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Challenges and opportunities
from water under soft
nanoconfinement

Raffaele Mezzenga1,2*
1Department of Health Sciences and Technology, ETH Zurich, Zurich, Switzerland, 2Department of
Materials, ETH Zurich, Zurich, Switzerland

Nanoconfined water differs significantly from bulk water and challenges our
common understanding of liquid water in both its most fundamental features,
as well as in many applied aspects which stem out from its peculiar behavior. This
brief perspective pinpoints both challenges associated with the study of water
under soft nanoconfinement as well as some opportunities which arise from it,
and which would not be at reach with standard bulk water. A special focus is given
to the strong nanoconfinement (~1–10 nm) offered by inverse lipidic mesophases,
viewed as a natural soft nanoconfinement environment for water.

KEYWORDS

nanoconfinement, supercooling, glass transition, glasses, lipid mesophases, lyotropic
liquid crystals, cryo-enzymatic reactions

Introduction

From the cellular environment, to pharmaceutical applications, physics, chemistry and
nanotechnology, interest in water under soft nanoconfinement has been constantly growing,
mostly due to the fact that many real biological examples feature water in conditions which
are far from bulk-like, and thus, do not meet our common stereotypes of water. However,
there are precise reasons why nanoconfined water may offer a platform to study water under
environmental conditions not possible or applicable to bulk water itself. The most notorious
one is the capability of nanoconfined water to enter the so called no man land region of the
phase diagram without the formation of ice, i.e., the range of temperature between
TH = −41°C, at which homogeneous nucleation of ice occurs and roughly TX ≈ −113°C,
the so-called crystallization-onset temperature (Smart, 2017). This is a remarkable result in a
temperature range within which even homogeneous nucleation of ice from bulk water
cannot be avoided, neither upon cooling (ice formation from liquid water below TH) nor
upon heating (ice formation from supercooled glassy water above TX). The only other known
way to avoid ice formation in the no-man land region is to escape thermodynamics via
cooling rates of the order of 105–106 K/s, so fast that only a handful of methods exist to realize
this experimentally (Debenedetti and Stanley, 2003; Cerveny et al., 2016). But nanoconfined
water challenges our understanding of water in many other aspects, touching on relaxation
dynamics, hydrogen bonding coordination, structure, solubility, reactivity, and many more.
This short perspective aims, within the allowed limits of space, at briefly highlighting the
challenges and opportunities arising from water under soft nanoconfinement, making a
parallel among these two extremes and taking bulk water as benchmark reference. Given the
limited allowed length, this perspective is by no means meant to comprehensively discuss the
peculiarities of nanoconfined water, for which extensive literature already exists (Ortiz-
Young et al., 2013; Huber, 2015; Knight et al., 2019). Instead, the main objective is to point at
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opportunities which are yet to be fully appreciated within the wide
body of literature, showcasing some less-known aspects of
nanoconfined water.

Types of soft nanoconfinement

Possibly the most frequent soft nanoconfinement system studied
is that formed by reverse micelles (RM) in which water is confined
within a dispersed continuous hydrophobic phase, typically an oil,
by the help of a surfactant. In this form of nanoconfinement water is
most often organized within spherical micelles of a size typically
ranging between 1 and 15 nm (Moilanen et al., 2009; Das et al., 2013;
Yuan et al., 2017), although worm like micelles are also possible
using typically ionic surfactants (Martiel et al., 2014). At larger
hydration levels, where bulk water dominates, the range of
nanoconfined water increases to 5–100 nm, and the RM are more
frequently referred as microemulsions (Moulik and Paul, 1998). A
second form of soft nanoconfinement is the one offered by inverse
lipidic mesophases in which water is confined within 0D, 1D, 2D,
and 3D symmetries depending on the lipid used, the amount of
water and the temperature considered. A graphic summary of the
main symmetries involved in lipidic mesophases is given in
Figure 1A. Typical confinement in these systems forces water
within domains ranging between 1 nm and 50 nm, but most
typically within the 3–5 nm range (Mezzenga et al., 2019;
Aleandri and Mezzenga, 2020). A third way to achieve soft
nanoconfinement for water is via high concentration of solutes of
molecular (e.g., glycerol) or macromolecular (polysaccharides,
proteins, DNA, etc.) nature. This strategy may change the
properties of water to the point that freezing can be completely
suppressed or water nearly entirely immobilized at the solute/water
interface. This specific form of soft nanoconfinement will not be
considered in this short perspective mostly for reasons of space, but
also because it differs substantially form the first two in such that a
straightforward length-scale for the nanoconfinement cannot be
easily defined. Interested readers are referred to more extensive

literature dealing with this topic (Hatakeyama et al., 2010; Yan et al.,
2018; Das Mahanta et al., 2023).

Challenges

Depression of water freezing point

Certainly the most well understood feature of nanoconfined
water is the depression of the freezing point, which is rationalized via
the well-established Gibbs–Thompson equation, according to which
the temperature depression (Tm,B- Tm,N), where Tm,B and Tm,N are
the freezing temperature of bulk and nanoconfined water,
respectively, scales with the diameter d of the confining pore as
(Tm,B- Tm,N) ~ 1/d. The Gibbs–Thompson equation explains well the
depression of the freezing point of water under medium and strong
nanoconfinement, typically down to 4 nm (Corti et al., 2021), but as
the equation diverges only for d→0, the complete suppression of
freezing observed in several soft nanoconfined systems is not
correctly explained. This has led to an empirical modification of
the equation into Tm,B- Tm,N ~ 1/(d-t) where t is the thickness of the
un-freezable liquid bound to the pore wall. This allows for the
possibility of full suppression of crystallization at a critical, yet finite
size of t (Corti et al., 2021). For comparison water in (hard) confined
silica hexagonal mesopores (MCM-41) of less than 4 nm, does not
freeze at any temperature (Yoshida et al., 2008). The reason for such
a behavior is that ice needs to overcome a critical nucleus size in
order to growth, as in any systems undergoing nucleation and
growth. Many systems have been shown to depress or suppress
crystallization of ice due to soft nanoconfinement, although the level
of temperature depression depends on the various system.

Glass transition

While the effects of nanoconfinement are relatively well
understood in first order thermodynamic transitions of water

FIGURE 1
(A) A summary of main symmetries involved in lipid mesophases soft nanoconfinement. Reproduced with permission from Aleandri and Mezzenga
(2020), AIP copyrights. (B) Relaxation time of water vs. inverse of temperature for most known soft nanoconfinement systems known. Reproduced with
permission from Cerveny et al. (2016), ACS copyrights.
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(freezing/melting), the situation with second (or higher order)
transitions is far from being univocally established. Glass
transition (Tg) of water under nanoconfinement is a clear
example. The exact location of the glass transition temperature of
bulk water is already debated and depending on how it is measured,
different values have been obtained. It is generally agreed, however,
that it locates between 136 K and 165 K (Johari et al., 1987; Velikov
et al., 2001; Debenedetti and Stanley, 2003), although some recent
reports even suggest a Tg of bulk water as high as (or even higher
than) 190 K (Cerveny et al., 2016). The location of glass transition of
water under confinement is obviously more uncertain. Basic
considerations would suggest the Tg of confined water to be
depressed over the corresponding Tg of the bulk water: for
example, it is well established that nanoconfinement disrupt the
h-bonding network and therefore speeds up relaxation of water:
based on this argument alone one would expect that at the same
cryogenic temperature nanoconfinement causes increased mobility
and thus lower Tg of water (Cerveny et al., 2016). Similar
conclusions can be reached by invoking the concept of water
cluster, as originally introduced by Frank and Wen (1957), which
is perturbed by neighboring molecules (Némethy and Scheeaga,
1962), or as in the present case, whose size is limited by the
nanoconfinement, promoting liquid-like behavior over more
viscous/glassy behavior, i.e., a depression on glass transition. A
slightly more elaborated concept supporting the same idea of Tg
depression with confinement is the idea proposed by Adam and
Gibbs (1965), predicting cooperative re-arranging regions (CRR),

within which the molecules move cooperatively and beyond which
motion of molecules becomes independent. A decrease in
temperature would generally lead to an increase in the size of
CRR, which a consequent shift towards more viscous/glassy
behavior; as confinement sets a limit to the maximum CRR size,
however, at a given temperature, glassy behaviour can no longer be
enhanced by cooling. In other words, confinement set a lower
boundary to the possible Tg, promoting liquid like over glassy
behavior (Spehr et al., 2011).

From an experimental point of view, however, resolving
unambiguously the glass transition of water under
nanoconfinement is not trivial. The main complications reside in
resolving alpha relaxation from other possible relaxation and critical
phenomena. A recent review provides three different scenarios to
interpret the physical origins of low temperature relaxation of water
under nanoconfinement (Cerveny et al., 2016). Yet, some
universality traits can be captured when the relaxation time
extracted by various methods, among which broadband dielectric
spectroscopy (BDS), nuclear magnetic resonance (NMR) and quasi-
elastic neutron scattering (QENS), is plotted against 1/T (See
Figure 1B). Although different soft confining systems affect water
relaxation in different ways, a crossover temperature is observed
from an Arrhenius dependence at low temperature to a super-
Arrhenius behavior at high temperature, often modelled via a
Vogel−Fulcher−Tamman (VFT) relation (Gallo et al., 2010).
Furthermore, increasing the water content leads in all cases to
faster relaxation times, in some cases by four orders of

FIGURE 2
Typical enzymatic reactions explored at cryogenic conditions under lipidic mesophase soft nanoconfinement. (A) TMB oxidation by HRP; (B) TMB
oxidization by GOD-HRP cascade reaction; (C)Hydrolysis of 4-Nitrophenyl acetate (Np-ace) by lipase; (D) Kinetic curves of GOD-HRP cascade reaction
at 25, 4, and −20°C, as sketched in panel (B). Reproduced with permission from Yao et al. (2021).
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magnitude. The tentative glass region in Figure 1B extends from
172 to 200 K; yet comparison with bulk Tg of water is problematic
both from an experimental and theoretical point of view (Cerveny
et al., 2016). This transition of relaxation times (and hence viscosity)
from an Arrhenius dependence at low temperature to a super-
Arrhenius behavior upon heating is also called a strong-to-fragile
transition, where strong is a synonym of Arrhenius-like behavior.

Dynamic of water

The peculiarities of water under soft nanoconfinement are
apparent also when studying the dynamic and diffusion behavior.
In general, different techniques probe different characteristic times.
A large body of literature has been devoted to this topic and excellent
reviews are available. Here we briefly summarize the salient features
of the dynamic of nanoconfined water. To start, different techniques
probe different timescales: molecular vibrations (10–100 fs) are
typically probed by linear spectroscopies, as FT-IR and Raman,
and non-linear ones as sum frequency generation spectroscopy
(SFG); molecular rotation (1–100 ps) are accessible via IR pump-
probe experiments and two-dimensional rotational spectroscopy,
while timescales of 1 ns or more are typically probed by molecular
fluorescence techniques (Perakis et al., 2016). A recent review by
Levinger and Swafford provides a nice overview on some of the most
widely used techniques such as Steady-State and Time-Resolved
Infrared Spectroscopy, IR time-resolved anisotropy, vibrational
echoes, and two-dimensional IR spectroscopy (Levinger and
Swafford, 2009). The majority of experimental results available to
date has been generated using ultrafast laser spectroscopy in reverse
micelles using pump-probe techniques, that is a fluorescent probe
which is excited first and whose fluorescence time behavior is
studied during its solvation by the surrounding water molecules.
Almost all studies converge towards a general picture in which,
nanoconfined water exhibits a bimodal distribution of the relaxation
times, with one relaxation time typical of bulk water (~ps) and a
much slower time of the order of hundreds of ps (Bhattacharyya and
Bagchi, 2000). By studying the fluorescence dynamics at various
water content, the two components and their relative weight can be
resolved, with the conclusion that the fast-relaxing water-like
behavior component is reminiscent of bulk-like water, whereas
the slow relaxation is the signature of the confined or interfacial
water. This has led to a widely adopted core-shell model in which
bulk-like properties of water vanish at a confinement of the order of
w0 = 2, i.e., when 2 water molecules for surfactant are present, pretty
much independently from the molecular traits of the surfactant. The
main challenge here is that, since the greatest majority of fluorescent
probes are poorly water soluble, it becomes difficult to separate the
effect of nanoconfinement from the effect of interfaces (Levinger and
Swafford, 2009). Yet, similar conclusions are also reached by
techniques not relying on fluorescence, such as in the case of
quasi-elastic neutron scattering (QENS) (Spehr et al., 2011),
further supporting the core-shell model.

Translational and rotational diffusion of nanoconfined water
present features which may be seen as even more puzzling. In
general, rotational diffusion of water in reverse micelles is found
to exhibit a slowmode in near proximity of interfaces and a bulk-like
behavior far (beyond ~0.8 nm) from the interfaces, provided the

water hydration is such to reach bulk-like properties, i.e., w0 = 7.5
(Pieniazek et al., 2009). The translational diffusion coefficient is
found to follow similar trends; yet, a distinction must be made
among free self-diffusion of water in nanoconfined geometries and
neat macroscopic flow (forced flow) under a pressure drop: in forced
flow: the general view is that water flow in nanopores deviates
significantly from the ideal no-slip conditions of the
Hagen–Poiseuille model, with a positive effective slip length at
the interface for hydrophobic interfaces and a negative effective
slip length at hydrophilic interfaces. Here, hydrophilic and
hydrophobic refer to contact angles lower/larger than 90° and to
water-interface h-bonding stronger/weaker than water-water pairs,
respectively (Lynch et al., 2020). Compared to the ideal
Hagen–Poiseuille model this leads to a “super-diffusion” in
hydrophobic nanopores, such as carbon nanotubes, and an
under-diffusion in hydrophilic nanopores. Yet, recent
contributions have highlighted the oversimplification of such a
scheme and stressed the necessity to modify the effective slip
length, as a linear sum of true slip, (a direct function of the
contact angle), and an apparent slip, depending on the spatial
features of nanoconfined water (Wu et al., 2017). In general,
however, whether self-diffusion or effective diffusion are
considered, deviations from the bulk-like behavior and the
Hagen–Poiseuille ideal case become more pronounced with the
level of nanoconfinement.

Opportunities

Water reactivity

The effect of nanoconfinement on water reactivity has been
recently reviewed by Corti et al. (2021), who have discussed the
correlation between confinement and increased reaction rates in
several model reactions from microdroplets to nanodroplets.
Although enhanced reactivity of organic reactions in reverse
micelles has been known for decades, a quantitative
breakthrough came with the work of Fallah-Araghi et al. (2014),
who proposed a quantitative model based on the effect of interfaces,
capable to preferentially adsorb the reactant over the product, and
speeding up the reaction via a non-catalytic reaction-adsorption
scheme. Notably, the model proposed by these authors was able to
correctly describe the ~1/d dependence of the effective reaction rate
of bimolecular synthetic reactions over the confining geometry
feature size, d. This was further supported by Wilson et al.
(2020), who confirmed numerically the ~1/d dependence of the
equilibrium constant reactants/products by comparing stochastic
simulations and experiments on imine synthesis. These studies
address the effect of confinement in simple, model organic
reactions, but set an important ground on which understanding
more complex biochemical reactions, such as those involving
enzymes and macromolecules.

Enzymatic reactions

Enzymatic reactions may highly benefit from confined
geometries across different length scales. The general effect of
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surface and volume confinement on enzymatic reactions have been
recently reviewed by Küchler et al. (2016), who have discussed
conditions of mild confinement. Here, given the brevity of this
perspective, we focus on enzymatic reactions under strong soft
nanoconfinement provided by lipidic mesophases, since in these
systems the confinement, generally strong (<3 nm), can also be
released by the help of co-surfactants.

A first distinction must be made on the type of enzyme considered:
for example, Sun et al. (2016) demonstrated that while membrane-
bound enzymes such as D-fructose dehydrogenase (FDH) preserve full
activity within lipidic mesophases and follow the classic
Michaelis−Menten kinetics, as a result of the “natural”
reconstitution within lipid bilayers (although organized according to
bicontinuous cubic phase symmetries), bulk enzymes such as horse
radish peroxidase (HRP) do follow a different kinetics, which can better
be rationalized by the Hill model, typical of bound enzymes. This
immediately demonstrates that the very same nanoconfinement
environment imparts different behavior to different types of
enzymes (membrane-bound vs. soluble). Additionally, and more
generally, soluble enzymes do no follow only different kinetics, but
also lead to different fate of the converted substrate. Vallooran et al.
(2016) were the first to show that various enzymes confined within
lipidic cubic mesophases may lead to the crystallization of converted
substrates due to the decreased solubility of the substrates after
enzymatic reaction in nanoconfined water compared to bulk water.
The crystals of enzymatically converted substrates were easily detectable
via simple cross-polarized microscopy or even optical observation due
to the transparent and isotropic background of the host bicontinuos
mesophases. By connecting HRP to antibodies, Vallooran et al. (2016)
extended this concept to detection of biomarkers (e.g., glucose,
cholesterol), bacteria (E. Coli), viruses (HIV, Ebola) and even
parasites (malaria), establishing a general platform for bio-detection
via enzymatic reactions run under the strong soft nanoconfinement of
lipidicmesophases. AsVallooran et al. (2019) further demonstrated, the
molecular mechanism for this crystallization (and hence detection) is
really based on the peculiar status of nanoconfined water, within which
solubility of organic substances changes significantly: by releasing the
nanoconfinement from a diameter of 2.6 nm–7.6 nm using co-
surfactants capable to swell the lipidic mesophase channels, the
same authors showed that the crystals change from microcrystals, to
needle-like, to then fully dissolve upon further relaxation of
nanoconfinement. Additionally, on top of this effect, different
symmetries of the same mesophases do also affect the activity of the
enzyme: Sun et al. (2015) showed that the connectivity of the topology
may influence the activity of the enzyme at the same confinement level
(water channel): four-fold connected bicontinuous cubic phases of
Pn3m symmetry were found to impart higher activity to HRP than
three-folded Ia3d bicontinuous cubic phases and 1-fold (columnar)
hexagonal phases, respectively.

The strong lipidic nanoconfinement offered by lipidic
mesophases opens new opportunities and enable expanding the
scope of enzymatic reactions in general. Salvati Manni et al. (2019)
realized that a modification of common lipid (monolinolein) tails
preventing lipid from crystallizing at low temperature, gives access
to undercooled water down to 6 K. Yao et al. (2021) expanded this
concept to more common lipids (phytantriol) without needs of
chemical modification and went on showing the possibility to run
enzymatic reactions at cryogenic conditions at temperatures well

below those of freezing bulk water (See Figure 2 for details). In a first
work they used both simple enzymatic reactions of HRP as well as
cascading reactions of glucose oxidase and HRP to demonstrate not
only the possibility to run these reactions below 0°C, but even to do
so with increased turnover. The reason was found on stabilization of
molecular intermediates of enzymatic reactions which are short-
living at ordinary temperatures but that can be preserved at lower
temperatures. In a second work, they expanded cryogenic enzymatic
reactions in lipidic mesophases to Benzaldehyde lyase (Zhou et al.,
2021). Interestingly, the unique soft nanoconfinement offered by
lipidic mesophases has also been used to host enzymatic reactions
with optimized stereochemistry synthesis. Zhou et al. (2018) showed
that asymmetric synthesis of carbohydrates can be performed with
increased turn-over by using aldolase nanoconfined in lipidic
mesophases. In that specific case, the increased efficiency was
understood to be a result of eased access of the substrate to the
catalytic reaction center, located at the glycerol rich lipid−water
interface, highlighting again the combined effects nanoconfined
water with increased surface-volume ratios typical of strong
nanoconfinement. Very recently Züblin et al. (2023)
demonstrated that enzymatic polymerization of polysaccharides is
highly enhanced in molecular weight and yield when performed
under lipidic mesophase nanoconfinement compared to bulk, and
even that it is possible to run the same enzymatic polymerization at
cryogenic temperatures, further expanding the reach of enzymatic
reactions in-meso.

- Cryogenic Properties

Before closing this brief perspective, we touch on two additional
possible applications arising from the unique cryogenic properties of
water within lipidic mesophases: low-temperature reconstitution of
biological macromolecules and possible liquid storage of water for
lunar manned applications.

The first application is motivated by the fact that lipid
mesophases are ideal matrices to reconstitute and even crystallize
membrane proteins via the so-called in-mesomethod (Landau et al.,
1996). As a lamellar intermediate is presumed to be the structure
assisting the reconstitution step prior to in-meso crystallization, it
appears reasonable to expect reconstitution of membrane proteins
and other biomacromolecules within the lamellar phase of those
lipidic mesophases capable of escaping water and lipid
crystallization (Yao et al., 2021).

The second application is motivated by a recent conceptual
proposal suggesting phytantriol-water mesophases as a cyclic
storage system for maintaining liquid water on the surface of the
moon in anticipation of man-based lunar missions expected by the
Global Exploration Roadmap before the end of this decade (Banica
et al., 2023). The most fascinating aspect is that these two very
diverse applications appear to be enabled by using the very same soft
nanoconfinement system (water and phytantriol) and the very same
mesophase symmetry (lamellar).

Outlook and conclusion

In this short perspective I have highlighted only a few of the
many opportunities arising from the peculiar status of water under
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soft nanoconfinement, some rudiments of the physical background
needed to understand at least the basic features and how these could
be serving in disparate fields ranging from chemical and enzymatic
reactions in “soft nanoreactors,” to cryogenic reconstitution and
preservation of biological macromolecules, to the most exotic
application of liquid water storage on the surface of the moon.
The overarching theme of this article is centered on the contrasting
behavior between the ubiquity of liquid water and the diverse
applications stemming out from its unique behavior under soft
nanoconfinement. This contribution is meant to stimulate further
our investigation of the many physical and chemical properties of
nanoconfined water, which are still poorly understood, and to shed
light on the plethora of applications possible for water under soft
nanoconfinement.
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The combination of surfactants and fatty alcohols leads to the formation of
lamellar gel network (LGNs) which are widely used in cosmetic and
pharmaceutical industries. Alkyl polyglucosides are known to stabilize oil-in-
water emulsions and here, we report their use in combination with fatty
alcohol for the stabilization of all-aqueous water-in-water (W/W) emulsions
based on dextran-in-poly(ethylene glycol). Two different APGs were used:
decyl glucoside and lauryl glucoside. We systematically studied the influence
of the concentrations of APGs, and themolar ratio between the APGs and decanol
as model fatty alcohol on the size and stability of the aqueous emulsion droplets
with time. The self-assembled structure formed by decanol/APGs was
characterized by using Small Angle X-ray Scattering and confocal microscopy,
and shown to be lamellar in the bulk phase and probably also at the surface of
dextran-rich droplets. We also demonstrated that the stabilization of W/W
emulsions can be extended to other alkyl polyglucoside and to other fatty
alcohols. In addition, we reported the production of a foam using such W/W
emulsions as the continuous phase. Our results show that it is possible to stabilized
W/W emulsions using LGNs based on different APGs and fatty alcohols, which will
undoubtedly expand the use of W/W emulsions for various fields.

KEYWORDS

emulsion, lamellar phase, fatty alcohol, alkyl polyglucoside, foam

1 Introduction

Emulsions, which are commonly used in a wide range of applications, are made up of two
thermodynamically incompatible solutions or solvents (Leal-Calderon et al., 2007). The
most conventional ones are oil-in-water or water-in-oil emulsions. However, a more unusual
emulsion system is based on an aqueous solution that forms droplets into another aqueous
solution, the so-called ‘water-in-water emulsions’ (W/W emulsions) (Esquena, 2016; 2023;
Dickinson, 2019). The formation ofW/W emulsions occurs when amoderately concentrated
solution of incompatible polymers exhibits thermodynamic phase separation (Dickinson,
2019). In contrast to oil-in-water emulsions, W/W emulsions are much more difficult to
stabilize since the surface tension is very low (around 0.1–100 μN. m−1) and the interface
thickness is large (at least, few tens of nanometers) (Antonov et al., 2004; Esquena, 2016). For
these physical reasons, W/W emulsions cannot be stabilized by the common surfactants
usually used for the stabilization of the oil-in-water or water-in-oil emulsions. Thus, when
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formed upon mixing, droplets coalesce with time more or less
quickly, depending on the system investigated and then,
macroscopic phase separation occurs. The lack of stability of
W/W emulsions is the main drawback that limits their use for
practical applications (Esquena, 2016). Several applications of W/W
emulsions have been reported in various fields: food, biomedical,
drug delivery, etc. (Esquena, 2016; Esquena, 2023). For example,
they can be used to encapsulate active components and labile
molecules, and then be used as delivery systems. They can also
be used as microreactors for the synthesis of high value-added
products (Esquena, 2016; Esquena, 2023). The field of water-in-
water emulsions is experiencing growth, driven by the discovery of
new methods to improve their stability. Therefore, finding new
methods to effectively stabilize W/W emulsions is a major challenge
for scientists to expand their use.

Despite the difficulties in stabilizing them, W/W emulsions have
been shown to be efficiently stabilized by using a wide variety of
chemicals and particles as reviewed by several authors (Nicolai and
Murray, 2017; Dickinson, 2019; Chao and Shum, 2020). For example,
W/W emulsions can be stabilized by polymer particles (Poortinga,
2008; Douliez et al., 2018; Douliez et al., 2019),microgels (Merland et al.,
2022; You et al., 2023), cellulose nanocrystals (Ben Ayed et al., 2018; Xie
et al., 2023), protein particles (Nguyen et al., 2013), etc. Other
stabilization methods based on the use of amphiphiles are also
described in the literature such as: block copolymers, self-assembly
of fatty acids and phospholipids, oligonucleotides, liposomes, etc.,
(Dewey et al., 2014; Chao and Shum, 2020). These chemicals or
particles are positioned at the interface of the droplets, which
prevents their coalescence and, subsequently, macroscopic phase
separation. The mechanisms by which this occurs remain unclear in
most cases and is probably due to an equal affinity of the particles or
chemicals for the droplet-forming polymer and the continuous aqueous
phase enriched in the other polymer.

Recently, stable W/W emulsions have been designed by using
sodium oleate (surfactant) and decanol (fatty alcohol) with a simple
addition process of the components to the two aqueous phase system
(Coudon et al., 2022). The mixture of surfactant and fatty alcohols
are widely used forming Lamellar gel Network (LGNs) that are of
strong interest in the field of cosmetic and pharmaceutical industries
(Eccleston, 1997). Lamellar gel networks (LGNs), which are also
called “α-gel” in the literature, are used to give creamy texture to the
products (Eccleston, 1997; Iwata, 2017). LGNs are based on the
mixture of long-chain fatty alcohols with surfactants in aqueous
solution (Iwata, 2017; Colafemmina et al., 2020; de Oliveira et al.,
2020). By using appropriate concentrations and molar ratio of these
two components, the formation of LGNs occurs. It can be described
as a multi-phase colloidal structure mainly composed of lamellar
phase and bulk water. When oil droplets are present in the
formulation, they are entrapped and stabilized by the LGNs both
present in the bulk aqueous phase and surrounding them
(Junginger, 1984; Eccleston, 1997; Nakarapanich et al., 2001). The
study of Coudon et al. was the first one showing the use of LGNs to
stabilize water-in-water (W/W) emulsions (Coudon et al., 2022).

In the current context of growing concern for the environment,
natural-based surfactants became popular as an alternative to the
synthetic ones to produce LGNs and are widely used for cosmetic
and pharmaceutical applications (Savic et al., 2005; Terescenco et al.,
2018a; Terescenco et al., 2018b). Alkyl polyglucoside (APG) is one of

the well-known families of natural surfactants, derived from natural
glucose and a fatty alcohol. It is considered as non-toxic, mild and
environmentally friendly emulsifier (Dari et al., 2023). Our aim here
was to study the stabilization of W/W emulsions by using LGNs
based on various APGs. Interestingly, these surfactants (APGs) are
non-ionic surfactant whereas most of the chemical components and
particles that have been used in the literature for stabilizing W/W
emulsions are either charged or at least, zwitterionic (Esquena,
2023). This could be an advantage when the systems require
changes in pH or ionic strength that may alter the stability of the
emulsion, as is the case when W/W emulsions are used for bacterial
culture (Xie et al., 2023; Zhang et al., 2024).

Here, we used two different APGs: decyl glucoside (DG) and lauryl
glucoside (LG). DG and LG differ in their alkyl chain length
composition. DG comprises a mixture of alkyl chains ranging from
8 to 16 carbon atoms, while LG consists of amixture ranging from 12 to
16 carbon atoms (Keck et al., 2014; Wu et al., 2017). In addition, they
differ in their degree of glycosidation: DG has a value of 1.5 and LG, 1.4.
These APGs were combined with decanol as model fatty alcohol. The
model W/W emulsions system was based on dextran-in-poly(ethylene
glycol) (PEG) droplets. We systematically investigated the influence of
the concentrations of APG, and the molar ratio between this surfactant
and the fatty alcohol on the size and stability with time of the aqueous
emulsion droplets. Then, we gained insight into the structure by
combining confocal microscopy and Small Angle X-ray Scattering
(SAXS). We also demonstrated the versatility of these surfactants
mixtures by extending the approach to another APG (coco-
glucoside, CG) and other fatty alcohols (dodecanol and myristyl
alcohol). Furthermore, we show that a foamulsion could be
produced from such stabilized W/W emulsion. Our results show
that it is possible to use the combination of fatty alcohols and APGs
for the formulation of different type of W/W emulsions, which will
surely broaden the use of W/W emulsions for various fields such as
cosmetics and pharmaceuticals.

2 Materials and methods

2.1 Materials

The following chemicals were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France) and used as received: dextran
450–650 kg/mol, poly(ethylene glycol) 20 kg/mol (PEG), Nile red,
fluorescein isothiocyanate-dextran 500 kg/mol (FITC-dextran), 1-
decanol, 1-dodecanol, ethanol, and sodium dodecyl sulfate (SDS)
with 98.5% purity. Lauryl glucoside (plantacare 1200 up) (LG) with
51.3 wt% of active matter, decyl glucoside (plantacare 2000 up) (DG)
with 53.0 wt% of active matter, coco glucoside (plantacare 818 up)
with 51.4 wt% of active matter andmyristyl alcohol (lanette 14) were
provided by BASF (Ludwigshafen, Germany) and used as received.
Milli-Q water was used for all experiments.

2.2 Preparation of the stock solutions

To prepare the all-aqueous emulsion, both the polymers PEG
and Dextran were weighed in a flask and Milli-Q water was added so
that the PEG concentration was 7 wt% and the dextran
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concentration was 3.25 wt%. Then, the mixture was stirred
magnetically at 60°C until polymers were completely dissolved. It
formed a slightly turbid dispersion formed by polydisperse droplets
enriched in Dextran in the continuous PEG phase, which coalesced
with time until macroscopic phase separation occurs as expected for
such aqueous emulsion (not shown).

A solution of APG (DG, LG or CG) was prepared by weighing
into a flask the APG and adding Milli-Q water so that the final
concentration of the APG active matter was 5 wt%, followed by
stirring magnetically at 60°C until the APG was completely
dissolved. Nile red was dissolved in ethanol to obtain a final
concentration of 5 mg mL−1, then an aliquot of this solution was
added to each of the APGs solutions to obtain a final concentration
of 0.1 mg mL−1. A solution of FITC-dextran was prepared by
weighing the dye and adding Milli-Q water so that the
concentration was 20 mg mL−1. All these stock solutions were
stored at around 4°C in a fridge.

2.3 Preparation of the stabilized W/W
emulsions

Different protocols were used to prepare W/W emulsions
depending on the fatty alcohols used and its melting point. To
produce PEG-in-dextran W/W emulsion, 5 mL of the PEG-dextran
mixture was taken and placed in a 15 mL tube (Falcon) while stirring
the mixture. 50 μL of the FITC-dextran stock solution were added to
the tube and all was mixed by vortexing; followed by the addition of
a given volume of the stock solution of APG (DG, LG or CG) doped
with nile red. Then the emulsion was vortexed for another 30 s. The
same protocol was used to prepare the inverse W/W emulsion
(PEG-in-dextran emulsions) but starting with the preparation of
PEG at 2 wt% and Dextran at 14 wt%.

