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A B S T R A C T

This review offers my personal perspective on the evolution of fluid phase equilibria, traced through the scientific 
arc of Professor Maurizio Fermeglia. Beginning with classical thermodynamics, his work advanced equations of 
state and activity-coefficient models, strengthening the thermophysical-property foundations that enable reliable 
phase-equilibria prediction for complex mixtures and supercritical fluids of industrial relevance. As the limits of 
purely analytical descriptions became clear, he helped consolidate a molecular viewpoint, using quantum 
chemistry and molecular simulation to derive physically meaningful parameters and to connect microscopic 
interactions with macroscopic phase behavior. That vision matured into multiscale molecular engineering, 
linking quantum and atomistic descriptions to coarse-grained models and process-simulation tools, and enabling 
predictive design of nanostructured polymers, membranes, and later biomedical systems such as dendrimer- 
based carriers and protein–ligand complexes. In his final phase, the same “deployable modeling” philosophy 
expanded to energy and sustainability: process-level simulations and multiscale workflows were coupled to 
decision-oriented metrics, life-cycle assessment, and circularity considerations, turning impact and boundary 
conditions into computable design variables. Rather than an exhaustive catalog, this article follows an intel
lectual arc from classical foundations to simulation-informed thermodynamics, multiscale frameworks, biolog
ical translation, and sustainability-by-design, while reflecting on the person who made that trajectory coherent. 
In honoring Maurizio, I also highlight a standard of practice: rigorous, integrative, and purpose-driven that 
continues to guide our research*.

1. Introduction

I did not intend to write a memorial. I set out to tell a story: that of a 
field in motion and of the person who taught many of us how to move 
with it. Maurizio believed that thermodynamics is not a static collection 
of formulas but a living language that connects molecules to matter and 
matter to technology. He began where our discipline began: with 
equations of state (EOS) and activity-coefficient models, with carefully 
measured densities, viscosities, and refractive indices, and with ternary 
liquid-liquid equilibria (LLE) tie lines checked and rechecked, guided by 
the conviction that good theory grows from good data. He also believed 
that no single scale could capture reality. When analytical models fell 
short, he turned to molecular simulations, not as an embellishment but 
as a bridge. When systems became too large or too complex for atomistic 

treatment alone, he built coarse-grained (CG) pathways across scales. 
When applications demanded relevance, he moved toward polymers, 
membranes, and ultimately the life sciences. In his later work, that same 
discipline widened its horizon: models had to remain auditable and 
transferable, but their outputs had to speak the language of decisions - 
energy performance, cost, life-cycle impact, and circularity - so that 
sustainability became something engineers could compute rather than 
merely claim. This review follows that trajectory, from classical foun
dations to simulation-informed thermodynamics and multiscale 
modeling, to biomedical design, and finally to sustainability-by-design, 
guided throughout by Maurizio’s clarity of purpose and generosity of 
thought. We begin by revisiting the classical foundations that shaped his 
early work and then follow the molecular and multiscale transitions that 
defined his broader legacy.

In loving memory of Professor Maurizio Fermeglia (1955–2024), a beloved husband and colleague, whose scientific vision, rigor, curiosity, and human warmth still 
shape the way I work and think.

* Corresponding author at: University of Trieste Italy
* During the preparation of this manuscript, I received the sad news of the passing of Karel Haim, a distinguished scientist in our community and a long-time friend 

of Maurizio. He was also a cherished personal friend of our family. I remember him with gratitude and affection, and I honor his scientific legacy.
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2. Classical foundations

The practice of modern fluid phase equilibria grew out of classical 
thermodynamics, where EOS and excess Gibbs-energy (GE) models 
became the central instruments for correlating and predicting phase 
behavior. From the start, Maurizio consistently framed thermodynamic 
modeling as testable and data-anchored, prioritizing predictivity over 
curve fitting and making limitations explicit rather than implicit. This 
position is clear in early work on what infinite-dilution information can 
(and cannot) support when extrapolated to finite concentrations in 
azeotropic and partially miscible systems, and in later contributions 
emphasizing how EOS choice, mixing rules, and parameter-estimation 
strategy shape what can legitimately be predicted from available data 
[1,2]. In parallel, he reinforced the connection between EOS structure 
and measurable caloric properties through excess-enthalpy calculations, 
underscoring that “good phase behavior” is not, by itself, a sufficient test 
of thermodynamic realism [3].

A second, tightly connected pillar is the disciplined use of benchmark 
equilibrium datasets to separate correlation from prediction. Across LLE 
and vapor-liquid equilibria (VLE), Maurizio helped expand and consol
idate experimental reference points for mixtures relevant to separations 
and process windows, while maintaining thermodynamic consistency 
checks and clear parameter reporting as part of the scientific content 
rather than a technical appendix [4–10]. He also extended the pre
dictivity of group-contribution to more demanding 

electrolyte-containing mixtures by embedding UNIFAC within frame
works suited to mixed solvent-salt systems, broadening classical pre
dictive thermodynamics beyond neutral fluids [11] (Fig. 1, top left). 
This validation-first logic was complemented by explicit attention to 
dilute-region behavior, both as an information-rich regime (for con
straints and extrapolation) and as a regime where experimental and 
inferential pitfalls must be confronted directly [12,13].

