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ABSTRACT. The investigation of the structural features in biological membranes repre-
sents a central topic in many aspects of biological science. It involves the study of the
collective behavior of a great number of interacting macromolecules, while the study of
the structure-function relationship requires the observation and calculation of a large num-
ber of key factors. The self-assembly processes involved in biomembranes represent the
cornerstone of the biological systems functioning, due to the special role of the complex
macromolecular assemblies containing lipids, proteins, carbohydrates, nucleic acids, and
other active components. In this article, we describe the main techniques and approaches
employed for the investigation of biological membranes under a multidisciplinary point
of view. A special focus will be put on the future challenges in this academic research
field and the related academic teaching programs, that must provide the integration of the
different research approaches and protocols into a common scientific background based on
multi- and trans-disciplinary methods that combine the expertise coming from the different
disciplines. In this respect, the laboratory learning by doing can have strong implications for
research and education activities, and stimulate both the scientific research community and
academia to develop their skills to face the interdisciplinary challenges of modern science.

1. Introduction

Lipids are fundamental basic components of cellular membranes, that play several
crucial roles in many cellular functions, including inter- and intra-cellular barriers, bio-
membranes matrices, signalling, selective transport, cell adhesion communication and
recognition (Sackmann 1995; Goni 2014). A large variety of (cellular) lipids molecular
species form complex dynamic nanostructures, that are characterised by a self-assembly
process that change constantly with (physiological or pathological) environmental conditions
(Katsaras and Gutberlet 2001; Kiselev et al. 2013; Tao et al. 2015), while many fundamental
functions of biological membranes involve the collective behavior of numerous interacting
macromolecules (including lipids, proteins and carbohydrates) that take place in a wide
range of time and size scales. Moreover, the investigation of the interaction of nanoparticles
(and biomolecules) with biological membranes evidences the fundamental role of the
lipid-based biomembranes as they strongly influences the drug biodistribution at the target
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sites within the tissues and organisms (Allen and Cullis 2012; Bourgaux and Couvreur
2014; Bozzuto and Molinari 2015; Lombardo et al. 2019; Caccamo et al. 2020; Lombardo
et al. 2020b). Therefore, the investigation of the structural processes occurring on the
cellular and model membranes, as well as their interaction with specific biomolecules in the
physiological (or pathological) situations, is crucial for the development of novel therapeutic
potential strategies (Blanco et al. 2015; Chen et al. 2016; Lombardo et al. 2016; Wilhelm
et al. 2016; Dai et al. 2017; Pasqua et al. 2019). For those reasons, the investigation of the
self-assembly properties of lipid biomembranes has been the central topic of an intensive
experimental and theoretical research, at the crossroad of different research fields, including
physics, chemical engeneering, biochemistry, biotechnology and nano-medicine (Ishida
et al. 2002; Kiselev et al. 2008; Allen and Cullis 2012; Xing et al. 2016).

Herein, we propose a conceptual organization of the research methods concerning the
study of the biological membranes in order to support the conceptual understanding and to
establish fruitful cross-disciplinary connections between different research fields, in view
of the development of modern teaching approaches. We shortly introduce some of the
major approach commonly used for studying lipid (bio-)membranes by highlighting the
synergistic relation and the conceptual interconnection between different fields. The rational
organization of all the current approaches may stimulate the exploration of new multi- and
trans-disciplinary integration of knowledge and skills that students are required nowadays
to have.

2. Central role of biomembranes in biology and medical science academic curricula

The biomembranes of living organisms are permeable protective barrier of the cells,
which are mainly composed of lipids, proteins and carbohydrates. They are involved in
many crucial functions of the cells such as sensing, transport of drug components, adhesion
and recognition processes (Gennis 2008). More specifically, the biomembranes of living
systems look like a mosaic structure of (fluid and flexible) lipids bilayers containing integral,
peripheral and transmembrane proteins that favor the interaction of the cells with its
(bio-)environment (Singer and Nicolson 1972). Furthermore, they facilitate the carrying
out of active (drugs or nutrients) components across the biomembranes, and favor the
transmission/translation of chemical signals from outside the cells (Singer and Nicolson
1972; Koshy and Ziegler 2014).