To prepare the dextran-in-PEG emulsions in the presence of
APG and dodecanol, 5 mL of the PEG-dextran mixture was taken
and placed in a 15 mL tube (Falcon) while stirring the mixture at
40°C. Then, 50 μL of the FITC-dextran stock solution was added to
the tube and all were mixed by vortexing. A given volume of 1-
dodecanol at 40°C was added to the previous mixture and mixed
thoroughly by vortexing, followed by the addition of a given volume
of the stock solution of LG or DG doped with Nile red, then the
emulsion was vortexed for another 30 s.

To prepare dextran-in-PEG emulsions in the presence of APG and
myristyl alcohol, the myristyl alcohol was first heated to 90°C, until it
was completely melted, and then the required amount was weighed in a
beaker. 5 mL of the PEG-dextran mixture was taken and placed in the
same baker while stirring the mixture, 50 μL of the FITC-dextran stock
solutionwas added, and all weremixed together undermagnetic stirring
at 60°C until the myristyl alcohol was completely dissolved. The
resulting mixture was placed in a 15 mL tube (Falcon) and a given
volume of LG or DG doped with Nile red was added while vortexing.
Then, the emulsion was vortexed for another 30 s.

2.4 Preparation of the foamulsion

A dextran-in-PEG emulsion (10 wt% of dextran and 10 wt% of
PEG) stabilized with LG and decanol was prepared as previously

described. A given volume of the emulsion was transferred to a
beaker and a given volume of surfactant was added. The mixture was
slowly mixed with magnetic stirring for 30 s. To prepare the
foamulsion, the double-syringe foaming technique was used
(Gaillard et al., 2017). Two 10-mL syringes were connected with
a Luer-lock connector. One syringe was filled with 3.5 mL of the
mixture and 6.5 mL of air. The second syringe was maintained with
the piston in the fully closed position. The foam was then produced
by pushing the plungers of the connected syringes 30 times by hand.
The stability of the resulting foams was followed by measuring both
the evolution of the foam and the volume of drained liquid over time
with the naked eye.

2.5 Stability and partial phase diagram of the
W/W emulsions

The bulk stability of the W/W emulsions with different molar
ratio (R) of decanol:APG was followed with the naked eye (phase
separation), and also by confocal fluorescence microscopy
observations. Experiments were performed immediately after the
production of W/W emulsions (t = 0) and after 24 h (t = 24 h) of
conservation at room temperature. Pictures of the tubes containing
the samples were taken with an iPhone mini 13 (Apple). Microscopy
images were acquired using a fluorescence confocal microscope
(LSM 700, Zeiss) with ×63 oil immersion objective. Dyes were
excited by using the following excitation (λex): FITC-dextran,
λex = 488 nm; Nile Red, λex = 555 nm. The microscopy images
were processed using ImageJ software, following the method
introduced by Gaillard et al. (2015) in order to obtain the area of
50 droplets for each sample. Long-term evolution of the W/W was
also done through microscopy observations of the samples using an
epifluorescence microscope (Zeiss Axioskop 2 Plus, Oberkochen,
Germany) with ×40 objective.

2.6 Structural characterization of W/W
emulsions by small angle X-ray scattering
(SAXS)

SAXS experiments were performed on a XEUSS 2.0 device
(XENOCS, Grenoble, France) operating under vacuum with a
GeniX3D microsource (λ = 1.54 Å) at 0.6 mA and 50 kV and a
2D Pilatus 3R 200 K detector. The sample was loaded in thin quartz
capillaries (optical path 1.5 mm, WJM-Glas/Müller GmbH,
Germany) and the signal collected for 3 h. The detector was
placed perpendicularly to the direct beam at distance of 2.3 m,
calibrated in both cases with a Silver Behenate standard. Peak fit®
software was used for diffractogram deconvolution by using
combination of Gaussian and Lorentzian functions.

2.7 Determination of the critical micellar
concentration (CMC) via surface tension

The CMC values of the surfactants were obtained by using the
automatized surface tension plate reader Kibron Delta-8 (Kibron,
Finland). A volume of 50 μL of aqueous dispersion was placed on the
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96-hole platform. Measurements were performed in duplicate at
28°C ± 1°C after a waiting time of 10 min to ensure equilibrium at the
air-water interface. A calibration was performed by using ultrapure
water at 28°C ± 1°C.

2.8 Evaluation of the W/W stability by
centrifugation

The samples were centrifuged in a centrifuge (Sigma 6K15,
Thermo Fisher Scientific, Strasbourg, France) at 1500 × g for
10 min. Microscopy images of the samples were taken before and
after centrifugation using an epifluorescence microscope (Zeiss
Axioskop 2 Plus, Oberkochen, Germany) with ×40 objective.

2.9 Statistical analysis

The radius of 50 droplets was calculated for each sample and the
average and standard deviation were determined. The results were
compared by one-way analysis of variance and Tukey’s test to
analyze statistical differences (p < 0.05). The analysis was
performed using SAS V8.0 software (SAS Institute, Gary, NC,
United States).

3 Results and discussion

3.1 Phase diagram of the W/W emulsions

Dextran-in-PEG emulsions were prepared at 3.25 wt% (W/W)
dextran (450–650 kg/mol) and at 7 wt% (W/W) PEG (20 kg/mol),
since at this composition the polymers were fully phase-separated as

determined previously in the literature (Diamond and Hsu, 1989).
In these experimental conditions, dextran enriched droplets formed
in the continuous enriched PEG phase. Droplets of ca. 10–50 µm
formed upon shaking when observed immediately after preparation
but coalesced with time yielding macroscopic phase separation as
already described in the literature (Coudon et al., 2022).

Then, we added different quantities of decyl glucoside (DG) and
decanol varying from 1 to 12 mM as described in the Materials and
Methods Section. The concentration of the APGs varied from 2 to
20 times the CMC (Supplementary Figures S1, S2). The molar ratio
(R) corresponds to the moles number between decanol and DG, and
it varied from 1:0 to 0:1. The stability of the W/W emulsions were
determined after 24 h at room temperature with the naked eye to
eventually determine the presence of a phase separation or a
supernatant (Figure 1). When phase separation occurred, we
defined this W/W emulsion as unstable. When a small
supernatant was observed, we classified this emulsion as medium
stability, and when nomacroscopic change was observed, we defined
these emulsions as stable (Figure 1).

The addition of the pure components, either DG or decanol,
whatever the concentrations led to complete phase separation of the
aqueous emulsion within 3 h. Then, the pure components did not
have a significant effect on the behavior of the polymer’s mixtures,
and they could not stabilize dextran-rich droplets. However, the
addition of the two components (DG and decanol) led to
stabilization of emulsions for a relatively large domain of
concentrations and molar ratios. A minimal concentration of DG
(6 mM) and a minimal fraction of decanol (R = 0.5:1) were required
to produce emulsions with medium stability. At the same DG
concentration (6 mM), and with higher decanol fractions (R = 1:
1 and R = 2:1) emulsions with high stability were observed. However,
when the decanol fraction was further increased (R ≥ 3:1), a
supernatant was observed after 24 h leading to an emulsion with

FIGURE 1
Partial phase diagram determined by visual observations by varying the decyl glucoside (DG) concentration as a function of the molar ratio between
decanol and decyl glucoside showing the stable domain of W/W emulsion (dashed black line). Red crosses correspond to samples where macroscopic
phase separation occurred after 24 h. Orange circles correspond to samples where a slight macroscopic phase separation occurred after 24 h. Green
circles correspond to stable samples after 24 h. On the right side, pictures of samples illustrate the three regimes. The samples are from left to right:
unstableW/W emulsion for DG= 9 mMand R = 0:1, medium stability W/W emulsion for DG= 6 mM and R = 3:1, and high stability W/W emulsion for DG=
9 mM and R = 2:1.
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medium stability. When the concentration of DG was increased to
9 mM, an emulsion with medium stability was only observed for low
R (R = 0.5:1). Then, emulsions with no supernatant were observed
after 24 h for all the other R studied (1:1 > R ≥ 9:1). At a DG
concentration of 12 mM, emulsions with high stability were
obtained both at low decanol fraction and at high decanol
fractions (from R = 0.5:1 to R = 9:1).

We then decided to test the substitution of the DG by another
APG with a longer alkyl chain: lauryl glucoside (LG). Dextran-in-
PEG emulsions were then prepared with different concentrations of
LG from 1 to 12 mM and with a molar ratio (R) between decanol and
LG, R varying from 1:0 to 0:1. The stability of the W/W emulsions
were determined in the same way as for the emulsions stabilized with
DG described previously (Figure 2 and Supplementary Table S1B).
The addition of pure LG whatever the concentration led to complete
phase separation within 3 h, as previously described for pure DG or
pure decanol. The addition of decanol in combination with LG was
necessary to stabilize the emulsions. A minimal concentration of LG
(6 mM) and a minimal fraction of decanol (R ≥ 0.5:1) were required
to produce emulsions with medium stability. This result was similar
to the one obtained for DG. When the molar ratio was increased
(R ≥ 1:1), emulsions with high stability were obtained for all the
concentrations (6, 9 and 12 mM). The increase of the concentration
of LG to 12 mM led to emulsions with high stability even at a
minimal fraction of decanol (R = 0.5:1). Stable emulsions with LG
were produced for a wider range of R in comparison to DG
(Figures 1, 2).

Then, we also determined the droplets size evolution between
the initial size (t = 0, that stands for observations done immediately
after mixing all components) and after 24 h with statistical analysis
by confocal fluorescence microscopy of the samples doped with
FITC-dextran and Nile red (Figure 3, Supplementary Figure S3 and
Supplementary Tables S1A, B). First, we compared the initial

droplets size between DG and LG for all the R and
concentrations to determine the main parameters leading to the
smallest droplets size. For DG with R = 0.5:1, by varying the
concentration from 6 to 12 mM, we observed a decrease of the
average radius from 7.3 ± 3.6 to 2.1 ± 1 μm. The same trend was
observed for all the concentrations and all the R showing that the
initial droplet sizes decreased by increasing the DG concentration
(Figure 3). For LG with R = 0.5:1, by varying the concentration from
6 to 12 mM, we observed a decrease of the average radius from 5.9 ±
3.1 to 3 ± 1.1 μm, respectively for 6 and 9 mM. However, there was
no statistical differences from 9 to 12 mM, with an average radius of
3 ± 1.1 and of 2 ± 0.5 μm for example, for R = 0.5:1. The
concentration of the APG was a key parameter for controlling
the initial droplet size. We hypothesize that by increasing APGs
concentration leading also to a concomitant increase of decanol in
the formulation, an increase of viscosity of the bulk phase could
occur leading to a decrease of the droplets size. However, it is
important to keep in mind that other parameters could also explain
this phenomenon: quantity and structure of the self-assembly
formed, interaction between APGs and polymers, etc.

Between the two APGs, we observed also statistical differences
between the initial droplet sizes, with bigger droplets for DG than
for LG when the concentration was set at 6 and 9 mM. However,
the initial droplet size was the same at 12 mM for both APGs. The
difference between DG and LG could be explained by the fact that
APGs have different CMC values (Supplementary Figure S1), with
LG having a lower CMC than DG. Here, all the samples were
produced above the CMC. However, at the same concentration, LG
with a longer alkyl chains and lower CMC than DG produce more
easily rod-like micelles (Platz et al., 1995). Thus, it is easier to
transit from rod-like micelles to lamellar phases by adding a small
amount of fatty alcohol than from spherical micelles. Moreover,
the presence of an excess of lauryl glucoside under rod-like
micelles leading to a more viscous bulk continuous phase than
for DG under spherical micelles could also explain the difference of
stability at the lowest concentration (6 mM) (Stradner et al., 2000;
Chu et al., 2013). We believe that the presence of rod-like micelles
helps with the formation of the lamellar phases that stabilize the
droplets. Then, we studied the effect of the molar ratio (R) between
decanol and the APGs (DG or LG) on the initial droplets size
(Supplementary Tables S1A, B). For DG at the three
concentrations, we observed that for R = 0.5:1 the initial
droplet size was always higher than for all the others R. The
same trend was observed for LG. For R = 0.5:1, there was an excess
of APGs in comparison to the decanol which could lead to the
formation of a low quantity of lamellar structures in a mixture with
APGs micelles and mixed micelles containing decanol (Möller
et al., 1998). The quantity of lamellar structures could be not
sufficient to stabilize small droplets during the production of the
W/W emulsion. Then, we observed for both LG and DG that for R
with high amount of decanol in comparison to the APG (R = 6:
1 and R = 9:1), the droplet size was statistically lower than for R =
0.5:1 with an excess of APGs, but always higher than for
intermediate R: R = 3:1, R = 2:1 and R = 1:1 (Figure 3 and
Supplementary Figure S3). The best R to have high stability
with small droplet size were R = 3:1, R = 2:1 and R = 1:1.
These 3R lead to the smallest droplet size. Therefore, R is also a
key parameter to take into account to reach small droplet size. A

FIGURE 2
Partial phase diagram determined by visual observations by
varying the lauryl glucoside (LG) concentration as a function of the
molar ratio between decanol and Lauryl glucoside showing the stable
domain of W/W emulsion (dashed black line). Red crosses
correspond to samples where macroscopic phase separation
occurred after 24 h. Orange circles correspond to samples where a
slight macroscopic phase separation occurred after 24 h. Green
circles correspond to stable samples after 24 h.
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large excess of APG (R = 0.5:1) or decanol (R ≥ 6:1) is not
appropriate for small droplet size. We compared also the
droplet size evolution after 24 h for all the stable samples
detected by visual observations (Figures 1, 2). No statistical
difference was observed showing that in all cases the droplet
size was stable after 24 h (Figure 3, Supplementary Figure S3
and Supplementary Tables S1A, B). Again, the composition
(concentration and molar ratio) had been shown to influence
the diameter of droplets in a similar system (Coudon et al., 2022).

Our results confirm that stabilization of the interface between
hydrophilic polymers is not possible using amphiphilic molecules
alone (Esquena, 2016). Instead, changing the self-assembly of these
molecules by adding fatty alcohol proves to be an effective method to
produce stable all-aqueous droplets (Coudon et al., 2022; Esquena,
2023). In addition, our results highlight that to obtain stable
emulsions based on mixture of fatty alcohol and APGs, whatever
the type of oil-in-water or water-in-water emulsion, a minimum
molar ratio of 1:1 fatty alcohol:surfactant is required (Terescenco
et al., 2018b). As described in the literature for LGNs formation
based on mixture of fatty alcohols and surfactants, a minimum
amount of fatty alcohol is required, and it is reported to be close to a
weight ratio 1:1 as found in this study (Eccleston, 1997). Moreover,
comparing our results to those obtained for LGNs based on sodium
oleate and decanol, we observe that whatever the nature of the
surfactants (anionic or non-ionic surfactants) with fatty alcohol,

stable W/W emulsions are only possible for a molar ratio higher
than 1:1 (Coudon et al., 2022).

3.2 Long-term stability of W/W emulsions
stabilized by LGNs

The long-term stability of the emulsions was studied bymicroscopy
observations during 42 days. Fluorescence microscopy observations of
the emulsions stabilized with DG at a concentration of 12 mM and with
R = 3:1 showed the presence of uniform droplets that did not change
significantly in size after 7 days compared to t = 0 (average radius =
1.4 ± 0.4 μm) (Supplementary Figure S4A). However, after 7 days a
macroscopic phase separation was observed with the naked eye.
Microscopy observations of the emulsions stabilized with LG at a
concentration of 12 mM and with R = 3:1 showed the presence of
uniform droplets that did not change significantly in size after 42 days
compared to t = 0 (average radius = 1.6 ± 0.6 μm) (Supplementary
Figure S4B). In addition, we tested the robustness of the emulsions with
centrifugation. After centrifugation at 1500 × g for 10 min, we observed
neither phase separation nor supernatant showing that the self-
assembled structure formed by decanol and APGs form a robust
layer protecting the droplets against mechanical stress. We also
checked the effect of the centrifugation directly on the droplets by
measuring the droplets size before and after the centrifugation

FIGURE 3
Effect of both DG concentration and decanol:DG ratio (R) on W/W emulsions droplets size. Confocal microscopy images of the W/W emulsions
taken at t = 0 for two different DG concentrations: 6 mM (top) and 12 mM (bottom), and three different R: R = 3:1(left), R = 6:1 (middle) and R = 9:1 (right).
Droplets are labeled with FITC-dextran dye. The scale bar represents 15 μm.
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(Figure 4). The results show that both emulsions could be centrifuged
without significant change in the droplet radius (average radius before
centrifugation: 2.1 ± 0.7 and 1.7 ± 0.5 μm, respectively for DG and LG;
average radius after centrifugation = 2.0 ± 0.6 μm for DG, and 1.8 ±
0.4 μm for LG) confirming that the self-assembled structures formed by
APGs and decanol both in bulk and at the interface led to strong
protection of the emulsion against destabilization.

3.3 Structural characterization of W/W
emulsions

After establishing the phase diagrams of the W/W emulsions
stabilized by the mixture of decanol and APGs, we tried to
characterize the structure formed by the decanol:APGs in bulk
and at the interface leading to the long-term stabilization of the

FIGURE 4
Effect of centrifugation on the stability of the W/W emulsions. Epifluorescencemicroscopy images of W/W emulsions stabilized with DG (top) or LG
(bottom) at a concentration of 12 mM with a molar ratio of R = 3:1, taken before centrifugation (left) and after centrifugation (right). Droplets are labeled
with FITC-dextran dye. The scale bar represents 60 μm.

FIGURE 5
(A)Confocal microscopy image of dextran-in-PEG emulsion stabilized with LG at a concentration of 9 mM andwith amolar ratio of decanol:LG at 1:
1, showing the presence of lamellar phases (someof them identifiedwithwhite arrows) in the continuous phase of the emulsion. Nile redwas used to label
the surfactant and fatty alcohol. The scale bar represents 15 μm. (B) 1D SAXS diffractogram of a water-in-water emulsion stabilized by amixture of LG and
decanol with a LG concentration of 12 mM and amolar ratio of decanol:LG at 3:1. Only the third order Bragg peak (3Q0) is identified on the scattering
pattern, labeled with a black arrow. Schematic showing the stabilization of the W/W emulsion by lamellar phase surrounding the dextran-rich droplets.
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droplets for specific ratios. By using confocal fluorescence
microscopy with Nile red staining, the fatty alcohol, it was
possible to highlight the presence of surfactant assemblies in the
bulk phase surrounding the droplets (Figure 5A). We observed the
presence of lamellar structures in the bulk phase surrounding the
droplets forming the so-called LGN.

However, with this microscopy technique it is impossible to
study the interfacial structure and the eventual formation of
LNGs around the droplets, since only a red layer is observed
by confocal microscopy surrounding the droplets (Figure 5A).
That is why we used SAXS to get information at the interface
scale. The stable emulsion formulated with LG at 12 mM and with
R = 3:1 was chosen for SAXS analysis due to the long-term
stability and high concentration to optimize the SAXS signal. On
the SAXS scattering pattern, only one main peak could be
distinguished at Q = 0.035 Å−1 (Figure 5B). By comparing with
the literature and the SAXS results obtained by Coudon et al.
(2022) on similar water-in-water emulsion system stabilized by a
mixture of fatty alcohol and sodium oleate, we hypothesize that
the peak at 0.035 Å−1 is the third order peak of a lamellar phase
surrounding the dextran-rich droplets. The lamellar phase would
have a lamellar interspacing (d) of around 52 nm (d = 2π/Q0).
Indeed, in the study from Coudon et al., they determined a
lamellar spacing of around 78 nm, corresponding to a third
order peak around 0.024 Å−1 close to the peak determined here
(Coudon et al., 2022). In our system, the lamellar spacing was
lower than in the case of the lamellar phase made of sodium oleate
and decanol system, which can be explained by the fact that we
are working with non-ionic surfactant and lamellar phases are
stabilized by steric repulsion and not electrostatic repulsion such
as in the case of sodium oleate/decanol system. It is known that
steric repulsion produced in lamellar gel network based on fatty
alcohol leads to lower interlamellar spacing than LGNs produced
by anionic surfactants (Iwata, 2017). Therefore, the long-term
stabilization and the resistance to centrifugation of the W/W
emulsions could come from the LGNs formed by APGs and
decanol both in bulk and at the interface leading to strong
protection of the emulsion against destabilization. However, to
confirm the interfacial structures, further investigations need to
perform. For example, the use of freeze-Fracture transmission
electron microscopy could help to better characterize the self-
assembled structures formed at the interface as already
demonstrated by Coudon et al. (2022). It is important also to
notice that we do not know the quantity of each chemical
components inside the self-assembled structures, and the
concentration could be different from the initial weight ratios
used to produce the W/W emulsion. Most probably lamellar
phases are in coexistence with APGs micelles.

3.4 Versatility of the W/W emulsion
stabilized by mixture of fatty alcohols and
APGs

Here, we varied the experimental conditions, either the
concentration of polymers or the nature of LGNs but
investigated only few different concentrations of each to
demonstrate the versatility of the systems. First, we studied the

effect of LGNs on the stabilization of the inverse W/W emulsion,
that is, when polymer concentrations are adjusted so that PEG-rich
droplets formed in a continuous dextran-rich phase
(Supplementary Figure S5). Stable W/W emulsion were
produced from both DG and LG at 12 mM with R = 3:1, since
no change in the droplets size was observed after 24 h. This result
shows a general mechanism based on APG and fatty alcohol for
stabilizing PEG and dextran interfaces regardless the nature of the
droplets, which is in accordance with the observations of Coudon
et al. on the stabilization W/W emulsion with decanol and sodium
oleate (Coudon et al., 2022).

In a second step, we extended the production ofW/W emulsions
to another well-known and widely used APG: coco-glucoside (CG),
composed of a mixture of alkyl groups with carbon chain lengths
ranging from 8 to 16 atoms and with a higher proportion of longer
alkyl chains in comparison to DG and LG (Aguirre et al., 2014). Self-
assembled structures (lamellar phases and/or micelles) produced
with CG 12 mM at different decanol: CG molar ratios, from R = 1:
1 to R = 6:1, effectively stabilized dextran-in-PEG emulsions, since
microscopy images showed that no significant differences in the
droplet size were observed after 24 h compared to the initial size
(Supplementary Figure S6).

Finally, we extended our approach of stabilizing W/W
emulsions produced from DG and LG to other fatty alcohols
with longer alkyl chain length (dodecanol and myristyl alcohol)
(Figure 6 and Supplementary Figure S7). Microscopy images showed
that dextran-in-PEG emulsions with high stability can be produced
with DG at a concentration of 12 mM in combination with
dodecanol (dodecanol:DG molar ratio R = 6:1), since no
significant differences in the droplet size were shown after 24 h
compared to the initial size (average radius 4 ± 1.2 µm). The same
observations were performed for emulsions stabilized with LG at a
concentration of 12 mM (dodecanol:LG molar ratio R = 6:1) but the
droplet size was slightly smaller (average radius 2.2 ± 0.7 μm at t =
0). The stabilization of dextran-in-PEG emulsion with APG and
myristyl alcohol was also possible. Emulsions stabilized with DG at a
concentration of 12 mM andmyristyl alcohol (R = 6:1), showed high
stability without significant changes in droplet size after 24 h
compared to the initial size (average radius = 3.2 ± 0.7 µm). The
same emulsion stabilized with LG at a concentration of 12 mM (R =
6:1) led to a decrease in droplet size (average radius 1.6 ± 0.3 μm at
t = 0), with no significant change in size after 24 h. These results
show that it is possible to formulate W/W emulsions using APGs
and different fatty alcohols. Thus, W/W emulsion stabilization is
possible by using APGs and fatty alcohol when suitable
concentration and ratios are used to obtain self-assembled
structures such as lamellar phases.

For certain applications, bubbles are added into emulsions to
change their mechanical properties and/or sensorial performances
(Salonen, 2020). It is the case, for example, for ice creams, whipped
creams and pharmaceutical or cosmetic applications (Parsa et al.,
2019; Murray, 2020; Luengo et al., 2021). These three phase systems
are called foamulsions or “foamed emulsions,”where the gas bubbles
are surrounded by a continuous phase, traditionally composed of oil
and water (Salonen, 2020; Zheng et al., 2022). The continuous phase
is generally present in the form of oil-in-water emulsions, although it
can also be in the form of water-in-oil emulsions (Salonen, 2020).
However, to the best of our knowledge, a foamulsion where the
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continuous phase is composed of W/W emulsions has never been
reported. We took the advantage of the high stability of the W/W
emulsions developed here to study the possibility of producing a
foamulsion by using dextran-in-PEG emulsion as the continuous
phase of the foam. First, we prepared a dextran-in-PEG emulsion
(10 wt% of dextran and 10 wt% of PEG) stabilized with LG at a
concentration of 12 mM and with a molar ratio of decanol: LG equal
to 3:1. Then, the double-syringe technique was used to produce the
foams (Gaillard et al., 2017). First, we measured the foamability, that
is to say the quantity of foam produced at the end of the foaming
process. Then, the stability of the foams was followed by measuring
both the evolution of the foam volume and the volume of drained
liquid over time with the naked eye (Supplementary Figure S8).

Production of foam from the W/W emulsion stabilized by lamellar
structures formed by APGs and fatty alcohols without the addition of
additional surfactants was not possible (Supplementary Figure S8A).
Then, we tested the addition of surfactant inside theW/Wemulsion and
we studied the resulting foaming properties.With the addition of DG at
a concentration of 18 mM, no foam was produced (Supplementary
Figure S8B). However, in the presence of SDS at a concentration of
18 mM, a high quantity of foam which was relatively stable with time
was obtained (Figure 7A). By fluorescence microscopy, the presence of
droplets surrounding the air bubbles were clearly distinguished similar
to the ones observed for foamulsion based on oil-in-water emulsion
(Figure 7B) (Salonen, 2020). The initial foam volume was around
10.5 mL showing the good foamability of the foamulsion. Then, the

FIGURE 6
W/W emulsions stabilized with DG in combination with two different fatty alcohols: dodecanol and myristil alcohol. Epifluorescence microscopy
images ofW/Wemulsions stabilizedwith DG at 12 mMandDodecanol: DG ratio equal to 6:1 (left) and DG at 12 mM andmyristyl alcohol: DG ratio equal to
6:1 (right), taken at t = 0 (top) and at t = 24 h (bottom). Droplets are labeled with FITC-dextran dye. The scale bars represent 60 μm.

FIGURE 7
(A) Stability of the foamulsion. Pictures of the foam produced with the W/W emulsion (LG 12 mM, decanol: LG ratio 3:1) with the addition of SDS at
18 mM and its evolution over time. (B) Epifluorescence microscopy image of the foamulsion at t = 0. Droplets are labeled with FITC-dextran dye. The
scale bar represents 30 μm.
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foam volume decreased slightly in the first 4 h to reach a foam volume
around 7 mL associated with drainage (liquid volume inside the foam
around 1 mL after 4 h). After 24 h, no more foam was present only few
bubbles remained (Figure 7A and Supplementary Figure S9). We
performed control experiments by producing foams with only
dextran and SDS or only PEG and SDS at the same concentration
(18 mM). The foamulsion stabilized by mixture of fatty alcohols and
APGs with 18 mM of SDS was observed to be much more stable than
the foams produced with only dextran or only PEG since these
controlled foams disappeared after 2–3 h (Supplementary Figures
S10A, B). In the same way, no more foam was present after 3 h
when foam was produced directly from the pure W/W emulsion
not stabilized by fatty alcohols and APGs and with only SDS
(Supplementary Figure S10C).

4 Conclusion

In this study, we demonstrated that W/W emulsions can be
efficiently stabilized by mixtures of APGs and fatty alcohol. The
stability of the W/W emulsions is linked to the APGs
concentration and the molar ratio between the APG and the
fatty alcohol. We demonstrated the robustness of this system by
using various APGs: decyl glucoside, lauryl glucoside and coco-
glucoside, and also by using fatty alcohols with different alkyl
chain lengths (decanol, dodecanol and myristyl alcohol). An
effect of the APGs alkyl chain length between DG and LG was
observed, since the use of LG made it possible to produce
emulsions with the same droplet size as with DG but at a
lower concentration. In addition, emulsions prepared with LG
were more stable in the long-term than emulsions prepared with
DG. The molar ratio between the fatty alcohol and the APG is
also a key parameter governing the stability. We hypothesized
that the mixture of fatty alcohols and APGs led to the formation
of LGNs stabilizing the W/W emulsions due to their presence
both in the bulk phase and surrounding the droplets. The
structure of the LGNs seems to depend on the molar ratio
and APG concentration in the same way already described in
aqueous solution (Terescenco et al., 2018a; Terescenco et al.,
2018b).

Altogether, this confirms that stabilization of such aqueous
droplets occurs when the chemicals (and eventually their
assemblies) used for this task have an equivalent affinity for both
the polymer within droplets and the polymer in the continuous
phase. We believe that adjusting the concentrations and molar ratio
control this affinity and affords chemicals to come and stay at the
droplet interface, further preventing droplet coalescence. Further
investigations using freeze-Fracture transmission electron
microscopy and small angle neutron scattering are planned to
better characterize the self-assembled structures formed both in
the bulk and at the interface, and to confirm the formation of LGNs.

With preliminary results, we showed for the first time that the
production of a foam based on W/W emulsion is possible; and that its
stability is better than the foam produced with the polymers alone or
with polymers in mixture without being stabilized by self-assembled
structures formed by APGs and fatty alcohols. The inclusion of a third
phase to emulsions could be a promising strategy to expand the use of
W/W emulsions in various fields (Luengo et al., 2021; Zhili, 2022). Our

results offer the possibility to formulate W/W emulsions based on
chemical components widely used at industrial scale and at low cost
associated with an easy and simple formulation process. Our approach
could be extended to more complicated systems such as multiple water-
in-water emulsion systems, and they could be used for encapsulation,
drug delivery, as micro reactors, etc. (Solans et al., 2003; Singh et al.,
2018; Michaux et al., 2021).
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Effect of sorbitan ester structure
on the separation between
tetrahydrofuran and water
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This study separates tetrahydrofuran (THF)-watermixtures containing varying THF
percentages, using sorbitan esters (Spans) with different tail characteristics. We
probe the separation mechanisms using attenuated total reflectance-Fourier
transform infrared spectroscopy and small angle X ray scattering (SAXS). THF
andwater aremiscible and interact through hydrogen bonds.Water splits the COC
absorbance band of THF into a peak at ≈1,070 cm−1 (crystalline THF) and a
dominant peak at ≈1,050 cm−1 (glassy THF), indicating disorder. Depending on
the Span, separation occurs for mixtures containing up to 70% THF (v/v, relative to
water). Spans with unsaturated tails separate the lowest THF percentages. Tail
length and number of Span tails enhances ordering of THF, and the crystalline THF
peak at ≈1,070 cm−1 dominates. Spans interact with THF through hydrogen bonds,
as reflected in the splitting of the COC band of THF. Furthermore, C-H. . .O
hydrogen bonds cause a blueshift in the νas(CH2) band of Spans with increasing
THF. This effect is most significant in Span 40 and 60, indicating that they interact
with THF more strongly than Span 20, Span 80 and Span 85. In contrast, they
interact with water less strongly than Span 20, Span 80 and Span 85, as indicated
by their flocculation at low THF percentages. Therefore, we propose that
separation between THF and water occurs primarily through two mechanisms:
1) Span 20, Span 80 and Span 85 compete against THF for interactions with water
through their hydrophilic head, and 2) Span 40 and Span 60 preferentially interact
with THF through their tails. Nonetheless, water also interacts with the heads of
Span 40 and Span 60, as indicated by SAXS. SAXS shows that in THF Spans self-
assemble into micelles, which aggregate into either surface fractals or mass
fractals. There are two persistence lengths because of the limited order in THF.
Water orders self-assembled structures, likely by favoring the formation of
micelles which host water in their interior. Therefore, we identify a single
persistence length (≈25 Å), representative of the distance between the micelle
centers.

KEYWORDS

mixing behaviour, separation, sorbitan esters, hydrogen bonding, solvent structure

1 Introduction

THF, acetonitrile, dimethylformamide or methanol are water miscible pollutants used in
industrial processes (Sales et al., 2013; Yin et al., 2017; Earnden et al., 2022a; Earnden et al.,
2022b; Earnden et al., 2022c; Marshall et al., 2022; Bartokova et al., 2023a). They are found in
industrial wastewater as well as in groundwater, in the case of spills such as those caused by
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the notable Ohio trail derailment accident (2023). Our study focuses
on THF, which is used as a stabilizer for chlorinated solvents, as well
as to produce pharmaceuticals and pesticides (Sales et al., 2013; Yin
et al., 2017).