Concomitantly, Maurizio built a broad experimental backbone of 
thermophysical-property data (e.g., densities, viscosities, excess vol
umes, and refractive indices) often in temperature ranges relevant to 
engineering use. These datasets serve as calibration and validation tar
gets that keep EOS/GE development grounded in measurable reality and 
expand confidence beyond narrow benchmark points [14–22].

These classical foundations naturally extend to high-pressure and 
supercritical regimes, where asymmetry, chain character, and size 
disparity dominate behavior and where predictivity is most valuable 
(and most fragile). Here, Maurizio contributed to a coherent “predictive 
toolkit” that links EOS development, parameterization from accessible 
data, and applicability in pressure and composition ranges relevant to 
supercritical-fluid extraction and related technologies [23–30] (Fig. 1, 
top right). This stream also includes petroleum-relevant mixtures (heavy 
ends and fractions) where characterization constraints (e.g., Henry’s 
constants and pseudocomponents) become part of the predictive strat
egy rather than a post hoc fit [31,32]. He further strengthened perturbed 
hard-sphere-chain (PHSC) EOS families for refrigerants and 

Fig. 1. From predictive thermodynamics to deployable process modeling in classical fluid phase equilibria. (Top, left) Example of UNIFAC-based modeling 
for a mixed solvent-salt system, showing the comparison between calculated (lines) and experimental VLE behavior (symbols) for ethanol-water in the presence of 
increasing CaCl₂ concentrations (from 5 to 15 %), highlighting how electrolyte effects reshape phase equilibria in ways that must be captured by predictive models 
(redrawn and adapted with permission from [11], Copyright© 1991 Pergamon Press plc). (Top, right) Illustration of parameter transferability in PHCT, linking an 
effective molecular-size descriptor (V*) to Bondi volumes for different compounds, supporting physically grounded parameter estimation for predictive EOS (redrawn 
and adapted with permission from [25], Copyright© 1991 Pergamon Press plc). (Bottom) Example of deployable process modeling for supercritical separations, 
showing the reduced density as a function of reduced pressure with reduced temperature as a parameter (and the critical point indicated), illustrating how EOS-based 
reduced-property representations support generalized, operating-window-spanning simulations for multistage, multicomponent supercritical separation processes 
(adapted and redrawn with permission from [37], Copyright© 1992 Pergamon Press plc).

S. Pricl                                                                                                                                                                                                                                            Fluid Phase Equilibria 606 (2026) 114696 

2 



hydrocarbons and extended them to highly asymmetric, industrially 
relevant refrigerant-lubricant mixtures [33–35].

A recurring theme throughout Maurizio’s scientific thinking is that 
thermodynamics becomes industrially actionable when it is computa
tionally deployable, i.e., embedded in algorithms, flash calculations, and 
process simulations that operationalize validated models within 
separation-unit workflows, optimization loops, and recovery strategies 
[8,31,36–38] (Fig. 1, bottom).

Finally, within the same “classical foundations” arc, Maurizio’s 
equilibrium thinking and data discipline also reach complex fluids and 
soft matter, including LLE-based separations in polymer-rich aqueous 
systems and coupled equilibrium-kinetics descriptions in responsive 
materials, natural bridges from molecular-fluid thermodynamics toward 
the broader multiscale and application-focused themes he would later 
develop [39,40].

3. The molecular turn: From simulation to predictive 
thermodynamics

The limits of purely analytical models opened the door to molecular 
information as a physically grounded route to predictive thermody
namics. In the late 1990s and early 2000s, Maurizio made this shift 
systematic by extracting physically meaningful EOS parameters directly 
from simulation. Using chloro-fluoro-hydrocarbons (CFCs) as a test case, 
he combined quantum mechanics (QM)-based and molecular dynamics 
(MD)-based simulations to compute molecular size, surface, and inter
action energy, and then transferred those quantities into a PHSC 
framework for property prediction. This provided a clear proof of 

concept for a molecules-to-EOS pipeline that preserved interpretability 
while improving parameter transferability [41]. Closely related work 
extended the same strategy to “real systems,” combining CFCs and 
polymers within a unified simulation-driven perspective for thermo
physical prediction [42]. In parallel, computational chemistry was used 
to support the prediction of thermophysical properties of alternative 
refrigerants, reinforcing the broader idea that refrigerant screening can 
be anchored to molecular-level descriptors rather than empirical cor
relations alone [43]. Contextually, he extended the same logic to poly
meric targets by deriving EOS parameters for pure polymers directly 
from molecular simulation, demonstrating that physically meaningful 
parameterization can be obtained without relying exclusively on 
empirical fitting [44] (Fig. 2).

He then formalized the bridge from molecular calculations to process 
simulation. In a series of contributions, he showed how atomistic and 
quantum-derived information can generate EOS parameters that feed 
phase-equilibria and PVT calculations in process while retaining a 
transparent link to underlying physics, turning molecular modeling from 
a post hoc explanation into a predictive front end [45,46]. Concurrently, 
perturbation-theory EOSs were extended to polymer-containing mix
tures, strengthening the ability of these approaches to address multi
phase, multicomponent equilibria under strong asymmetry [47]. To 
broaden coverage while retaining parsimony, he advanced a 
group-contribution variant of the PHSC framework that estimates EOS 
parameters from molecular structure and relies on a minimal set of bi
nary interaction terms to describe complex mixtures, including systems 
exhibiting both upper and lower critical solution temperatures [48].