The presence of some specialized sub-domains of bio-membranes called lipid rafts were
proposed in order to explain the protein role in some specific cellular membrane processes
(Gennis 2008; Kiselev et al. 2008; Xing et al. 2016). Lipid rafts are (tightly packed)
liquid-ordered phases composed of cholesterol and sphingolipids in the outer exoplasmic
leaflet, that are connected to cholesterol and phospholipids (such as phosphatidylcholine,
phosphatidylethanolamine, and phosphatidylserine) in the inner cytoplasmic leaflet of the
lipid bilayer (Singer and Nicolson 1972; Gennis 2008; Koshy and Ziegler 2014).

The presence of some specialized and more ordered sub-domains of bio-membranes,
composed of cholesterol and sphingolipids (called lipid rafts) are presumed to favorite the
proteins in performing highly specific cellular membrane functional tasks (such as signaling,
processing, and transport processes), while anomalies in raft composition are supposed to be
associated with various diseases (Jacobson et al. 2007). Finally, despite the raft hypothesis
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is a subject of some controversy, the self-assembly process involving lipid rafts represent
an interesting interdisciplinary research topic in the fields of the human physiology (and
physiopathology), biomembrane science and nanomedicine (Lingwood and Simons 2010;
Sevcsik and Schiitz 2015).

Apart from the lipid rafts, most of the assembly ability and specific biophysical and
biochemical interaction of biologica membranes depend on the particular lipid composition,
chemical structure and morphology. As evidence by various investigations a special role
is also played by the interactions of water molecules adsorbed on surfaces of lipids and
proteins, as their biomolecular activity is involved in protein and biomembrane structures,
stability and dynamics (Israelachvili and Wennerstrom 1996a; Branca et al. 2002; Magaz et
al. 2012; Disalvo 2015). Several studies evidence the important role of the interaction at the
complex interface between the biomolecular systems (such as proteins or bio-membranes)
and water molecules, in realizing a functional network in which the biological systems
may be considered as a complex structure stabilized by water (Franks 1972; Minutoli et al.
2008; Kumar and Keyes 2012; Fenimore et al. 2013). In this case the hydrogen bonds
and hydrophobic effect play a crucial role for the establishment of the protein structure
and stability within the bio-membrane environment. More specifically, the investigation
of the properties of the structural water, confined at the hydration sites, and the functional
water, which is located around the lipids headgroups, represents a crucial step for the
understanding of complex bio-processes in biomembranes at the level of tissues and cells
(Disalvo et al. 2008; Caccamo and Magazt 2016; Roy et al. 2016; Caccamo and Magazu
2017b). For example, disaccharides (such as trehalose, maltose, or sucrose) have received
considerable interest over the past decades for their preservation properties toward cells, or
therapeutic proteins, as they can be added to biologically active solutions to overcome the
limited stability of proteins (in pH, temperature, salt concentration, etc.) and to prevent the
partial (or total) degradation of biological molecules caused by the dehydration or thermal
stresses (Israelachvili and Wennerstrom 1996b; Kiselev et al. 2001a,b; Moiset et al. 2014,
Caccamo and Magazt 2017a; Magazu et al. 2018).

In basic research, the investigation concerning model and biological membranes are
also important for the study involving their interaction with active components (such as
food, drugs, enzymes and genetic material) and their drug delivery processes through the
living cell membranes and other biological barriers (Contini et al. 2018). For this reason the
biological membranes can be considered the most multifunctional and performant cellular
structure, while its study represents a central topic at the crossroad of different disciplines
including biochemistry, food industry, biotechnology and nano-medicine.

3. Experimental approaches for the study of biomembranes

The structural properties of biomembranes in living systems, which encompasses rich
variety of different nanostructures and morphologies, require the combination of different
techniques in order to identify the basic properties of the involved association processes as
well as the underling (collective) molecular phenomena involved in the resulting biological
functions. One of the main research challenges in biomembranes science is to decipher the
intimate relation between the structural configuration of its main components (i.e., lipids,
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proteins and carbohydrates) and the interactions (at the molecular level) within the micro-
environment of the biological system under study. This allows to connect the self-assembly
properties (that regulate the composition-structure relationship) to the underlying biological
functions of the bio-membranes. In order to characterize the structure and the interactions
of drugs with (model) biomembrane, from both a quantitative and qualitative point of view,
the combination of complementary, experimental methods are necessary.
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FIGURE 1. Schematic representation of the synergistic relationship between
composition, structure and functions in a biological membrane system.