Beyond their intrinsic toxicity, spills of water miscible solvents
are particularly problematic because they can rapidly migrate in
impacted aquifers, harming downstream receptors (Bartokova et al.,
2023a). Furthermore, their separation from water presents greater
challenges compared to water-immiscible pollutants, such as
hydrocarbons (Bartokova et al., 2023a). These can be removed
from water through mechanical separation methods (e.g.,
coalescers (Kolehmainen and Turunen, 2007)) or chemical
methods (such as oxidation (Wang et al., 2013; Malakahmad and
Ho, 2017; Besha et al., 2018)). Also, when they are present in
groundwater below levels at which they are toxic to the bacteria,
they can biodegraded (Boonchan et al., 1998; Belhaj et al., 2002;
Barman et al., 2017). Since biodegradation tends to be a fairly slow
process, there are limitations to its use in the case of rapidly
migrating pollutants. These consideration also apply to
phytoremediation using plants (Hall et al., 2011; Sun et al.,
2011). Moreover, phytoremediation is only effective for shallower
contamination, which can be reached by the roots of the plants. In
the case of miscible organic solvents, pervaporation is often used
(Yoshikawa et al., 2002). Beyond its high energy cost, its
implementation for the treatment of impacted aquifers is not
feasible. This is because complex treatment units could be
integrated in a chemical plant, but they cannot be built as part of
a remediation plant on polluted sites. Therefore, it is necessary to
identify cost-effective, facile methods to separate miscible solvents
from either industrial wastewater or groundwater. These methods
were scant until our most recent research.

Previous studies used CO2 switchable species (Jessop and
Cunningham) or increased the hydrophobicity of the organic
solvent (Longeras et al., 2020) to increase their incompatibility
with water, thereby leading to separation. Other studies used
species that preferentially interact with water, at the expense of
its interactions with the solvent. Examples of these species are sugars
and their alcohols (Wang et al., 2008; Dhamole et al., 2010; de Brito
Cardoso et al., 2014) as well as salts, such as sodium chloride and
choline salts) (Tabata et al., 1994; Souza et al., 2015).

In our recent research, we have used amphiphiles to separate
miscible solvents from water. Examples include sodium lauroyl
lactylate (Marshall et al., 2022), glycerol monooleate (Earnden
et al., 2022c), fatty acids (Earnden et al., 2022a; Earnden et al.,
2022b; Bartokova et al., 2023a) and a sorbitan ester (Span 80,
(Bartokova et al., 2023b),). In these studies, we showed that
separation involves preferential interactions either between
water and the amphiphile [e.g., in the case of Span 80,
(Bartokova et al., 2023b)] or preferential interactions between
the solvent and the amphiphile [e.g., in the case of stearic acid,
(Bartokova et al., 2023a)]. To investigate interactions between
water and other components in the mixture (solvent and
amphiphiles), we probed the OH stretch band of water using
Attenuated Total Reflectance–Fourier Transform Infrared
(ATR-FTIR) spectroscopy. We deconvolved the OH stretch
peak into four peaks, representing water species with different
coordination to other molecules in the mixtures. Specifically, we
considered double (DD) and single (SD) hydrogen (H) bond

donors, and double (DA) and single (SA) H bond acceptors.
Based on this analysis, we concluded that separation is
promoted when amphiphiles interact with water the same way
the solvent does, i.e., when amphiphiles compete with the solvent
for interactions with the same water species. We also analyzed H
bonding of solvent with hydrophobic amphiphiles, such as stearic
acid (Bartokova et al., 2023a). We showed that the COC band of
THF contains information about H bonding, by comparing
changes of the OH stretch band of water and the COC band of
THF, in THF-water mixtures (Bartokova et al., 2023a). By
analyzing this band, we demonstrated that stearic acid separates
water from THF because it competes for interactions with the same
THF species, i.e., THF molecules that H bond and coordinate the
same way with other molecules in solution (Bartokova et al.,
2023a).

Furthermore, we highlighted that the tail plays an important role
in separation. For example, separation between THF and water does
not occur upon adding acetic acid, although the structure of acetic
acid is the same as the head of stearic acid (Bartokova et al., 2023a).
Given this similarity, both acetic acid and stearic acid H bond with
THF the same way (Bartokova et al., 2023a). We proposed that the
tail of stearic acid promotes H bonding between THF and the
hydrophilic tail at the expense of THF-water interactions. In
contrast, in the absence of the tail, acetic acid can H bond either
water or THF, thereby enabling the existence of a ternary solution.
Indeed, solubility plays a key role. Specifically, separation is favored
when the amphiphile added has intermediate solubility in the
mixture, and is soluble in either water or the solvent, but not
both (Marshall et al., 2022). In ternary mixtures where all
components are miscible two by two, there are instances where
separation may still occur, but predictions of the mixing behaviour
are notably more complex (Bartokova et al., 2023c). Solubility of the
amphiphile in each component and in the mixture is clearly affected
by the tail. While our previous studies started highlighting the role of
the tail, we had not yet conducted a systematic analysis of the role of
the tail on solvent separation. The current study aims to fill this
research gap.

In particular, the objective of this study is to expand on our
previous research, comparing the separation between THF and
water using sorbitan esters with a different tail structure (e.g., tail
length and hence hydrophobicity, and double vs. single bonds in the
tail). Specifically, we investigate interactions (H bonding) between
THF and different sorbitan esters, comparing themwith interactions
between THF and water. We also analyze the role of the tail on THF
ordering and its separation from water.

This objective supports the overall goal of our research, which is
to develop a robust approach to predict the separation of water from
miscible solvents, and to identify the most effective amphiphiles for
water purification. The toolbox we are building relies on calculated
values for H bonds between solvent-water couples, amphiphile-
water couples, as well as amphiphile-solvent couples. We are
calculating these values in our research. Values estimated on
representative amphiphile and solvents will be used to provide
initial estimated for other similar compounds, predicting the
mixing behaviour of ternary mixtures. Our toolbox also relies on
building a systematic and quantitative understanding of the effect of
the tail characteristics and amphiphile solubility. The current study
will be followed by others, where broader groups of amphiphiles will
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be used to consolidate the portion of our predictive toolbox focused
on the tails. Our approach will be complementary to models such as
COSMO, which we recently used to predict activity coefficients,
because they are correlated to solvent separation (Bartokova et al.,
2023a).

2 Materials and methods

2.1 Materials

Sorbitan esters (Span 20, Span 40, Span 60, Span 65, Span 80 and
Span 85) were purchased from SigmaAldrich (Canada). Their structure
and hydrophilic lipophilic balance (HLB) number are given in Table 1
and Scheme 1. THF (reagent grade, Caledon laboratory chemicals) was
purchased from Fisher Scientific (Canada). All experiments were
conducted using deionised (DI) water.

2.2 Bottle tests

Samples were prepared using 40 g/L of sorbitan esters andmixtures
containing varying percentages of DI water and THF (0%–100% THF,
v/v relative to water). Samples were agitated by hand for 10 s after
heating to 65°C for 2 min, using a hotplate. Samples were then cooled
and observed at 20°C under quiescent conditions for 24 h, to
qualitatively determine their phase behavior. These same samples
were also imaged using optical microscopy (Section 2.3) and
analyzed using ATR-FTIR (Section 2.4).

2.3 Optical microscopy

A VHX-5000 digital microscope (Keyence) was used to image
THF-water emulsions stabilized with different sorbitan esters.

2.4 Attenuated total reflectance–Fourier
transform infrared spectroscopy (ATR-FTIR)

Absorbance spectra were collected using an ATR-FTIR
spectrometer (Thermoscientific Nicolet Summit FTIR
spectrometer with an Everest ATR), with an accompanying IR
solution software (Omnic 9, Thermo Fisher Scientific). Each
spectrum was the average of 10 scans, with a resolution of
2 cm−1. The wavenumbers ranged from 400 cm−1 to 4,000 cm−1.
Measurements were conducted at least in duplicate.

Spectra were analyzed using Quasar 1.5.0 (Orange-Spectroscopy
software), using a rubber band baseline correction. Additionally, the
spectra where normalized using min-max normalization. To this
end, each spectrum was divided by its Absmax–Absmin range.

2.5 Synchrotron based small angle X-ray
scattering (SAXS)

SAXS experiments were carried out at the Canadian Light
Source Synchrotron (CLS) on the Brockhouse Diffraction Sector

Undulator Beamline (BXDS-IVU) (Leontowich et al., 2021), to
identify the self-assembly of sorbitan esters into either pure THF
or THF-water mixtures containing 2% water (relative to THF). In
this study, samples were introduced into quartz tubing (Polyamide
0.0575″ ID x 0.0615″ OD), which was sealed to avoid solvent
evaporation during data collection. A clay compound was used
for sealing. SAXS data was collected with a Rayonix MX300HE
detector (8,192 × 8,192 pixels) with 2 × 2 binning (4,096 ×
4,096 pixel) for an effective pixel size of 73.242 µm with
background stability mode ON. SAXS patterns were collected
with a photon energy of 12.18 keV and sample-to-detector
distance of ~233 cm. SAXS patterns were collected in
transmission geometry with a 120 s dwell time. Patterns were
processed with GSASII (Argonne National Laboratory (C), 2010).
This product includes software developed by the UChicago
Argonne, LLC) (Toby and Von Dreele, 2013; Von Dreele, 2014).
SAXS data was calibrated with silver behenate (AgBeh) and
instrument parameters such as sample-to-detector distances,
detector tilt, beam centre, were refined as described elsewhere
(Von Dreele, 2014). SAXS patterns were integrated from q =
0.012 to q = 0.637 Å−1. Measurements were done in duplicate for
each sample.

Absolute intensity with background removed as a function of the
scattering vector, q, were fitted to a model recently developed by our
group. It has the general form,

I q( ) � Cq−s + I0exp
−0.5 q

σ0
( )2

+∑n
i�1
Iiexp

−0.5 q−qp,i
σp,i

( )2

(1)

The scattering intensity is interpreted as arising from scale-
independent fractal scattering in the low q-range, superimposed
on top Guinier’s form factor, namely a zero-mean Gaussian. Any
periodicities arising from other correlations in the system are
captured by non-zero mean Gaussians. In our case, we only
required one zero mean Gaussian and one non-zero mean
Gaussian.

The fractal dimension is captured in the modeling process by
writing the scattering intensity, such as

I q( ) ~ qDs−2 Dm+Dp( )+2d (2)
This is a simple power-law decay on a double logarithmic

scale within a given q-range limited by reciprocal fractal outer
and inner cutoffs, qoc and qic, respectively, i.e., when qoc < q < qic.
It is also known in the literature as the fractal region. Here, q is the
module of the scattering vector, Ds, Dm and Dp are the surface, mass
and respectively the pore fractal dimensions, and d is the Euclidean
dimension of the space in which the fractal is embedded. In the case
of surface fractals d−1 < Ds < d, Dm = Dp = d and the scattering
intensity reduces to I(q)~qDs−2d. For mass fractals 0 < Dm < d, Dm =
Ds and Dp = d, and I(q)~q-Dm, while for pore fractals Dp = Ds and
Dm = d, and thus I(q)~q−Dp. Therefore, one can obtain the fractal
dimension from the slope (s) of the experimental scattering curve.
Moreover, one can differentiate between mass and surface fractals,
i.e., if the measured slope is s < d then the sample is a mass fractal,
while if d < s < d + 1, the sample is a surface fractal. For a surface
fractal, Ds is equal to 2 for a perfectly smooth surface, and
approaches 3 for a highly folded/convoluted surface.
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SCHEME 1
Structures of the compounds used.

TABLE 1 HLB number and tail length of the Spans used in this study.

Surfactant name HLB Tail length

Span 20 (sorbitan monolaurate) 8.6 11

Span 40 (sorbitan monopalmitate) 6.7 15

Span 60 (sorbitan monostearate) 4.7 17

Span 80 (sorbitan monooleate) 4.3 17

Span 65 (sorbitan tristearate) 2.1 17 on each tail, 3 tails

Span 85 (sorbitan trioleate) 1.8 17 on each tail, 3 tails
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The term qp corresponds to the center of the Gaussian peak,
while σ corresponds to the standard deviation of the Gaussian, which
characterizes the width of the distribution.

The model was fitted to the data by non-linear regression using
Prism 10.1 (GraphPad Software, San Diego, CA). We used a
standard nonlinear regression routines (Levenberg, 1944;
Marquardt, 1963), and data were weighted by 1/Y2. This was
done to ensure that solutions were stable and in order to
determine confidence intervals.

The center position of the Gaussian peaks in reciprocal space
was converted to its corresponding value in direct space, dp, by dp =
2π/qp. To determine the domain size, correlation length, coherence
length, sometimes referred to the persistence length of the scattering
event related to the Gaussian peaks we used an approximation based
on the standard Scherrer model:

ξ � K2π
Δq( ) (3)

The term Δq refers to the full width half maximum of a peak.
The conversion of a standard deviation to a full-width half
maximum is FWHM� 2

�����
2 ln 2

√
σ, while the shape factor is

usually assumed to be K = K� 2
���
ln 2
π

√
for spherical domains of

cubic symmetry. The correlation length can then be calculated
from the standard deviation of the Gaussian using:

ξ �
���
2π

√
σ

( ) (4)

2.6 FTIR spectromicroscopy

FTIR spectromicroscopy (in ATR mode) was used to analyze
emulsions prepared using different sorbitan esters and varying
percentages of THF and water.

Measurements were conducted at the Canadian Light Source
(CLS) in Saskatoon (Canada) using an Agilent Cary 670 FTIR

Interferometer with Cary 620 Microscope, employing a 2D Focal
Plane Array MCT-A detector. The hyperspectra were collected in
transmission mode by placing 0.5 µL in between two calcium
fluoride windows separated by a 10 μm Teflon spacer. This
technique was used to map the samples, characterizing
compositional differences between the interior and the exterior of
emulsified droplets.

3 Results and discussion

THF and water are freely miscible in one another in binary
solutions. Our previous study revealed that Span 80, a sorbitan ester,
separates THF from water (Bartokova et al., 2023b). Here, we
examine THF-water separation with different sorbitan esters (cf.
Table 1), to assess the effect of their structure, and their tail in
particular, on the mechanisms of solvent-water separation.

Note that in our study, separation was qualitatively assessed
through bottle tests, optical microscopy and FTIR
spectromicroscopy (Table 2). Our previous research conducted
using Span 80 quantitatively showed that this sorbitan ester
increases the water purity, but does not reduce THF to values
compatible with legislative limits. These are for instance
50–1,300 μg/L in different states in the United States (Isaacson
et al., 2006). Span 80 is also one of the sorbitan esters analyzed
in our current study. A modeling study reports that swing
distillation could theoretically achieve up to 99.9% removal of
THF from water (Lee et al., 2011). Swing distillation is, however,
energy intensive. Another study conducted using electrooxidation
reports that THF removal was higher than 90% with suitable
electrodes (Urtiaga et al., 2014). However, electrokinetic methods
also use energy and require the installation of electrodes in impacted
aquifers, which can be challenging and costly. The goal of our study
is to reduce the concentrations of THF in water using low energy
approaches, to then allow for subsequent treatments to be effective.
As an example, a study reported the successful removal of THF from
water using anaerobic bacteria and membranes (Hu et al., 2018).

TABLE 2 Summary of the different phases observed in THF-water mixtures, with different THF to water ratios, and with different sorbitan esters. This table reflects
observations with the naked eye and with an optical microscope, over a 24 h period. The colors of the cells distinguish different phase behaviours, and are used as
visual aid. 1L = one liquid phase, based on observations with the naked eye and under an optical microscope; 1L + F = one liquid phase, based on observationswith
the naked eye and under an optical microscope, mixed with flocculated surfactant; E= emulsion, as seen under an optical microscope; 2L = separation into bulk
phases, as seen with the naked eye in bottle tests.

Tail THF % (v/v, relative to water)

Span HLB Number of
carbons

Number of
tails

Bonds 10 20 30 40
(L)

50
(L)

60
(L)

70
(L)

80
(L)

90
(L)

Span 20 8.6 11 1 Single E E E 2 2 2 1 1 1

Span 40 6.7 15 1 Single 1L
+ F

1L
+ F

1L
+ F

2 2 2 2 1 1

Span 60 4.7 17 1 Single 1L
+ F

1L
+ F

1L
+ F

2 2 2 2 1 1

Span 80 4.3 17 1 Double E E E 2 2 2 2 1 1

Span 65 2.1 17 3 Single 1L
+ F

E E 2 2 2 2 2 1

Span 85 1.8 17 3 Double E E E 2 2 2 2 2 1
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FIGURE 1
FTIR spectromicroscopy images of THF-rich droplets in water, stabilized by 40 g/L Span 80. Samples contained 30% THF (v/v, relative to water). The
scale bar is 100 μm. The colored scale bar shows the wavenumbers, providing an indication of the different chemical composition of droplets and the
bulk phase in the rainbow colored image (red/orange = water, labelled as 2, with a dominant OH stretch at 2,500–4,000 cm−1; green = THF and sorbitan
esters, labelled as 1). Note that in these experiments samples were inserted in a compression cell, explaining the distortion in the droplet shape and
their relatively large size. The compression cell was used to limit the thickness of thewater layer. Nonetheless, theOH stretch band of water is saturated in
the IR spectra of the water-rich phase (spectrum 2). FTIR spectromicroscopy images of THF-water mixtures separated by Span 60 and Span 85 are in the
supporting information file (Supplementary Figure S1.2).

TABLE 3 D and fractal type of sorbitan ester self assembled structures, for different sorbitan esters.

THF

D Fractal type Persistence length 1 Persistence length 2

Span 20 2.13 Surface 25.1 11.9

Span 40 2.78 Mass 25.5 13.7

Span 60 N/A

Span 65 2.41 Mass 27.2 12.1

Span 80 2.38 Surface 26.6 15.9

Span 85 2.38 Surface 27.4 21.6

THF +2% water

D Fractal type Persistence length 1 Persistence length 2

Span 20 2.75 Surface 27.4 19.3

Span 40 2.18 Surface 27.2 24.3

Span 40, replicate 2.21 Surface 27.3 23.9

Span 60 2.46 Surface 26.9 23.3

Span 65 2.27 Surface 23.9 23.2

Span 80 2.72 Surface 23.2 24.8

Span 85 2.15 Mass 24.5 31.6

Span 85, replicate 2.17 Mass 24.4 32.1
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Bacterial remdiation is energy effective, but bacteria can remediate
pollutants only below concentrations at which they are toxic to
them. Therefore, our approach can represent the first step in a
treatment train for the removal of THF from water. Identifying the
mechansism of separation and the surfactant characteristics that
lead to effective separation will allow us to optimize this first step.

Bottle tests and optical microscopy show that separation occurs
at THF to water ratios dependent on the type of sorbitan ester (cf.
Table 2; Figure 1; Supplementary Figures S1.1–S1.3). Specifically, we
observe that both the hydrophobic lipophilic balance (HLB) number
and saturation of the tail affect the THF to water ratio at which
separation occurs.

While all sorbitan esters are hydrophobic (soluble in THF,
insoluble in water), Span 20 has the highest HLB number
(HLB = 8.6). It yields emulsions with 10%–30% THF (v/v,
relative to water), free layers with 40%–60% THF and one liquid
phase with 70%–80% THF. Span 40 (HLB = 6.7), Span 60 (HLB =
4.7) and Span 80 (HLB = 4.3) have intermediate HLB numbers. They
separate THF from water into free layers with THF percentages
ranging from 40% to 70%, while yielding one liquid phase only at
80% THF. With Span 40 and Span 60, separation does not occur
with 30% THF or less, where the observed turbidity is due to flocs
(Supplementary Figure S1.2). With Span 80, emulsions are observed
at 30% THF or below (Supplementary Figure S1.2). Although Span
80 and Span 60 have similar HLB and the same tail length, Span
80 differs from Span 60 in that it has a double bond in its tail (i.e., its

tail is unsaturated). Finally, Span 65 (HLB = 2.1) and Span 85
(HLB = 1.8) have the lowest HLB number, and they yield free phases
with THF percentages from 40% to 80% THF. With 20%–30% THF,
they yield emulsions. Finally, with 10% THF and Span 65, the
observed turbidity is due to flocs (Supplementary Figure S1.2), while
emulsions formwith Span 85. Note that, similar to Span 80 and Span
60, Span 65 and 85 have similar HLB and the same tail length for
each of their three tails. However, Span 85 has double bonds in its
tails, while Span 65 does not. In both cases, double bonds in the tail
(i.e., unsaturated tails) promote separation at the lowest THF
percentages.

In our previous study, we explained water-THF separation by Span
80 based on the ability of Span 80 to compete against THF for hydrogen
(H) bonding with water (Bartokova et al., 2023b). Here, we explore the
alternative hypothesis that sorbitan esters interact with THF, competing
against water. In our previous studies, we investigated H bonding
between water and THF by probing the OH stretch band of water
(Earnden et al., 2022b; Bartokova et al., 2023b). Water species
coordinate differently with other molecules in solution. In particular,
they can donate one (single donors, SD) or two (double donors, DD)
hydrogens, and accept one (single acceptor, SA) or two (double
acceptor, DA) hydrogens (Bartokova et al., 2023a; Bartokova et al.,
2023b). Therefore, water species include the following: SD-DA
(coordination = 3, at ~2,850–3,200 cm−1), SD-SA (coordination = 2,
at ~3,200–3,300 cm−1), DD-SA (coordination = 3, at
~3,400–3,550 cm−1) and DD-DA (coordination = 4, at

FIGURE 2
Absorbance spectra in the COC region for THF mixtures with different sorbitan esters. (F) was reprinted from Bartokova et al. (2023a) with
permission. (A–E) show the spectra for THF mixtures with different Spans. (F) shows THF mixtures in water, containing different THF percentages. In (F),
deionised water is abbreviated as DI.
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~3,300–3,400 cm-1). In some instances, water species are intermediate
between these four main species, as indicated by their peak position.
The relative abundance of each water species can be estimated from the
area of each of the peaks representing them. In our previous research,
we found that in pure water SD-SA and DD-DA are the most
abundant species, and have similar abundance (Bartokova et al.,
2023a; Bartokova et al., 2023b). THF alters the distribution of
water species, because it H bonds water and mainly accepts
hydrogens (Patel et al., 2023). Therefore, DD-SA dominate at
high THF percentages (above 70%) (Patel et al., 2023). Instead,
DD-DA is dominant up to 40% THF. At intermediate THF
percentages (50%–70% THF), the dominant water species is
intermediate between DD-DA and SD-SA. The COC peak of
THF at ≈1,065 cm−1 can also reveal H bonding between THF and
water. Upon mixing with water, the COC peak of THF shifts and
splits, as seen in Figure 2. Our recent study compared the OH
stretch band of water and the COC band of THF, in THF-water
mixtures (Bartokova et al., 2023a). This comparison showed that
THF species that interact with DD-SA water species correspond
to the 1,070 cm−1 peak in the COC band. The peak at 1,050 cm−1

dominates with >30% THF (v/v, relative to water), and it is
related to THF species that mainly accept a single H. These water

species correspond to SD-SA below 30% THF, and to species
intermediate between SD-SA and DD-DA above 30% THF.
Finally, the peak at 1,040 cm−1 corresponds to THF species
that interact with SD-DA and DD-DA water species. In light

FIGURE 3
Percent areas under the COC band. These areas were obtained
from the deconvolution of the dry reference subtracted COC band
located at 1,030 (black), 1,055 (red), and 1,070 (green) cm−1 for (A) THF
+ Span 20 (squares) and THF + Span 60 (circles) and (B) THF +
Span 40 (triangles), THF + Span 80 (diamonds) and THF + Span 85
(stars).

FIGURE 4
δ(C-C-O) band of THF upon mixing with water and with the
different sorbitan esters. The colors match the concentrations
indicated in Figure 2.
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of our previous study, we now use the COC band to study H
bonding between THF and water, and between THF and sorbitan
esters.

In particular, we analyze the COC band of THF to probe the
hypothesis that sorbitan esters H bond THF. We also compare how H
bonding of THF with water and with sorbitan esters affects the COC
band of THF. With pure THF, we observe a dominant COC stretch
peak at ≈1,070 cm−1 (Liu et al., 2022), and a significantly smaller peak
at 1,027 cm−1 (Sionkowska and Płanecka, 2013) (Figure 1). As
mentioned above, upon mixing with water, the peak at
≈1,070 cm−1 splits into three peaks, at ≈1,070 cm−1, ≈1,050 cm−1

and ≈1,040 cm−1. A previous study on THF hydrates reports that
peaks associated with the CO stretch are affected by temperature, with
a single CO stretch peak at 80 K (−193°C), a shoulder at 40 K (−233°C)
and splitting at 13 K (−260°C) (Fleyfel and Devlin, 1991). Specifically,
at 13 K the band at 1,070 cm−1 splits into 1,071 and 1,076 cm−1. The
authors attribute this band to crystalline THF and ascribe its split to
the distribution of THF molecules over two unequal positions in the
hexacaidecahedral water cages (Fleyfel and Devlin, 1991). In addition
to the crystalline THF band at 1,070 cm−1, the authors also identify a
band at 1,052–1,054 cm−1 and ascribe it to less ordered (or glassy)
THF. In our study, a peak at ≈1,050 cm−1 (glassy THF) appears upon
mixing with water, while being absent for pure THF at ambient
pressure and 20°C (Figure 2). Importantly, upon mixing with water,
the peak at ≈1,050 cm−1 (glassy THF) is more prominent than the
peak at 1,070 cm−1 (crystalline or ordered THF). This result is in
agreement with a previous study, which also reports that mixing THF
with water increases the proportion of amorphous (glassy) THF
(Aliaga et al., 2011). Note that our results were obtained at
ambient pressure. A split of the CO stretch band was also
previously observed upon crystallizing methanol by super-pressing
it to pressures of 101 kbar (Mammone et al., 1980).

Sorbitan esters also interact with THF through H bonds, as
indicated by splitting of the COC band in THF-sorbitan ester
mixtures. We propose that H bonding occurs between the
oxygen on the ether ring of THF and the OH groups of the

sorbitan esters. Qualitatively, we observe that this interaction
results in a shift of the OH stretch band of sorbitan esters
(Supplementary Figure S1.4). Figure 2 shows the COC band of
THF, which can be deconvolved into three peaks at ≈1,050 cm−1

(glassy THF), at ≈1,070 cm−1 (crystalline THF) and at ≈1,030 cm−1.
Figure 3 shows the percent area under each peak, with the different
sorbitan esters. These areas represent the relative abundance of the
different THF types, e.g., crystalline vs. glassy. Dissimilar to
observations with water, in mixtures of THF and sorbitan esters
the peak at ≈1,050 cm−1 (glassy THF) is less prominent than the peak
at the peak at 1,070 cm−1 (crystalline or ordered THF). This result
suggests that THF is more ordered upon mixing with sorbitan esters
compared to water, thereby leading to a more crystalline-like
structure. THF ordering depends on the length and number of
the sorbitan esters tails. THF is least ordered with Span 20, with the
highest HLB number and the greatest 1,050–1,070 cm−1 ratio.
Ordering increases when increasing the length of a single
saturated tail from eleven carbons (for Span 20) to seventeen

FIGURE 5
Center position of δ(C-C-O) peak upon mixing different mole
percentages of THF with different sorbitan esters.

FIGURE 6
Comparison between the νas(CH2) band of different sorbitan
esters, with varying percentages of THF. Black: neat THF; grey:
66mole% sorbitan ester; red: 50mole% sorbitan ester; green: 27mole
% sorbitan ester; blue: 17 mole% sorbitan ester; pink: neat
sorbitan esters.
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carbons (for Span 60), as seen in Figure 2A. Also, THF is less ordered
with Span 80 (one unsaturated tail with 17 carbons) than with Span
85 (three unsaturated tails with 17 carbons), as seen in Figure 2B.
While Span 65 was not analyzed in detail and is not shown in Figures
2, 3, its effect on the COC band is qualitatively similar to Span 85, as
it also has a low HLB number (Supplementary Figure S1.5).
Analyzing in detail the effect of Span 65 on the COC band of
THF will be the objective of future research.

Moreover, in pure THF, we observe a peak at 905 cm−1, which
corresponds to δ(C-C-O) (Harthcock, 1989) (Figure 4). Mixing THF
with water causes splitting of this peak, in agreement with previous
studies (Figure 4). For example, in a Raman study, the authors
observed peaks at 914 cm−1 and 2,870–2,960 cm−1, which are
assigned to a ring breathing mode (Li et al., 2016). The authors
report that in a 19.1 wt % THF solution, the bands centered at
914 cm−1 for pure THF split into two peaks at 892 and 918 cm−1, due
to interactions between THF and water molecules (Li et al., 2016).
Another Raman study also reports a split of the peak at 916 cm−1

into two peaks at 920 and 891 cm−1 in aqueous mixtures of THF
(Prasad et al., 2007). Note that the position of the peaks in Raman is
shifted compared to IR. By correlating the δ(C-C-O) band to the
COC stretch, we propose that the peak at approximately 890 cm−1

corresponds to glassy THF and the peak at 910 cm−1 corresponds to
crystalline THF.

The δ(C-C-O) band of THF is also affected by mixing THF with
sorbitan esters (cf. Figure 4). In this case, the peak at 890 cm−1 (glassy
THF) appears as a shoulder while the dominant peak is at 910 cm−1

(crystalline THF), in contrast with THF-water mixtures. This effect
is most marked with the most hydrophobic sorbitan esters, Span
65 and Span 85, as qualitatively seen in Figure 4. We also
quantitatively analyze the overall position of the δ(C-C-O) peak,
rather than the two peaks convolved under it (Figure 5). Figure 5
shows that the shift of the peak to higher wavenumbers is greatest
with the most hydrophobic sorbitan ester (e.g., Span 85), in line with
the greater ordering of THF, whereas the shift is smallest with the
most hydrophilic sorbitan ester (Span 20). Note that while we have
not analyzed Span 65 in detail, its effect on the δ(C-C-O) is
qualitatively similar to Span 85 (Figure 5), with a similar HLB
number. In summary, the analysis of the δ(C-C-O) confirms the
hypothesis that THF interacts with sorbitan esters through H bonds.
It also indicates that THF is more ordered upon mixing with
sorbitan esters than with water, in agreement with the analysis of
the COC stretch band of THF.

