typically less than 10
nm) of the metal when localized surface plasmon nodes are excited. This is even more important for
chemical warfare agents (CWAs) that are regarded as poor Raman scatterers. Our approach relies on
the functionalization of the SERS surface for trapping of target analyte. Recently, we have
demonstrated how the capping agent of metallic NPs can perform as an effective molecular trap by
reversible adsorption of neurotoxic agent molecules allowing continuous SERS sensing with limit of
detection values down to 130 ppbV. One of the main limitations of the surface-enhanced Raman
scattering (SERS) technique as an analytical tool relies on the homogeneity, reproducibility and
re-usability of the substrates. In this sense, we are also collaborating with the University of Twente in
the development of SERS active platforms from top-down approaches (i.e. 3D-fractal
microstructures).
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Figure: Different plasmonic nanostructures and SERS substrates developed for neurotoxic agent
detection in gas phase.

Figure: SERS Response of different SERS substrates. right) Comparison of SERS spectra when exposed
to 2.5 ppmV of dimethyl methylphosphonate DMMP (mimicking compound for neurotoxic agents)
with the characteristics Raman features of liquid DMMP underlined in yellow; left) Raman signal
mapping of the R6G characteristic band at 1512 cm-1 across a 20 × 20 µm at different heights
(z-position) from the bottom: 0 µm (bottom surface); 5 µm; 8 µm; 10 µm; 12 µm.
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Some recent related publications
1. SALDI-MS and SERS Multimodal Imaging: One Nanostructured Substrateto Rule Them Both. Iakab,
S-A., Baquer, G., Lafuente, M., Pina, M.P., Ramírez, J.L., Ràfols, P., Correig-Blanchar, X., García-Altares,
M. Anal. Chem. 94-6, 2785-2793 (2022). https://doi.org/10.1021/acs.analchem.1c04118
2. Plasmonic MOF thin films with raman standard for fast and ultrasensitive SERS detection of
chemical warfare agents in ambient air. Lafuente, M., de Marchi, S., Urbiztondo, M.A.,
Pastoriza-Santos, I., Perez-Juste, J., Santamaria, J., Mallada, R., Pina, M.P. ACS Sensors 6-6, 2241-2251
(2021). https://doi.org/10.1021/acssensors.1c00178
3. A multiparameter gas-monitoring system combining functionalized and non-functionalized
microcantilevers Huber, C., Pina, M.P., Morales, J.J., Mehdaoui, A. Micromachines, 11 (3), art. no. 283
(2020). https://doi.org/10.3390/mi11030283
4. Attomolar SERS detection of organophosphorous pesticides using silver mirror–like micro-pyramids
as active substrate. Lafuente, M., Berenschot, E.J.W., Tiggelaar, R.M., Rodrigo, S.G., Mallada, R., Tas,
N.R., Pina, M.P. Microchimica Acta, 187 (4), art. no. 247, (2020).
https://doi.org/10.1007/s00604-020-4216-9
5. Cu-BTC Functional Microdevices as Smart Tools for Capture and Preconcentration of Nerve Agents.
Almazan, F., Urbiztondo, M.A., Serra-Crespo, P., Seoane, B., Gascon, J., Santamaria, J., Pina, M.P. ACS
Appl. Mater. Interfaces 12, 38, 42622-42633 (2020). https://doi.org/10.1021/acsami.0c07364
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ENVIRONMENTAL PHOTOCATALYSIS
The negative impact of greenhouse gas emissions and urban airborne pollutants together with the
increasing scarcity of water are some of the XXI century major environmental challenges.
Photocatalysts provide a greener technological alternative to face those challenges, taking advantage
of an abundant and inexpensive source such as the sun or, alternatively making use of highly efficient
artificial lights. In spite of its potential, its use is still limited by the low efficiency of existing
photocatalytic materials and reactors.
Our approach
We actively pursue the development of novel photocatalytic systems and photoreactor designs able
to maximize the photo-response beyond the UV range. Typically, our photocatalysts are hybrid
nanostructured materials that combine light-harvesting capability and highly desirable adsorptive
and catalytic features. Also, we aim to reactor design able to maximize efficient light use and to
minimize catalyst deactivation, often a problem in photocatalytic reactors.
Our efforts focus on two main research lines:
1. Use of carbon dioxide as a chemical feedstock to produce added-value chemicals,mainly by using
visible/NIR light-assisted CO2 hydrogenation to yield short range alcohols and/or hydrocarbons. A
special focus is set on the development of plasmonic photocatalysts and transition metals with strong
absorption in the visible- near infrared range. We are also exploring the synergistic combination of
photocatalysis and photothermal response to increase reaction rates.
2. Photodegradation of organic pollutants. Here the combination of conventional semiconductor
titania with lower band gap semiconductors, or heterogeneous Fenton catalysts with nitrogen-doped
carbon dots that act as photosensitizers seems especially promising. Finally, we are also interested in
studying fluidized-bed photoreactor configurations to maximize the exposure of the photocatalysts to
irradiation and in the use of plasmonic photocatalysts with visible-NIR expanded response.