At the same time, he pushed direct atomistic simulations into 

Fig. 2. The “molecular turn” from simulation to predictive thermodynamics. (Top) Vapor pressure (left) and saturated-liquid molar volume (right) as a function 
of temperature for selected CFCs, showing agreement between experimental data (symbols) and PHSC EOS predictions based on simulation-derived parameters 
(lines), and illustrating how molecular-level descriptors can be translated into transferable EOS inputs without sacrificing interpretability (adapted and redrawn with 
permission from [41], Copyright© 1999 Elsevier Science B.V.). (Bottom, left) Experimental VLE behavior of a trichloromethane/ethanol system (symbols) compared 
with the corresponding PHSC EOS prediction (dotted line) obtained using parameter values derived from MD simulations, highlighting the export of molecular 
information into phase-equilibria calculations in a process-relevant form (adapted and redrawn with permission from [46], Copyright© 2001 American Institute of 
Chemical Engineers (AIChE)). (Bottom, right) Comparison of experimental (open symbols) and simulated (filled symbols) sorption isotherms for O2 (circles) and CO2 
(squares) in poly(isobutylene) as obtained from MD/GCMC simulations, exemplifying the extension of the same paradigm to polymer/soft-matter systems where 
transport and sorption become design-relevant targets (adapted and redrawn with permission from [52], Copyright© 2003 Taylor & Francis).
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transport-relevant and materials settings. Virtual rheology of confined 
linear alkanes between titanium walls linked molecular alignment to 
non-equilibrium response and provided a template for probing shear- 
driven behavior by MD [49]. Early host-guest studies showed how 
dendritic architectures control the inclusion of small molecules, fore
shadowing later biomedical directions [50]. These were not detours. 
They were steppingstones that established a second principle of the 
molecular turn: simulation earns its place when it both explains mech
anisms and yield compact, transferable quantities that predictive tools 
engineers can actually use [45,46].

The gains from this period were twofold. First, predictive thermo
dynamics became more physical because EOS parameters were 
anchored to molecular geometry and energetics rather than fitted in 
isolation [41,44,46–48]. Second, simulations became more consequen
tial for polymer and soft-matter design, including transport and sorption 
in polymer matrices and nanostructured systems, where atomistic MD 
simulations (and related Monte Carlo sampling strategies) can deliver 
diffusion and solubility trends consistent with available measurements 
[51,52]. This logic prepared the ground for seamless handovers to 
mesoscopic and process scales, and it naturally led to systematic mul
tiscale frameworks in which bottom-up and top-down routes coexist and 
properties travel from atoms to continuum models with quantified fi
delity [53,54].

4. Multiscale molecular simulations

4.1. From atomistic truth to mesoscopic reach

Maurizio approached multiscale modeling as an engineering disci
pline: not merely a change of resolution, but a controlled transfer of 
information across levels, as summarized in (Fig. 3).

The starting point was always an explicit decision about what must 
remain invariant, e.g., local structure, interfacial energetics, chain sta
tistics, or emergent morphology. The mesoscale (MS) model was then 
constructed to match those invariants and to reach length and time 
scales inaccessible to atomistic simulation. This philosophy is already 
explicit in his early polymer-clay program, where atomistic simulations 
were used to resolve clay gallery organization and polymer-surface in
teractions, and the resulting descriptors guided coarse-grained (CG) 
models toward realistic morphologies and materials response [55–59]. 
Within the same arc, atomistic energetics were used to quantify 

polymer/clay affinity and rationalize how surfactant chemistry and 
matrix composition tune interfacial strength [60]. As the work matured, 
the methodology was codified into hierarchical, transferable procedures 
that connect atomistic descriptors to mesoscopic organization and, when 
needed, to the prediction of continuum properties [61,62].

4.2. Polymer-clay nanocomposites as a benchmark multiscale problem

Polymer-layered silicate (or polymer-clay) nanocomposites (PCNs) 
became a defining testbed because they force multiscale consistency: 
local adsorption motifs and surface chemistry control intercalation/ 
exfoliation, which in turn determines mesoscale morphology and ulti
mately macroscopic performance. In PCNs based on montmorillonite 
(MMT) and nylon-6 (PA6), atomistic simulations clarified the structural 
and energetic determinants of intercalation [55]. The strategy was then 
generalized to polypropylene (PP)/organoclay nanocomposites, pre
serving molecular fidelity while enabling morphology and property 
prediction [56]. Already in 2007, Maurizio and his collaborators argued 
that polymer-clay systems require explicit bridges “to the nanoscale, and 
beyond,” because topology, polymer architecture, and processing con
straints couple through scales [57–59]. Later, this program expanded to 
water-based clay/poly(ethylene oxide) (PEO) nanocomposites, showing 
that the same cross-scale logic can be applied when hydration and 
solvent-mediated forces dominate the interphase physics [61]. Impor
tantly, the principle of “what must be preserved” was also used to 
interpret and constrain modifier effects at the nanoscale: even ostensibly 
simple design variables (e.g., the chain length of aminosilanes used as 
polymer-clay compatibilizers) can produce non-intuitive trends in gal
lery spacing that are only rationalized when atomistic organization is 
explicitly modeled [63]. Finally, the polymer-mineral framework was 
extended to functional, biocompatible PNCs systems, again emphasizing 
that the design of reliable materials requires an energetically-aware 
description of the confined structure in both dry and solvated environ
ments [64] (Fig. 4).