So far, we have discussed H bonding between sorbitan esters and
THF. We also highlighted that THF ordering upon mixing with
sorbitan esters is correlated to their HLB numbers. Now, we
compare the interactions between the different sorbitan ester tails
and THF. Recall that sorbitan esters with saturated tails flocculate at
low THF percentages, whereas this does not occur when tails are
unsaturated. This result suggests that the characteristics of the tails
influence THF-sorbitan ester interactions. To probe this aspect, we
examine the CH band in the spectrum of sorbitan esters (Figure 6).
In our previous study, we analyzed the CH bands of THF, to study
THF interactions with water (Bartokova et al., 2023b). We found
that this band shifts to higher wavenumbers upon mixing THF with
water (Bartokova et al., 2023b), in agreement with a study conducted
by Mizuno et al. (2003). Mizuno et al. proposed that water formed a
bifunctionally hydrogen-bonded hydration complex with

1,4 dioxane. In this complex, water acts both as a proton donor
(in a conventional OH. . .O hydrogen bond with the ether oxygen)
and as a proton acceptor (which accepts the H from the CH group,
to form CH. . .OH2) (Mizuno et al., 2003). Here, we analyze the
νas(CH2) band of sorbitan esters, to examine their interactions with
THF. The second derivative of spectra allows for the identification of
convoluted peaks under a band envelope in the form of negative
peaks. From the second derivative, we can be confident that the THF
band does not interfere with the νas(CH2) band of sorbitan esters
(Supplementary Figure S1.6). This is different from the νs(CH2),
which is heavily overlapped with the THF band and less clear to
interpret, justifying our focus on the νas(CH2) band. Our data reveal
that there is a blueshift in the νas(CH2) band of sorbitan esters with
increasing THF content (Figure 6). C-H. . .O hydrogen bonds are
widely accepted, as discussed above. They manifest in IR as a
shortening of the C-H bond (not lengthening like a regular H
bond) and therefore a blue shift (Mizuno et al., 2003). Therefore,
the data indicate that with increasing THF percentages in binary
mixtures of THF and sorbitan esters, C-H. . .O bonding becomes
stronger, as expected. Importantly, the effect of this interaction is
most significant in Span 40 and 60. Recall that Span 40 and Span
60 form flocs at low THF percentages relative to water, whereas Span
20, Span 80 and Span 85 form emulsions (cf. Supplementary Figure
S1.2). This observation, in conjunction with the analysis of the CH

FIGURE 7
XRD patterns in the SAXS region for different sorbitan esters in
either THF (A) or THF-DI water mixtures (B) containing 98% THF (v/v,
relative to water). In (A), Span40 THF and Span40 THF B represent
replicate experiments. Similarly, in (B), Span40 THF DI and
Span40 THF DI Bj represent replicate experiments. These replicates
are shown to allow the readers to compare replicate experiments. The
comparison of the XRD of Span 85 in THF vs. THF and DI water is
shown separately in Figure 8.
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band, indicates that Span 40 and Span 60 interact with THF more
strongly than Span 20, Span 80 and Span 85. In contrast, Span
40 and Span 60 interact with water less strongly than Span 20, Span
80 and Span 85. Both the length and the saturation of the tail play a
role. Span 40 and Span 60 have saturated tails, whereas Span 80 and
Span 85 have unsaturated tails. Span 20 also has a saturated tail, but
the tail is short. In light of these results, we propose that separation
between THF and water occurs primarily (but not exclusively)
because the hydrophilic head of Span 20, Span 80 and Span
85 competes for interactions with water against THF. This is in
line with our previous study, where proposed that Span 80 competes
against THF for interactions with water, based on the analysis of the
OH stretch band (Bartokova et al., 2023b). In contrast, we propose
that separation between THF and water occurs primarily (but not
exclusively) due to preferential interactions between the tail of Span
40 and Span 60 and THF. Note that we are not excluding
interactions between THF and the tails of Span 20, Span 80 and
Span 85, or between water and the heads of Span 40 and Span 60.
Indeed, SAXS data demonstrate interactions between the heads of all
sorbitan esters and water, as discussed below.

In particular, we use SAXS to compare the self-assembly of
sorbitan esters in pure THF and with low (2%) water percentages
relative to THF. While higher water percentages lead to
emulsification of larger droplets or bulk separation, at low water
percentages we can observe the onset of THF-water separation. In

pure THF, we propose that sorbitan esters can interact with the
solvent through either their heads or tails, leading to their self-
assembly into micelles with their heads pointing outwards or
inwards. This hypothesis is confirmed by SAXS data (Figures 7,
8). The SAXS patterns of all sorbitan esters in pure THF display
broad peaks, which are characteristic of micelles with their heads
pointing outwards or inwards (Bartokova et al., 2023a). In THF,
either the heads or the tails of the sorbitan esters could be pointing
outwards, because both have the ability to interact with THF. This is
similar to observations of stearic acid in THF, as reported in our
previous study (Bartokova et al., 2023a). Span 85 also displays a
crystalline peak, which indicates that it is not fully solubilized in
THF. In pure THF, the self-assembled structures formed by Span
40 and Span 65 are mass fractals, whereas surface fractals are
observed for Span 20, Span 80 and Span 85, as summarized in
Table 3 (results are less clear for Span 60). These results correlate to
the liquid vs. solid state of neat sorbitan esters. Neat Span 40 and
Span 65 are solids, whereas Span 20, Span 80 and Span 85 are liquids
at 20°C, at which measurements were conducted. Optical
microscopy observations show self-assembly into large flocs with
Span 40, Span 60 and Span 65 in pure THF (Supplementary Figure
S1.7). While the scales observed with optical microscopy and SAXS
are clearly different, we are comparing these two techniques because
fractals are scale invariant. In THF, the persistence length
determined based on the peak center and from the standard
deviation of the zero mean Gaussian peak are ≈25 Å for Span
20 and Span 40 and larger (≈27 Å) for Span 80, Span 65 and
Span 85, consistent with their larger size. We interpret these
values as the distance between the centers of micelles with their
heads pointing outwards or inwards. Interestingly, in THF, we also
identify a significantly smaller, second persistence length (≈16 Å for
Span 20, Span 40, Span 80 and Span 65, and ≈ 21 Å for Span 85),
based on the standard deviation of the non-zero mean Gaussian
peak. We ascribe the difference between these two persistence
lengths to the limited order in mixtures of sorbitan esters in
THF. With 2% water in THF, self-assembled structures of
sorbitan esters are surface fractals in all cases, except Span 85.
Span 85 is a mass fractal and displays a crystalline peak in its
SAXS pattern, similar to observations in pure THF. This result could
be due to incomplete hydration of Span 85 during the time frame
analyzed, with the small amounts of water added. We ascribe the
transition frommass to surface fractals for all other sorbitan esters to
the fact that water promotes the formation of micelles with their
heads pointing inwards. These contain water in their interior,
towards which the heads point. Note that while SAXS patterns
could indicate either micelles with heads pointing outwards or
inwards, samples contained 2% water and 98% THF. In such
samples, THF should be the continuous phase because of its high
percentage, while water should be inside the micelle. Since the
hydrophobic Span tails cannot interact with water, the
hydrophilic head would be pointing inwards. Dissimilar to
observations with 2% water, in THF, either the heads or the tails
of the sorbitan esters could be pointing outwards. This is because
both have the ability to interact with THF, as mentioned above. As a
result of the enhanced ordering induced by addition of 2% water, we
find a single persistence length. Specifically, with 2% water, the
average persistence length determined for the different sorbitan
esters based on the peak center and from the standard deviation of

FIGURE 8
XRD patterns in the SAXS region for Span 85 in either pure THF or
THF and DI water. In the figure legend, Span85THFDI and
Span85THFDIJ represent replicate experiments, shown to highlight
the reproducibility of the data. In (A) the peak at 42.7 Å has been
removed for the purpose of the fit, while in (B) the peak is shown.
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the zero mean Gaussian peak is ≈25 Å. This value is close to the
persistence length determined based on the standard deviation of the
nonzero mean Gaussian peak. Once again, this is in contrast with
THF, where we have less ordered self-assembled structures and
identified two persistence lengths. Note that we did not conduct
SAXS experiments with high water percentages. In this case, we
would expect that sorbitan esters would be forming micelles, which
would contain THF in their interior and would have their
hydrophilic heads pointing outwards towards the water.

In summary, IR data suggest that the longer, saturated tail of some
sorbitan esters (e.g., Span 40 and Span 60) interact with THF more
strongly than the shorter, saturated tail of Span 20, or the unsaturated
tails of Span 80 and Span 85. SAXS data complement these findings.
They show that interactions between all sorbitan esters and water play
a role in THF-water separation, beyond differences in the way they
interact with THF. Indeed, in all cases 2% water enhances ordering,
since it favors the formation of micelles with water in their interior.

4 Conclusion

Bottle tests, optical microscopy and FTIR spectromicroscopy
show that sorbitan esters (Span 20, Span 40, Span 60, Span 80,
Span 65 and Span 85) separate THF and water, which would
otherwise be miscible due to H bonding. Separation occurs with
up to 70% THF (v/v, relative to water), at THF to water ratios
dependent on the sorbitan ester structure. Span 80 and Span
85 have double bonds in their tails. Double bonds in the tail
(i.e., unsaturated tails) promote separation at the lowest THF
percentages. In contrast, Span 40 and Span 60 (with saturated
tails) flocculate at the lowest THF percentages (10%–30% THF)
and do not effectively separate these THF-water mixtures. This
suggests weaker interactions with water, and hence lower
solubility at high water percentages. Saturated, but shorter tails
(e.g., Span 20) still allow separation at low THF percentages.

We use ATR-FTIR to study separation mechanisms between
THF and water by sorbitan esters. ATR-FTIR reveals that mixing
with water disorders THF, resulting in an increase of the percentage
of glassy to crystalline THF.

Sorbitan esters impede THF-water interactions. Similar to water,
they H bond with THF. However, dissimilar to water, they order
THF. Ordering increases with tail length (e.g., from Span 20 to Span
60) and with increasing number of tails (e.g., from Span 80 to Span
85). This is reflected in the COC and δ(C-C-O) band of THF.

Furthermore, we observe a blueshift in the νas(CH2) band of
sorbitan esters upon mixing with increasing THF percentages,
because of the formation of C-H. . .O H bonds. The blueshift is
most marked for Span 40 and 60. This result indicates that Span
40 and Span 60 interact with THF more strongly than Span 20, Span
80 and Span 85. In contrast, Span 40 and Span 60 interact with water
less strongly than Span 20, Span 80 and Span 85, as indicated by their
flocculation at the lowest THF percentages (10%–30% THF, v/v
relative to water).

Based on these results, we propose that separation between
THF and water occurs due to two primary mechanisms,
depending on the sorbitan ester characteristics. Specifically,
separation occurs primarily (but not exclusively) because the
hydrophilic head of Span 20, Span 80 and Span 85 compete for

interactions with water against THF. In contrast, separation
occurs primarily (but not exclusively) due to preferential
interactions between the tail of Span 40 and Span 60 and
THF. Note that we are not contending that these are the only
mechanisms involved. Indeed, THF interacts with the tails of all
sorbitan esters, and water interacts with their heads.

The role of water-sorbitan ester interactions on THF-water
separation is highlighted by SAXS data. In THF, sorbitan esters
self-assemble into micelles with their heads pointing outwards or
inwards, because both the heads and the tails of sorbitan esters
interact with THF. Both types of micelles further assemble to form
either closed-packed clusters (surface fractals, in the case of Span 20,
Span 80, and Span 85), or open-packed clusters (mass fractals, in the
case of Span 40, Span 60 and Span 65). In THF, we identify two
different persistence lengths, because of the limited order of sorbitan
ester self-assembled structures. With 2% water, we observe a
transition from mass to surface fractals in all cases except Span
85, possibly due to its incomplete hydration. Under these conditions,
sorbitan esters self assemble into micelles with their heads pointing
inwards, which host water in their interior. We identify a single
persistence length (≈25 Å), which corresponds to the distance
between the micelle centers. This shows enhanced ordering.

Our future research will focus on further elucidating how
separation mechanisms are affected by the tail structure, for
different amphiphiles, including ones the head of which does
not interact with THF, as well as others with varying heads that
H bond THF. This research is part of our overall goal of
developing a predictive toolbox to optimize solvent
separation from water.
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Peptide-based liquid droplets (coacervates) produced by spontaneous liquid-
liquid phase separation (LLPS), have emerged as a promising class of drug delivery
systems due to their high entrapping efficiency and the simplicity of their
formulation. However, the detailed mechanisms governing their interaction
with cell membranes and cellular uptake remain poorly understood. In this
study, we investigated the interactions of peptide coacervates composed of
HBpep—peptide derived from the histidine-rich beak proteins (HBPs) of the
Humboldt squid—with model cellular membranes in the form of supported
lipid bilayers (SLBs). We employed quartz crystal microbalance with dissipation
monitoring (QCM-D), neutron reflectometry (NR) and atomistic molecular
dynamics (MD) simulations to reveal the nature of these interactions in the
absence of fluorescent labels or tags. HBpep forms small oligomers at
pH 6 whereas it forms µm-sized coacervates at physiological pH. Our findings
reveal that both HBpep oligomers and HBpep-coacervates adsorb onto SLBs at
pH 6 and 7.4, respectively. At pH 6, when the peptide carries a net positive charge,
HBpep oligomers insert into the SLB, facilitated by the peptide’s interactions with
the charged lipids and cholesterol. Importantly, however, HBpep coacervate
adsorption at physiological pH, when it is largely uncharged, is fully reversible,
suggesting no significant lipid bilayer rearrangement. HBpep coacervates,
previously identified as efficient drug delivery vehicles, do not interact with
the lipid membrane in the same manner as traditional cationic drug delivery
systems or cell-penetrating peptides. Based on our findings, HBpep coacervates
at physiological pH cannot cross the cell membrane by a simple passive
mechanism and are thus likely to adopt a non-canonical cell entry pathway.

KEYWORDS

LLPS, peptide coacervates, neutron reflectivity, membrane interaction, model
membrane, molecular dynamic simulations, supported lipid bilayers

OPEN ACCESS

EDITED BY

Jay X. Tang,
Brown University, United States

REVIEWED BY

Anne-Laure Fameau,
Institut National de Recherche pour
l’Agriculture, l’Alimentation et l’Environnement
(INRAE), France
Oscar Domenech,
University of Barcelona, Spain

*CORRESPONDENCE

Marité Cárdenas,
marite.cardenas@mau.se,
marite.cardenas@ehu.eus

Ali Miserez,
ali.miserez@ntu.edu.sg

RECEIVED 16 November 2023
ACCEPTED 31 December 2023
PUBLISHED 19 January 2024

CITATION

Gudlur S, Ferreira FV, Ting JSM, Domene C,
Maricar S, Le Brun AP, Yepuri N, Moir M,
Russell R, Darwish T, Miserez A and Cárdenas M
(2024), pH-dependent interactions of
coacervate-forming histidine-rich peptide with
model lipid membranes.
Front. Soft Matter 3:1339496.
doi: 10.3389/frsfm.2023.1339496

COPYRIGHT

©2024Gudlur, Ferreira, Ting, Domene, Maricar,
Le Brun, Yepuri, Moir, Russell, Darwish, Miserez
and Cárdenas. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Soft Matter frontiersin.org01

TYPE Original Research
PUBLISHED 19 January 2024
DOI 10.3389/frsfm.2023.1339496

37

https://www.frontiersin.org/articles/10.3389/frsfm.2023.1339496/full
https://www.frontiersin.org/articles/10.3389/frsfm.2023.1339496/full
https://www.frontiersin.org/articles/10.3389/frsfm.2023.1339496/full
https://www.frontiersin.org/articles/10.3389/frsfm.2023.1339496/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frsfm.2023.1339496&domain=pdf&date_stamp=2024-01-19
mailto:marite.cardenas@mau.se
mailto:marite.cardenas@mau.se
mailto:marite.cardenas@ehu.eus
mailto:marite.cardenas@ehu.eus
mailto:ali.miserez@ntu.edu.sg
mailto:ali.miserez@ntu.edu.sg
https://doi.org/10.3389/frsfm.2023.1339496
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://doi.org/10.3389/frsfm.2023.1339496


1 Introduction

Peptide-based liquid droplets, also known as coacervates,
assembled by liquid-liquid phase separation (LLPS) have emerged
as a new class of therapeutic delivery vehicles (Liu et al., 2023). Their
attractiveness stems from their exceptionally high entrapping
efficiency (Lim et al., 2018; Lim et al., 2020), their versatility in
entrapping a broad variety of large macromolecular therapeutics
(Sun et al., 2022), and their simple formulation methodology that
avoids the use of organic solvents. Depending on the peptide design,
the formation and disassembly of these liquid droplets can be
controlled via various external triggers such as pH, temperature,
ionic strength, etc. This versatility has led to the development of
stimuli-responsive peptide coacervates whose delivery into various
cell types in vitro have resulted in comparable or superior outcomes
to those achieved with lipid- and polymer-based nanoparticles (Sun
et al., 2022; Sun et al., 2023).

In contrast to well-studied drug delivery platforms, such as lipid-
(e.g., liposomes, lipid nanoparticles, nanostructured lipid carriers,
etc.) and nanoparticle-based vehicles (e.g., polymeric, cationic,
metallic and carbon-based, etc.), mechanistic understanding
related to coacervate/cell membrane interactions and their
subsequent cellular uptake remains largely incomplete. Current
understanding indicates that coacervates, characterized as dense,
viscoelastic, μm-sized liquid droplets, exert sufficient compressive
stresses to bend the plasma membrane inward (Yuan et al., 2021).
Additional factors reported to be involved in coacervate interactions
with the membrane surface, and possibly contributing to their
cellular uptake, include membrane wetting (partial or complete)
(Lu et al., 2022), capillary force generation (Gouveia et al., 2022) and
free energy release through adhesion between viscoelastic media
(Bergeron-Sandoval et al., 2021).

The specific route of cellular uptake of drug delivery vehicles
depends on several factors, including its size, shape, composition,
surface charge, hydrophobicity or hydrophilicity, and the specific
cell type into which they are delivered (Behzadi et al. 2017).
Endocytosis, an umbrella term covering multiple different
pathways and mechanisms for cellular entry, is the principal
route of entry for most delivery systems into cells (Jones et al.,
2003; Kazmierczak et al., 2020). In this regard, charge-based
interactions at the plasma membrane, while not the exclusive
mode of interaction, often play a significant role in the initial
stages of endocytosis, with either beneficial or detrimental
implications for the cellular uptake of the delivery vehicle
(Harush-Frenkel et al., 2008; Vedadghavami et al., 2020; Gyanani
and Goswami, 2023; Spleis et al., 2023).

On one hand, the surface charge on the delivery vehicle can
facilitate endocytosis by inducing local deformations in the
membrane, causing the membrane to bend or wrap around it
(Harush-Frenkel et al., 2008). Such deformations can promote
the formation of membrane invaginations that are characteristic
of endocytosis. In addition, these interactions could promote other
types of chemical interactions, or assist in binding to specific
receptors on the cell membrane. On the other hand, surface
charge-bearing delivery vehicles and cell-penetrating peptides
have the ability to destabilize cell membranes through
electrostatic interactions (Thoren et al., 2005; Herce and Garcia,
2007; Rehman et al., 2013). Such interactions can induce changes in

lipid organization and fluidity, as well as the formation of transient
nanoparticle-induced pores (Karal et al., 2015). Moreover, the
disruptive effects of cationic nanoparticles on the cell membrane
can trigger cellular responses, such as membrane repair mechanisms
and changes in membrane protein activity (Stewart et al., 2018).
These cellular responses could, in turn, impact cellular uptake
processes and intracellular signaling pathways. Gaining insights
into these interactions can guide the design and optimization of
delivery systems for enhanced therapeutic efficacy.

In our most recent work, we discovered that HeLa and
HepG2 cells internalized simple coacervates–comprised of a
single peptide type–mainly through a cholesterol-dependent,
non-canonical cell entry pathway involving cytoskeleton
rearrangement and filipodia-like protrusions that capture the
coacervates (Shebanova et al., 2022). However, to enable live cell
imaging, the study employed enhanced green fluorescent protein
(EGFP) as a client molecule, which is spatially distributed both in the
interior and at the corona of peptide coacervates. In general, client
molecules located near the outside surface of coacervates could
potentially alter the overall surface charge (Welsh et al., 2022), form
layered droplets (Boeynaems et al., 2019; Latham and Zhang, 2022)
and affect interfacial tension (Wang et al., 2023) thereby influencing
coacervate interaction with lipid membranes and cellular uptake in
ways that we still do not understand. Whether these interfacial
interactions mediated by client molecules significantly influence
cellular uptake remained unexplored in our previous work.

In this study, we employ quartz crystal microbalance with
dissipation monitoring (QCM-D), neutron reflectometry (NR) and
atomistic molecular dynamic (MD) simulations to investigate peptide
coacervate interactions with model membranes, in the absence of
client molecules. The aforementioned techniques enable direct
monitoring of coacervate-membrane interactions without the
potential influence of fluorescently-labelled cargos or other types of
client molecules. QCM-D and NR are complementary surface
sensitive techniques, offering insights into both the overall
adsorption processes occurring at the model membrane surface
and detailed structural information about the membrane, including
changes in composition of the lipid bilayer tail region, due to peptide
incorporation or solvent penetration (Clifton et al., 2020). The nature
of the interaction is verified by MD simulations, which provide a
complementary picture to NR measurements.

2 Materials and methods

2.1 Materials

All peptides were purchased as lyophilized powder and
certified >95% purity from GL Biochem (Shanghai) Ltd., China.
Monobasic sodium phosphate (NaH2PO4), dibasic sodium
phosphate (Na2HPO4), tribasic sodium phosphate (Na3PO4),
sodium chloride (NaCl), Corning® black 384 transparent-bottom
plates were purchased from Sigma-Aldrich (Singapore). Deuterated
phospholipids and deuterated cholesterol were synthetized by
ANSTO’s National Deuteration Facility. Isopropyl alcohol,
cholesterol and non-deuterated phospholipids used in QCM-D
and SLB experiments were purchased from Sigma Aldrich
(Singapore), QCM-D sensors were acquired from Biolin Scientific
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AB (Gothenburg, Sweden). Silicon wafers for NR were purchased
from El-Cat Inc. (NJ, United States).

2.2 Turbidity measurements for peptide
concentration and pH profile

Stock solutions of HBpep peptide were prepared by solubilizing
the lyophilized peptide directly in 10 mM acetic acid to achieve a final
peptide concentration of 10 mg/mL. At this low pH (~3), the peptides
remain largely monomeric and do not coacervate. Sodium phosphate
buffer solutions (10 mM, 154 mM NaCl final concentration) with
pH ranging between 2-11 were prepared by mixing appropriate
volumes of NaH2PO4, Na2HPO4, and Na3PO4 stock solutions to
achieve the desired pH, which were later confirmed using a pHmeter
(Mettler Toledo, Singapore) before and after the addition of peptide
stock solutions. For determining the concentration range within
which HBpep coacervate, 11 different samples were prepared in a
38-well transparent-bottom microtiter plate by diluting the peptide
stock solution into sodium phosphate buffer (pH 7.4) such that the
final peptide concentration varied between 0 and 1 mg/mL in 0.1 mg/
mL increments and a final volume of 100 µL. The volume of 10 mM
acetic acid was kept constant in all the above samples. Immediately
after the addition of the peptide, the absorbance of the samples were
collected between 400 and 800 nm using a Tecan Spark (Männedorf,
Switzerland) multimode plate reader. The mean of the absorbance
values at 600 nm (A600) for each sample, collected from three separate
experiments, was plotted against the corresponding peptide
concentration and fitted to a dose response curve using OriginPro
2021. Error bars indicate standard error of the mean. For
characterizing the pH range within which HBpep coacervate,
samples were prepared in a 38-well transparent-bottom microtiter
plates by diluting the peptide stock solution into sodium phosphate
buffer (10 mM, 154 mMNaCl) of varying pH such that the final pH of
the sample varied between 2-11 in small increments and a final
volume of 100 µL. Absorbance of the samples was collected and the
data plotted as described above.

2.3 Dynamic light scattering (DLS)
measurements

All DLS measurements were carried out in a Malvern Zetasizer
Nano ZS (Malvern Panalytical Ltd., Singapore). HBpep coacervates
were prepared in a quartz cuvette (10 mm pathlength) by diluting
the peptide stock solution that was previously dissolved in 10 mM
acetic acid, into sodium phosphate buffer (pH 6, 7.4 or 8) such that
the final peptide concentration was 0.1, 0.25, 0.5 or 1 mg/mL. DLS
measurements were conducted at a 173o detection angle for 60 min
at a fixed temperature of 25°C. Data was plotted using
OriginPro 2021. Experiments were done in duplicates.

2.4 Differential interference contrast (DIC)
microscopy

About 20 µL of the peptide solution of various (0.1–1 mg/mL)
concentrations prepared in sodium phosphate buffer (10 mM,

154 mM NaCl, pH 7.4) was pipetted on to the cover glass of a
MatTek dish (cover glass No. 1.5) and the sample imaged using a
Carl Zeiss Axio Observer Z1–Inverted Microscope fitted with a
motorized stage and an EC Plan-Neofluar 63x/1.25 oil, FWD
0.1 mm, CG 0.17 mm (DIC) objective. All images were collected
using an AxioCam MRm CCD camera, 1,388 × 1,040 pixels,
6.45 µm/pixel. All images were acquired using Zen 2 (blue)
software and processed using ImageJ2 (version 2.3.0/1.53f).
Experiments were done in duplicates.

2.5 Deuterated lipids

2.5.1 DOPG-d66 (94 ± 2% D)
We report here the production of sub-gram quantities of tail

deuterated 1,2-dioleoyl-d66-sn-glycero-3-phospho-(1′-sn-glycerol)
(DOPG-d66) and its structural characterization. Oleic acid-d33, a
precursor for the synthesis, was produced using our previously
reported methods (Darwish et al., 2013). The primary and
secondary hydroxyl groups of 3-benzyloxy-sn-glycerol (at sn-1
and sn-2) were esterified using deuterated oleic acid-d33 in the
presence of dicyclohexylcarbodiimide (DCC) and a catalytic amount
of 4-dimethylaminopyridine (DMAP). The benzyl group was
removed using boron trichloride to afford 1,2-dioleoyl-d66-sn-
glycerol. The free alcohol was phosphorylated with phosphorus
oxychloride, to give the corresponding 1,2-diacyl phosphatidic
dichloride, which was used in the next step without further
purification. Coupling of the phosphatidic dichloride with 1,2-
isopropylidene-sn-glycerol in the presence of the anhydrous
pyridine afforded acetonide protected DOPG-d66. The protecting
group was cleaved under mild acidic conditions to give DOPG-d66 as
colourless waxy solid.

2.5.2 POPC-d64 (94 ± 2% D)
1-Palmitoyl-d31-2-oleoyl-d33-glycero-3-phosphocholine (POPC-

d64) was produced using previously reported methods for the
synthesis of mixed acyl glycerophospholipids (Moir et al., 2022)
from palmitic acid-d31 and oleic acid-d33 (Darwish et al., 2013).

2.5.3 Cholesterol-d45 (80 ± 2% D)
Deuterated cholesterol (average 80% D as determined by mass

spectrometry) was produced using previously reported methods
(Sebastiani et al., 2021; Recsei et al., 2023) (ca. 90% D2O in the
growth medium).

2.6 Quartz crystal microbalance with
dissipation monitoring (QCM-D)

Measurements were performed using a Q-SENSE E4 system
(Q-Sense, Sweden) connected to an Ismatec peristaltic pump model
ISM596D. The 50 nm SiO2 coated Au sensors were cleaned in 2 v/v
% Hellmanex under bath sonication for 10 min, followed by
extensive rinsing with MilliQ water and ethanol. The sensors
were dried under N2 flow and subjected to oxygen plasma
cleaning for 2 min in a Harrick plasma cleaner (Model No. PDC-
002, Harrick Plasma Inc. United States) fitted with a gas flow mixer
(PLASMAFLO PDC-FMG, Harrick Plasma Inc. United States) for
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controlling oxygen flow rate. A lipid vesicle suspension was prepared
at 0.2 mg/mL in MilliQ water (hydrodynamic diameter smaller than
50 nm as confirmed by DLS, prepared by tip sonication in H2O).
The composition of the lipid vesicles was 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-[phospho-rac-(1-glycerol)] (POPG) and cholesterol
(POPC:POPG:Cholesterol) at a 7:1:2 molar ratio. This
composition was chosen to represent the overall charge of
mammalian cells (Virtanen et al., 1998). The lipid films were
prepared by mixing appropriate amounts of lipids from
chloroform stocks and gently evaporating the solvent under N2

flow and rotation, and finally subjecting to vacuum for at least 1 h.
Prior to experiments, the fundamental frequency (5 MHz) and

five overtones (3rd, 5th, 7th, 9th, and 11th) were found and recorded
in MilliQ water. The flow rate was set to 0.1 mL/min, and the
temperature was controlled as specified. A baseline was obtained in
MilliQ water prior to injection of the vesicle solution (the lipid
vesicle suspension was mixed in a 1:1 volume ratio with 4 mMCaCl2
just prior injection into the solid-liquid cells). A constant flow of
vesicles was maintained until stable signals were obtained before
rinsing with excess MilliQ water. The supported lipid bilayers (SLBs)
gave signals of typically -24-25 Hz and 0.2–0.4 ppm in dissipation, in
line with previous results (Clifton et al., 2020). Rinsing with 10 mM
phosphate buffer enriched with 154 mMNaCl at pH 7.4 or pH 6 was
performed. HBpep coacervates (0.25 mg/mL) were formed and
incubated for 5 min prior to addition to the SLBs. QCM-D
measurements were performed in duplicates. For measurements
in which coacervate sedimentation was avoided, the instrument was
set upside down as previously done for other systems (Lind
et al., 2019).

2.7 Supported lipid bilayers on glass

The supported lipid bilayers (SLBs) were prepared on a glass
coverslip in a microfluidic chip by the solvent-assisted method
reported by Ferhan et al. (2019) with slight modifications. To
clean and hydrophilize the glass surface, the coverslip was soaked
overnight in a 1 v/v% solution of Hellmanex, washed with MilliQ
water and ethanol, dried in an oven then subjected to oxygen plasma
cleaning for 2 min in a Harrick plasma cleaner (Model No. PDC-
002, Harrick Plasma Inc. United States) fitted with a gas flow mixer
(PLASMAFLO PDC-FMG, Harrick Plasma Inc. United States) for
controlling oxygen flow rate. Immediately after this, the coverslip
was attached to a multichannel microfluidic chip (Ibidi sticky-Slide
VI0.4), and all microfluidic channels were filled with MilliQ water.
The chip has six microfluidic channels, each with a length of 17 mm,
a width of 3.8 mm and a height of 400 µm.

To prepare the lipid solution, POPC, cholesterol and two
fluorescent markers, namely, 18:1 Liss Rhod PE and 25-NBD
cholesterol (that selectively mix with POPC and cholesterol,
respectively), were solubilized in isopropanol, while POPG was
solubilized in ethanol. Appropriate amounts of each of those five
components were mixed and diluted in water:isopropanol with 1:
1 volume ratio to create a 0.4 mg/mL POPC:POPG:Cholesterol
solution with a 7:1:2 molar fraction. Liss Rhod PE and NBD
cholesterol were used at a concentration of 3.4 μg/mL and 1.8 μg/
mL, respectively.

To create a SLB, an Ismatec peristaltic pump model ISM596D
was used. First, water:isopropanol with a 1:1 volume ratio was
pumped for several minutes to ensure complete exchange of the
MilliQ water that previously filled the channel. Then, the lipid
solution was pumped for 10 min at 50 μL/min, the flow was
stopped for 5 min, and MilliQ water was pumped, also for
10 min at 50 μL/min. The resulting SLB homogeneously and
completely covered the glass substrate in the microfluidic channel.

The coacervate experiment was then carried out just as in the
QCM-D, the only difference being the reduced flow rate of 50 μL/
min. Images were collected as the experiment was ongoing in a Carl
Zeiss Axio Observer Z1 inverted fluorescence microscope fitted with
a motorized stage and a Plan-Apochromat 63x/1.40 oil DIC, FWD
0.19 mm, CG 0.17 objective. All images were acquired using a Carl
Zeiss AxioCam 503 Mono camera, 1,936 × 1,460 pixels, 72 nm/pixel
using Zen 2 (blue) software and processed using ImageJ2 (version
2.9.0/1.54f).

2.8 Neutron reflection (NR)

Experiments were performed on the reflectometer SPATZ at the
Australian Nuclear Science and Technology Organisation (ANSTO)
using a setup for solid/liquid interfaces (Le Brun et al., 2023). The
momentum transfer range and momentum transfer (Q) resolution
used was 0.011 Å−1 < Q < 0.273 Å−1 and ΔQ/Q = 5.8%, respectively.
The instrument uses the time-of-flight principle and a disc chopper
pairing of discs 1 and 2 set 480 mm apart running at 25 Hz was used
(2.5 Å < λ < 20 Å). Collimation slits used were set to 2.66 mm and
0.75 mm for an angle of incidence of 0.85° and 10.94 mm and
3.09 mm for 3.5°, providing an illuminated footprint of 55 mm along
the beam. Data was reduced with the refnx software package (Nelson
and Prescott, 2019) where the time-of-flight is converted to
wavelength which is used to calculate Q, accounts for detector
efficiency, re-bins the data to instrument resolution, subtracts the
background, stiches the data from the two angles of incidence
together at the appropriate overlap region, and scales the data so
that the reflectivity at the critical edge is equal to 1.