Figure: Selection of NFP photocatalysts: (left) Anisotropic gold nanoprisms and nanotriangles
supported onto ZnO semiconductor nanoparticles; (centre): Photodeposited Ni nanoparticles onto
TiO2 nanostructures; (right): Undoped and N-doped carbon nanodots retrieved from mesoporous
silica templates
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Highlighted and recent publications
1. Anisotropic Au-ZnO photocatalyst for the visible-light expanded oxidation of n-hexane.
Bueno-Alejo, C. et al.; Catalysis Today, Volume 362, 97-103 (2021)
https://doi.org/10.1016/j.cattod.2020.03.063
2. LED-driven continuous flow carbon dioxide hydrogenation on a nickel-based catalyst. Bueno-Alejo,
C. et al.; Catalysis Today, Volume 355, 678-684 (2020)
https://doi.org/10.1016/j.cattod.2019.06.022
3. Photocatalytic and antimicrobial multifunctional nanocomposite membranes for emerging
pollutants water treatment applications. Salazar H.; et al.;Chemosphere Volume 250, 126299
(2020). https://doi.org/10.1016/j.chemosphere.2020.126299
4. High-radiance LED-driven fluidized bed photoreactor for the complete oxidation of n-hexane in air.
Bueno-Alejo, C. et al.; Chem. Eng. J., 358, 1363-1370, (2019).
https://doi.org/10.1016/j.cej.2018.09.223
5. Extraordinary sensitizing effect of co-doped carbon nanodots derived from mate herb: Application
to enhanced photocatalytic degradation of chlorinated wastewater compounds under visible
light., Ortega-Liebana, M.C. et al.; Appl. Catal. B. Environ. 218, 68-79, (2017).
https://doi.org/10.1016/j.apcatb.2017.06.021
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NANOMATERIALS FOR SOLAR ENERGY HARVESTING
Energy consumption is rising due to an increased worldwide industrialization and a continuously
growing population. Solar energy is a massive, underused, free source of energy. Earth receives solar
energy at the rate of 165.000 terawatts of power every moment of every day, enough to fulfil current
(approx. 15 TW) and estimated future (60 TW) annual worldwide energy consumption. Photovoltaic
solar cells, devices employing semiconductor materials to convert sunlight into electrical power, are
already considered as a fundamental technology to supply sustainable, low carbon energy to the
world.

Figure: Animated cartoon showing photon absorption, electron-hole pair generation, carrier
extraction and external electric power consumption processes.
Our approach
We aim at developing new nanomaterials and nanoarchitectures able to harvest solar power, in a
more efficient and sustainable way. Most of the work focuses on emerging photovoltaic solar cells,
but the materials and strategies developed can also be used in other areas like solar-driven
photocatalytic processes.
1. Nanostructured scaffolds for hybrid perovskite solar cells
The exceptional light harvesting properties of hybrid halide perovskite materials (HHP) and its low
manufacturing cost have raised high expectations as candidates for the next generation of
photovoltaic technology. Currently, the best lab scale solar cells using this material have reached
efficiencies as high as >24 %. However, the performance of PSCs cells degrades rapidly under working
conditions, and poor long-term stability of HHP solar cells is the main obstacle in the
commercialization of devices capable of rivaling the well-established silicon based photovoltaic
technology.
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Figure: Cathode side decomposition gas release from MAPbI3 perovskite applying similar PV device
electric field [1].
On the other hand, the great advantage of HHP, -the fact that they can be deposited by solution
methods avoiding high processing temperatures- can be leveraged to solve the above problems. Our
approach is the assembly of hierarchical micro-, mesoporous inorganic multilayer templates able to
scaffold and control perovskite crystallization, enhancing carrier transport properties and preserving
the chemical integrity of the material upon encapsulation [1-3].
2. Colloidal nanocrystals for solar energy harvesting
Colloidal nanocrystals are inorganic nano-sized semiconductors that can be stabilized as solutions.
This simplifies and reduces the fabrication cost of devices, and facilitates transference to industry,
allowing the fabrication on flexible substrates. We focus on the development of materials based on
abundant and non-toxic elements to reduce health and environmental concerns while ensuring
availability for large scale production [4,5].