4.3. Self-assembled hybrids and nanoparticle-polymer architectures

A second multiscale line targeted hybrid soft matter, where emergent 
structure is controlled by molecular features (ligands, brushes, block 
incompatibility), but only becomes observable (and designable) at the 
mesoscale. In nanoparticle (NP)-diblock copolymer (DBCP) systems, 

Fig. 3. Multiscale information handoff from molecular physics to engineering decision metrics. Conceptual schematic showing how models at increasing 
levels of resolution (electronic, atomistic, and mesoscopic) feed into engineering design models and, ultimately, decision-relevant outputs such as selected perfor
mance indicators (e.g., energy return on energy invested (EROEI), levelized cost metrics including energy (LCOE), product (LCOP), and total cost of ownership 
(TCO)) and life-cycle assessment.
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Maurizio and collaborators used multiscale simulation to predict self- 
assembled morphologies of NP mixtures embedded in microphase- 
separating media [65], later developing molecular simulation routes 
to morphology prediction for self-assembled NPs in DBCPs [66]. The 
same MS logic was applied to drug-delivery block copolymers, linking 
composition/segregation strength to morphology selection relevant to 
function [67] (Fig. 5).

Concomitantly, ligand chemistry was treated as a bona fide design 
variable: mixtures of fluorocarbon/hydrocarbon ligands were shown to 
self-organize on NP surfaces into distinct patterns that propagate to 
mesoscale phase behavior [68]. Geometry was likewise promoted from 
“detail” to “control knob,” with NP size and shape demonstrated to 
govern structure in polymer nanocomposites within a consistent 
modeling framework [69]. Hierarchical organization followed natu
rally, including NP/DBCP systems with higher-order structure [70] and 
strongly grafted hybrid objects where corona physics controls effective 
interactions and stability windows [71]. The same processing-aware 
perspective extended to selective NP placement in DBCP films via 
solvent-vapor annealing, where MS modeling and experiment were 
combined to show that ordered morphologies and domain-selective NP 
localization can be achieved through fabrication steps compatible with 
industrial workflows [72].

In parallel, Maurizio’s group used dendritic architectures as model 
“functional nanoparticles,” using molecular simulation to connect den
drimer topology to structure and emergent properties [73–75]. This 
emphasis on structure-property transferability was also carried into 
hybrid organic-inorganic networks, where recipe-style simulation pro
tocols were developed to generate atomistic models of crosslinked ma
terials and benchmark their thermophysical/mechanical signatures 
against available experimental ranges [76].

4.4. From multiscale materials models to industrially actionable 
workflows

A recurring message in Maurizio’s work is that multiscale models 
matter only if they can be operationalized, that is translated into 
auditable workflows that deliver parameters, properties, and (where 
possible) uncertainty bounds usable in materials selection and process 
decisions. This “engineering closure” is a central theme of his contri
bution linking multiscale molecular modeling with nanostructured 
materials design and process systems engineering [77], and is further 
developed in later work explicitly framed around industrial applications 
and decision-oriented multiscale pipelines [54].

Within this same logic, multiscale strategies were applied to polymer 
systems of direct industrial relevance, including many-scale modeling of 
poly(ethylene terephthalate) (PET)/poly(ethylene naphtalate) (PEN) 
blends as barrier materials, where molecular-to-continuum handoffs are 
used to predict phase behavior and transport-relevant properties in 
blends and compatibilized systems [78]. The MoDeNa project then 
formalized integrated multiscale toolchains for nanostructured mate
rials and connected microscale physics to higher-level models used in 
design [79]. A particularly illustrative example of “deployable multi
scale” is polyurethane foams, where molecular inputs derived from 
MD/grand canonical Monte Carlo (GCMC) simulations are coupled to 
continuum computational fluid dynamics (CFD) to predict morphology 
and density evolution under processing conditions [80], and where 
heat-transfer performance is predicted by linking quantum chemistry, 
non-equilibrium MD, surrogate modeling, and experimentally validated 
macroscopic insulation models [81].

Industrial actionability was also explicitly pursued at the interface 
between materials modeling and business decision processes. In the 
COMPOSELECTOR framework, multimodel/multiscale pipelines were 
organized around industry-driven key performance indicators (KPIs) to 
support material selection under competitive time constraints, with 

Fig. 4. Polymer–clay nanocomposites as a benchmark multiscale problem. (Top, left) Equilibrated atomistic MD snapshot of a solvated MMT system with 
intercalated PEO chains (adapted with permission from [61], Copyright© 2009 American Chemical Society). (Top, right) Example of a dissipative particle dynamics 
(DPD)-derived mesoscale morphology for a PCN system, shown as the full ternary morphology (MMT, PA6, and M3C18 as compatibilizer; top) and a zoomed 
interfacial detail (bottom) (adapted with permission from [57], Copyright© 2007 Elsevier B.V.). (Bottom, left) Finite-element (FE) representative volume element 
configuration generated from mesoscale structural descriptors (platelets/stacks) and (bottom, right) the corresponding FE mesh used to compute macroscopic 
properties (adapted with permission from [61], Copyright© 2009 American Chemical Society).
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clear emphasis on reliability, efficiency, and traceability of the model 
chain [82,83]. Finally, the same systems-level mindset extends to 
sustainability-aware modeling: multiscale techniques were assessed as 
enablers for more credible life-cycle assessments when 
microstructure-property relations and processing are coupled [84], and 
hierarchical workflows were proposed to connect molecular modeling 
outputs to process simulation and environmental-impact estimation 
when key toxicological/thermophysical inputs are missing from stan
dard databases [85].