The silicon blocks (100) of 100 mm diameter and 10 mm
thickness and O-rings (TEFLON of 100 µm thickness) were
cleaned in the following series of solvents: 2% Hellmanex for at
least 1 h followed by extensive rinsing with MilliQ water. Before
assembling the cells, the blocks were dried with a flow of nitrogen gas
and exposed for 30 min to ozone to finally be assembled in dry
conditions. During the assembling, the substrate was sealed with the
polished surface in contact with the liquid using a thin Teflon
O-ring, and the cells were connected to an HPLC pump to allow the
exchange of solvent with D2O, H2O, and CMSi (38:62 v/v
D2O: H2O).

The solid/liquid cells were pre-equilibrated to 25°C using a
circulating water bath and the surfaces were characterized in
H2O and D2O to determine the roughness and the thickness of
the silicon oxide layer. Then, the SLBs were formed using vesicle
fusion as described in Section 2.6, and characterized in three
isotropic contrasts composed of H2O based-, D2O based, and
CMSi-based (38:62 D2O: H2O (v/v)) buffer. The composition of
the lipid vesicles was POPC-d64:DOPG-d66:Cholesterol-d45 at a 7:1:
2 molar ratio. Here, d64:DOPG was used since synthesis of tail
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deuterated POPG has not been reported or performed to the date of
publication. The lipid films were prepared by mixing appropriate
amounts of lipids from chloroform stocks and gently evaporating
the solvent under N2 flow and rotation, and finally subjecting to
vacuum for at least 1 h.

The SLBs were fitted using a 4-layer model constituted by the
oxide layer and three layers that correspond to the heads-tails-heads
of the lipid membrane. During the data fitting, the lipid bilayer was
constrained to be symmetric, that is, the coverage, the thickness, and
the scattering length density (SLD) of the heads were the same for
both leaflets. Additionally, the roughness was constrained to be the
same across the whole bilayer. The HBpep peptide was slowly
introduced via a syringe at concentrations of 0.25 mg/mL in the
corresponding buffer, upon re-equilibration of ~5 min. After
roughly 1 h 20 min of incubation, the samples were rinsed with
H2O based buffer and re-characterized in all three contrasts by using
1/10 of the final peptide concentration. Data was collected prior and
after buffer exchange in H2O based buffer and no changes in
reflectivity were observed.

To fit the data in the three isotropic contrasts after protein
incubation and rinsing, the head-group thickness and coverage was
kept constant but the thickness and SLD of the tails were allowed to
vary. A layer of protein was added on top of the SLB. The
experiments were performed only once due to the restricted
availability of beam time. Data fitting was performed using the
MOTOFIT package (Nelson, 2006) and to determine the errors of
the fits, a Monte Carlo error analysis was performed using genetic
optimization.

2.9 Peptide modeling

The structure of the peptide was built using the PEP-FOLD4
server (Rey et al., 2023; Tufféry and Derreumaux, 2023), which has
the advantage over other available servers that it embeds a Debye-
Hückel formalism to treat pH conditions and salt concentration
variations. Peptide conformations are pH- and salt concentration-
dependent, and thus, two systems were considered to mimic neutral
and acidic conditions. The main input was the sequence in FASTA
format (GHGVY GHGVY GHGPY GHGPY GHGLYW). The
forward-backtrack sampling algorithm was selected to sample the
structural alphabet profile and the number of models generated was
100. Default parameters related to the Monte Carlo protocol
(10,000 steps) and the pseudo-random generator seed were
adopted to generate the 3D models. The Debye-Hückel
contribution was switched on, and the pH was specified as well
as an ionic strength of 154 mM NaCl to match the experimental
conditions. The use of the zwitterionic forms of the peptides and the
default pKa values of 6 for His residues were used.

2.10 Molecular dynamics simulations

A membrane containing POPC, POPG and cholesterol
molecules in a proportion 70:10:20 (POPC:POPG:Cholesterol)
was generated using CHARMM-GUI Membrane Builder (Jo
et al., 2008; Jo et al., 2009; Wu et al., 2014). The membrane
contained 210 POPC molecules, 30 POPG molecules and

60 cholesterol molecules in the mixed bilayer. Subsequently, the
multicomponent assembler (Kern et al., 2023) of CHARMM-GUI
facilitated to build two all-atom molecular models at neutral or
acidic pH, using the first 15 peptides rendered by PEP-FOLD4 (the
more favorable energetically), and the previously built complex
membrane. The combined system (bilayer and peptides) was
then solvated to produce a rectangular box of dimensions (130 ×
130 × 100) Å3. Ions were added resulting in a final concentration of
154 mM NaCl (Humphrey et al., 1996). The final system contained
over 168,000 atoms. CHARMM22 (Li et al., 2005) parameters (with
CMAP correction) were used for the peptides, CHARMM36 for
lipids (Klauda et al., 2010), standard parameters for ions (Noskov
et al., 2004) and the TIP3P (Jorgensen et al., 1983) model for water.
NAMD 3.0alpha GPU (Phillips et al., 2005) and Gromacs 2023
(Berendsen et al., 1995) were employed to calculate the dynamics
of the systems throughout (Phillips et al., 2005). Although we
started using NAMD, due to performance, we switched to
Gromacs. One simulation of the neutral system and one of the
charged system were obtained with NAMD, and five replicas per
pH were obtained with Gromacs. The total cumulative production
time is 12*0.2 μs (2.4 µs).

Initially, 10,000 steps of minimization were performed to
remove steric clashes, followed by the progressive removal of
constraints at 500 ps intervals to allow for gradual equilibration
of the system. Constraints were released in the following order: i)
bulk water and lipid tails; ii) lipid head groups; iii) peptide side
chains. Unrestrained dynamics was then undertaken in the NPT
ensemble. The Particle Mesh Ewald method was used for the
treatment of full-system periodic electrostatic interactions;
interactions were evaluated every second timestep with a value of
1 Å to determine grid spacing (Darden et al., 1993). Electrostatic and
van der Waals forces were calculated every timestep and up to a
cutoff distance of 12 Å. A switching distance of 10 Å was chosen to
smoothly truncate the non-bonded interactions. Only atoms in a
Verlet pair list within a cutoff distance of 13.5 Å were considered,
with the list reassigned of reassigned every 20 steps (Verlet, 1967).
The SETTLE algorithm was used to constrain all bonds involving
hydrogen atoms to allow the use of a 2 fs timestep (Miyamoto and
Kollman, 1992). The Nose-Hoover-Langevin piston method was
employed to control the pressure with a 200 fs period, 50 fs damping
constant and a desired value of 1 atmosphere (Martyna et al., 1994;
Feller et al., 1995). The system was coupled to a Nose-Hoover
thermostat to sustain a temperature of 298 K throughout.

3 Results and discussion

3.1 Identifying optimal conditions for
peptide-coacervate and model cell
membrane interactions studies

HBpep is a 26-residue peptide inspired by the Histidine-rich
beak proteins (HBPs) of the Humboldt squid (Tan et al., 2015). The
peptide sequence (GHGVY GHGVY GHGPY GHGPY GHGLYW)
consists of five GHGxY repeats, [where x is either valine (V), proline
(P) or leucine (L)], and a C-terminal tryptophan residue, both of
which are important drivers of phase separation (Figure 1A) (Wang
et al., 2018; Gabryelczyk et al., 2019). HBpep phase separates under
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physiological conditions into µm-sized coacervate microdroplets
that exhibit an extremely high efficiency (>99%) to recruit a wide
variety of therapeutics within their dense phase (Lim et al., 2018; Lim
et al., 2020). Consequently, HBpep and its variant were developed
into an intracellular delivery system capable of delivering a wide
variety of therapeutics into different cell types in vitro with little to
no cytotoxicity (Sun et al., 2022).

In order to identify the optimal experimental conditions for
investigating HBpep-coacervate and model cell membrane
interactions, turbidity measurements were carried out with

HBpep at different conditions of pH and concentrations (Figures
1A, C). In general, coacervation of phase-separating peptides and
proteins can occur over a wide pH range and can be monitored by
measuring sample turbidity (Supplementary Figure S1), coacervate
size (Supplementary Figure S2), or both. However, turbidity
measurements—the standard practice in the field—allow for the
determination of “phase-separation (a.k.a coacervation) propensity”
when the coacervate size remains more or less similar across a
pH range. Turbidity measurements of HBpep prepared in sodium
phosphate buffers spanning a pH range of 2–11, indicated that the

FIGURE 1
Characterization of HBpep to determine optimal experimental conditions for HBpep-membrane interactions studies. (A) Turbiditymeasurements of
HBpep (Seq: GHGVY GHGVY GHGPY GHGPY GHGLYW) within a pH range of 2–11 indicate optimal coacervation at physiological pH. (B) Different pKa
values of histidine (top) and tyrosine (bottom) are illustrated to highlight that when the pH is below 6 or above 9, HBpep is unable to coacervate due to the
positive and negative charge contributions from the histidine and tyrosine side-chains, respectively, resulting in charge-charge repulsion at these
pH ranges. (C) Turbidity measurements of HBpep samples within a concentration range of 0.1–1 mg/mL when prepared at pH 7.4 indicate a
concentration-dependent increase in turbidity. (D) DLS measurements of HBpep samples at pH 6 and 7.4 suggest an oligomeric state at pH 6 and
coacervates at pH 7.4. (E) DLS measurements of HBpep coacervates prepared at pH 7.4 and at four different concentrations when monitored up to
60 min indicate particle size of ~1 μm diameter whose size gradually increased with increasing concentration. (F–I) DIC imaging of the HBpep samples
confirm coacervation and its size-correlation with increasing HBpep concentration. The illustration for histidine pKa in C has been recreated with minor
modifications from Saurabh et al. (2022), licensed CC-BY-4.0.
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highest turbidity was observed at pH 7.4 which is close to the
peptide’s theoretical pI of 7.96 (Figure 1A). In acidic conditions and
at pH values above 9, HBpep displayed minimal turbidity indicating
its inability to coacervate and likely remainedmonomeric or resulted
in low-level oligomerization. This pH-dependent behavior is due to
the positive charges arising from the five histidine side groups when
the pH is below its pKa2 of 6 (Saurabh et al., 2022), and to the
negative charges arising from the tyrosine side groups when the
pH is above its pKa2 of ~10 (Figure 1B), which result in charge-
charge repulsion at these pH ranges. Since HBpep is acetyl-capped at
the N-terminus and amidated on the C-terminus, we do not expect
any end terminal charge contribution.

Similarly, a concentration-dependent behavior was observed
when HBpep stock solutions were diluted into a buffer maintained
at pH 7.4 (Figure 1C). An increase in turbidity (OD600) correlated
with an increase in HBpep concentration, with a detection threshold
at 0.2 mg/mL and a peak turbidity signal at 0.6 mg/mL, beyond which
the signal plateaued. At pH 6, where the peptide carries a net positive
charge, DLSmeasurements suggest an oligomeric state for the peptide
at 1 mg/mL (the oligomeric formation was confirmed by SANS data,
data not shown) (Figure 1D). At pH 7.4, HBpep coacervate droplet
sizes varied from 400–800 nm (Figure 1D), with size being both time-
and concentration-dependent (Figure 1E). Micrometer-sized droplets
were observed within 5 min for peptides at a concentration of 1 mg/
mL, whereas sub-μm size particles were observed at a lower peptide
concentration of 0.25 mg/mL (Figure 1D). Furthermore, μm size
droplets sedimented over time, and the coalescing property of the
coacervates becamemore discernible at higher peptide concentrations

as seen from DIC microscopy images (Figures 1F–I). Based on the
above results, a pH of 7.4 and 6 were chosen as the coacervating and
non-coacervating pHs for the peptide, respectively. Since high peptide
concentrations (>0.5 mg/mL) led to coacervate coalescence and a
concomitant increase in droplet size, we determined 0.25 mg/mL as
an appropriate peptide concentration to use for all further
experiments as we expect the coacervate size to remain relatively
stable under these conditions.

3.2 QCM-D

The interactions between HBpep coacervates and model cell
membranes were followed via QCM-D on SLBs formed by vesicle
fusion using vesicles composed by POPC:POPG:Cholesterol in a 7:1:
2 molar ratio as a model of the charge in mammalian cell membranes
(Virtanen et al., 1998). HBpep coacervates (0.25 mg/mL) were
prepared and incubated for 5 min prior to addition to the SLBs.
Analysis of the raw QCM-D data (Figures 2A, B) confirmed HBpep
binding at pH 6, a condition where no significant coacervation occurs
(Figures 1A, D). The observed QCM-D signal at acidic conditions
closely resembles that of cell penetrating peptides such as penetratin
(Hedegaard et al., 2018). Upon rinsing with buffer, partial desorption
of HBpep occurred, which is also consistent with data observed for cell
penetrating peptides (Hedegaard et al., 2018) (Figure 2B). In contrast,
at pH 7.4, substantial adsorption of HBpep coacervates on the SLB
coated SiO2 sensor was observed (Figure 2A). The resulting QCM-D
signal resembles the adsorption of lipid vesicles on SiO2 and their

FIGURE 2
Interaction of HBpep on SLBs composed by POPC:POPG:Cholesterol at a 7:1:2 molar ratio in 10 mM phosphate buffer enriched with 154 mM NaCl
at pH 6 (A) and pH 7.4 (B). TheQCM-D signals (Frequency in Hz and dissipation in ppm) are given as a function of time. In panel (C), the E4 unit was flipped
upside down to avoid sedimentation on the sensor surface. The flowwas kept constant at 0.1 mL/min and all measurementsweremade at 25°C. (D–F) are
DIC images of SLBs (POPC:POPG:Cholesterol at a 7:1:2 molar ratio) prepared using a solvent-assisted method on glass slides with experimental
conditions kept consistent with those used in the QCM-D experiments depicted in (A–C).
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eventual rupture, as evidenced by the sharp decrease in frequency and
the increase in dissipation with time, followed by an inversion of the
signals (increase in frequency and decrease in dissipation). Thus, it is
likely that some of the μm-sized coacervates spread out on the SLB-
coated sensor, mirroring what was observed by microscopy on glass
slides (Figures 1H, I). We note that most of the adsorbed coacervates
could be removed upon rinsing with buffer at pH 7.4 suggesting that
the adsorption was largely reversible and could be due to simple
droplet sedimentation.

In order to decouple the effect of molecular adsorption on the SLB
and sedimentation, the QCM-D E4 unit was flipped upside down and
the experiment at pH 7.4 was repeated (Figure 2C). In this case, a signal
mirroring that measured at pH 6 was detected with full reversibility
upon rinsing with a solution containing 1/10 of the original coacervate
solution (i.e., 0.025 mg/mL) followed by excess buffer. Taken together,
both peptide and coacervate adsorption takes place regardless of pH, but
the adsorption is fully reversible only at neutral pH. The latter suggests
that no major rearrangement of the lipid bilayer structure takes place
due to peptide adsorption at pH 7.4. This was independently verified
with SLBs prepared using a solvent-assisted method on glass slides that
were imaged using DIC microscopy (Figures 2D–F). The experimental
conditions were kept consistent with those used in the QCM-D
experiments depicted in Figures 2A–C.

The DIC images reveal that at pH 7.4 in the upward position of the
chamber (Figure 2D), more μm-sized coacervates adsorbed to the SLB
compared to when the microfluidic chamber was set-up upside down
(Figure 2F). At pH 6, no coacervates were observed (Figure 2E) as
expected based on turbidity and DLSmeasurements (Figures 1A, D). A
manual count (Supplementary Figures S3, S4) of the number of
coacervates in each of the representative DIC images in Figures
2D–F revealed the count to be 228 for pH 7.4, 0 for pH 6 and

30 for upside down at pH 7.4. Since at pH 6 HBpep does not
significantly coacervate into large droplets, the black dots observed
in Figure 2E do not correspond to coacervates and are most likely
pH dependent salt crystallization, or low-level oligomerization below
the resolution limit of the microscope objective used.

3.3 Neutron reflectometry

Neutron reflection data were collected at three isotropic
contrasts before and after exposure to 0.25 mg/mL HBpep at
pH 6 (Figure 3) or pH 7.4 (Figure 4), and the data were fitted
assuming a symmetric lipid bilayer structure (lipid heads–lipid
tails–lipid heads). The thickness of the core lipid bilayer, the
head groups and the roughness at pHs 6 and 7.4 are summarized
in Table 1. The coverage was in both cases above 90%. The values in
Table 1 compare well to those reported byWaldie et al (Waldie et al.,
2018; Waldie et al., 2019) for which 30.9-33.5 Å thick core was
measured for 10–40 mol% cholesterol in various
phosphatidylcholine SLBs including POPC. The head group
region was found to be 7-8 Å thick for PC-cholesterol (Waldie
et al., 2018; Waldie et al., 2019). The larger headgroups [12.9 and
13.3 (±0.3) Å at pH 6 and pH 7.4, respectively] and headgroup
hydration is thus expected from the presence of charged
phosphatidylglycerol groups (Le Brun et al., 2014).

At pH 7.4 (where HBpep coacervation takes place), there were
minimal changes in reflectivity (Figure 4). The small changes
observed at low Q are simply due to small differences in the
D2O content in the buffer, typical when there is incomplete
exchange upon flushing with buffer. There was though a very
small increase in reflectivity mainly observable for the H2O based

FIGURE 3
Neutron Reflection data for SLBs composed by POPC-d64,
DOPG-d66, cholesterol-d45 (7:1:2 mol%) before (red) and after (black)
exposure to HBpep at pH 7.4 buffer. The experimental data is given by
symbols. Best fits (parameters in Table 1) are represented by solid
lines. HBpep coacervates were prepared 5 min prior to the addition to
the SLBs and incubated for 1 h 20 min. Rinsing with a peptide solution
containing 1/10 of the original concentration at different contrasts was
then performed to collect the three data sets shown in the figure. The
cmSi and H2O based data was offset for clarity. The inset gives SLD
profiles for the best fit to the data.

FIGURE 4
Neutron Reflection data for SLBs composed by POPC-d64,
DOPG-d66, cholesterol-d45 (7:1:2 mol%) before (red) and after (black)
exposure to HBpep at pH 6 buffer. The experimental data is given by
symbols. Best fits (parameters in Table 1) are represented by solid
lines. HBpep coacervates were prepared 5 min prior to the addition to
the SLBs and incubated for 1 h 20 min. Rinsing with a peptide solution
containing 1/10 of the original concentration at different contrasts was
then performed to collect the three data sets shown in the figure. The
cmSi and H2O based data was offset for clarity. The inset gives SLD
profiles for the best fit to the data.
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buffer. These changes can be interpreted as an increase in the
coverage or scattering length density (SLD) of the SLB. Indeed,
upon co-refinement of the data using a four-layer model (lipid
heads–tails–lipid heads–HBpep), a suitable fit was obtained
assuming a constant layer thickness of the SLB but allowing for
increase in the coverage of 7%. There was neither any significant
peptide adsorption on top of the SLB, nor any significant drop in the
SLD of the lipid bilayer region. During SLB formation by vesicle
fusion, it is common that a small fraction of vesicles remain bound,
these are hardly seen by NR (Lind et al., 2014). Together, these
values suggest the rupture of a few vesicles that might have remained
bound to the SLB after the rinsing step, and that there was neither
significant peptide binding nor integration in the lipid bilayer,
consistent with the QCM-D results (Figure 2C).

At pH 6, where HBpep remains mostly in the monomeric or
oligomeric state (Figure 1E), significant changes in reflectivity were
noticed at all contrasts besides the small changes observed at lowQ for
D2O-based buffer due to incomplete exchange upon flushing with
buffer. In particular, the cross over in the D2O based buffer contrast
suggest a change in the SLB structure/composition (Lind T. K. et al.,
2015). Indeed, upon co-refinement of the data using a four-layer
model (lipid heads–tails–lipid heads–HBpep), a suitable fit was
obtained with a 1.4 Å increase in the lipid tail layer thicknesses, a

lowering of 0.24 × 10−6 Å−2 in the lipid tail layer SLD, and a coverage
increase by 6%. Together, these values point towards the integration
of peptide in the layer. This corresponds to 5 % of the layer being
composed of peptide and 95% of lipids. There was some peptide
adsorption on top of the SLB, although minimal.

NR indicates that at conditions in which the peptide is cationic
and does not form coacervates (i.e., at low pH), the peptide
intercalates in the lipid bilayer, partially removing some lipids, a
finding in agreement with observations for cationic peptides with
antimicrobial capacity (Lind T. et al., 2015; Nielsen et al., 2019;
Hedegaard et al., 2020). For neutral pH, where the peptide is largely
uncharged and mainly present in the coacervate phase, minimal
interaction was detected with the SLB. Instead, a slight increase in
the coverage of the SLB was observed without affecting the lipid core
SLD. This suggests that eventual non-fused lipid vesicles collapsed
due to the presence of coacervates in the bulk phase.

3.4 MD simulations

Figures 5A–C presents comparative snapshots of the SLB before
and after 200 ns of simulation at both neutral and acidic conditions.
At neutral conditions, the HBpeps predominantly form aggregates

TABLE 1 Parameters for the best fits shown in Figures 3, 4.

SLD (a10–6 Å2) Thickness (Å) Coverage (%) Roughness (Å) Mean molecular area (Å2)

pH 7,4

SiO2 10.2 ± 0.3 7.0 ± 0.5

Head 1.95a 13.0 ± 0.2 46 ± 1 6.8 ± 0.4 53 ± 2

Tail 6.4 ± 0.1 29.0 ± 0.2 93 ± 1 6.8 ± 0.4 63 ± 1

Head 1.95a 13.0 ± 0.2 46 ± 1 6.8 ± 0.4 53 ± 2

After HBpep addition

Head 1.95a 13a 39 ± 2 6.8a 63 ± 2

Tail 6.4a 29a 100 ± 1 6.8a 59 ± 1

Head 1.95a 13a 39 ± 2 6.8a 63 ± 2

Protein slab 69 ± 4 1.3 ± 0.2 6.8a

pH 6

SiO2 11.2 ± 0.2 3.7 ± 0.4

Head 1.95a 12.5 ± 0.1 46 ± 1 5.4 ± 0.3 54 ± 2

Tail 7.02 ± 0.04 33.3 ± 0.2 90 ± 1 5.4 ± 0.3 58 ± 1

Head 1.95a 12.5 ± 0.1 46 ± 1 5.4 ± 0.3 54 ± 2

After HBpep addition

Head 1.95a 10.7 ± 0.1 46 ± 1 3.8 65 ± 2

Tail 6.78 ± 0.03 34.4 ± 0.3 96 ± 1 3.8 52 ± 1

Head 1.95a 10.7 ± 0.1 46 ± 1 3.8 65 ± 2

Protein slab 58 ± 5 2.6 ± 0.5 3.8

aFixed parameters.

Heads were co-fitted as symmetric across contrasts, roughness was co-fitted across layers and contrasts, tail SLD, was co-fitted across contrasts. The SLD, for D2O corresponds to 85%–89% and

0.2% to 0.9% D2O before and after peptide addition as determined by the position of the critical scattering angle.

Frontiers in Soft Matter frontiersin.org09

Gudlur et al. 10.3389/frsfm.2023.1339496

45

https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2023.1339496


within the solution, consisting of clusters of 4–6 members, where
they remain for the duration of the simulations. In acidic conditions,
however, HBpeps display a distinct behavior: they land on the
surface of the bilayer either as individual entities or as small
aggregates comprised of 2, 3 or 4 peptides, subsequently
penetrating into the membrane core. Note that oligomeric
formation agrees well with the DLS data presented in Figure 1D
at acidic pH. Even though larger aggregates are not observed at
neutral pH, all peptides in the simulation box form aggregates while
only a few do form oligomers at acidic pH. The primary interactions
between the HBpeps and the bilayer is via His and the phosphate
group of POPG or the aromatic ring of Tyr, Trp or His and the
hydroxyl group of cholesterol, as depicted in Figure 5B. These
observations indicate that charged lipids and cholesterol are
crucial for facilitating the binding of HBpep to membranes, in
agreement with findings from previous cell studies (Sun et al., 2023).

4 Conclusion

HBpep coacervates do not interact with the lipid membrane at
neutral pH in the same manner as traditional cationic drug delivery
systems or cell penetrating peptides. Our data indicate that at
pH 6 HBpep does not coacervate but forms small oligomers with
a positive net charge. In this case, the peptide is able to insert into the
lipid bilayer of a model cell membrane as shown both by NR
experiments and MD simulations. These interactions are both
charge driven but also promoted by π-OH interactions with
cholesterol. However, at physiological pH, where the peptide
phase-separates into μm or sub-μm sized droplets, it does not
strongly interact with the lipid membrane. This indicates that the
cell entry mechanism of HBpep coacervates prior to cargo delivery in
the cytoplasm differs from that of cell penetrating peptides or
cationic drug delivery vehicles. On-going studies on the cellular

FIGURE 5
Interactions observed between the peptide and POPG or cholesterol during the molecular dynamics simulations under neutral and acidic
conditions. (A) Top, side and bottom view of the model system at the beginning of the simulation where peptides were randomly placed at either side of
the membrane in the solution. Peptides are shown in van der Waals representation and colored differently, and the lipid membrane is shown in grey. Top,
middle and lower row give representative snapshot of the model under neutral or acidic conditions. Snapshot of the interactions observed between
the peptide and POPG or cholesterol during the molecular dynamics simulations under (B) neutral and (C) acidic conditions (the middle structure
highlights the interactions between residues and lipid headgroups under acidic conditions).
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uptake mechanism of coacervates, investigated using electron
microscopy and live cell imaging, suggest a non-canonical uptake
pathway mediated by cholesterol and will be published in a
separate article.
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Phase behavior in
multicomponent mixtures

Luka Sturtewagen1, Belinda P. C. Dewi1, Arjen Bot  1,2,
Paul Venema1 and Erik van der Linden1*
1Laboratory of Physics and Physical Chemistry of Foods, Wageningen University and Research,
Wageningen, Netherlands, 2Unilever Foods Innovation Centre, Wageningen, Netherlands

In this article, we study the phase behavior of two polydisperse hydrocolloids:
dextran and polyethylene oxide. We combine the data on the experimental
osmometric virial coefficients of the pure components with the experimental
critical point of their aqueousmixture and the size distribution of each component
from a previously published study in order to predict the phase boundary, spinodal,
and fractionation upon demixing of the polydisperse mixture. We compare the
results of our calculation to the experimental phase diagram. Our method reveals
a better correspondence with the experimental binary phase behavior than
modeling each component as monodisperse. The polydispersity of the
hydrocolloids causes the phase separation boundary to shift to lower
concentrations and the miscibility region to decrease and change its shape
from a rotated U-shape to a W-shape.

KEYWORDS

assembly, gelation, non-equilibrium, configurational entropy, phase behavior,
complexity, multicomponent, random matrix theory

1 Introduction

A solution may gel when assemblies of molecules in that solution span the solution. The
properties of the assemblies and their mutual interactions determine the concentration range
above which the gel forms and the properties of the gel. For example, in the case of fibrillar
assemblies from protein-derived peptides, gelation occurs already at low concentrations of
the building blocks of the fibril (van der Linden, 2012). Notably, such fibrils exhibit
interesting collective properties at higher concentrations, such as their arrangement in
an anisotropic manner like that of (nematic) liquid crystals (Bagnani et al., 2019).

The molecular assembly may reflect an equilibrium state, but, for most practically
relevant systems, in particular for gelling systems, it more often reflects a non-equilibrium
state. The structure of such a state depends on the specific spatial–temporal path through
equilibrium and unstable regions in the phase diagram that are followed during the
preparation of the system and on the rate of change of the thermodynamic conditions.
As such, the equilibrium phase diagram plays an important role in predicting the
characteristics of the structures within and the concomitant properties of the gel
systems. This importance of phase diagrams holds for systems of any number of
components. We will discuss a few examples of the above in simple systems in this
Introduction section to set the scene, before addressing phase behavior in
multicomponent mixtures in more detail in the next section.

As a first example, we choose a system composed of one component in water. We choose
gelatin, which forms random coils at high temperatures and is a liquid, while below a critical
temperature, its molecules form triple helices and its system shows gelation at sufficiently
large concentrations. The work of Chatellier et al. (1985) demonstrates that a critical
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concentration of helices exists, below which no gel forms. Joly-
Duhamel et al. (2002a, 2002b), in addition, have clearly shown that
the liquid–gel transition is, in fact, a percolation transition, with the
concentration of triple helices being the control parameter. We have
shown that the critical concentration of helices, below which the
system gels, can be deduced from the structural characteristics of the
triple helices, i.e., their persistence length and thickness (van der
Linden and Parker, 2005). The helices can, in fact, be viewed as
fibrils. Furthermore, the value of gel elasticity at low concentrations
of helices can be solely deduced from entropy arguments (van der
Linden, 2012), and this also holds for the elasticity value at higher
concentrations (apart from the fact that one requires one adjustable
fitting parameter which is predicted to be of order 1, as confirmed by
fitting) (van der Linden, 2012). The elasticity over time is
determined by the final temperature of the system and the rate at
which this occurs (Normand et al., 2000; Normand and Parker,
2003). We clearly have a non-equilibrium gel state. Despite this non-
equilibrium state, one can always predict elasticity solely on the basis
of the helix concentration, which is a separately accessible
observation of Joly-Duhamel et al. (2002a, 2002b).

For another case of fibrillar assembly under non-equilibrium
conditions, Nguyen and Vaikuntanathan (2016) simulated the
fibrilization of two components A and B for a given initial excess
chemical potential of each type of monomer. This situation can be
experimentally realized, for example, in a supersaturated solution of
both types of monomers. The excess chemical potentials were
assumed to be equal for both types. The interactions between the
likewise species are also assumed to be equal. The fibrils were found
to consist of blocks composed of A, connected to blocks composed of
B. The less favorable the unlike particle interaction becomes, the
longer the blocks become. If one now increases the initial excess
chemical potential of the two types of monomers, the length of the
blocks becomes smaller. As such, the structural diversity within a
fibril increases upon increasing the initial excess chemical potential
of the monomers, i.e., upon increasing the distance to the transition
point. This in turn will affect the interactions and flexibility of the
fibril and thus the properties of the gel it forms.

Another example of a “one-component” system, for which the
equilibrium phase behavior is important in understanding the non-
equilibrium gel state, consists of oil droplets in water, for which the
interaction can be tuned by the temperature (Poulin et al., 1999).
Above a sufficiently large enough attraction between the droplets,
the authors find a transition, known as spinodal decomposition.
This occurs in the region of the phase diagram that is referred to as
the instability region. One finds a bi-continuous structure, with one
of its parts being mostly droplets that are packed with a fractal
dimension, df. This df can get as low as 1.7 at sufficiently high
attraction, forming a gel state, while for lower attractions, one finds a
df of approximately 3, indicating a fluid state, resulting in the end in
a two-phase (de-mixed) system.

In order to better understand gelled systems made from
multicomponent mixtures, the above urges us to investigate
the phase diagrams of multicomponent mixtures. Hereto, we
currently report on the recent theoretical and experimental
results obtained to explain the experimental phase diagram for
a multicomponent system in water containing differently sized
coil-like polymers of dextran (D) and polyethylene oxide (PEO).
Mixtures of such polydisperse bio-polymeric ingredients are

ubiquitous and therefore bear relevance to many practical
situations. An important example is the understanding of
functionality in food formulations of a variety of
multicomponent mixtures that consist of minimally refined
plant-based ingredients. This understanding facilitates the
adaptation to use different ingredient sources, thereby
supporting the development of a more sustainable food supply.

Aqueous mixtures of polymers such as polyethylene oxide
and dextran form liquid–liquid two-phase systems at certain
concentrations. These systems are often used as a model
system for the phase behavior of macromolecules in solution
because they show a clear macroscopic phase separation (Kang
and Sandler, 1988; Edelman et al., 2003; Dewi et al., 2020). They
also have practical applications, as they are often used to aid in
the partitioning of biological materials such as proteins and cell
materials (Johansson et al., 1998; Johansson and Walter, 1999).