Figure (from left to right): PbS quantum dot solution, TEM micrograph of AgBiS2 nanocrystals,
Band gap variation of colloidal PbS quantum dots as a function of nanocrystal diameter,
Fermi level tuning using different ligands on the surface of AgBiS2 nanocrystals
The properties of the semiconductor (band gap, doping, position of Fermi level, conduction/valence
band energy levels) can be easily tailored modifying the synthetic conditions or changing the ligands
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on the surface of the nanocrystals. These parameters are fundamental for the design of solar cells,
but also for photocatalytic processes.
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NANOSAFETY: SAFE HANDLING OF NANOMATERIALS
Nanotechnology is expanding at a breathtaking pace with over 10000 nano-enabled products and a
global market value exceeding 4 trillion (4×1012) dollars. However, understanding and assessing the
potential environmental, human and safety issues (EHS) associated to nanomaterials exposure
remains a challenge for researchers as well as for regulators.
Our approach
Rather than cell toxicity or in-vivo investigations, we focus our efforts on engineering approaches to
tackle these EHS issues. No matter what risks are involved, we can always design handling and
disposal procedures to avoid or minimize exposure. Also, we aim to develop tools to support
environmentally relevant exposure models and more efficient and comprehensive testing
procedures. Some of our unique capabilities in this respect are:
1. Innovative Nanoparticle Aerosol Generators from dry powders [2].
Our patented technology allows a reliable aerosol generation from any preformed micro or
nanoparticle powder. These aerosols with known and reproducible characteristics can then be used,
e.g., on exposure tests with environmental models or for development and validation of methods for
sampling and monitoring of airborne matter.

Figure 1. SEM and TEM images of the matter captured of an aerosol cloud.
2. Self-cleaning nano-exposure chamber [5].
This facility allows the realistic simulation of industrial processes dealing with MNMs and
nanoproducts, and validation of environmental and occupational exposure scenarios, in a controlled
environment with continuous monitoring of nanoparticle aerosols.
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Figure 2. Image of the airtight, self-cleaning nano-exposure chamber.
3. Environmental monitoring of MNMs: [1,4].
Our approach is based in introducing trace amounts of labels (eg. rare earth oxides or flurorophores)
that allow a reliable, ultrasensitive identification of MNMs in diverse matrices.
Figure 3. Deposition of nanoparticles in a
simulated accidental aerosol generation
during transfer of nanoparticles: The
fluorescent emission of Ru(phen)3@SiO2
nanoparticles under LED illumination at 405
nm was apparent in several areas (walls,
handling area, floor, gloves), inside the
testing glove.
4. Nanosafety assessment.
Our monitoring techniques can be used to measure and analyze the concentration levels and
exposure of the MNMs at the workplace, as well as suitability of work procedures, as first step to
diagnose the nano-safety situation.
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Some recent related publications
1. Fast and simple assessment of surface contamination in operations involving nanomaterials.
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Novel catalysts and contactors
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LED-ILLUMINATED REACTORS
Photocatalytic pathways are expected to open up new possibilities in chemical processing by
reducing activation barriers and enhancing reaction kinetics. However, the yields obtained are often
limited due to the trade-off between the catalyst mass available and the intensity of light reaching
the catalyst. The recent rapid advances in light emitting diode (LED) technology, including high
irradiance devices from ultraviolet to infrared light allows unprecedented design flexibility and cost
efficiency.
Our approach
We aim to design new photo-assisted reactors that allow higher throughput processing For this topic,
we are developing new photo-catalysts based on semiconducting oxides (TiO2, ZnO) and a variety of
dopants, e.g. carbon based (carbon dots, g-C3N4), and metallic nanoparticles such as Ni, Cu, Co or Fe
(to cite a few). Our aim is to extend the absorption span and also to exploit photothermal effects, in
addition to photocatalytic routes. We are also exploring diverse configurations of photoreactors for
both batch and continuous operation. Some examples include fixed bed reactors, membrane
photoreactors and fluidized bed photoreactors with a large illumination area. While our main
emphasis is on gas phase reactions (CO2 reduction and VOC degradation) we are also developing
photoreactors for liquid phase environmental applications.