Beyond structural materials, Maurizio also demonstrated how mo
lecular simulation can feed directly into environmentally relevant sep
aration and mitigation strategies in porous media and adsorbents: 
volatile organic compound (VOC) adsorption in zeolites [86], multi
component adsorption for exhaust-stream cleanup in zeolites and acti
vated carbon [87], and selective H₂S removal from biogas via coupled 
GCMC/MD protocols [88,89]. The same concept of “validated, trans
ferable quantities” appears in sorption/transport problems spanning 
nanoporous polymers [90] and upcycling/recycling-relevant nano
composite platforms [91,92], and extends to contaminant adhe
sion/diffusion in saturated porous media [93]. At the material-interface 
level, fast MD-based recipes for contact angles, surface tension, and 
work of adhesion further exemplify Maurizio’s drive toward experi
mentally verifiable, design-ready interfacial metrics [94].

Taken together, these contributions show that, for Maurizio, multi
scale simulation was never an end in itself: it was a method to make 
molecular truth usable, carrying physically grounded descriptors from 
atoms to mesoscopic structure and, ultimately, to engineering decisions. 

Once this “information handover” became reliable, the same playbook 
could be applied well beyond structural polymers and nanocomposites. 
In the next section, the focus shifts to life-science problems, where 
multiscale thinking becomes even more consequential: the relevant 
“invariants” are no longer only morphology or transport, but also 
recognition, binding, responsiveness, and function in complex biological 
environments.

5. Life sciences: Drug design, nanomedicine, and mechanism in 
disease

By the time these multiscale workflows had matured, the next step 
was almost inevitable: moving from engineered soft matter to biological 
complexity. Proteins, drug nanocarriers, and nanoparticles in aqueous 
media are, in practice, complex fluids governed by the same ingredients 
that defined Maurizio’s materials program: interfacial chemistry, self- 
assembly, transport, and the disciplined handoff of physically mean
ingful descriptors through scales. Accordingly, Maurizio and collabo
rators transferred the rigor of chemical-engineering modeling 
(quantitative, predictive, and oriented toward design) into life-science 
problems (Fig. 6).

5.1. Molecular recognition and drug design

A recurring theme across the life-science work is that binding was 
treated as a controllable, testable design variable, quantified whenever 
possible, and interpreted mechanistically rather than descriptively. 

Fig. 5. Self-assembled hybrids and nanoparticle–polymer architectures. (Top, left) Predicted phase diagram for an AB-type poly(lactic acid) (PLA)/PEO DBCP in 
water, highlighting regimes associated with distinct self-assembled structures (adapted with permission from [67], Copyright© 2010 Royal Society of Chemistry). 
(Top, right) Representative mesoscale configuration illustrating a micellar aggregate morphology for PLA/PEO at volume fraction (F) = 0.15 v/v and PLA fraction 
(fPLA) = 0.3, at 12 % (v/v) nifedipine loading (adapted with permission from [67], Copyright© 2010 Royal Society of Chemistry). (Bottom, left) 2D rendering of a 
representative bi-continuous microphase-separated morphology of a polystyrene (PS)/poly(methyl methacrylate) (PMMA) film from mesoscale simulations, 
emphasizing domain connectivity and characteristic length scales (adapted with permission from [72], Copyright© 2016 American Chemical Society). (Bottom, 
right) Experimental atomic force microscope (AFM) image (two-phase contrast) providing an observable benchmark for mesoscale structural signatures (adapted 
with permission from [72], Copyright© 2016 American Chemical Society).
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Fig. 6. Life sciences: multivalent recognition, emergent threats, and predictive nanocarrier design. (Top) Structural views of the SARS-CoV-2 Spike receptor- 
binding domain bound to human ACE2 highlight the binding interface, while alanine-scanning free-energy profiles (ΔΔG upon mutation to alanine; bottom right) 
identify a small set of hot-spot residues that dominate binding energetics, explaining how single substitutions can disproportionately bias recognition (adapted with 
permission from [128], Copyright© 2020 American Chemical Society). (Middle) Mesoscale snapshots of heparin complexation by rigid transgeden dendrimers (TGD, 
pink spheres; top row) and poly(amidoamine) (PAMAM, green spheres; bottom row) across generations (G1-G3, left to right), illustrating architecture-dependent 
multivalent recognition of heparin (light/dark blue spheres) in complex media (adapted with permission from [139], Copyright© 2014 Royal Society of Chemis
try) [139]. (Bottom) Quantitatively predictive encapsulation workflows: Conductor-like Screening Model (COSMO)-derived free-energy/partitioning descriptors 
combined with atomistic MD rationalize micellar localization/affinity and guide optimization of self-assembled nanomicelles for three oncology payloads: ponatinib 
(left), AZ6 (center), and vemurafenib (right) (adapted with permission from [146], Copyright© 2024 American Chemical Society).
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Early enzyme-substrate studies on α-chymotrypsin exemplify this 
approach: docking and conformational/energetic analyses were used to 
rationalize experimentally observed substrate specificity and enantio
selectivity and later refined through combined MD and free-energy 
calculations to dissect the balance of contributions underlying the 
binding free energy (ΔGbind) and stereochemical outcomes [95–97].