As reported in Figure 1, it possible to identify a relationship between the composition and
structure and between the structure and functions of the biomembranes under investigation.
According to this conceptual map the experimental characterization methods can be grouped
into three main categories. The first stage of the experimental investigation consists in the
composition analysis of the (model or real) biological membranes, that can be performed
by means of the high-resolution mass spectroscopy techniques (Mashaghi et al. 2013).
Detailed information about the population distribution of the bio-membrane components is
also obtained by using the size-exclusion chromatography (SEC) (Grabielle-Madelmont
et al. 2003), that allow to separate (and quantify) the liposome size distribution by exploiting
the separation process based on the compound hydrodynamic size.

The second stage consists in the structural characterization methods. The X-rays and
Neutrons small angle scattering (SAXS and SANS) and diffraction methods are among the
most employed (non-destructive) experimental methods for the structural investigation of
the biological membranes in complex biological systems (Nagle and Tristram-Nagle 2000;
Harroun et al. 2006; Kiselev and Lombardo 2017). Those methods efficiently evidence the
biomembrane structures and phase transitions in many different conditions (Lesieur ef al.
2000; Di Cola et al. 2016; Eicher et al. 2017). Moreover, a variety other complementary
experimental methods can be used for biological membranes characterization, including
the dynamic light scattering (DLS), FT- infrared (IR), ultraviolet (UV), electron spin
resonance (ESR), electron paramagnetic resonance (EPR), circular dichroism, nuclear
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magnetic resonance (NMR) (Buffy ef al. 2004; Bowerman et al. 2019). Furthermore, the
use of complementary biophysical techniques, such as the differential scanning calorimetry
(DSC), isothermal titration calorimetry (ITC), surface pressure changes and potentiometric
measurements allow to obtain some complementary useful thermodynamic information on
the investigated systems (Pignatello ef al. 2011). Finally, (cryo-)electron-microscopy (EM)
experiments provide detailed insights into biomembrane packing and phase states, as well
as protein conformations and folding, and drug inclusion processes (Almgren et al. 2000;
Helvig et al. 2015).

Finally, the third stage is focused on the investigation of the main features of biomem-
branes functions. The experimental investigation of biomembranes functions within the
complex environment of living cells is a complex task. Given the nanoscale dimensions and
the dynamic nature of these membrane nanodomains and compartments, highly performing
methods that allow the observation of lipid and protein structure and dynamics at high
spatial and temporal resolution are needed. Among the various experimental approaches,
the optical far-field microscopy is a method of choice (Van Zanten et al. 2010), since it
facilitate the structural and dynamics investigation in an (almost) non-invasive way, by fluo-
rescence labeling of the macromolecular components under observation. More specifically,
high-resolution fluorescence microscopy technique provides excellent spectral contrast and,
in combination with sensitive detectors, allows the detection of individual molecules and
live cell imaging. Recent progresses enhanced the optical microscopy resolution up to the
molecular level range of the living cells (in a non-invasive way) by means of fluorescence
correlation spectroscopy (FCS) (Elson 2011). This technique allows the observation of the
interaction dynamics and molecular diffusion in the millisecond time scale resolution.

4. From lipid composition to biomembrane structure: elaboration of predictive mod-
els

Despite the progress made with the experimental investigations of biomembrane structure
and dynamics, the study of the self-assembly processes in biomembranes is limited by
the space-time resolution of the experimental methods. Moreover, the natural biological
membranes present a great complexity of structures, with a large variety of cross-connections
and functionality. For this reason the investigation of simplified (artificial) model systems,
greatly helps the scientists to understanding of the complex interactions that a biomolecule
can develop toward biological membranes, as well as the effects of biomembrane lipids
in many processes (including drug transport and uptake into cells). As bio-membranes
functions emerge at multi-scale hierarchical levels across a wide ranges of space and
time domains, the self-assembly morphology (ordered/disordered, ripple phase, liquid-
crystal) and their pattern aggregation (bilayer, multi-lamellar, hexagonal/cubic phases) is
determined by the combination of soft interactions (such as electrostatic forces, H-bonds,
steric hindrance and hydrophobic effects). Those interactions regulate the formation of
energetic barriers controlling the thermally activated (diffusional, rotational and vibrational)
molecular dynamics of the building-block molecules forming the biomembranes aggregates.