For the prediction of their phase behavior, the polymers are
often considered monodisperse. Experimental work by Edelman
et al. (2003), however, has shown that upon demixing, considerable
fractionation in the molecular weight occurs for both PEO and
dextran. Not only is there an effect of the polydispersity of each
component on fractionation but also the concentration in the parent
phase plays a role. At lower total polymer concentrations in the
parent phase, the depleted colloids have a broader distribution,
i.e., there is less pronounced fractionation. The changes in the
distribution are mainly prevalent in the depleted phase. The
average molar mass in the enriched phase does not change
considerably. The changes in the amount of fractionation,
depending on the concentration along a dilution line, were also
reported by Zhao et al. (2016). Furthermore, Gaube et al. (1993)
showed that polydispersity plays a role in phase behavior and phase
composition. They compared mixtures of PEO and dextran with
various molecular sizes and found that for each polymer, the short-
chain molecules preferentially partition to the phase enriched in the
other polymer.

There has been some effort in incorporating the polydispersity
of these polymers in the prediction of their phase behavior. Using a
universal quasi-chemical (UNIQUAC) model, Kang and Sandler
(1988) incorporated polydispersity in their prediction and found
that polydispersity of the polymers enlarged the two-phase region
considerably near the critical point and resulted in smaller
miscibility regions far from the critical point. They also found
significant fractionation, and the difference in the average
molecular weight of the components in each phase increased
with larger polydispersity.

Most often, when the phase behavior of a binary mixture is
studied experimentally, one or more dilution lines are used to
obtain the concentration of each component in each phase. These
concentrations are then used to construct the binodal
(Albertsson, 1970). However, this approach does not shed
light on polydispersity nor does it give an insight into the
demixing in the metastable region, where a system de-mixes
into multiple phases, but that is outside of the unstable (spinodal)
region. It is also difficult to quantify the impact of polydispersity
and its corresponding distribution on phase behavior (Dos
Santos et al., 2004). In order to get more insights into the
transition between one and two phases, Larsson and
Mattiasson (1988) determined the experimental phase
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boundary for polydisperse PEO and dextran. They found a
significant broadening of the phase boundary compared to the
approach of Albertsson (1970). The broadening increased with
increasing polydispersity at the depleted side of the said
polydisperse component (Larsson and Mattiasson, 1992).

In a previous numerical work, we predicted the phase
behavior of a polydisperse binary mixture of hard spheres in
solution using the virial coefficient approach (Sturtewagen and
van der Linden, 2021; Sturtewagen and van der Linden, 2022),
based on the theory of McMillan and Mayer (1945).
Polydispersity was incorporated into the system by means of
sub-components. The spheres had an asymmetric size ratio to aid
in demixing (Dijkstra et al., 1999). Polydispersity of the largest
component caused significant changes to the phase diagram.
With an increase in polydispersity, the critical point shifted to
higher concentrations, while also at the same time, the miscible
region decreased. Not only polydispersity plays a role but also the
type of distribution has an influence. We found that the largest
components of the distribution impacted the phase diagram the
most. De-mixed mixtures also showed significant fractionation.
The smallest sub-components of the large polydisperse
components favored the top phase that was enriched in the
small monodisperse component.

In recent works, the experimental phase diagram for the
macromolecules of PEO and dextran was theoretically
reconstructed using osmotic virial coefficients as obtained from
the fitting experimental data from an earlier published work
(Dewi et al., 2020) and the experimentally obtained critical point
of the binary mixture (Dewi et al., 2020). However, some aspects of
the experimental phase diagram remained unexplained by the
theoretically constructed one. Mainly, at low concentrations of
dextran, the experimental system showed thermodynamic
incompatibility and demixing into two phases, while the theory
predicted a homogeneous mixture for these concentrations. We
hypothesize that this discrepancy is due to the polydispersity of the
macromolecules.

In this article, we take the polydispersity of both these
components into account (by subdividing each polymer into
sub-components of different sizes) when predicting the phase
diagram based on the experimental data from Dewi et al. (2020).
We study the position of the spinodal and binodal. We model the
interactions between the different polydisperse sub-components
using the second virial coefficient, where we assume that the
polydisperse sub-components act as non-additive hard spheres.
We start with describing the underlying theoretical background
in Section 2. In Section 3, we describe the materials and methods.
In Section 4, we discuss the results and compare it with that of
other works in the area of multicomponent mixtures.

2 Theoretical background

To describe phase separation in a system containing particles of
different diameters and of different types, we choose a framework
that accounts for terms up to quadratic terms in concentration,
i.e., including up to the second-order virial coefficients that are
experimentally or theoretically accessible. We start from the

Helmholtz free energy F for an N-component mixture in a
common solvent:

F

RTV
� ∑N

i�1
ci ln ci( ) + ∑N

i,j�1
Bijcicj, (1)

where Bij ≡ Bji, R represents the molar gas constant, T represents
the temperature, and ci represents the molar concentration of
component i, with ci � ni/V, where ni denotes the number of
moles of component i in volume V, and Bij represents the
second virial coefficients, reflecting the interactions between
components i and j. The osmotic pressure Π of a mixture can be
written as

Π
RT

� − 1
RT

∂F
∂V

( )
T,ni

� ∑N
i�1
ci + ∑N

i,j�1
Bijcicj. (2)

In our case, the interactions between the particles are assumed to
follow the non-additive hard sphere model (Sturtewagen and van
der Linden, 2022), where the non-additivity refers to either an
attractive or repulsive extra interaction on top of the excluded
volume interaction. For such non-additive hard spheres, the virial
coefficients for a system of two compounds, i and j, consisting of
spheres of two different diameters, are given by

Bij � 2
3
π · σ i + σj

2
· 1 + Δij( )[ ]3, (3)

where σ i refers to the diameter of the sphere of the compound i, and
Δij reflects the interaction contribution that is different from the
excluded volume interaction. The term Δij can be negative or
positive in the non-additive regime, whereas it is zero while
referring to a pure excluded volume interaction, with the latter
referring to the so-called additive hard sphere model. The chemical
potential µi for component i can be obtained from

μi
RT

� 1
RT

∂F
∂ni

( )
T,V,ni ≠ j

� μi
0

RT
+ ln ci + 2∑N

j�1
Bijcj, (4)

where μi
0 is the standard chemical potential of compound i. Suppose

we search for conditions for one or two macroscopic phases, there
are three important aspects: the occurrence of instability, the critical
point, and the coexistence region.

The first aspect is the occurrence of instability. In a two-
component mixture, one refers to the boundary of this instability
as the spinodal, which is a curve. To analyze the local stability of the
mixture against phase separation, it is convenient to introduce the
so-called Hessian matrix M1. The Hessian matrix characterizes the
local curvature of the Helmholtz free energy surface. The limit of
stability is reached when the matrix has one zero eigenvalue and is
otherwise a positive definite (Heidemann and Khalil, 1980). For a
mixture with N distinguishable components, the Hessian matrix can
be represented by an N × N matrix, referred to as M1 according to

M1 �

2B11 + 1
c1

/ 2B1N

..

.
1 ..

.

2B1N / 2BNN + 1
cN

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (5)
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The second aspect to consider is the critical point. In a binary
mixture, the critical point is a stable point which lies on the stability
limit (spinodal) (Heidemann and Khalil, 1980) and where the phase
boundary and spinodal coincide. In mixtures with more than two
components, these critical points are also called plait points.

Critical points and plait points are, in general, concentrations at
which two or more phases are in equilibrium and become
indistinguishable (Heidemann, 1994).

There are two criteria that have to be fulfilled to find the plait
points. The first one is det(M1) = 0, which is the equation for the
spinodal. The other criterion is based on the fact that at the critical
point, the third derivative of free energy should also be zero. For a
multicomponent system, this criterion can be reformulated using
Legendre transforms as det(M2) = 0 (Beegle et al., 1974; Reid and
Beegle, 1977), where

M2 �

∂μ1
∂n1

/
∂μn
∂nn

..

.
1 ..

.

∂M1

∂n1
/

∂M1

∂nN

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (6)

and matrix M2 is matrix M1 with one of the rows (in this case the
lowest row) being replaced by the partial derivatives of the
determinant of matrix M1. Note that it does not matter which
row of the matrix is replaced.

The third aspect is the coexistence region. This is characterized
by the equilibrium composition of the phases for N components,
which is in turn characterized by a manifold (for two components,
this becomes the binodal or coexistence curve). For a system that
separates into two different phases, this manifold is found by
simultaneously solving Eqs 7, 8:

ΠI � ΠII, (7)
μi

I � μi
IIwith i � 1, 2, . . . , N. (8)

For a mixture containing N distinguishable components, which
de-mixes into two phases, this yields (N + 1) equations with 2 × N
unknowns. In order to solve not only for coexistence concentrations
but also for phase volumes, we require extra equations. For the extra
set of equations, we build on the fact that no particles are lost and no
new particles are created during phase separation and the fact that
we assume the total volume does not change. For a system that
separates into two separate phases, indicated by I and II, we obtain
an extra set of equations (Sturtewagen, 2020):

c1 � αIcI1 + 1 − αI( )cII1 ,
·
·
·
cN � αIcIN + 1 − αI( )cIIN,

(9)

where αI � VI

VI+VII, in which VI represents the volume of phase I.
The solutions for the two-component mixtures are discussed

elsewhere (Ersch et al., 2016; Dewi et al., 2020; Dewi et al., 2021; Bot
et al., 2021a; Bot et al., 2021b). Eqs. 7–(9) allow for the determination
of the concentration of each component in each of the phases along
with the phase volume of each phase for any given parent
concentration, given that the mixture will separate into two phases.

3 Materials and methods

Size exclusion chromatography with multi-angle laser light
scattering (SEC-MALLS) for both polyethylene oxide (PEO35)
and dextran (D100) was performed by NIZO food research to
obtain the molar mass and size distribution (size distributions are
shown in Figure 1). The SEC-MALLS molar mass plots can be found
in the Supplementary Materials. The experimental critical point and
osmotic virial coefficients for the pure components PEO35 and
D100 were taken from Dewi et al. (2020) (see Table I). The cross-
virial coefficients used in the calculations are the result of a fitting
that includes polydispersity as follows.

Both components exhibited polydispersity (see Figure 1). The
size distributions for both components were binned [the number of
bins (N = NPEO + ND) was NPEO = 1, 2, and 5 for PEO and ND = 1, 2,
and 10 for dextran]. The obtained radii and fractions were taken as
the starting point for the fit of the theoretical polydisperse virial
coefficients to the experimentally obtained ones. The cross-
interactions between the sub-components of PEO and the sub-
components of dextran were also considered the same for all sizes
(ΔPD). For each bin size, one can calculate a virial coefficient and the
corresponding cross-virial coefficients with the other “components”.
Each virial coefficient resulted from a non-additive hard sphere
interaction according to Eq. 3 for Bij, where i can refer to D100 and
PEO35 and j can refer to D100 and PEO35. In addition, we assume
that for the “components,” the values for ΔD100, ΔPEO35, and ΔPD are
independent of the respective radii.

Subsequently, one calculates a number-averaged virial
coefficient for dextran and PEO, BD100 and BPEO35, respectively,
and the cross-virial coefficient, BPD, for the size distribution. These
calculated expressions still contain the unknown values for the
respective parameters, ΔD100, ΔPEO35, and ΔPD. One then
determines the values for the non-additivity parameters DD100,
DPEO35, and DPD, from fitting the calculated number-averaged
expressions to the experimental values of BD100, BPEO35, and BPD.
Once the non-additivity parameters are known, we then determine

FIGURE 1
Size distribution of the polydisperse samples that have been used
to determine the phase diagram.
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the coexistence relationships and the instability line, and the critical
point, and compare these with the ones obtained experimentally by
conducting phase diagram studies. One can explore this procedure
for the different binning strategies. While using the fitting procedure
mentioned above, the sub-component fractions are obtained from
the binned-size distribution, while adjusting the sizes of the sub-
components within a small range and the non-additivity parameters
(ΔPEO35, ΔD100, and ΔPD). The values for the virial coefficients and
critical points that were used in the fitting are given in Table 1. The
obtained matrix of virial coefficients was used to calculate the phase
boundary and fractionation of the polydisperse mixture. The
resulting phase diagram was compared to the experimental phase
diagram fromDewi et al. (2020). A fitting was considered good when
the critical point of the polydisperse mixture was on the two-phase
boundary and the dilution line through the critical point reached an
equal volume at the critical point.

4 Results and discussion

From Figure 1, we conclude that both PEO and dextran show
significant polydispersity. The distribution for PEO is relatively

narrow, is slightly bimodal, and has a small tail, while the
distribution for dextran has more peaks and a considerably fat
tail. Based on the research we did on the effect of polydispersity on
the phase behavior of a binary mixture of non-additive hard spheres
(Sturtewagen and van der Linden, 2022), we hypothesize that
especially the larger components of dextran modify the phase
behavior. The osmometric number-averaged virial coefficient of
PEO is considerably larger than the number-averaged virial
coefficient of dextran (Table 1), even though the radius of the
PEO molecules is not larger. This indicates that the repulsive
depletion interaction between PEO molecules is larger than the
repulsive interaction between dextran molecules.

To determine which effect has the largest influence on the phase
behavior (the large size difference between dextran molecules or the
higher repulsive interaction between PEO molecules), we have
stepwise introduced more polydispersity into our theoretical
calculations of the phase diagram. We have compared the
calculations to the experimental phase diagram from Dewi et al.
(2020). We performed analyses for three cases. First, we introduced
polydispersity only for PEO (Supplementary Materials),
subsequently we introduced polydispersity only for dextran
(Supplementary Materials), and third, we introduced
polydispersity for both PEO and dextran (Supplementary
Materials). We have compared the different binning strategies as
shown in Figure 2; in the main text, we show the result that best fits
all the three cases of the experimental coexistence and instability
lines. This best fit was obtained using polydispersity of dextran as
modeled by the means of 10 bins of equal width, and polyethylene
oxide being modeled as monodisperse.

From Figure 2, we can conclude that the incorporation of
polydispersity draws the (apparent) spinodal more toward the
horizontal axis and a typical W-form emerges. We note that the
term (apparent) spinodal stems from the fact that we plot the
concentrations as determined experimentally, effectively hiding
the polydispersity of the two polymers, which, if polydispersity
would have been included, would, in fact, lead to a multi-
dimensional phase diagram instead of a two-dimensional
phase diagram.

When subdividing dextran into 10 bins of equal bin width, we
capture the details of polydispersity in our fitting. This causes the
spinodal to bend toward the vertical axis at higher dextran
concentrations, indicating that at higher concentrations of
dextran, the mixture can de-mix into two phases of dextran. The
binodal of the mixture with this fitting also changes quite drastically.
At the dextran-enriched side, the phase boundary first shifts toward
higher PEO concentrations and then bends toward the axis with
increasing dextran concentrations. The curve has a noticeable nod.
This indicates a regime change in demixing. At the PEO-depleted
side of the curve, two-phase demixing is with a phase enriched in
PEO and a phase enriched in dextran, but it has a phase enriched in
the smaller components of dextran and a phase enriched in the

TABLE 1 Virial coefficients of polyethylene oxide (PEO35) and dextran (D100) and the critical point for their mixture obtained from experiments by Dewi et al.
(2020), which were used in the fitting for the polydisperse virial-coefficient matrix.

BPEO35 (m3/mol) BD100 (m3/mol) Critical point (PEO35; D100) (mol/m3)

4.74 1.31 (0.40; 1.06)

FIGURE 2
Coexistence line (black dotted) and instability line (black) for the
two-component system of PEO and dextran obtained from solving
Eqs 7–9 while substituting the three experimentally determined virial
coefficients, as determined by osmometry (see also Dewi et al.,
2020). The blue dotted line and the blue line represent the solutions of
Eqs.(7)–(9) while using the binning strategy for PEO and dextran, as
indicated in the inset of the figure and further described in the text. In
fact, PEO is used as monodisperse in the specific strategy depicted
here. The circular open symbols represent the experimentally
determined one-phase systems and the circular closed symbols
represent the two-phase systems.
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larger components of dextran, similar to that described for PEO
above. At the PEO-enriched side of the curve, the binodal shifts
toward lower concentrations of dextran while asymptotically
approaching the horizontal axis. Furthermore, the components
with this pairwise interaction can de-mix into more than two
phases; however, just as in the previous cases, the concentrations
required for multi-phase demixing are unattainable with this particle
distribution. The fitting captures more of the experimentally phase-
separated samples with low dextran concentrations (filled circles in
the plot) compared to the previous fittings. This indicates that our
hypothesis that the polydispersity of dextran would be a driving
factor in the demixing of these samples is valid.

Döbert et al. (1995) constructed a consistent osmotic virial
equation to predict the phase behavior of a different type of
polydisperse dextran and monodisperse PEO. They obtained an
average molecular weight osmotic virial coefficient for the different
polymer chains and compared their results to the predictions,
assuming a binary monodisperse system. They report a better fit
when polydispersity is taken into account. When predicting phase
separation for mixtures close to the phase boundary, they also report
that the binodal shifts closer to the axis in the dextran-depleted side
of the binodal. They report a strong influence of the volume fraction
of the phase enriched in dextran on the shape of the phase boundary
and the fractionation of polydisperse dextran.

Regarding the validity of the virial approach up to the second
order, we like to remark that we determine the second virial
coefficients from the slope of the reduced osmotic pressure,
(Π/RTc) as a function of c, in the limit of c approaching zero.
The contributions of the higher order virial coefficients can be
ignored for our system since the slope was found to be constant
in the concentration range that was used. We note that the osmotic
pressures were determined in the concentration range of
0.02–0.2 mol/m3, which is well below the critical concentrations:
(PEO35; D100) = (0.4; 1.06) (Dewi et al., 2020). Interpreting the
osmotic pressure experiments in terms of the polymers being
modeled by non-additive hard spheres is justified as follows. The
(estimated) overlap concentration of the polymers, c*, for this
system, lies in the order of 0.5 mol/m3 when assuming a radius
of gyration of 10 nm. This radius of gyration is taken from the size
distribution in Figure 1. The measurements for the virial coefficients
are conducted well below this overlap concentration. The critical
concentration is in the same range as the overlap concentration, but
it is noted in support of the second-order approximation that the
results for the critical point, as deduced from substituting the
experimental values for the virial coefficients in the theoretical
second-order model, yield a consistent picture with the
experimental critical point. We, therefore, expect that the second-
order virial approach gives reasonable predictions and refers to a
more elaborate discussion on this topic in Sturtewagen and van der
Linden (2023).

Predicting the phase behavior of multiple components has been
of interest in the literature for some time. One approach that has
been put forward recently builds on a convenient parameterization
that leads to a set of equations that are much more easily analyzed
than applying numerical methods to solve all equations (Bot et al.,
2023). We briefly summarize this work in the following paragraph.

First, consider for simplicity the binodal of a two-component
system. Two coexisting phases, named I and II, are represented by

two molar concentration coordinates (cI1 and cI2) and (cII1 and cII2 )
on the binodal, which are connected by a so-called tie-line.
Introducing the parameter Sm,21 � −(cII2 − cI2)/(cII1 − cI1),
corresponding to (minus) the tie-line slope, allows for rewriting
the coexistence equations. Introducing the parameter Sm,21 may
seem like a step back, since it adds a fourth equation to the
coexistence equations. However, two of these equations have
analytical solutions in terms of the Lambert W function (Corless
et al., 1996), and as a result, the original four-variable problem is
reduced to a more succinct problem in the two concentration
coordinates and the parameter Sm,21. From a physical perspective,
the choice of (minus) the tie-line slope as a parameter seems to be a
defendable choice, as the tie-line contains important information on
the physics of the problem. For real arguments, the Lambert W
function has zero, one, or two solutions, corresponding to,
respectively, the isotropic mixing, location of the critical points,
and binary phase separation. In case of two solutions, the solution
for each component in phase I and II is located either on the W−1-
branch or W0 branch of the Lambert W function. Surprisingly, this
approach can be generalized to many components, i.e., for higher
values than N = 2. There are N2 parameters
Sm,ij � −(cIIj − cIj)/(cIIi − cIi ), of which (N − 1) are free variables
and Sm,ii � −1 is fixed (for components i and j). This reduces the
number of variables in the problem from 2N concentration variables
to N concentration variables plus (N − 1) variables Sm,ij. For more
details, we refer to a recent publication of Bot et al. (2023). The
results in Table 2 present a scheme to calculate the phase diagram
using the abovementioned parametrization. Previously, results have
been published for N = 2 (Bot et al., 2021a; Bot et al., 2021b) andN =
3 (Bot and Venema, 2023). A comparison between the calculations
in terms of the parameters Sm,ij (Table 2) and the numerical results for
polydisperse two-componentmixtures of PEO and dextran, which are
presented in Section 4.2, remains to be evaluated. The calculation of
the binodal manifolds in particular pose numerical challenges because
of the large number of coupled non-linear algebraic equations. The
calculation of the critical and spinodal manifolds presents fewer
complications. For an arbitrary, large number of components N, it
can be considered complementary to another interesting method,
referred to in the literature as the random matrix theory (RMT) (Sear
and Cuesta, 2003; Thewes et al., 2023).

This randommatrix theory has been put forward in the context of
phase behavior two decades ago by Sear and Cuesta (2003) as an
alternative approach to handle the complexity of mixtures with many
components, as a utilization of the general work by Wigner (1967).
Setting details aside, this method allows for calculating the spinodal
curve of complex mixtures using only averages and standard
deviations of the second virial coefficients of the molecules in the
mixture. This simplifies the calculations considerably. The RMT uses
essentially the same expression for free energy as shown in Eq. 1.
Additionally, it makes use of the large number of components and
accordingly the large number of second virial coefficients. Instead of
finding solutions for the spinodal manifold (with the result shown in
the left column of Table 2), Sear and Cuesta (2003) calculated a point
on the spinodal along the line c1 � c2 � . . . � cN, where ci is themolar
concentration of component i, for a system of many components N.
Note that because the number of componentsN is large, the individual
concentrations of the components are very small. This approach was
recently extended to the arbitrary concentrations of the components
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by Thewes et al. (2023). The second virial coefficients Bij are assumed
to form a (symmetric) matrix, composed of diagonal elements that
can be randomly chosen due to the large number of components
present, allowing randomization in this choice, with an average value
b’ and a standard deviation σ and off-diagonal elements with an
average value b and also a standard deviation σ. The virial coefficients
satisfy the criterion of statistical independence, and their absolute
value is smaller than a finite value. These assumptions ensure that the
virial coefficients, i.e., the matrix components, can be randomly
chosen according to a predefined distribution. This considerably
simplifies many aspects of the calculations of the spinodal
manifold of such mixtures. The premise of the RMT is that if the
randommatrix is large enough, the actual values ofBij typically do not
matter anymore and only their average and standard deviations are of
importance, and for some aspects, even the details of the distribution
itself do not play a role anymore. It is not completely clear, however,
which simplifications in the calculations are driven by mathematical
convenience and which ones are driven by physical relevance, thus
yielding some words of caution while applying the RMT approach, as
was also mentioned by Jacobs (2023). The exact analytical expressions
given in Table 2 allow us to separate the mathematical aspects of the
RMT approach from the physical aspects in the calculation. In
particular, the results in Table 2 encompass the critical point, the
coexistence manifold, and the spinodal manifold, whereas the RMT
only yields the spinodalmanifold, often withmore severe assumptions
regarding the concentrations of the different components being all
equal. For the present article, a direct comparison between the
predictions of the RMT and Table 2 is out of scope.

5 Conclusion

The equilibrium phase behavior of multicomponent systems is
relevant for understanding gelation of such mixtures. Controlling
the gel properties can be attained via controlling the structures being
formed during the non-equilibrium processes taking place during
gel formation, while crossing equilibrium phase boundaries.

We have described the theoretical (numerical) work on
predicting the equilibrium phase behavior of a multicomponent
system consisting of polydisperse polymers and compared this to the
experimental data on the phase diagram. Taking into account the
polydispersity helps to more accurately predict the particular form
of the spinodal and binodal.

Polydispersity plays an important role in the phase behavior of the
polydisperse polymers PEO and dextran. The components with a
larger-than-average molecular weight govern the transition between

one and two phases close to the phase boundary in their respective
depleted concentration ranges. This causes a decrease in miscibility
and a shift of the phase boundary to lower concentrations. This causes
drastic changes to the shape of the phase boundary. When both
components are polydisperse, the phase boundary drastically changes
shape, and changes from a U-shape to a W-shape. It is not only the
phase boundary that changes shape, but the spinodal curve also has
different boundaries depending on the polydispersity. Even though
multi-phase separations for mixtures with the fitted interactions are
possible, the existing particle size distributions of PEO and dextran
make concentrations resulting in multi-phase systems unattainable.

Upon demixing, the distribution of polydisperse components
changes in each phase (Supplementary Materials). This
fractionation is dependent on the parent distribution, the pair-
wise interaction between the components of the same type, the
pair-wise interaction of the components of a different type, and the
concentration of both components in the parent mixture.

Our method of incorporating polydispersity allows for a more
precise prediction of the phase boundary compared to assuming
monodispersity, especially in the metastable region. Next to that, our
method allows for prediction of the concentration and fractionation
of each component in each phase depending on the parent
concentration and the volume fraction of the said phases.

The best fit with the available data to the experimental data was
when dextran was polydisperse and PEO was monodisperse.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

LS: conceptualization, investigation, methodology, manuscript
writing—review and editing, data curation, software, and
visualization. BPCD: investigation, methodology, visualization,
manuscript writing—review and editing, and funding acquisition.
AB: conceptualization, formal analysis, investigation, methodology,
and manuscript writing—review and editing. PV: conceptualization,
formal analysis, investigation, methodology, software, supervision,
and manuscript writing—review and editing. EvL:
conceptualization, funding acquisition, investigation,
methodology, project administration, supervision, manuscript
writing—original draft, review, and editing.

TABLE 2 Expressions for the spinodal, critical, and binodal manifolds for an arbitrary number of components N ≥ 2 in a common solvent, in terms of the parameters
Sm,ij and the Lambert W function, where i = 1, . . ., N, and z can be represented as “sp”, “c”, or “m” (adapted from Bot et al., 2023).
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Addressing the structural
sophistication of meat via
plant-based tissue engineering

Daniel Dikovsky*

Redefine Meat Ltd., Rehovot, Israel

The escalating environmental impact of traditional livestock farming, particularly
beef production, has spurred the search for sustainable meat alternatives. This
study introduces a novel Plant-Based Tissue Engineering (PBTE) approach, to
replicate the complex structure and sensory experience of whole-muscle cuts of
meat using plant-based ingredients. Leveraging principles of tissue engineering
and advanced foodmanufacturing technologies, PBTE deconstructs meat into its
fundamental components: muscle, fat, and connective tissue, and reconstructs
them using a combination of plant proteins, fats and polysaccharide materials.
Themuscle component is reassembled tomimic the anisotropic fibrous structure
of beef, while the fat component is engineered through lipid encapsulation within
a hydrocolloid matrix. Advanced manufacturing techniques, including additive
manufacturing and robotics, are utilized for precise spatial configuration and
assembly of these components. Our findings demonstrate that PBTE can
effectively replicate the mechanical integrity, texture, and sensory attributes of
traditional meat, presenting a promising alternative that could significantly reduce
the environmental footprint of meat production. This approach aligns with the
principles of Soft Matter in the manipulation of artificial structures and materials
for mimicking naturally occurring designs, such as whole cut meat foods. It also
holds substantial potential for revolutionizing the alternative protein industry by
catering to a broader consumer base, including flexitarians and meat-eaters.

KEYWORDS

meat analog, beef, connective tissue, additive manufacturing, tissue engineering, plant-
based meat

1 Introduction

Beef production is an especially resource-intensive industry. There is mounting
evidence linking livestock farming to high greenhouse gas (GHG) emissions and to
climate change (Steinfeld, 2006; Garnett, 2009; Heng et al., 2022). The beef industry’s
high ecological footprint underscores the urgent need for environmentally sound
alternatives to traditional beef products, including whole-muscle cuts, which comprise a
substantial portion of market sales (Close, 2014). As a result, the technological and scientific
communities are those working on creative solutions to make meat production more
sustainable (Kumar et al., 2022).

Meat substitutes have been an active part of the modern food industry, beginning with
Kellogg’s Protose (Protose, 1900). But despite advancements in the past century, alternative
meat products have often been marketed mainly to vegetarian and vegan consumers,
excluding broader segments of the population such as flexitarians. One reason for this is the
apparent dissatisfaction of the market with the flavor and texture of meat alternatives
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(Appiani et al., 2023). Another challenge is the limited structural
sophistication, which has prioritized the development of high
volume, low value products such as minced meat and chicken
nuggets and excluded the complex nuances of premium products
such as whole-muscle cuts of meat (Schreuders et al., 2021; Bushnell
et al., 2022).

New approaches, such as better protein texturization methods
(Dekkers et al., 2018), are improving the sensory appeal of plant-
based meat. Still, the market is missing a systemic approach that
addresses the multifaceted traits of meat. This article proposes a
pioneering methodology that draws from the principles of tissue
engineering and repurposes them using plant-based components,
supported by advanced manufacturing technologies. The Plant-
Based Tissue Engineering (PBTE) approach originated by
Redefine Meat (Ben-Shitrit et al., 2020; redefinemeat) not only
addresses the structural and sensory challenges of legacy plant-
based products, but has the potential to mimic the full spectrum of
animal meat products. We claim that PBTE has could significantly
alter the landscape of meat consumption by addressing the
expectations of quality, range and versatility of the broader base
of consumers that, unlike the captive market segments of vegans and
vegetarians, consume animal meat today (Broad, 2020).

2 Meat through the perspective of
tissue engineering

2.1 Introduction to tissue engineering and
meat structure

Tissue engineering, a discipline established in the 1960s, depicts
living organisms as assemblages of various tissues, each
characterized by complex architectures that involves diverse cell
types and extracellular matrices that serve distinct biological and
biomechanical functions (Ikada, 2006; Vacanti, 2006). Although
they focus mainly on biomedical applications for repairing living
tissues, these principles can also offer a new lens through which to
study and replicate the structure of livestock meat, a “product”
comprising muscle tissue, connective tissue, adipose tissue, and bone
(Ben-Arye and Levenberg, 2019) (Figure 1).

2.2 Understanding the complexity of meat

In its processed form, the elements of meat are intricately
organized to form familiar elements or “products” such as steaks,

FIGURE 1
Photograph of a typical ribeye steak (A) and illustrations of the anatomical features it comprises of–muscle tissue (B) and fat tissue (C). It depicts the
complexity of one of themost commonpremiumcuts in themarket and underlines the challenge of reverse engineering it. The PBTE approach is capable
of mimicking the various muscle tissue and fat tissue structures via manipulation of protein, lipid and connective tissue components at various scales and
assembly methods. Reproduced with permission from Redefine Meat Ltd.
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which offer a unique culinary and organoleptic experience.
Animal meat, with its inherent heterogeneous structure (such
as the varied distribution of fat and muscle) and anisotropic
characteristics (owing to muscle fibers and the orientation of
connective tissue), presents a sophisticated challenge in food
technology. The complex thermal transition during cooking,
which is driven by the reactions of proteins and other
biomolecules to heat, significantly influences its perceived
quality and consumer experience (Tornberg, 2005; Yu et al.,
2017). Previous attempts to replicate whole-muscle cuts with
plant-based ingredients (Dekkers et al., 2018) often fell short of
expectations, resulting in products with limited appeal to
omnivores and minimal penetration beyond the vegetarian
market (Szenderák et al., 2022).

2.3 The PBTE approach to meat replication

The Plant-Based Tissue Engineering (PBTE) approach
addresses these complexities by deconstructing meat into
simpler elements, and then mimicking them using accessible
food manufacturing technologies, before reassembling them
using innovative fabrication methods inspired by Additive
Manufacturing (Hertafeld et al., 2019) and robotics. This
section describes each of the main tissue elements and its
relevant characteristics, highlighting the aspects that are
crucial to replicating the meat-eating experience. It outlines
the sufficient structural elements and behaviors that are
required for successful imitation of the organoleptic qualities
of meat, but at the same time strives to limit the complexity of the
reverse-engineered tissue components and their spatial
resolution accuracy to avoid unnecessary development and
production costs (GFI, 2022).