In host-guest systems, the same logic translated atomistic structure 
into binding trends that matter for formulation. Modeling supported the 
design and interpretation of cyclodextrin-based constructs for drug in
clusion and delivery, including β-cyclodextrin (CDX) inclusion com
plexes with anticancer drugs and folate-CDX bioconjugates whose 
physicochemical behavior was experimentally characterized and struc
turally rationalized [98–99].

As the program expanded into medicinal chemistry, modeling 
became a practical engine for hypothesis generation and prioritization. 
Ligand- and structure-based pipelines, including pharmacophore hy
potheses, docking, MD, and end-point free energy calculation-based 
scoring, were used to connect chemical features to activity and selec
tivity in antiviral and broader anti-infective targets. This included 
pharmacophore-driven modeling for Hepatitis C virus (HCV) polymer
ase inhibitors and multi-step experimental/computational workflows 
for Flaviviridae inhibitor discovery where pharmacophore constraints, 
docking, MD-based ranking, and mechanism-oriented validation were 
integrated into a design loop [100–106]. Parallel efforts addressed 
additional antiviral targets such as viral helicases (via homology 
modeling and interaction analysis), expanded the scaffold space with 
new chemotypes supported by in silico binding rationales, and extended 
antiviral strategy beyond enzymatic targets to entry/fusion inhibition 
guided by selective cell assays, discriminating functional tests, and 
modeling [107–111]. Beyond antivirals, target-based anti-infective 
design also coupled synthesis and microbiological profiling with 
structure-guided modeling to rationalize binding modes on bacterial 
enzymes and prioritize leads active against clinically relevant, including 
resistant, strains [112–115].

A particularly coherent arc is the σ-receptor program, where model 
building, validation, and prospective design were iterated in a genuinely 
deployable workflow. Starting from 3D pharmacophore models (for 
both σ1 and σ2 receptors), the group advanced to homology modeling 
and docking-based virtual screening strategies, then to MD-based af
finity ranking and residue-level analysis, and finally to in silico/in vitro 
site-directed mutagenesis that mapped how specific residues shape 
ligand binding. This platform supported optimization of σ1 agonists and 
systematic structure-activity relationship (SAR) campaigns that explic
itly balanced affinity, σ1 over σ2 selectivity, and developability-oriented 
properties, while simulations rationalized trade-offs through interac
tion- and solvation-aware energetic decompositions [116–127].

Finally, the same interface-level recognition logic was rapidly 
extended to emerging viral threats. Atomistic frameworks were applied 
to SARS-CoV-2 Spike-human ACE2 protein-protein recognition to 
identify key binding hot spots and provide structurally grounded de
terminants relevant to entry and neutralization strategies [128] (Fig. 6, 
top).

5.2. Nanomedicine and dendrimer/nanoparticle carriers

A second meta-theme is that nanoscale carriers were treated as 
physical objects whose performance can be traced back to architecture, 
solvation, and self-assembly, again with explicit handoffs through 
scales. In dendrimer-based delivery, atomistic and multiscale modeling 
were repeatedly coupled to experiments to connect molecular structure 
to complexation mechanisms, stability in aqueous media, and functional 
outcomes. Early work established dendrimer architectures and design 
rules relevant to drug delivery and nucleic-acid complexation [129]. In 
triethanolamine (TEA)-core poly(amido amine) (PAMAM) families, 
structural flexibility and internal accessibility were leveraged to design 
effective nanovectors for nucleic acid delivery, and subsequent 

combined experimental/computational work quantified how 
small-interfering RNA (siRNA) overhang length, chemistry, and 
complementarity modulate binding cooperativity and ultimately gene 
silencing performance [130,131]. Broader design logic questioning how 
focal-point hydrophobic moieties drive dendron self-assembly into 
micellar aggregates, how that controls surface charge density, and how 
these parameters correlate with DNA binding and transfection, was also 
established through mesoscale modeling tightly coupled with experi
mental readouts [132]. This self-assembly paradigm was then translated 
into functional supramolecular carriers enabling efficient siRNA de
livery and gene silencing from challenging cell models to in vivo set
tings, and into drug-loaded amphiphilic dendrimer nanomicelles that 
improved anticancer payload performance and mitigated 
resistance-linked phenotypes through carrier-enabled transport effects 
[133,134]. Responsiveness was pushed further via double-degradable 
self-assembled multivalent systems engineered for temporary 
high-affinity binding and triggered breakdown/release [135]. Comple
mentary mechanistic descriptors relevant to biomedical use were ob
tained by probing metal binding and solvation effects in flexible 
TEA-core PAMAM families [136].

A related branch focused on multivalent recognition in highly 
competitive media, conditions that matter in vivo. Here, modeling hel
ped rationalize experimental results and generalize how dendrimer ar
chitecture governs binding to polyanionic biopolymers such as heparin, 
spanning dye-based sensing in serum, competition assays that quantify 
dendrimer binding under realistic conditions, and multiscale explana
tions of “shape-persistent” versus “adaptive” multivalency in rigid and 
flexible dendrimer families [137–139] (Fig. 6, center). This theme was 
extended to quantify thermodynamics and competitive displacement 
driven by self-assembly, while also benchmarking compatibility with 
abundant serum proteins in complex physiological environments [140].