Figure: Scheme of a high-irradiance LED bed reactors for CO2 hydrogenation
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CATALYSTS CAPABLE OF DIRECT HEATING IN A MICROWAVE FIELD
In an ideal catalytic contactor, the energy necessary for the reaction would be exclusively delivered to
the active sites of the catalyst. This is not the case with conventional operation of catalytic reactors,
where heat is generally supplied through the reactor wall, leading to unnecessary heating of the fluid
phase, catalyst support and reactor materials.
In contrast, direct catalyst heating would provide better energy efficiency, as well as other benefits
including a higher selectivity in many reacting systems (e.g. series-parallel reacting networks with a
valuable intermediate product, where further reaction would be prevented cooler surroundings, or
reactions at high temperature where competition from homogeneous pathways is significant).
Our approach
We use microwave heating of suitable solids to deliver energy directly and efficiently to the target
material that then becomes hotter than the surrounding fluid. This allows operating with a stable
solid-gas temperature gap, typically in the 50-150 K range (see figure). However, implementation of
this concept is not straightforward, as it involves a re-design of the reactor to allow penetration of
the microwave field, and a suitable selection of catalytic materials and/or supports (zeolites,
carbon-based catalysts, perovskites, catalysts on SiC supports, etc.), that need to be sensitive to
microwaves.
As recent examples of the advantages of this technology, we have employed it in selective oxidations
(1), VOC removal (2), methane reforming (3), suppression of gas phase reactions (4) and
non-oxidative methane conversion (5)

Figure: Left: Example of temperature differences between the solid and the gas phase when subjected
to microwave heating during Isobutane oxidative dehydrogenation with CO2 including pictures of a
MW-sensitive SiC monolith onto which the desired catalyst can be deployed. It can be seen that SiC
monolith heats homogeneously under MW irradiation (temperature scale from 475 to 675 ºC);
(Centre): Schematic display of the homogeneous and heterogeneous reaction pathways occurring
under MW irradiation (the former being prevented due to the lower gas phase temperature); (Right):
MW enhanced revalorization of methane on scaled-up SiC monoliths.

26/39

Some recent highlighted publications
1.
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Santamaria J, Vlachos D.G. Chem. Eng. J., Volume 420, (2021), 130476,
https://doi.org/10.1016/j.cej.2021.130476

3.

Microwave-activated structured reactors to maximize propylene selectivity in the oxidative
dehydrogenation of propane. Ramirez, A., Hueso, J.L., Mallada, R., Santamaria, J. Chem. Eng. J.,
393, art. no. 124746, (2020). https://doi.org/10.1016/j.cej.2020.124746
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5.
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Santamaria, Science Advances, 5:eaau9000, (2019). https://doi.org/10.1126/sciadv.aau9000
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MICROCONCENTRATORS FOR COMPOUNDS AT TRACE CONCENTRATION LEVELS
Lab-on-a-chip microdevices have found great acceptance in many fields such as bioassays, chemical
reactions, separation, sensing platforms, to name a few. Miniaturization allows the integration of
several processes into a single portable device, and introduces additional advantages such as new
functionalities, better interaction between components, reduced power consumption reduction or
lower manufacturing cost. Microdevices built as pre-concentrators are also a promising alternative to
solve one of the main challenges faced by present day analytical devices: the reliable detection of
compounds at trace concentration levels below ppb.
Our approach
Concentrating the target analyte in a stage prior to the detection unit substantially improves detector
response in terms of sensitivity and selectivity. We aim to achieve this by: i) selecting selective
specific adsorbents and deploying them as low-inertia thin films on microchannels, ii) designing the
micro-concentrator in such a way that optimum gas/solid contact is achieved, and iii) designing an
integrated, fast response heating scheme to enable sudden desorption of the adsorbed molecule,
thus achieving the desired concentration factor. Unlike the majority of MEMS preconcentrators
where commercial common sorbents are deployed, we pursue the fabrication of microdevices where
the amount, type and configuration of nanoporous sorbent material (e.g. zeolites, MOFs) is optimized
for each specific application, with the aim of attaining a large contact area with a low sorbent mass.