2.3.1 Muscle tissue
The skeletal muscle tissue (Figure 1B) relevant to meat is

composed of approximately 65%–75% water and 18%–23%
protein, forming a hierarchical structure of muscle fibers
interconnected by a network of connective tissue (Purslow,
2023). These fibers, organized into sarcomeres, myofibrils,
fascicles, and complete muscles, are further interlinked by
connective tissue elements such as endomysium, perimysium,
and epimysium (Nishimura, 2010a; Purslow, 2020). Typically,
whole muscle cuts are butchered to orient muscle fibers
consistently, contributing to the meat’s anisotropic
characteristics, such as varying tensile, compression, and shear
behaviors (Lepetit and Culioli, 1994), resulting in substantially
different values when measured along vs. across fiber direction.
The fibrous morphology and orientation are evident during
manual or oral breakdown of meat (LILLFORD, 2001),
impacting the organoleptic experience of its consumption. The
physical properties of these fibers also influence the behavior of
meat in raw and cooked form. Upon thermal processing, for
example, muscle fibers contract (Purslow et al., 2016), expelling
meat exudate rich in peptides and metabolites that are crucial for
the Maillard reaction and flavor development (Mottram, 1998),
altering simultaneously the aroma, juiciness, and appearance of
meat (Flores, 2023).

2.3.2 Adipose tissue (fat)
Beef cuts typically contain between 10% and 25% of fat, which

varies with the type of cut and the breed. This tissue is composed of
about 90% lipids, 8% water and 2% proteins and is distributed as
large intermuscular and subcutaneous inclusions or thinner
intramuscular layers (Figure 1A), significantly influencing meat
quality and culinary experience (Wood et al., 2008). Fat tissue
consists of lipid-rich adipose cells encapsulated in a collagenous
connective tissue matrix (Figure 1C), with cells about 0.1 mm in
diameter and its surrounding collagenous tissue less than 0.01 mm
thick (Tordjman, 2012). The lipid component of beef fat, known as
tallow, has a melting point around 40°C–45°C (Grompone, 1989).
During cooking lipids melt, altering the appearance and texture of
the fat, but leaving the overall structure intact due to the thermally
stable connective tissue matrix, which releases most lipids during
chewing rather than cooking and contributes to the characteristic
mouthfeel of fat (Frank et al., 2016).

2.3.3 Connective tissue
In muscle tissue, connective tissue (CT) structures such as

endomysium, perimysium, and epimysium (Figure 1B) play vital
roles in texture and integrity (Purslow, 2002; Nishimura, 2010a;
Purslow, 2018). The perimysium, particularly significant due to its
encasement of fascicle structures, is a thin and strong crossed-ply
structure composed of partially cross-linked collagen fibers,
constituting about 10% of muscle’s dry mass (Bendall, 1967). Its
properties, including significant strength and flexibility, are major
contributors to meat toughness, with higher CT fractions typically
leading to lower tenderness (Roy and Bruce, 2023). When cooked,
collagen partially melts, but the cross-linked fraction remains,
maintaining interconnectivity of muscle fibers. Extended cooking
can degrade CT, affecting the meat’s textural properties (Weston
et al., 2002).

2.3.4 The organization of whole-muscle cuts
The diversity of whole muscle cuts in beef reflects varied

arrangements of muscles and fat (Figure 1A), contributing to the
unique characteristics of different steak types. These variations are
influenced by multiple factors, including the animal’s breed, growth
conditions, feed, age, and butchery techniques, such as the specific
area of the cut, meat aging, and processing conditions (Chriki et al.,
2013). Each steak can be analyzed in terms of protein and fat
composition, the amount of connective tissue, fat distribution,
and the presence of bones–all of which contribute to the culinary
classification, perceived quality, and market value
(Dransfield, 1977).

The gastronomic qualities of meat are not solely determined by
intrinsic properties but are also significantly influenced by the
culinary process. Cooking methods, temperatures, and durations
can drastically alter the texture, flavor, and nutritional value of the
meat. For example, the Maillard reaction, which occurs during
certain types of cooking, greatly enhances flavor and aroma,
contributing to the overall appeal of the dish (Bailey, 1994;
Mottram and Elmore, 2005).

This intricate balance of biological structure and culinary science
underscores the challenge in replicating these characteristics in
plant-based alternatives. It is crucial to consider these
parameters when attempting to recreate the complex
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architecture of whole-muscle cuts. The PBTE approach aims to
address these challenges by meticulously analyzing and
mimicking these properties using plant-based ingredients,
assembling them in a manner that replicates the nuanced
structure and sensory experience of traditional meat cuts. The
subsequent sections will detail how each tissue type is analyzed,
its key structural and physical parameters identified, and the
methods used to reconstruct these elements with plant-based
materials before assembling them into a cohesive, steak-
like structure.

3 Reconstructing whole-muscle cuts of
meat using the PBTE approach

3.1 Muscle component: Generating fascicles

One of the guiding principles of our development process was
that it would need to address a set of key characteristics to
successfully imitate muscle components:

a. High protein content: This is essential if we aim to match the
nutritional profile of meat.

b. Anisotropic fibrous structure: Visible muscle strands (1–5 mm
thick) that are densely packed and separable, mirroring the
jagged-shaped interface morphology of natural meat.
Resistance to shear should be higher across the fibers than
along the fibers, aligning with values observed in
livestock meat.

c. Texture and Hardness: Defined by typical Texture Profile
Analysis (TPA) tests, 20 mm cubic specimens at 70% strain
should meet the load resistance values of raw (about 20–40N)
and cooked (about 50–80N) livestock meat.

d. Manufacturing ability: Allowing to form into steak-relevant
form factor, say having dimensions of at least 150 ×
80 × 15 mm.

e. Liquids: Containing at least 60% water and usually some lipids
as well. These liquid components are responsible for the
experience of juiciness and for the development and
delivery of taste and aroma during cooking and consumption.

f. Color: Purple-red when raw, transitioning to grey-brown
after cooking.

It is important to mention, that this is a minimal set of
characteristics providing the entry-point to steak-relevant texture.
Further analysis of tensile behavior, shear behavior and sensory
analysis is crucial for generating a product that will be accepted
by consumers.

Current alternative meat production methods, such as
protein extrusion (Areas, 1992; Dekkers et al., 2018), are
inadequate to meet all the above requirements. TVP
(Textured Vegetable Protein) (Emin and Schuchmann, 2017)
and HME (High Moisture Extrusion) (Lin et al., 2000)
techniques fall short in mimicking all the above requirements
to replicate the specific texture and structural integrity of meat.
TVP is too porous and HME is too dense and impermeable, and
neither can be formed into a steak form factor (e.g., at least 150 ×
80 × 15 mm), while providing relevant orientation of fibers.

Methods like shear cell (Krintiras et al., 2016) address the
dimensional requirements yet fall short in providing beef-
relevant texture. Other techniques, such as spinning (Mattis
and Marangoni, 2020), fail to provide sufficient throughput at
an acceptable cost. Bioengineering approaches, such as
mycelium (Kyoungju et al., 2011) or animal tissue culture
(Post, 2012) still lack the required texture demands - and
require supplementing them with plant-based texture
elements (Ben-Arye et al., 2020), but even then, they fail to
deliver the relevant meat performance operating in industrial
environments (Post et al., 2020).

To meet the requirements of the muscle component, our
research proposes disintegrating the tough and chewy TVP
material into separate fibers (0.2–2 mm in diameter, about
2–20 mm in length), blending them with a proteinous dough
made from soy or pea isolates (Ben-Shitrit et al., 2021). A typical
TVP product suiting the toughness criteria typically comprises
about 50% wheat protein and soy protein and has relatively low
(<250% w/w) water holding ability, such as DuPont Danisco
SUPRO® MAX 5050. This dough, when extruded using a
progressive cavity pump (PCP, PCM Ecomoineau™ C) through a
3 mm nozzle, delivers strands that imitate the hierarchical
structure of fibrous livestock meat, namely, stacked fascicles
(Ben-Shitrit et al., 2021). To form a macroscopic muscle
section, the deposition is made according to typical 3D-
printing protocols, in a self-supporting manner, as the dough
viscosity is sufficiently high (>300 P) to prevent gravitational flow
or sagging at the fabrication temperature that is set to about 4°C
to meet food safety requirements. Unidirectional deposition of
such strands results in structure having prominent anisotropic
behavior and its resistance to shear being comparable to that of
animal meat. This approach allows the projection of the meat-like
texture of TVP, but in a flexible manner, and in a scalable
manner. At the same time, this muscle-like structure alone is
insufficient in meeting livestock meat’s tensile behavior values
and fully mimic its inter-fascicle failure mechanisms. This
deficiency required the development and introduction of a
component that would act as connective tissue and reinforce
the composite structure of the meat alternative and upgrade its
toughness and behavior during cooking and eating (such as the
disintegration of fibers) in a way that matches the behavior of
animal meat.

3.2 From fascicles to muscle tissue

Developing a connective tissue (CT) component posed a few
significant challenges:

a. Obtaining Food-Grade Ingredients and Processes: Using
ingredients and formulations that are safe and compliant
for consumption, while meeting the structural requirements
listed below. Most plant-based edible materials lack the
strength that is characteristic of animal tissues.

b. Formation into thin laminates less than 0.05 mm thick, to
mimic naturally occurring connective tissue. Conventional
food technologies do not require high spatial accuracy and
are limited in providing such level of structural fidelity.
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c. Strength and Durability: Minimum tensile strength of 1 MPa
in a 70% water environment when raw and retaining at least
0.2 MPa strength after heating to 75°C. This humidity level
corresponds to hydrogels that are typically weak and brittle and
require obtaining formulation with exceptional molecular
bonding for delivering such strength.

We found that carrageenan-based materials with melting
temperatures around 90°C fulfil these requirements and could
be cast into films, which are then introduced in-between the
fascicles during layer-wise fabrication (Figures 2A,B), while
setting one step interlace between the strands (Dikovsky and
Hausner, 2022). Post-hydration and thermal processing result
in fusion of the carrageenan films and formation of continuous
comb-shaped network (Figure 2C), with tensile strengths
mimicking that of animal meat. Table 1 compares the tensile
strength of meat measured along and across the direction of the
fibers. It shows that the addition of the CT component

substantially improves the performance of PB meat, matching its
strength to that of a tenderloin (Psoas Major) at 90% at longitudinal
direction and 85% at transverse direction. Moreover, the plant-based
muscle with CTdemonstrates a different failuremode upon stretching
(Figure 3A), that is comparable to livestock meat (Figure 3B) and
substantially different from plant-based muscle without CT
(Figure 3C). Internal sensory panel tests (n = 30) indicated 82%
preference for alternative meat samples that contained CT compared
to those without CT, with specific feedback from participants noting
improvements in texture and appearance. The characteristic fibrous
texture of such meat is shown after dissection in Figure 2G.

The muscle component and connective tissue component are
integrated into a system that employs additive manufacturing
methods accompanied by robotic film deposition, altogether
digitally controlled, to deliver about a variety of alternative meat
muscle tissue structures. The following parameters can easily be
adapted to control the toughness, fibrousity, chewiness and cooking
behavior of the alternative meat:

FIGURE 2
Demonstrating the importance of connective tissue for mimicking the complex mechanical behavior of livestock meat. Schematic illustration of
muscle tissue fabrication process presented in cross-sectional view, where the circles represent extruded PB muscle strands and the lines represent
sheets of edible material that laid in between to imitate CT component. The deposition sequence (A) and the resulting muscle tissue structure after
compactization and thermal post-processing cycle that fuses the CT layers together into a continuous comb-shaped matrix. Photographs showing
the composite structure of PB muscle tissue before compactization (B) and after (C). Reproduced with permission from Redefine Meat Ltd.

TABLE 1 Tensile behavior of meat with and without Connective Tissue Component.

Tensile strength (MPa) Along fibers St. Dev Across fibers St. Dev

Livestock Psoas Major References 0.062 0.006 0.026 0.006

Plant-based muscle without Connective Tissue component 0.032 0.002 0.011 0.005

Plant-based muscle with Connective Tissue component 0.056 0.003 0.022 0.014
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• Type of TVP
• Fraction of TVP in the muscle component
• The composition of the Proteinous dough as well as its water
percentage

• Thickness of muscle strands
• CT film composition, e.g., carrageenan ratio
• CT film thickness
• Additional adhesive layers between CT and muscle strands

The final last component in the list of components is fat, and fat
distribution and marbling.

3.3 Fat

The fat component, crucial to achieve the desired texture and
mouthfeel, involves encapsulating a lipid formulation (melting
point >35°C, using primarily cacao fat) in a hydrocolloid matrix.

This matrix, composed of methylcellulose, stabilizes the fat tissue
during cooking and prevents it from melting out. The high lipid
content (≥75% w/w) ensures a substantial liquid oily phase at
serving temperature (50°C), contributing to a fatty mouthfeel. The
different types of fat, such as intermuscular fat and intramuscular
fat, can be recreated, for example, via the variation of overall lipid
content and the concentration methylcellulose in the matrix. This
fat component is compatible with the additive manufacturing
process, allowing precise deposition to recreate specific
marbling patterns. Here too, the viscosity of the fat component
paste is maintained high enough to allow self-supporting
deposition using typical PCP pumps. Due to the nature of
marbling in beef steaks, the fat deposition resolution may
require thinner nozzles, down to 1 mm. The interconnection
between the muscle component and the fat component is
facilitated by the presence of the CT component that holds
together the unidirectional elements that form the muscle and
fat tissue regions.

FIGURE 3
Demonstrating the structure and behavior of complete alt-meat whole-muscle cuts made via PBTE approach. Photographs of 3 types of raw meat
subjected to tensile extension: livestock Psoas Major muscle (A), PBmuscle with CT (B) and PBmuscle without CT (C). Photograph of sliced cooked steak
made via the PBTE approach (D). Photograph of raw PB steaks, each of which was created using advanced manufacturing that used the same set of
muscle, fat and connective tissue components, but different fabrication protocols (E). Reproduced with permission from Redefine Meat Ltd.
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3.4 Advanced food manufacturing

Breaking meat down into components and addressing each
component separately allows more accurate mimicking using
plant-based ingredients. However, the assembly of these
components into a complete meat product requires new
approaches to food manufacturing. Inspired by Additive
Manufacturing (AM) and robotics, we developed a process that
uses high-pressure extrusion devices and a static multi-nozzle array,
delivering high-viscosity component pastes onto a digitally
controlled XYZ platform (Ben-Shitrit et al., 2020). Other
elements of the plant-based meat, such as the CT laminates, are
dispensed via dedicated robotic modules. The use of this advanced
manufacturing method enables the creation of any spatial
configuration of muscle and fat, supporting the production of
relevant whole-muscle cut analogs.

The Additive Manufacturing (AM) process facilitates:

• Spatial configuration control of muscle and fat and
realistic marbling.

• Mass customization of steaks and cuts.
• Inducing orientation of TVP fibers in plant-based
muscle strands.

• The fabrication of composite structures, such as muscle with
integrated CT.

• Unidirectional deposition of muscle strands, resulting in a
culinary-relevant grain when the steaks are cut (Figure 1).

While successfully exploiting the benefits of AM, it was
important to address its major weakness points, namely, cost
and throughput, that frequently limit its implementation in
industrial applications and could impact the market potential of
the current solution. This was achieved through a design-for-
function approach, where the fabrication system was optimized
solely for beef whole muscle cuts application, while maximizing
throughput. In practice this resulted in a system operating at
relatively coarse spatial resolution, depositing about 3 mm
strands, with no need for support material or curing, with all
strands being laid in the same orientation forming long slabs,
approximately 1-m in length. Altogether, this resulted in minimal
tray idle time, maximized travel velocity and low waste. Once
combined with a 12-nozzle plate simultaneously depositing
material, the system generated a throughput of more than
10 kg/h, an equivalent of about cow a day of alt-meat products
(Mandelik et al., 2021).

Figure 3E shows a set of animal-free whole muscle cuts made
using the PBTE concept and matching some of the common
premium cuts, such as tenderloin, sirloin, ribeye and wagyu. All
of these were cut from slabs made with the same set of muscle, fat
and connective tissue components and digitally manipulated to form
the desired form factor and marbling patterns.

4 Discussion and conclusion

This paper presents a novel Plant-Based Tissue Engineering
(PBTE) approach, leveraging principles of tissue engineering and
advanced food manufacturing to recreate the complex structure of

whole-muscle meat cuts. Our findings demonstrate that the PBTE
method effectively addresses the multifaceted challenges inherent in
replicating the texture, structure, and sensory attributes of
traditional meat products.

4.1 Significance in the field of Soft Matter

The PBTE approach represents a significant contribution to the
field of Soft Matter, particularly in food science. It showcases how
the manipulation of plant-based materials at the microstructural
level can lead to the development of complex, multi-component
food systems. By mimicking the hierarchical structure of muscle,
adipose, and connective tissues in meat, we can bridge a crucial gap
in the alternative protein industry, aligning with the Soft Matter
principles of understanding and engineering complex structures
and materials.

4.2 Key findings

• Muscle Tissue Replication: Through disintegration of TVP
into fibers blended with proteinous dough, we successfully
mimicked the anisotropic and fibrous structure of muscle
tissue. The introduction of a connective tissue component
further enhanced the mechanical integrity and sensory
attributes of the muscle analog, closely resembling those of
animal meat.

• Fat Tissue Engineering: The encapsulation of lipid
formulation within a hydrocolloid matrix effectively
recreated the mouthfeel and texture of intramuscular fat, a
key element in the sensory profile of meat.

• Advanced Manufacturing Techniques: Our adoption of
additive manufacturing and robotic systems enabled
precise spatial configuration of muscle and fat components,
offering a versatile platform for producing a wide range of meat
analogs. This aspect is particularly groundbreaking, showcasing
the potential of multi-material 3D-printing and robotics in
revolutionizing food manufacturing.

4.3 Implications and future directions

• Environmental Impact: Given the resource-intensive nature of
traditional meat production, the PBTE method offers a more
sustainable alternative to meat, potentially reducing greenhouse
gas emissions and the use of resources likewater, land, and energy.

• Market Potential: The consumption of meat around the world
continues to climb, despite a growing awareness of the
negative impact of animal agriculture. This is also despite
the introduction of plant-based meat analogues to the market,
which have so far mostly focused on imitating burgers,
chicken nuggets or other meat products on the low-end of
the value chain. We believe that this technology opens new
avenues for the alternative meat industry to cater to a broader
consumer base, including flexitarians and meat-eaters, by
offering products that closely replicate the sensory
experience of animal meat, including whole-muscle cuts.
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• Relevance to other meats: The PBTE approach can be
extended to mimic other types of meat, besides beef. The
reconstruction of naturally-occurring sophisticated structures
through their breakdown into a set of simpler components and
their independent reconstruction with a different set of
materials, followed by a digital assembly for resembling
the complex architecture of the original object can be
applied to other foods. Naturally, this requires dedicated
analysis of the target meat to determine the characteristics of
its tissues and their organization. Then the plant-based
components analogs need to be fine-tuned to match these
characteristics. However, we are confident that the set of the
plant-based ingredients, formulation methods and advanced
manufacturing methods described here, can address a wide
range of meat products.

• Future Research: We believe that the versatility of our approach
together with its market potential and its expected environmental
impact can attract further interest and research potential within
both industrial and academical domains, and help accelerate its
expansion to additionalmarkets and product types.We emphasize
the importance of further progress in developing plant-based
components that have tougher textures, good processability,
low levels of off-flavors, good nutritional profiles, competitive
cost and availability at scale, while having low environmental
footprint. In parallel, we expect further acceleration of this domain
through the development and adaptation of advanced
manufacturing techniques to food production environments.

In conclusion, the PBTE approach marks a pivotal step in the
evolution of meat alternatives. By intricately replicating the
structure and texture of animal meat using plant-based
ingredients, we not only address environmental and ethical
concerns but also cater to the growing demand for sustainable
and diverse protein sources that meet consumer expectations for
taste, texture and other parameters of meat. The principles and
methodologies developed in this study hold significant potential
for future innovations in the Soft Matter field, particularly in
helping to develop sustainable food systems.
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The development of hydrogels has a significant impact in fields such as tissue
engineering and biomedical devices. The present study tests different cellulose
particles extracted from plants to produce hydrogels and identify if these particles
and hydrogels have antimicrobial properties. Nine cellulose particles from
Ecuadoran biodiversity were obtained using an established chemical
extraction protocol, characterized using known techniques, and evaluated for
bacterial growth in-vitro. In addition, two particles of nine were selected to
perform bacterial growth rates and bacterial adhesion assays. The bacterial
growth rates with cellulose F1 and F53 were similar to the positive control
(with antibiotic) with both Escherichia coli ATCC 25922 and TG1 strains.
However, the results showed that the bacterial growth rate with seven of the
nine cellulose particles was lower than the negative control (without antibiotics)
suggesting antifouling properties. Based on the results using cellulose particles
and hydrogels with antifouling properties, we prepared a plant extract to test the
bactericide properties against Gram-positive (Staphylococcus aureus ATCC
25923) and Gram-negative (E. coli ATCC 25922) bacteria, evidencing the
highest inhibitory effect at 40 and 60mg/mL against S. aureus and E. coli,
respectively. Lastly, we encapsulated the bactericide plant extract into the
anti-fouling hydrogel. The results demonstrated that the combination of
antifouling and bactericide properties could be an alternative approach for
surface-modified cellulosic materials applications in the future.

KEYWORDS

cellulose, antibacterial, fiber, plant, biodiversity, antifouling

1 Introduction

Bacterial and other microorganism infections caused by implants are of great concern in
the biomedical field because they cause many deaths each year worldwide (Alarfaj et al.,
2016). The ability of these microbes to colonize surfaces rapidly and migrate allows these
microcolonies to produce biofilms. Both Gram-positive and Gram-negative bacteria can
cause biofilm formation in biomedical devices (Cangui et al., 2022). The most common
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bacteria are Enterococcus faecalis, Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus viridans, Escherichia
Coli, Klebsiella pneumoniae, Proteus mirabilis, and Pseudomonas
aeruginosa (Cangui et al., 2023; Khatoon et al., 2018).
Simultaneously, the formation of biofilms on medical implants
allows bacteria to acquire antimicrobial resistance (Arciola et al.,
2018). Due to the rise of antimicrobial resistance worldwide,
alternative therapies and preventive measures are extremely
needed nowadays (Zamora et al., 2022; Machado et al., 2023).

Antibiotics are typically employed as a general strategy to
overcome bacterial infectious diseases; however, they can also
generate resistance if they are not used correctly (Muñoz et al.,
2021). According to the European Antimicrobial Resistance
Surveillance System (EARSS), the prevalence of methicillin-
resistant S. aureus (MRSA) in at least 10% of all S. aureus-
associated infections has increased by as much as 40%–50%
(Alarfaj et al., 2016).

The need to eliminate or reduce the formation of biofilms on
surfaces of biomedical devices has focused on the fabrication of new
antimicrobial coatings capable of preventing the colonization and
proliferation by microorganisms on surfaces or the modification of
the architecture of existing antibacterial surfaces to improve their
yield (Hasan et al., 2013; Zamora-Mendoza et al., 2023) Antifouling

and bactericidal surfaces have been developed as two types of
antimicrobial coatings. Antifouling surfaces can resist the
adherence of bacteria to the implant due to the presence of
structures that reduce the binding for microorganisms.
Bactericidal surfaces cause cell death when bacteria come into
contact with the implants; the coating can have either repellent
or destructive molecules (Zamora et al., 2022; Machado et al., 2023).

Antimicrobial polymers present a great alternative to combat
this issue since their action mechanisms differ from those of
antibiotics. Polymers can also show antimicrobial properties and
be applied for functionalization with other materials to avoid
antibiotic resistance problems. Natural antimicrobial biopolymers
are a promising area where further research is needed (Zamora et al.,
2022). For this reason, this research aims to analyze the
antimicrobial properties of a natural biopolymer, such as
cellulose and its hydrogels. In the present study, we hypothesized
that natural particles from plants could be an alternative material
with the potential to prevent bacterial adhesion in future
applications in biomaterials (Figure 1). Nine types of cellulose
were characterized and tested against Escherichia coli ATCC
25922 and TG1 to find bactericidal or bacteriostatic effects based
on the physical, chemical, and morphological characteristics. Then,
two particles were selected to test antibacterial activity by

FIGURE 1
Schematic representation of the process and tests performed for the study.
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determining colony-forming units per milliliter (CFU/mL). Next, we
produced cellulose-based hydrogels and encapsulated a plant extract
to test the antimicrobial properties against E. coli ATCC 25922
(Gram-negative) and S. aureus ATCC 25923 (Gram-positive)
bacteria. To achieve this purpose, the main analyses made for the
anti-fouling capacity of each hydrogel were developed by initial
bacteria adhesion and bacterial growth inhibition over time assays.
The results demonstrated that the combination of antifouling and
bactericide properties could have be an approach for surface-
modified cellulosic materials applications in the near future.

2 Materials and methods

2.1 Materials

The raw material of the cellulose was obtained from different
Ecuadorian natural sources acquired in Ecuadorian popular
markets. Control samples of commercial cellulose (Sigmacell
cellulose, type 20, 20 µm) were supplied by Sigma-Aldrich with
purity of 95%–99%.

2.2 Fiber preparations

Cellulose extraction was carried out according to a
predetermined chemical extraction technique, which included
numerous water washes to eliminate any remaining chemicals.
After the extraction process, the pure cellulose was dried for
1 day in a lyophilizer (Labconco model 7670520). We obtained
seven powdered celluloses and two fiber-type celluloses (Table 1).

2.3 Fiber characterization

2.2.1 Fourier Transform Infrared
Spectroscopy (FTIR)

FTIR analysis was performed on a spectrometer model Cary 630.
First, the spectrum of the gold-plated sample holder was acquired as
background, and then the spectra of the samples were recorded. The

wavelength range for the analysis was between 500 and 4,000 cm–1 in
transmittance mode at a resolution of 4 cm–1.

2.2.2 Scanning electron microscope (SEM)
SEM was used in this investigation to obtain images of the

surface structure, porosity, and morphology of cellulose samples.
The morphologies of the different cellulose samples were
characterized using a Phenom Pro X scanning electron
microscope operated at 10 kV. A pin with a carbon film was
used to prepare the samples.

2.2.3 X-ray diffraction (XRD)
The X-ray generator was operated to 40 kV and 15 mA in a

sealed tube CuKα radiation source. Additionally, for collecting data
was employed a θ/2θ configuration in the scan-axis, 0.02° step, and
20.0°/min scan velocity in a range of 5°–90° in 2θ, and the D/tex
Ultra2 detector in 1D scan mode. Finally, it used a Soller slit 1.25°

receive and incident scattering and high-length receiving and
incident slit 10.0 mm, 8.0 mm, and 13.0 mm, respectively.

The degree of crystallinity of each cellulose sample was analyzed
using a powder diffractometer Rigaku, Miniflex-600, equipped with
a D/tex Ultra2 detector. The crystallinity index can be calculated
using the following equation:

Ic � I 002( ) − I am( )
I 002( )

x 100 (1)

Where I(002) is the counter reading at peak intensity at a 2θ
angle close to 22° representing crystalline material and I(am) is the
counter reading at peak intensity at a 2θ angle close to 18°

representing amorphous material.

2.4 Antibacterial test of the cellulose
particle surface

The antibacterial activity of the cellulose surface was tested
against two strains of E. coli ATCC 25922 and TG1 by two
different methods, more exactly, qualitative evaluation with an
agar diffusion assay and quantitative evaluation in a culture
broth medium.

For the qualitative evaluation, overnight cultures of E. coli
TG1(1E+08 colony-forming units (CFU)/mL) were placed in a
Petri dish filled with Luria Bertani (LB) agar. Different amounts
of cellulose particles were placed in the spaces from 1 to 4 labeled on
each plate at 1, 5, and 10 mg. Besides, as a control, 3 µL of ampicillin
were used and placed over the colonies, and then the cultures were
incubated at 37 C for 24 h. After the required time, a definite zone of
bacterial inhibition around the samples was measured to evaluate
antibacterial activity.

The antibacterial activity was also quantitatively determined
in terms of growth inhibition by measuring the optical density of
bacteria treated with cellulose particles. This test included a
positive control (medium + bacteria + antibiotic), a negative
control (medium + bacteria), and a cellulose control (medium
+ cellulose). The ampicillin was prepared at a concentration of
1 μL/mL. Overnight cultures were prepared by inoculating 100 µL
of E. coli ATCC 25922 and TG1 in 3 mL of LB broth medium and

TABLE 1 List of plants and fruits used in the present study.

Label Scientific name Part of the plant

T1 Passiflora tripartita Fruit exocarp

T3 Psidium guajava Fruit exocarp

F20 Chuquiraga jussieui Leaves

F1 Pyrus communis Fruit exocarp

CC Cocos nucifera Fruit exocarp

CB Agave sisalana Fruit exocarp

F12 Solanum betaceum Fruit exocarp

F53 Hylocereus megalanthus Fruit exocarp

F55 Alibertia patinoi Fruit mesocarp
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then incubated at 37°C and 180 rpm. Theoretical bacterial density
(OD) at 600 nm was measured by immersing a 100 mg sample of
each cellulose in 10 mL of LB medium with an initial optical
density (OD) of 0.05 (approximately 1E+05 CFU/mL) in all test
tubes. The corresponding negative controls were added to the
assays, as well as positive controls were prepared by adding 10 μL
of ampicillin to 10 mL of LB medium. The cellulose’s optical
density affects the absorbance measurements because it begins
to degrade over time. For this reason, optical density readings of
controls were taken with each cellulose sample (100 mg) diluted in
an LB medium. Then, this influence was analyzed in each case to
obtain the actual absorbance. All the suspensions were incubated
on a rotary shaker at 180 rpm at 37 C for 24 h. Each tube’s
absorbance was measured periodically at 600 nm using a UV-
visible spectrophotometer (ZUZI model 4,211/50) at 3, 6,
and 24 h.

2.5 Statistical analyses

For the statistical analysis, the Malthusian growth equation was
used to understand bacteria’s growth kinetics and extract
information about their behavior with the cellulose particles
under study. For this, the specific growth rates were calculated
for each case with the following equation:

Pt � Poekt (2)
Where Pt is the population in a time, Po is the initial population,

k is the specific growth rate, and t is the time in hours.
Subsequently, a one-way analysis of variance (ANOVA) was

performed with the growth rates obtained to determine if there were
significant differences between the samples. After this, a Duncan
Test was performed to classify the samples. Statistical software R was
used for all analyses (https://www.rstudio.com/).

2.6 Hydrogel formulation

According to Guamba et al. (Guamba et al., 2023), the
hydrogel formulation was prepared utilizing a 1:
10 concentration of cellulose and a basic solvent. The solvent
comprises 4% urea and 6% sodium hydroxide (NaOH).
Following the formation of the hydrogel matrix, it underwent
washing with distilled water until the basic pH transitioned to
neutral. This procedural step was executed for both F1 fiber
cellulose and the commercial cellulose by Sigma-Aldrich,
serving the purpose of establishing a control reference.

2.7 Jamaica flower extract

To prevent any interference with the hydrogel formulation
structure, the flower extract was prepared in a solvent-based
manner. This involved employing a standardized ratio of 2:
10 parts of previously dehydrated Jamaica calyx to distilled water
and allowing for a 24-h extraction period. After the designated
incubation time, the heterogeneous mixture was subjected to
filtration and lyophilization processes.

2.8 Addition of Jamaica flower extract into
the hydrogel

Despite the absence of any alcohol remnants in the obtained
extract, the addition of Jamaica flower extract directly to the
hydrogel solution was precluded due to its pH. Consequently, the
hydrogel was introduced into a dilution of 50 mg/mL with the
Jamaica extract for 5 h. This approach was employed considering
the maximum swelling properties of the hydrogels while ensuring
precautionary measures against degradation prompted by the pH of
the extract.