In this respect, it is possible to assume artificial membrane models, such as monolayers,
vesicle-forming bilayers (liposomes) and supported bilayers, that allow to perform specific
investigation in well-defined experimental conditions (such as concentration, temperature, or
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ionic strength). The, simplified, version of model biomembranes allow to better reproduce
the complex phenomena, although some part of the cell membrane properties are obviously
lost, and may not reproduce exactly all the aspects of the biomembrane environment.

The structural properties of lipids are regulated by the general self-assembly properties
of amphiphilic systems (Hunter 1986; Fuhrhop and Koning 1994; Calandra et al. 2000,
2012; Sorrenti et al. 2013; Lombardo et al. 2020a). Amphiphiles that self-assemble in
complex organized nanostructures are driven by the hydrophobic effect and other structure
directing interactions like acid-base interactions and H-bonds which dictate the aggrega-
tion pattern and the energetic barriers to overcome (Glotzer and Solomon 2007; Calandra
et al. 2013b, 2015a; Liveri et al. 2018). In this case, both the molecular structure of the
amphiphile (nature of the hydrophilic head and hydrophobic tail, stereochemistry, etc.)
and the experimental conditions have a fundamental role in determining the outcome of
the aggregation (Holmberg er al. 2003; Calandra et al. 2013a, 2015b) and the solubiliz-
ing/encapsulating properties toward a wide range of materials (Malmsten 2002; Calandra
et al. 2014). Moreover, the possibility to finely tune the aggregate morphology is crucial for
their application in materials science and biotechnology (Calandra et al. 2010; Pochylski
et al. 2016; Grzelczak et al. 2019; Pochylski et al. 2019; Calandra 2020). In many cases,
the aspect ratio of amphiphile aggregates have served as templates for mesoporous silica
materials and zeolites (Wan and Zhao 2007; Bonaccorsi et al. 2013a,b; Lan et al. 2018).

Predictive models of complex multicomponent lipid systems can be addressed by suitable
theoretical approaches that make use of the concepts of the thermodynamic and statistical
physics approaches. Among them, the mean-field approximation (MFA) and the Ornstein-
Zernike (O. Z.) integral equation methods are widely employed in the field of soft matter
and bio-nanomaterials science (Belloni 1991; Hamley 2003). Those approaches has been
employed to study the range and strength of a large variety of soft interactions usually
encountered in biological and nanostructured systems, including proteins (Berezovsky and
Bastolla 2017), dendrimers (Lombardo 2009; Porcar et al. 2010; Lombardo 2014), and
model biomembranes (Lombardo er al. 2018).

The progress of molecular dynamics (MD) simulations methods offers the opportunity
to study the collective behavior of multicomponent systems for a wide range of biophysical
processes, in great space-time resolution (Sundararajan 2008; Deserno et al. 2013). Com-
puter simulations approach can track the system complex behavior across a vast space-time
scales ranges, otherwise inaccessible with traditional experiments. This comes at the cost of
the simulated system dimension (i.e., limited to thousands of molecules) and only for short
time periods (of the order of microseconds). In this ambit, even ab-initio approaches have
been proved to furnish useful information and data in the modeling of complex systems
made of amphiphiles and membrane constituents (Sundararajan 2008; Deserno et al. 2013).

Recently, a machine learning approach has been proposed to investigate the self-assembly
of lipid-based system (Cho et al. 2012; Mitra et al. 2018). Machine learning is an approach
for mining dataset by using example input-output pairs to train a specific algorithm. The
dataset is usually split into training, cross-validation, and testing categories. The training
dataset is used to train a predictive model, validating dataset helps improve the model
during training, and finally, the testing dataset allow to evaluate the performance of the
adopted predictive model (Figure 2). This novel approach could help to identify lipids phase
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diagrams without the need for (time-consuming) experimental techniques, thus enhancing
the current understanding of lipid-based biomembranes phase behaviour.
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FIGURE 2. Main features of the machine learning model approach for the study
of biological membranes.