Figure: SEM images of silicalite-1 microconcentrators: top view of silicalite-1 film grown on the
microchannel (a); top view of intersection between silicalite-1 layer and Si after lift-off process (b);
cross-section of silicalite-1 layer grown onto Proteck PSB® resist before lift-off process(c); details of
pillared structures (d) and (e); and cross-section of the final sealed microconcentrator device (f).
28/39

Figure: SEM images of Si micro-preconcentrators based on the MOF5 analogue Zn4O(dmcapz)3 as a
function of the number of Layer by Layer (LbL) cycles: top view (left); cross section for 20 LbL cycles
(right).

Figure: MCM-48-coated micro-preconcentrators for neurotoxic agents sampling at trace level: optical
image of the microfluidic device (43 x 15 x 1 mm, with 33 x 5 x 0.06 mm microchannel (a); SEM
images of the MCM-48-coated chip, circa 3 μm in thickness for the MCM-48 coating (b) and (c);
dynamic retention capacity of MCM-48-coated micro-preconcentrators (d) and adsorption-desorption
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experiments for different dimethyl methylphosphonate DMMP (simulant of neurotoxic agents)
concentrations (e).
Some recent related publications
1. Cu-BTC functional microdevices as smart tools for capture and preconcentration of nerve agents.
Almazan, F., Urbiztondo, M., Serra-Crespo, P., Seoane, B., Gascon, J., Santamaria, J., Pina, M.P. ACS
Appl. Mater. Interfaces, (2020) https://doi.org/10.1021/acsami.0c07364
2. µ-Preconcentrators Using Protic Imidazolium Polyionic Liquids for Chemical Warfare Agents
Sampling at Trace Level. Almazán, F., Val, L., Urbiztondo, M., Santamaría, J., Pina, M.P. 20 th
International Conference on Solid-State Sensors, Actuators and Microsystems & Eurosensors XXXIII
https://doi.org/10.1109/TRANSDUCERS.2019.8808734
3. SERS detection of neurotoxic agents in gas phase using microfluidic chips containing
gold-mesoporous silica as plasmonic sorbent. M. Lafuente, M., Almazán, F., Bernad, E., Val,
Urbiztondo, M., Santamaría, J., Mallada, R., Pina, M.P. 20th International Conference on Solid-State
Sensors,
Actuators
and
Microsystems
&
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XXXIII
https://doi.org/10.1109/TRANSDUCERS.2019.8808289
4. Zeolite based microconcentrators for volatile organic compounds sensing at trace-level: fabrication
and performance. Almazán, F., Pellejero,I., Morales, A., Urbiztondo, M., Sesé, J., Pina, M.P.,
Santamaría, J. Journal of Micromechanics and Microengineering. 26-8, 084010 (2016).
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Nanomedicine
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NANOMATERIALS AS VECTORS FOR DRUG DELIVERY
As carriers of drugs, genes or other bioactive molecules nanomaterials have shown improved
solubility, amended pharmacokinetics and reduced collateral side effects compared to the
administration of the free drug. Ideally, we expect a drug release system to deliver the drug only
where and when it is needed. However, this is still highly challenging, and involves overcoming many
obstacles: sufficiently high drug load, avoidance of the immune system, on-demand activation and
targeted delivery, to name a few.
Our approach
We develop drug delivery carriers using continuous microfluidic synthesis, which also allows
large-scale production. We focus mainly on polymeric carriers, (e.g. PLGA, chitosan and
thermoresponsive polymers) to obtain a sustained or a pulsatile drug release depending on the
needs. We design carriers not only for parenteral administration but also pulmonary (via aerosols),
enteral and topical delivery. In addition, we include as key research topic theragnostic nanoparticles
to address both therapy and diagnosis within the same vector. Finally, we develop Trojan-Horse
strategies based on stem cells or exosomes as carriers to achieve selective delivery of therapeutic
loads to the target cells.