Protein-nanocarrier recognition was also framed in thermodynamic 
terms to support “protein-as-carrier” concepts. Combined computa
tional/experimental pipelines mapped binding sites and rationalized 
differential binding free energies for dendrimer-human serum albumin 
(HSA) complexes with orthogonal biophysical validation, and more 
broadly showed how supramolecular recognition motifs can modulate 
HSA exposure states and enhance drug-loading performance in hybrid 
protein-based vectors [141,142]. In parallel, fully atomistic simulations 
were used to dissect oligonucleotide binding by non-PAMAM dendrimer 
families and to extract physically interpretable performance descriptors 
(e.g., effective binding strength normalized by the number of active 
branches) that explain sequence-dependent affinity beyond gross 
size/shape similarities [143].

Finally, the same multiscale discipline was applied to protein-surface 
interactions and transport phenomena relevant to biomedical micro
devices: atomistic simulations were used to derive molecular parameters 
for adsorption and to build predictive diffusion models in nanochannels, 
explicitly bridging nanoscale interactions to macroscale release/diffu
sion behavior [144,145]. More recently, quantitatively predictive 
encapsulation metrics were extended by coupling experimental encap
sulation readouts with atomistic MD and conductor-like screening 
model (COSMO)-derived free-energy/partitioning profiles to rationalize 
micellar localization and affinity, supporting principled optimization of 
self-assembled nanomicelles for oncology payloads [146] (Fig. 6, 
bottom).

5.3. Mechanism in disease

A third meta-theme is fully mechanistic modeling, where the goal is 
not only ranking ligands, but explaining why specific molecular events 
drive functional outcomes in disease contexts. In oncology and resis
tance biology, kinase systems became prime case studies. Accordingly, 
Maurizio and his group used molecular simulations to move beyond 
single-interaction narratives and to show how resistance mutations 
reshape binding networks and conformational landscapes, including 
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mechanistic studies of drug resistance and mutation landscapes for 
different disease-relevant oncogenes, and clinically anchored mutant 
analyses where computed trends were aligned with functional/clinical 
correlates [147–153]. This thread deepened into conformation-selective 
binding and the emergent problem of polymutants, clarifying how 
complex mutation constellations can drive resistance and suggesting 
thermodynamically grounded strategies for inhibitor choice [154,155]. 
Resistance mechanisms beyond kinases were likewise resolved struc
turally, exemplified by the interpretation of function-preserving muta
tions in tumor suppressor systems such as p53 and Smoothened (SMO) 
mutations that remodel drug-entry pathways and/or binding-site ge
ometry and thereby abrogate inhibitor efficacy [156,157].

Mechanism-of-action elucidation also combined in vitro and in silico 
approaches to connect antiproliferative phenotypes to defined molecu
lar targets, integrating functional assays with thermodynamic binding 
characterization and modeling to rationalize activity in terms of target 
engagement [158–160]. Mechanism-driven workflows were also 
extended to therapeutically relevant protein-protein interactions, map
ping disease-linked interfaces and identifying small molecules able to 
disrupt pro-survival signaling nodes with functional validation in 
resistant cancer models [161]. Beyond cancer pharmacology, 
mutation-stratified disease biology integrated protein-structure and 
protein-protein interaction modeling with transcriptomic and 
immune-marker profiling, linking specific variants to altered interaction 
propensities and to distinct gene-expression and immune-context sig
natures relevant to clinical behavior [162].

Beyond disease, Maurizio and his group applied the same mecha
nistic mindset to biological signaling: atomistic modeling rationalized 
how structurally altered 2-oxoglutarate analogues can retain signaling 
function through receptor-binding accommodation and SAR constraints, 
enabling functional probe design [163–165].

6. Legacy and outlook: Energy, impact, and circularity

Taken together, these life-science contributions complete the arc that 
naturally opens onto Maurizio’s later outlook themes. Once molecular 
mechanisms are traced all the way to function in proteins, carriers, and 
complex biological media the next questions become unavoidable: how 
do we compare alternatives under realistic constraints, and how do we 
quantify trade-offs that matter outside the laboratory? This is where his 
work converged with today’s most urgent priorities: energy transition, 
sustainability-aware development, circularity, and credible impact 
assessment, closing the loop from molecular-scale understanding to 
societal-scale value.

6.1. Energy transition as a modeling-and-decision problem

A recurring lesson in Maurizio’s later work is that the energy tran
sition is not a single-technology story. It is a systems problem that de
mands models able to connect device-level physics to plant-scale 
performance and, ultimately, to decision variables. Early process-level 
studies on molten carbonate fuel cells framed this approach clearly: 
detailed steady-state simulations embedded custom unit models within 
flowsheets to identify efficiency drivers via sensitivity analysis, and then 
extended the same strategy to biomass-derived feeds, emphasizing 
feasibility under realistic operating constraints rather than idealized 
conditions [166,167]. In these studies, simulation is used in its most 
“Fermeglia” sense: as an actionable bridge between mechanism and 
decisions.