Machine learning has found applications in the characterization of lipid-protein inter-
actions in biological membranes (Cho ef al. 2012). Recently a three-component phase
diagrams, composed of a high melting temperature (Tm) lipid, cholesterol, and a low Tm
lipid have been proposed as a valuable tool in the investigation of lipid phase behaviour
(Mitra et al. 2018). The artificial neural network (ANN) was trained using available Tm
data and was able to predict the Tm and generate phase diagrams for different lipid mixtures.
Moreover, a machine learning approach has been used to predict the self-assembly of liquid
crystalline nanostructures (LCNs) consisting of a base lipid, (composed of monoolein,
or phytantriol) and a variety of (10 different types) saturated and of (20 different types)
unsaturated fatty acids at different concentrations (fatty acid/lipid ratios), and temperatures
(Le and Tran 2019). The experimental data, acquired by high throughput characterization
techniques, were used to train two separate models, i.e., multiple linear regression (MLR)
and Bayesian regularized artificial neural networks (ANNs). The models were capable to
extrapolate the data for new fatty acid structures, thus allowing the description of the com-
plex phase behavior under different concentrations and temperatures, with high accuracy
(ranging from 66% to 96%) (Le and Tran 2019).
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5. From lipid composition to biomembrane function: system biology and lipidomic
approach

Lipidomics is a new branch of the system biology approach and allow the discovery
of biomarkers and identification of mechanisms underlying various diseases, through a
large-scale analysis of lipids in a biological system (cells or tissues). The systems biology
approach (Hwang et al. 2005) represents a modern predictive method in biotechnology,
based on the so called - “omics” technologies, (such as the metabolomics, proteomics and
genomics approaches) (Yang and Han 2016). Based on the collection of data from many
components in parallel this approach aims to study the complex interactions and functioning
of the living cells at various levels (such as a cell, tissue, or organism), by inferring the
complex pathways that regulate the biological physiological (or pathological) process.

More specifically, the lipidomics method investigate the pathways (and networks) of
cellular lipids that attempt a large-scale mapping of the complete lipid profile within a
variety of biological systems (such as a cell, tissue, or organism). Despite, lipids play a
crucial role in cell organization and structure, signaling, trafficking events, and sorting of
macromolecules, the study of the precise role of lipids is complicated by their chemical
diversity and by some technical challenges associated with distinguishing pathogenic/non-
pathogenic lipid species within samples that contain several thousand lipid isoforms. The
dynamics profiles of cellular lipids and the changes that occur after the perturbation of the
cell system, are examined in order to identify biomarkers and elucidate the main changes in
its physiological or pathological state (Yang and Han 2016).
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FIGURE 3. Main stages of a lipidomic workflow. The biological sample (from
blood, urine, saliva, tissue, or cell culture) of an organism (A), is analyzed by
means of a chromatographic separations (HPLC) instrument connected to a high
resolution mass spectrometer. After the identification (and quantification) of the
lipid profiles (C) relevant to a specific biological (or pathological) condition, the
analysis continues with a large-scale mapping and a combined statistical analysis
and classification methods (D). The resulting pathway and networks analysis
allow to identify the relevant biomarkers associated with the lipidomic analysis
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As lipids play an important role in many metabolic diseases (such as diabetes, obesity,
atherosclerosis and hypertension) the lipidomics approach is considered as a subset of
the more general field of “metabolomics” which includes three other major classes of
biological molecules (proteins/amino-acids, sugars and nucleic acids). Lipids bilayers
biomembranes also regulate protein functions and gene transcription, and for this reasons
they are also considered as a part of a dynamic “interactome” within the cell (Yang and
Han 2016). In clinical use the current plasma lipid analysis include total triglycerides, total
cholesterol, high-density and low-density lipoprotein (HDL) cholesterol, which provide a
very narrow snapshot of lipid metabolism. Current methods for lipid analysis are based on
the combination of the chromatographic separation methods with the mass spectrometry
(MS) technique. In lipidomics investigations typically membrane lipids (phospholipids,
sphingolipids) and neutral lipids such as triacylglycerols (TGs) and cholesterol esters are
analyzed. Other lipid classes, such as bile acids, steroid and lipids involved in signaling and
immune system regulation require precise targeted methods, due to specific physicochemical
features that require some analytical procedures.

The integration of lipidomics with genomics, proteomics and metabolomics provide a
powerful approach to interpret the molecular mechanisms of lipid-associated disorders, and
to identify both biomarkers and novel therapeutic targets. Those rapidly expanding fields
complement the huge progress made in proteomics and genomics, within the large family
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of systems biology. Finally, this novel conceptual organization of disciplines facilitates
the framing of the study of biomembrane within a true interdisciplinary approach at the
crossroad between chemistry, informatics, mathematics, biology and medicine.