Figure: Schematic representation of a suspension composed of drug loaded PLGA nanoparticles
zooming in a single particle.
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Some recent related publications
1. Selective delivery of photothermal nanoparticles to tumors using mesenchymal stem cells as
Trojan horses Encabo-Berzosa, M.M. et al. RSC Adv., 6, 58723-58732, (2016).
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tuberculosis Andreu, V., et al., Nanomed., 14, 707-726, (2019).
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Martin-Saavedra, F.; et al., Acta Biomater., 61, 54-65, (2017).
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4. Antibiotic-eluting orthopedic device to prevent early implant associated infections: Efficacy,
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B: Appl. Biomater., 106, 1976-1986, (2018). https://doi.org/10.1002/jbm.b.34009
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NANOCOMPOSITES FOR TISSUE REGENERATION AND BACTERICIDAL APPLICATIONS
The repair of bone defects, especially large segmental bone fractures still represents a significant
challenge in orthopaedic tissue engineering due to the limited self-repair capacity of autologous bone
tissue. Artificial bone scaffolds bring a new hope for repairing bone defects. An ideal scaffold for bone
tissue regeneration should have large porosity, high pore interconnectivity, appropriate mechanical
properties, biocompatibility, controllable biodegradability and sufficient osteoconduction.
Also, the provision of adequate wound care is a growing priority, particularly in light of the ageing
population trend observed in many developed countries. Moreover, the management of chronic
wounds poses a significant burden to public health care budgets. An ideal wound dressing should
provide the optimum conditions for wound healing, while simultaneously offering protection from
invasion by pathogenic microorganisms and further trauma.
Our approach
We use electrodynamic techniques (electrospinning and electrospraying) to obtain nanofibers and
nanoparticles of natural and synthetic polymers. We have loaded these polymer materials with
inorganic nanoparticles (hydroxyapatite, silver nanoparticles, gold nanoparticles), and drugs such as
ciprofloxacin, atorvastatin, ibuprofen, rifampicin, cefazolin, etc. Also, we have developed procedures
to load fibers or particles with enzymes, growth factors, bacteria and essential oil compounds.
Combination of different polymers, morphologies and sizes allows the control of the release kinetics.

Figure 1: SEM images of a) PCL fibers; b) PLGA nanoparticles

Figure 2: a) SEM image of hydroxyapatite (HA) loaded PCL/PVAc fiber ; b) viability of human
osteoblasts seeded on PCL-HA/PVAc scaffolds

34/39

Figure 3: Confocal microscopy images of a) E. coli bacteria on PCL fibers; b) E. Coli bacteria on PCL
fibers loaded with carvacrol.
Some recent related publications
1. Antimicrobial wound dressings against fluorescent and methicillin-sensitive intracellular
pathogenic bacteria. Garcia-Salinas, S. et al. ACS Applied Mater. & Interfaces 12 (2020)
51302-51313. https://doi.org/10.1021/acsami.0c17043
2. Antibacterial Effect of Thymol Loaded SBA-15 Nanorods Incorporated in PCL Electrospun Fibers.
Gamez E., et al. Nanomaterials 10 (2020) 616 https://doi.org/10.3390/nano10040616
3. Efficiency of antimicrobial electrospun thymol-loaded polycaprolactone mats in vivo.
Garcia-Salinas S., et al. ACS Applied Biomaterials 3 (2020) 3430-3439
https://doi.org/10.1021/acsabm.0c00419
4. Drug-eluting wound dressing having sustained release of antimicrobial compounds. Gamez E., et
al. European J. of Pharmaceutics and Biopharmaceutics , 152 (2020) 327-339,
https://doi.org/10.1016/j.ejpb.2020.05.025
5. Electrospun anti-inflammatory patch loaded with essential oils for wound healing. Garcia-Salinas
S.,et al. Int. J. of Pharmaceutics 577 (2020) 119067
https://doi.org/10.1016/j.ijpharm.2020.119067
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NANOMATERIALS AS VECTORS FOR REMOTE HYPERTHERMIA
Hyperthermia-based therapy uses a controlled temperature increase to produce a therapeutic effect,
namely, the death of target cells such as bacteria or cancer cells. To be safe and effective,
hyperthermia has to be precisely applied, i.e., the effects have to be restricted to a well-defined
region, to avoid the unwanted death of healthy cells. In addition, remote activation and deactivation
is a desirable feature. Nanoparticles capable to respond to near-infrared (NIR) or magnetic radiation
are uniquely suited to perform these tasks.
Our approach
We synthesize nanoparticles with the desired morphology and composition (Au nanoshells and
nanorods, Pd nanoslabs, CuS nanoparticles, SPION nanoparticles) to act as radiation targets to enable
local hyperthermia. In addition to direct cell killing by a moderate (e.g. 5-10 K) local heating, the
temperature increase caused by NIR or magnetic radiation can also be used to trigger the release of a
drug. We have used this effect to increase the region of cell death with regards to simple
hyperthermia, to spatially pattern gene expression or to release locally therapeutic drugs such as
insulin or pain killers (the last application has been studied in the framework of the ERC Consolidator
grant NANOHEDONISM). We have also successfully delivered the hyperthermia vectors to the target
cells by means of Trojan Horse strategies (with MSCs in vivo and exosomes in vitro).