A similar multiscale logic was later applied to assess potential 
breakthroughs, such as integrating carbon capture and storage (CCS) 
into natural-gas combined-cycle power plants, and comparing perfor
mance and trade-offs against alternative generation options [168]. This 
system framing culminated in broader energy outlook work that treats 
photovoltaics not as an isolated solution, but as a lever within tightly 
coupled energy–carbon–resource dynamics. The key message is 

methodological as much as technological: credible transition planning 
requires quantitative baselines, transparent assumptions, and explicit 
links between scenarios and measurable outcomes [169].

6.2. Sustainability metrics that are deployable in design workflows

A second enduring contribution is the insistence that sustainability 
must be computed where design happens: inside the tools and pipelines 
that generate process options. This view appears early in the imple
mentation of process sustainability evaluation as a reusable CAPE-OPEN 
module that operationalizes WAR/PEI-type indicators within standard 
simulation environments, turning “environmental impact” into some
thing engineers can evaluate alongside mass and energy balances [170].

More recent work pushes this idea toward multi-criteria decision 
support under uncertainty and incomplete early-stage information. By 
combining process simulation with indicator sets spanning the sustain
ability pillars and using data envelopment analysis (DEA) for screening 
and ranking, the workflow addresses what practitioners face in real 
projects: many alternatives, competing objectives, and the need to 
identify why designs underperform - and where retrofits matter - 
committing to detailed development [171].

6.3. Quantified impact assessment under realistic conditions

If sustainability indicators make design choices comparable, life- 
cycle thinking makes them meaningful. A hallmark of this body of 
work is the disciplined coupling of detailed process simulation (to avoid 
“black-box inventories”) with Life Cycle Assessment (LCA) (to capture 
upstream and downstream burdens). In separations, the combined 
contributions of thermodynamic analysis, process simulation, and full 
LCA enable solvent/process comparisons that remain consistent at the 
level of mass and energy requirements, and explicit about how utilities 
and supply chains shape impact categories [172]. A forward-looking 
extension is the use of multiscale modeling to generate life-cycle in
ventory data for complex or novel materials, precisely where conven
tional LCA struggles most. Here, atomistic/mesoscale/continuum 
simulations become a controlled source of inventory parameters during 
early product design, allowing environmental evaluation before full 
industrial datasets are available and making eco-design more than an ex 
post accounting exercise [84]. Hydrogen studies then extend the 
framework from production to use contexts (including transportation 
and logistics), using consistent KPI triads (energy return, levelized costs, 
and LCA) and, when relevant, ownership/cost metrics that stakeholders 
and policy actually use (Fig. 3) [173,174]. Across these analyses, the 
methodological point is the same: sustainability is conditional on 
boundary choices, operating profiles, and infrastructure constraints, and 
must be assessed as such.

Finally, the inclusion of broader impact categories such as biodi
versity and land-use, and the explicit identification of operational 
thresholds (e.g., demand/occupancy levels required to outperform 
incumbent systems) challenge simplistic “green-by-default” narratives. 
This is responsible modeling in its most consequential form: it prevents 
well-intended projects from being justified by incomplete metrics [175].

6.4. Circularity and end-of-life as first-class design variables

A unifying theme behind these contributions is that circularity is not 
an afterthought. Recycling rates, reuse scenarios, and end-of-life path
ways can invert rankings between competing solutions, so the “best 
material” or “best technology” is often a system-level property rather 
than an intrinsic attribute. Making these dependencies explicit enables 
more honest optimization: identifying which levers (collection logistics, 
recycling infrastructure, energy mix, and operational profiles) must 
change for a solution to remain favorable over its full life cycle [84,174, 
175].
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6.5. Outlook: From multiscale modeling to auditable sustainability-by- 
design

What emerges from Maurizio’s later work is not a new technical 
niche, but a coherent philosophy of practice: build models that can be 
audited, couple them to measurable indicators, and use them to guide 
decisions under realistic constraints. In that sense, the “Fermeglia Con
tinuum” naturally extends from molecular truth to societal value: it 
treats sustainability, circularity, and impact not as externalities, but as 
quantities that can, and should, be computed within the same disci
plined multiscale workflows that previously carried structure into 
properties, and properties into design.

Through energy systems, sustainable process design, and circular 
materials, Maurizio insisted that models must earn the right to guide 
decisions, and that numbers should always travel with their assump
tions. His work makes that lesson explicit: multiscale workflows can 
compare competing options on equal footing, quantify trade-offs (effi
ciency, cost, footprint), and keep impact assessment auditable rather 
than rhetorical.

Writing these last pages, I found myself returning less to milestones 
and more to a habit of mind Maurizio gave many of us: the insistence 
that rigor is a form of care: care for the truth in the numbers, for the 
people who will rely on them, and for the consequences that follow 
when models leave our notebooks and enter decisions. I first learned this 
from his classical thermodynamics and equation-of-state contributions, 
where reliable properties are not an academic luxury but a prerequisite 
for designing processes that are safe, controllable, and trustworthy in the 
hands of industry. I saw it again in the life-science work, where rigor 
becomes accountability because modeling can influence experimental 
priorities, mechanistic interpretation, and translational choices. And I 
recognized it most explicitly in his later work on energy transition, 
sustainability-by-design, life-cycle thinking, and circularity: the same 
ethic carried into domains where the cost of weak assumptions is paid in 
real constraints and real outcomes.

If we carry this discipline forward: open data, reusable pipelines, and 
training that reads clearly across scales, his work will keep doing what it 
always did: turning molecular truth into societal value. That is the 
Fermeglia continuum, and it remains open.
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