6. Strengthening the interdisciplinary and transdisciplinary study in research and
teaching programs

Biomembranes in living organisms, which have the prominent role of tissues and cells
protection from foreign molecules, allow the exchange of information between extra-
and intra-cellular environments due to its biochemical-active surface. A The study of
the composition-structure and structure-functions relationship of biological membranes
is crucial for the understanding of the effects that are at the origin of many physiological
and pathological processes involving biomembranes. In this respect research and academic
scientific programs should include the study of the molecular events occurring on cell
membranes (self-assembly), as well as the multiplicity of interactions that involve bioactive
compounds in either physiological or pathological situations. This approach requests
then an interdisciplinary effort of many different field of science (Figure 4), and involves
the investigation of the structural and dynamic processes of the relevant nanostructured
assemblies over a wide range of relevant time scales and distances, starting from the analysis
of molecular interactions (~ 10nm), to the assemblies of lipid-protein complexes (~ 100nm)
up to the meso-scale (~ 1um) and macro-scale (tissues and cells).

Academic Curricula

CHEMISTRY Teaching Subjects
* A 4

- Chemical-Physics Characterization
Study and Control of Interaction . s "
. - Thermodynamic, Statistical Mechanics Models
of Biomalecular Components
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Structure -Function Bio-Processes - Nano-Technology and Nano-Medicine
Novel Smart and Functional - Biophysics and Biotechnology
Bio-Nano-Materials and Devices - Medical and Cell Physio(patho-)logy
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¥

FIGURE 4. A conceptual map for the description of the main stages involved in
the interdisciplinary study of biological membranes.
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In Figure 4 we report a conceptual map for the description of the main stages involved
in the study of biological membranes. The proposed scheme highlights some of the key
disciplines of prominent expertise and technology that will need to be incorporated into
tran-disciplinary and inter-disciplinary organizations and institutes.

A novel conceptual framework towards an interdisciplinary approach is therefore of
paramount importance, to enlarge our knowledge of many diseases and to identify further
potential therapeutic targets.

In this respect, the single experimental (or theoretical) method alone is not sufficient to
describe the complex synergist relations between components, structure and function of
biomembranes. The integration and use of different computational (or theoretical) methods
with experimental techniques will provided valuable opportunities to extend the domain of
applicability of each methods. The choice of the appropriate combination of experimental
(and/or theoretical) approach(es) depend on the (complex) processes under study and on the
corresponding information already available (in the literature or in public databases.

Moreover, the study of a multiplicity of simultaneous factors and biological functionality
may be substituted with the investigation of the effect of a few parameters at a time. For
biological membranes, some of those factors are the surface charge density, nanoparticles
size/topology/chemistry, solution conditions (pH, ionic strength). The choice of a simplified
version of the system allow to identify the key factors for the design of novel nanostructured
systems, and represents then the fundamental (initial) step to decipher the complexity
involved in complex biological processes. Future efforts should be directed toward the
creation of suitable links between experiment and theory, which are able to identify the key
factors for the design of novel nanostructured systems, through the choice of a simplified
(or approximated) version of the (in vivo/in vitro) system to investigate. This effort requires
an integration of multi- and interdisciplinary methods that combine results coming from
a wide range of different sub-disciplines and research fields. Both the scientific research
community and academia must develop their skills to face the interdisciplinary challenges
of modern science. Those links may help to develop a network-based method built upon
the synergistic connections between components, structure and functions of biological
membranes that will likely provide a better integration of multidisciplinary research and
education work.

7. Laboratory learning by doing: implications for research and education

Laboratory learning methods have a central role in the modern science education. Con-
trary to the traditional lectures, the method of laboratory learning allows students (either
individually or in groups) to be actively engaged in their learning process. Students learn by
doing, and then drawing understanding from lab experiences by reinforcing the theoretical
concepts taught in class. Those abilities, that cannot be developed through only lectures
and tutorials, allow the development of higher-level cognitive skills. Moreover, labora-
tory sessions can stimulate an increasing students’ interests in their academic discipline,
and motivate the students to participate in the process of the scientific investigation and
discovery.