Figure: Some examples of magnetic (top) and plasmonic (bottom) nanostructures synthesized in our
laboratory.
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CATALYSIS AGAINST CANCER
Cancer continues to be one of the leading causes of death in spite of decades of intense research
efforts. By current estimates, by 2030 over 20 million new cases will be diagnosed yearly, and cancer
will cause 13 million deaths worldwide. This is so in spite of a growing toolbox of therapies against
cancer that includes Chemotherapy, Radiotherapy, Surgery, Immunotherapy, Precision Medicine and
Hormone Therapy, among others. Given the magnitude of this effort, it is noteworthy that
Heterogeneous Catalysis, a field recognized for being able to facilitate chemical reactions with high
selectivity, has been scarcely explored in oncology. This may be about to change: The emerging fields
of bio-orthogonal catalysis and Nanocatalytic medicine in the Tumor Microenvironment are providing
new ways to tune the chemistry of complex biological systems, with a myriad of potential
applications in diagnosis and therapy.

Figure: Left, TEM micrograph showing catalytic Pd-loaded exosomes; Right: Internalization of
Pd-loaded exosomes inside cancer cells [4]
Our approach
Within the framework of the ERC Advanced Grant CADENCE we aim to develop catalysts capable of a
dual function against cancer: Our catalysts will deplete locally key molecules for cancer growth
and/or generate toxic species locally. However, using catalysis as an effective tool against cancer
presents enormous challenges: First, catalysts must be able to perform effectively against cancer,
under the conditions prevailing in the tumor environment. Also, the catalyst has to be protected from
the environment (e.g. from poisoning from sulphur-containing biomolecules) [1]. Second, the catalyst
must be delivered selectively (or at least preferentially) to the tumor. This is also a formidable
challenge, since current methods that rely on the EPR effect or even targeted delivery, present a very
low delivery efficiency [Wilhelm et al Nat Rev Mater. 2016)]. For this reason, a variety of alternative
delivery methods (e.g. Trojan Horse strategies [2-4]) are being investigated. Third, ideally the catalyst
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should be activated only at the tumor site, to avoid side effects in healthy cells. For this, a variety of
possibilities exist such as NIRbased activation [5].
Some recent related publications
1. Exosome origin determines cell targeting and the transfer of therapeutic nanoparticles towards
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bio-orthogonal catalysis. Sebastian V, Sancho‐Albero M, Arruebo M, Pérez‐López A.M, Rubio‐Ruiz
B, Martin‐Duque P, Unciti‐Broceta A, Santamaría J. Nat Protoc (2020)
https://doi.org/10.1038/s41596-020-00406-z
3. Cancer-derived exosomes loaded with ultrathin Palladium nanosheets for targeted bioorthogonal
catalysis. M. Sancho-Albero, B. Rubio-Ruiz, A.M. Perez-Lopez, V. Sebastian, P. Martin-Duque, M.
Arruebo, J. Santamaria, A. Unciti-Broceta, Nature Catal., 2, 864–872 (2019).
https://doi.org/10.1038/s41929-019-0333-4
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08 Jun (2022).https://doi.org/10.1039/D2SC01379G
5. Glutathione-Triggered catalytic response of Copper-Iron mixed oxide Nanoparticles. Leveraging
tumor microenvironment conditions for chemodynamic therapy. J. Bonet-Aleta, M. Sancho-Albero,
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Interface Science. Volume 617, July 2022, Pages 704-717.
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