In view of developing a research and education transdisciplinary approach in the study
of biological membranes, the development of laboratory activities may follow the logical

Atti Accad. Pelorit. Pericol. Cl. Sci. Fis. Mat. Nat., Vol. 99, No. S1, A32 (2021) [19 pages]



A32-12 D. LOMBARDO

sequence of the conceptual map reported in Figure 1. Cognitive researchers evidenced
that organizing knowledge (and skills) in schemas (onceptual maps) facilitates the use of
material from long-term memory and a meaningful learning in complex cognitive domains
(Goldman et al. 2016; You 2017). Moreover, the student’s learning process is enhanced
when they have a cognitive map that explain the relationships among concepts within a
scientific domain, and that reveal how their basic principles are (inter-)connected with
one another (You 2017). The laboratory activities in the field of biomembranes can be
organized according to three stages that investigate the composition (through chemistry
and biochemistry classes), structure (through chemical-physics structural characterization
methods) and functions (through biology, biotechnology and nano-medicine classes). In
this respect, both theoretical and experimental learning approaches require considerable
re-structuring of teaching. extensive re-training of faculty, and a careful preparation and
orientation of students in view of the interdisciplinary and transdisciplinary content of the
proposed curricula (You 2017; Orhan and Sahin 2018).

An important pedagogical value of the laboratory learning by doing approach consists
in enabling the students to move from the concrete (specific observed phenomena) fo
the abstract (understanding the basic principles or theories). The main objectives of the
laboratory experiments usually include the students collecting data from measurements,
the testing of the hypotheses, and the analysing and interpreting the results. Moreover, the
learning by doing approach stimulate the students to a critical cultural aspect of science,
based on the circumstance that all scientific ideas and hypothesis need to be tested in a
rigorous manner before to be considered valid. Historically the primary aim of laboratory
learning was to develop the practical competence within specific area of specialization.
However, by the twentieth century, laboratory learning by doing is no longer merely aimed
at some specific (and focussed) practical competence, but has shifted to additional new
educational outcomes that include collaboration, communication skills, creative thinking
and problem solving. More specifically, working in small teams promotes the cooperative
learning of students that are collectively engaged to collaborate in inquiry. All these
learning outcomes constitute important parts in the research (and education) cycle for
scientific inquiries, and provides the empirical (and experimental) basis to test and refine
the scientific theories.

Together with these numerous advantages, some critical factors still inhibit the laboratory
learning by doing method as an efficient approach in science education. Critical issues
include the insufficient laboratory hours, poor assessment, and experiment design. Moreover,
as equipment becomes more sophisticated and expensive, it becomes increasingly difficult
to provide students, even in university, to easily access to such experimental equipments.
Examples of these difficulties are the access to neutron and synchrotron radiation facilities,
or nanotechnology advanced labs. However, recent advances in technologies, allow a new
mode to preserve the laboratory experience known as “Virtual Laboratory”. A virtual
laboratory represents an environment for experiments which is conducted (or controlled)
locally (or remotely) through computer operation, simulation, and/or animation via the
internet. Those systems (where students can remotely observe the experiments through
live-video setup) has the advantages of accessing the main functions of a laboratory, even
in those situations of restricted access due to safety reasons, available time, and distances
issues.
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8. Conclusion

The ultimate goal for modern bio-nanotechnology is to formulate our understanding
of cellular, subcellular, and molecular systems in terms of quantitative models that are
supported by the rigorous basic principles of the chemistry, physics, and biology sciences.
This can be achieved through trans-disciplinary and inter-disciplinary researches that draws
on the expertise of a broad range of different disciplines and technologies that includes
the biophysics, biotechnology, medical and cell physio(patho-)logy and biomolecular engi-
neering, just to name a few. The scientific investigation of biological membranes involves
the collective behavior of numerous interacting (macro-)molecules, while their complete
structural description requires the simultaneous calculation (and simulation) of a large
number of parameters. The future challenge must provide an efficient integration of the
different teaching approaches and research models into a common background, in order
to stimulate new discoveries and new ways of operating. To achieve this objective, we
need to improve the resolution of experimental approaches, together with the improvement
of the theoretical models and computational efforts, and integrate them into a multi-scale
description of the biological membranes systems. In this respect, the laboratory learning by
doing can have strong implications for research and education activities. The method of
laboratory learning allows students (either individually or in groups) to be actively engaged
in their learning process. Thus allowing the development of higher-level cognitive skills. All
those effort require an integration of multi- and interdisciplinary approaches that combine
results coming from a wide range of sub-disciplines.
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