2.9 Minimum inhibitory concentration of
Jamaica flower extract

The minimum inhibitory concentration (MIC) value was
determined following the protocol outlined by Wiegand et al.
(Wiegand et al., 2008), employing a bacteria concentration of
1.5E+08 CFU/mL in a Mueller-Hilton (MH) medium, E. coli
ATCC 25922 and S. aureus ATCC 25923. These pathogens were
selected based on their prevalence in cutaneous wound bacterial
infections. The pathogen solution was added to a 96-well plate
template, with the medium serving as a negative control,
considering eight escalating extract concentrations (10, 20,
40, 60, 80, 100, 150, and 200 mg/mL) included, along with
positive gentamicin control concentrations of 0.12, 0.5, and
1 μg/mL for S. aureus. Gentamicin concentrations of 0.25, 0.5,
and 1 μg/mL, as per the established manual of the Clinical and
Laboratory Standards Institute (CLSI) (Weinstein and Clinical
and Laboratory Standards Institute, 2021), were considered for
MIC determination using the specified strains and gentamicin as
the antibiotic reference. The absorbance analysis was conducted
after 20 h of incubation at 37°C, utilizing the OD at 570 nm of the
ELx8081IU spectrophotometer by Biotek Instruments. To
validate the results obtained through absorbance
measurements, 30 μL of resazurin were added to each well of
the 96-well plate to identify the minimum bactericidal
concentration (MBC) value. This was determined by
observing the initial purple color change of the resazurin
after 15 min of the chemical reaction (Wiegand et al., 2008;
Elshikh et al., 2016).

2.10 Evaluation of the bacterial initial
adhesion of the hydrogel surfaces

To assess the anti-fouling properties of each hydrogel, a
bacteria adhesion methodology was developed in collaboration
with the Institute of Microbiology at Universidad San Francisco
de Quito (IM-USFQ), as previously described (Rodríguez et al.,
2022). Briefly, the protocol commenced with a 24-h incubation
of a bacterial culture at 37 C in MH agar medium, aiming to
optimize bacterial initial adhesion of E. coli ATCC 25922 and S.
aureus ATCC 25923. Subsequently, a bacteria dilution was
prepared using 30 mL of the medium, incorporating bacterial
colonies until reaching a concentration of 1E+09 CFU/mL for
bacterial inoculum (Rodríguez et al., 2022). In 6-well plate
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templates, 3 mL of the bacteria solution was added to each well,
along with coverslips, encompassing reference materials such as
commercial cellulose hydrogel, F1, and F1+J.ext. hydrogels. To
simulate the initial contamination of a wound, the templates
were incubated at 37 °C for 30 min. Subsequently, the surfaces
were washed once with 3 mL of PBS and transferred to a Falcon
tube containing 15 mL of PBS, which was mixed for 5 min at
maximum velocity using a vortex dispersing the initial adhered
bacteria from the surface samples. After the dispersion step, a
100 μL aliquot was extracted from the Falcon tube and placed on
a coverslip, following the procedure outlined in the work of
Rodríguez et al. (Rodríguez et al., 2022), to determine the cells/
cm2 adhesion on each surface, the coverslips were stained with
crystal violet (0.01 M) for 1 min and observed under a
microscope, considering 15 central fields.

2.11 Time-kill kinetics of hydrogels with
plant extract

The antimicrobial activity of hydrogels containing Jamaica
extract was assessed in terms of bacterial growth inhibition over
time with optical density measurements taken during 24 h
(Zamora-Mendoza et al., 2023; Guamba et al., 2023). S.
aureus ATCC 25923 and E. coli ATCC 25922 bacteria,
sourced from the collection of the IM-USFQ, were employed
for the study. Two hydrogel treatments were evaluated: one
without the extract (F1) and another with Jamaica extract
(F1+J. ext.). included a positive control, consisting of the
medium and the pathogen. These treatments were placed in
96-well plates, and 100 µL of an initial bacterial concentration of
1E+05 CFU/mL was added to the MH broth medium.
Subsequently, absorbance was measured at 0, 3, 6, and 24 h at
570 nm, following the methodology outlined in prior studies
(Atiencia et al., 2022; Cabezas et al., 2023).

3 Results, interpretation, and discussion

3.1 Characterization of fibers

The Fourier transform infrared (FTIR) was carried out to verify
the successful separation of other residual components, such as
lignin and hemicellulose, from the extracted cellulose.

FTIR spectra of all-natural cellulose particles are shown in
Figure 2. All samples showed two central absorbance regions.
The first one with large wavenumbers in a range of 2,700 cm−1 to
3,500 cm−1, and the second with lower wavenumbers in a range of
500 cm−1 to 1800 cm−1. The spectra exhibited characteristic peaks
and absorption bands similar to commercial cellulose, which have
individual and specific functionalities. One is the strong absorption
band in the 1,635 cm−1 region, corresponding to the stretching
vibration O-H of the water molecules absorbed in the cellulose
structure (Khan et al., 2020). Other absorbance bands at 896 cm−1

correspond to the glycosidic bonds between monosaccharide units
in cellulose molecules. Also, the bands located at 1,056 cm−1 and
3,437 cm−1 are attributed to the C-O-C stretching of the pyranose
ring and the stretching O-H of the hydroxyl groups in the cellulose
structure. Additionally, essential peaks are evident at ~1,300 cm−1,
~2,900 cm−1, and ~3,300 cm−1, which correspond to rocking
vibrations at C6, OH bending, and sp3 C-H stretching, respectively.

The commercial cellulose was used as a control to compare the
FTIR bands of extracted cellulose. All samples showed a similar
pattern to the commercial cellulose control, except for the low-
intensity transmittance band at 1742 cm−1 in sample F55 which is
associated with C = O stretching vibration due to the presence of the
small amount of residual lignin and acetyl or uronic ester groups of
hemicellulose as shown in Figure 2.

X-ray powder diffraction (XRD) is an analytical technique used
mainly for the phase identification of a crystalline material and its
physical and chemical properties. X-ray diffraction (XRD) tests on
the nine cellulose samples depicted distinct graphs and different

FIGURE 2
Fourier Transform Infrared Spectroscopy spectra of nine cellulose particles compared with commercial cellulose. T1, T3, F1, F12, F20, F53, F55,F20,
CB, CC, and commercial cellulose.
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degrees of crystallinity (Figure 3). All the XRD patterns indicated the
presence of two major peaks. The first prominent peak around 2θ =
22° represents the crystalline structure of cellulose, and the peaks
around 2θ = 18° represent the amorphous structure of the samples
(Rambo and Ferreira, 2015).

The difference between the X-ray diffraction patterns can occur
due to the nature of the samples and how they are prepared, which
will influence the crystallinity index (Park et al., 2010). However, the
extraction and process of cellulose used the same protocol, and the
method to prepare the sample for XRD was also the same procedure.
Therefore, it is expected that the differential crystallinity index is due
to the different origins of cellulose. The results showed a variation of
the index of crystallinity from 28% to 69% demonstrating that some
of the cellulose particles are more amorphous than others (Table 2).

The morphology and topography of the nine cellulose particles
were analyzed by scanning electron micrographs displayed in
Figure 4. Each cellulose sample has a distinct shape determined
by the plant source. The external structure of the samples T1, T3,

F53, F55, F12, CC, and CB demonstrated an irregular surface that
exhibits roughness. In particular, some of these appeared to be
irregular fiber fragments and also showed a network structure. There
is also a more evident degree of porosity in some of this cellulose.
The morphology of the particles F1 and F20 have a more elongated
and compact structure.

3.2 Bactericide evaluation of
cellulose particles

A qualitative assay was performed with E. coli TG1. For this test,
three amounts of each cellulose sample were placed on the agar
plate: 1, 5, and 10 mg. Each plate was divided into four parts: 1 mg of
the sample was placed in space number one. In space number two,
the antibiotic was placed as a positive control; in space three, 5 mg of
the sample was placed; finally, 10 mg of the cellulose sample was
placed in space four. The process was repeated twice for each
cellulose sample, and then all plates were incubated at 37 C for
24 h. As shown in Figure 5, a negative response was obtained for the
test; there was no inhibition against E. coli TG1. The results
demonstrated that cellulose particles do not have bactericide
properties.

Moreover, a quantitative assay was performed to determine the
antibacterial activity of the cellulose against both E.coli ATCC
25922 and TG1 strains to measure the bacterial growth rate in
solution. All the bacterial suspensions started with the same
concentration of bacteria (1E+05 CFU/mL), and then optical
density measurements were made at 600 nm at 0, 3, 6, and 24 h
for each cellulose sample. Two independent experiments were
performed for each cellulose; the reported values correspond to
the two experiments’mean. The bacterial growth of E. coli with each
cellulose sample was compared with the E. coli cultures with
ampicillin (positive control) and without ampicillin
(negative control).

FIGURE 3
X-Ray diffraction analysis patterns of nine cellulose fibers: T1, T3, F1, F12, F20, F53, F55, F12, CB, and CC.

TABLE 2 The crystallinity index of cellulose samples.

Label Crystallinity index

T1 46.6

T3 46.0

F20 54.9

F1 39.0

CC 51.5

CB 69.6

F12 43.7

F53 45.6

F55 28.44
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At different times, the mean absorbance values of the cultures
with the cellulose particles against the E. coli ATCC 25922 were
recorded. The results in Figure 6 show that cellulose particles F1,
F12, CC, T3, T1, F53, F55, F20, and CB had a similar tendency and
decreased bacterial growth compared to the negative control. It is
important to note that 3 h after the initial time, this cellulose had a
remarkable decrease in absorbance values, unlike the negative
control, and although as the culture time increased, the
absorbance increased, after 24 h, the particles had a bacterial
growth minor than the negative control so demonstrating the
bacterial growth inhibition. The cellulose CC had a different
tendency since the growth was similar to the negative control.
According to the absorbance values obtained against E. coli
ATCC 25922, there is a decrease in the bacterial suspension with
most celluloses in each time interval compared to the negative
control, which did not contain any antimicrobial agent. However,
the absorbance values of antibiotic control were always lower.

The mean absorbance values of the cultures with the cellulose
particles against E. coli TG1 are shown in Figure 7. In this case, the
particles that had significantly decreased growth at 24 h when
compared to the negative control were F12,F53,T3,F55, T1 and
CB. The rest of the particles had a similar tendency to the negative
control, while F20 presented an increase in its growth rate.

The specific growth rate (k) from the two experiments with both
bacteria strains with the different cellulose samples was calculated
using the Malthusian growth equation (Supplementary Appendix
SA). This parameter k is essential since it represents
microorganisms’ dynamic growth and allows determining which
treatment with cellulose particles grows with more or less intensity.

It was verified that the data followed a normal distribution
with the Shapiro-Wilks and the Kolmogorov-Smirnov test
(Supplementary Appendix SB). The ANOVA test results
allowed us to compare the means of the specific growth rates
of each cellulose sample to establish if there was a difference.
Accept or reject the null hypothesis that states no differences
between the means of the different groups. Considering the
p-value (<0.05) obtained from the ANOVA test for the E. coli
ATCC25922 and TG1 strains (Supplementary Appendix SC), it
can be concluded that there is a significant difference between all
cellulose samples.

Duncan’s test is a multiple comparison test that compares
the means obtained after rejecting the null hypothesis of equality
of means using the ANOVA technique. The results obtained for
this test classified all the samples. Duncan’s distribution for the
cellulose samples against both bacterial strains showed a highly
significant difference between the cellulose particles being
consistent with the experiment results (Supplementary
Appendix SD).

Based on the absorbance data presented in Figure 8, the initial
concentration added to the bacterial culture (10 mg/mL)
demonstrated no inhibition for both bacterial growth. However,
the inhibitory effect of the Jamaica flower extract becomes apparent
from 20 mg/mL, with the highest inhibitory capacity observed at
40 mg/mL for S. aureus and 60 mg/mL for E. coli, reaching its
maximum efficacy at 100 mg/mL. Furthermore, employing the
resazurin indicator, the obtained MBC values against each
studied bacterium were 40 and 60 mg/mL for S. aureus and
E. coli, respectively.

FIGURE 4
Scanning electronmicroscope (SEM) analysis of cellulose particles: (A) T1, (B) T3, (C) F1, (D) F20, (E) F53, (F) F55, (G) F12, (H)CB, (I)CC, and (J) special
structure in CC.
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FIGURE 5
Antibacterial test against E.coli TG1 strain with the seven powdered cellulose: (A) T3, (B) T1, (C) F53, (D) F55, (E) F12, (F) F20, (G) F1, and two cellulose
particles (H) CC and (I) CB.

FIGURE 6
Bacterial growth with cellulose particles against E. coli ATCC 25922. In the graph, the growth of the bacteria with almost all celluloses is lower than
the negative control. The growth rate with cellulose CC was similar to the negative control.
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Based on Guamba et al. (Guamba et al., 2023), commercial
cellulose fibers and hydrogels were fully characterized and do
not exhibit antimicrobial and antifouling properties against
E. coli. Nevertheless, commercial cellulose hydrogels
demonstrate some antifouling properties against both gram-
positive. In this context, the commercial cellulose hydrogel
was employed as a control in the adhesion test.Further
evaluation was realized by different materials on the bacterial
initial adhesion into the hydrogel surfaces when compared to
glass, as shown in Figure 9. According to the reference materials,
the glass coverslip exhibited minimal bacterial adhesion for each
bacterium. In contrast, the hydrogel formulated with
commercial cellulose demonstrated the highest adhesion for
E. coli, while showing a similar bacterial initial adhesion for
S. aureus when compared to the natural cellulose hydrogel
F1 with values of 2.12 and 2.08 E+05 (cells/cm2), respectively.
On the other hand, the incorporation of Jamaica flower extract

FIGURE 7
Bacterial growth with cellulose particles against E. coli TG1. In observing the graph, the bacterial growth with cellulose F12 and F53 was the most
different from the negative control without the antibiotic.

FIGURE 8
Bacterial growth inhibition analysis of Jamaica flower extract in
different concentrations.

FIGURE 9
Initial bacteria adhesion of different materials (glass and
hydrogel surfaces).

FIGURE 10
Bacterial growth with hydrogel against E. coli ATCC 25922 and
Staphylococcus aureus ATCC 25923. Positive control, hydrogel
F1 treatment, and hydrogel F1 treatment with Jamaica
extract (F1+J.ext.).
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into the hydrogel matrix significantly reduced the bacterial
initial adhesion for both Gram-negative (E. coli) and positive
(S. aureus) bacteria with adhesion levels comparable to the
reference glass surface and surpassing the microbial adhesion
inhibition recently reported by Rodríguez-Arias and colleagues
(Rodríguez et al., 2022).

Finally, when evaluating the bacterial growth inhibition by
F1 and F1 with Jamaica flower extract (F1+J.ext.) hydrogels, both
hydrogels successfully inhibited E. coli and S. aureus growth at
24 h in comparison to the positive control (Figure 10). The
positive control exhibited an average absorption of 0.661 and
0.164 nm for E. coli ATCC 25922 and S. aureus ATCC 25923,
respectively. However, the average absorption of S. aureus
ATCC 25923 for the F1 fiber hydrogel was similar to the
positive control (0.128 vs. 0.164, respectively). Therefore, the
overall results demonstrated an effective antibacterial property
of the natural cellulose hydrogel against the Gram-negative
pathogen but a lack of efficacy for the Gram-positive bacteria.
On the other hand, the measured absorption reported for the
F1+J.ext. hydrogel was close to the initial absorption for each
bacterium (0.025 nm), more exactly a final absorption of
0.026 nm for E. coli ATCC 25922 and 0.029 nm for S. aureus
ATCC 25923. This indicates a successful antibacterial activity of
the natural cellulose hydrogel and the Jamaica flower extract in
conjunction, even when the extract concentration was minimal
against each pathogen based on the MIC analysis. These results
revealed a high antimicrobial activity and applicability on future
biomedical applications, as previously observed in the recent
study of Zamora et al. (Zamora-Mendoza et al., 2023)

4 Conclusion

In this work, nine particles were successfully extracted from
Ecuadorian plants with an established chemical protocol. The
nine cellulose particles were characterized by FTIR, XRD, and
SEM analyses. FTIR confirmed the effective removal of non-
cellulosic material and cellulose extraction with a good purity
level. XRD analysis verified a high degree of crystallinity in the
samples, up to 69.6%. X-ray diffractograms showed that some
samples, like CC and CB, were more crystalline than other
samples, like F55, due to the natural source of each cellulose.
SEM microscopy displayed unique characteristics of nine
particles, like morphology, porosity, and size depending on
the native origin, giving them distinctive features.

Antibacterial tests were performed with two strains, E. coli
ATCC25922 and TG1, for 24 h to measure the bacterial growth
rate in the presence of nine different cellulose fibers. Bacterial
growth with cellulose F1, F12, F53, T1, T3, and CC was lower
than that of the negative control with both strains of E. coli.
Furthermore, cellulose F1 and F53 presented an inhibition
similar to the antibiotic control, while F55 and F20 showed
higher growth than the negative control. The bacterial growth
rate of F1 at pH 7 exhibited the greatest inhibition.

The results were validated using the Malthusian growth
equation and the growth rates of each cellulose particle. The
highest growth rate was 0.1543, and the lowest was 0.1314, with
E. coli ATCC 25922. The ANOVA and Duncan tests showed

differences between the samples, obtaining that cellulose F1 and
F53 had the best performance. Therefore, the F1 and
F53 cellulose have great potential as a biomaterial. Further
antimicrobial evaluation demonstrated that Jamaica flower
extract possesses MIC and MBC values of 40 mg/mL for S.
aureus and 60 mg/mL for E. coli. When combined with
F1 hydrogel, hydrogel F1 treatment with Jamaica flower
extract evidenced the lowest bacterial initial adhesion levels
and the highest bacterial growth inhibition. Overall results
showed the most optimal and appropriate choice of F1 and
Jamaica flower extract for further evaluation and a deeper
investigation in biomedical applications. (Chauviere et al.,
1992; Schierholz and Beuth, 2001; Tokiwa et al., 2009;
Weerasekera M. M. et al., 2016; Weerasekera M. et al., 2016;
Arciola et al., 2018; Han et al., 2018; Boukir et al., 2019; Sahar
et al., 2020; Castro et al., 2022; Senthilrajan et al., 2022).
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Advancement in automation of
co-extrusion collagen casings
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Co extrusion sausage technology has been a game changer in the industry as it
has transformed the traditional way of filling meat betters into premade casings
(e.g., synthetic materials such as cellulose or natural casings) to producing the
casings on top of the meat batter as it comes out of the stuffer. This allows full
automation of the process (working 24/7) with lower waste, while also increasing
food safety standards. Themainmaterial used is collagenwhich today is extracted
from a limited type of beef hides. It is then treated with a strong alkaline solution,
to breakdown some of the original structures, and later with a strong acid to allow
swelling of the resulting suspension. The application of the collagen gel requires
special equipment to line up the collagen fibers in such a way that they provide
the strength and elasticity during the cooking operation (meat expends during
cooking) and later provide the consumerwith the characteristics bit/“snap” similar
to natural casings. Understanding the interactions between the chemical and
physical properties of collagen is essential in obtaining good results. During
production it is important that the collagen is quickly dried and crosslinked so the
shape of the product will not be modified. This requires special large horizontal
dryers and a unit to apply liquid smoke (source of aldehydes for crosslinking).
Currently most systems are built for large capacity production, and therefore
require large investment, however the industry is working on developing smaller
and more flexible units for future use.

KEYWORDS

automation, sausage casings, collagen, meat industry, co-extrusion technology

1 Introduction

The meat industry produces many types of meat products but is also known to be a
fairly conservative industry. The products can be divided into three main categories: whole
muscle, ground, and finely chopped meat products. The last two groups are the ones usually
stuffed into casings. However, it should be mentioned that in the ground meat category we
also find quite a few products that are not stuffed into casings (e.g., hamburgers, nuggets).
Casings are used to hold a portion of the meat, give it a certain shape during cooking (until
proteins denature and solidify) and later can stay on the product or be peeled off (i.e., edible
and nonedible casings such as cellulose). If they stay on the product, they can also influence
the textural properties of the sausage (e.g., natural and some fabricated collagen casings
produce the typical “snap”). The oldest method of producing sausages has been with natural
casings which has been used for thousands of years (Anonymous, 1990; Savic and Savic,
2016). This technology is still very popular today. It is interesting to note that only over the
past 120 years new casing types have been introduced, including the ones manmade with
cellulose, cotton fibers, prefabricated collagen, and plastic polymers. The development of
those materials took place because they can be mass-produced, easier to apply, more
economical, and easier to use at high-speed production lines/automated equipment. This is
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mainly because they are much more uniform and possess consistent
strength compared to natural casings. Co-extrusion collagen
technology has been introduced only in the late 1970s (Burke,
1980; Kobussen et al., 2000). This technology has been a game-
changing factor to the meat industry as co-extrusion involves
forming the casings on top of the meat batter as it comes out of
the stuffer, while the traditional casings (e.g., natural, cellulose, plastic)
are brought to the plant and then filled/stuffed with meat. One of the
big differences from the traditional premade casings is a need for a
mechanism to quickly crosslink the collagen paste and form a rigid
“envelope” around the product (the exact technology is discussed
later). One of the major advantages of this technology is allowing
more automation which is critical today when we face labor issues in
the food industry. Another important advantage is related to food
safety where we can remove people from the production line and also
use cook-in-the-bag technology. This means that the product is not
touched by people and later heat processed inside the bag, thus
avoiding the need to later peel off the casings (e.g., cellulose
casings commonly used in many high-volume hot dog production
lines today). The removal of the casings from the fully cooked
products at the processing plant provides an opportunity for post-
cooking contamination. Overall, we have experienced a few major
Listeria outbreaks in fully cooked meat products over the past few
years (Howell and Miller, 2010; Kurpas et al., 2018). As will be
discussed below, the co-extrusion technology also presents some
big challenges to meat processors as cooking meat products in a
closed package while they are touching each other can result in
adhesion of adjacent products, etc. It should also be mentioned
that from a sensory point of view, natural casings (sheep, hog, and
bovine) still represent the gold standard for casings as they provide the
unique and familiar “snap”/bite to sausages. This occurs because of the
unique structure of the connective tissue in the GI tract which is
composed of aligned collagen and some elastin fibers which together
allow some stretching of the casings. The latter is important to the
meat processor as the casings can expand during stuffing and heating,
and later creating the “snap” effect. The concept of this new co-
extrusion casings mainly relies today on collagen; however, this
collagen has to first be extracted (mostly from selected beef hides),
then limed (exposed to high pH) to break down some of the
structures, followed by acidification to allow swelling of the
collagen gel. Performing the extraction process in the right way is
essential to obtain high quality collagen gel, as will be discussed below.

The advantage of using a collagen gel is the fact that the
equipment can produce a very uniform casing with controlled
thickness and strength as compared to using natural casings
which can have weak spots, variation in diameter, and sometimes
even holes/tears. The latter defect is usually caused by the cleaning
process of natural casings while the formers are due to natural
variation in biological specimens (Bakker et al., 1999). The
occurrence of those things usually requires stopping the whole
stuffing process and starting a new batch of casings (i.e., not
ideal for automation, and results also in wasting some of the meat).

It should also be noted that today there are co-extrusion systems
utilizing alginate which employ hydrocolloid gum (obtained from
seaweed) and dispense it on the surface of the product and later
crosslink it with calcium ions (Harper et al., 2015; Hilbig et al., 2020).
However, on a worldwide basis, those systems represent a small
market segment, although in certain regions can have a noticeable

presence. They will not be discussed here in great detail because of
their low representation in the market and because their technology is
not as complicated as the collagen co-extrusion. The latter refers to
dealing with collagen fibers that need to be aligned around the product
to provide strength as well as the unique “snap” (not achieved by
alginate) and therefore require special equipment (Figure 1).

2 Advantages and limitations of using
the technology

When introducing a new technology, the industry usually wants
to be presented with three to four good reasons to embrace the
technology and three to four limitations/disadvantages. A summary
of those major points is provided, and those points are further
discussed later in this Perspective.

2.1 Advantages

2.1.1 Fully automating the process
The co-extrusion process represents a game-changer as the meat

batter, exiting the stuffer, is continuously coated with a collagen gel
(commonly contains 4%–6% protein) that is later crosslinked, and
heat processed. The traditional sausage stuffing process is a batch
operation because it involves finite segments of casings that require
stopping/changing the nozzle at the end of each casing’s portion/
sleeve. Eliminating this step allows us to fully automate the process,
save on labor, and work 24/7.

2.1.2 Improving food safety
Removing people from the line, and then cooking the product in

edible casing placed in a hermetically sealed bag that is only opened
by the consumer, represents a big improvement. This eliminates the
possible post-cooking contamination by pathogens such as Listeria
and Salmonella of fully cooked products which can happen during
casing removal and packaging the individual cooked sausages
(Kurpas et al., 2018). It also reduces the risk of spoilage bacteria
contamination and hence significantly improves shelf life, reduces
waste, and enhances sustainability.

2.1.3 Producing uniform products
Since the product is continuously coated with collagen gel, very

accurate weight control can be implemented and continuously
adjusted during the production day when small deviations are
detected. Some of the systems have the capacity to check the
weight of each individual link and automatically adjust the
weight of the product so expensive give-away is minimal.
Uniformity also helps in implementing automation as dealing
with similar size and shape sausage links is much easier than
dealing with products stuffed into natural casings.

2.2 Limitations

2.2.1 Investment cost
The current systems are very big and require a large investment

in equipment and floor space. Figure 1 illustrates the equipment
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used, where a significant space/investment is required mainly for the
drying towers. The first tower is used to pre-dry the casings, just after
their application and submersion in a saturated salt solution (used to
start dewatering). This is an important step as one needs to harden
the casing quickly so the meat will not flow out. Actually, the drying
is done when the casing is still unstable and therefore products are
positioned horizontally and placed in baskets. This is followed by a
liquid smoke bath/spray which is used to crosslink the collagen (via
the aldehydes in the smoke) and further increase the casing’s
strength (Hoogenkamp et al., 2015; Suurs and Barbut, 2020). The
next stage is referred to as post-drying (at ~60°C) and is used to
continue drying and hardening the casings. The products coming
out have a surface temperature of about 50°C–60°C and are not
sticky anymore so they can be packaged in the so-called cook-in-the-
bag plastic material. Bags are later submerged in hot water and fully
cooked (heat conductivity of water is faster than air and thus more
efficient than a regular smoke house; also, no evaporation losses
encountered) which are other advantages of this technology. Due to
the large investment, a company usually needs to already have a big
market share of a certain product. This is currently the case for big
companies that sell a large quantity of hot dogs, cocktail sausages,
etc., where their traditional systems are working 24/7 and require
quite a lot of manual labor. Depending on the production volume,
the return on investment of a new co-extrusion system in such a case
can be as low as 5 years.

2.2.2 Operation complexity
Operating the system requires substantial knowledge and

understanding of material science, meat science, chemistry, and
engineering. Integrating all those disciplines is important for the
successful operation of the system. Paying attention to the different
possible interactions (e.g., meat and casings while being formed
together) is also crucial to optimizing such a high volume operation.

It is interesting to note that 40%–50% of the small diameter
sausages produced in the United States are produced by co-
extrusion (personal communication) and of that, over 50% of
this amount is produced at one location. This location specializes
only in co-extrusion and also provides co-packing services for the

industry. There are a few large operations in Europe but not any
significant one in South America, for example.

However, as will be described below, equipment manufacturers
are currently working on designing smaller systems that will make it
easier to change the product line. The current big system can
produce 5 tons of product per hour with a three to four nozzle
head, while the smaller systems will be designed for a few hundred
kg per hour. Another factor that contributes to the complexity is the
lack of enough technical literature and specifications of the gels
(Suurs et al., 2022). Currently, most gel suppliers only post basic
technical information of the products. This information includes
items such as total protein content, pH, number of microorganisms
(per g), but not engineering parameters such as viscosity at different
temperatures, shear thinning behavior, etc.

2.2.3 Limited flexibility
The large systems are designed to produce a certain diameter

product while all the production parameters (e.g., pre-drying, post-
drying, cooking time) are preprogrammed and therefore usually can
be very time-consuming to change/modify. However, it should be
noted that similar diameter products made from chicken, beef, or
pork can be produced without any special modifications. Overall,
one should realize those systems are very cost effective when
calculating the production of each sausage unit.

3 Discussion

3.1 The mechanical process of extrusion

Figure 1 shows the way the collagen is introduced onto the meat
batter coming out of the stuffer. It is important to realize that a
unique delivery system had to be developed for the deposition of
collagen as it is crucial to line up the fibers in a certain way. This is to
provide the strength needed for the casings to first go through the
cooking process (expansion of the meat batter during heating) and
later to provide a good bite (the “snap” effect) when consumers are
eating the product. The system that has been developed has two

FIGURE 1
Schematic setup of a co-extrusion system, showing the nozzle head with the two counter rotating shear rings (used to align the collagen fibers), and
the relative size of the different units.
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counter rotating cones with a space, tapering off to a size of a few
mm at the exit point. The collagen is pumped into that space and the
counter rotating cones (commonly 100–300 rpm) force the lining up
of fibers around the meat batter in such a way that the outer collagen
layer has fibers going around the circumference of the product, the
fibers in the middle are randomly distributed, and the inner fibers
are again lined up around the circumference of the product.
Hoogenkamp et al. (2015) reported on how the differential speed
of the two counter rotating cones affect the arrangement of the fibers
(using second harmonic single imaging and quantifying the fiber
orientation) and later the shear force values of the resulting casings.

3.2 Sources and preparation of the
collagen gels

These are very important aspects as collagen quality has a major
effect on the strength and sensory characteristics of the meat
product. Currently, the main source of collagen is the corium
layer obtained from certain beef hides. The layer is found on the
inside part of the ventral beef skin and usually appears as a white
layer of connective tissue. It is removed prior to processing the
beef hide into leather (i.e., a byproduct of the meat industry). The
challenge is that collagen quality is affected by factors such as
breed, age, nutrition, and climate conditions. Right now, the
industry is getting the collagen from a very specific breed of beef
animals raised at a few geographical locations where the industry
knows it can provide the quality required. However, in the past
few years, researchers and industry have been examining other
sources such as corium and skin from other beef breeds (Suurs
et al., 2023), and broiler skins (Oechsle et al., 2016), as those
collagen sources also represent byproducts of the meat industry
and are found in large quantities, but currently go into low value
pet food/fertilizer use.

The preparation of the collagen is critical to achieve the optimal
casing characteristics. It basically involves liming the corium layer
(exposing it to high concentration of NaOH at pH 12–13) for a few
days to break down some of the collagen structures (note: need to be

careful not to overdo this as then the casings cannot be produced).
This is followed by washing off the alkaline compounds, physically
chopping the collagen (using a device similar to a home food
processor) and then acidification with either HCl or organic
acids to allow swelling of the collagen paste. Oechsle et al. (2016)
describe precisely how different acids and the salts of the Hofmeister
series affect the swelling of a collagen paste. Hood (1987) nicely
described the effects of different pH values on collagen swelling,
where swelling maxima is seen under high alkaline and acid
conditions (pH 12 and 2, respectively). Of particular interest is
pH 2–3 (i.e., most common pH of commercial casing gels), which
also demonstrate maximal gel viscosity, a firmer and more
translucent gel.

It is important to note that native collagen shows a
denaturation transition point at about 60°C (Bernal and Stanley,
1986). After liming and acidification, the denaturation point goes
down to about 34°C (Table 1). This is a very important point to
understand when using collagen for coextrusion because later the
collagen (on the sausage) goes through other modifications while
being exposed to the brining process (saturated salt solution) and
crosslinking by the aldehydes found in liquid smoke. Overall,
crosslinking is an essential part of the process and currently
liquid smoke which contains aldehydes is used as the chemical
linker. This results in the denaturation point doubling and
reaching about 62°C (Table 1). It should also be mentioned that
collagen from commercial sources (C1 to 5, see Table 1) exhibit
different tensile strength after being crosslinked. For example, the
tensile strength of C1 is significantly greater than C3 (0.67 vs
0.38 MPa), while the corresponding percent elongation is 24.8%
versus 18.8%, respectively (Barbut and Ioi, 2019). Suurs et al.
(2022) also reported that the elastic modulus (G’) curves of
coextruded collagen films exposed to heating (5°C–60°C) show a
big drop at about 35°C. The exact temperature depended on the
source of poultry collagen evaluated (i.e., obtained from young
chickens of fast- and slow-growing rates, and older laying hens or
broiler breeders). Pretty similar observations were also reported for
different sources of cattle collagen (American calves, heavy Dutch
veal, ox/heifer, and heavy German cows. Suurs et al., 2023).

TABLE 1 Analysis of endothermic peaks from differential scanning calorimetry (DSC) thermograms of five commercial co-extrusion collagen samples (C1 to
5) tested as collagen dispersions coming out of the box, and as partially dehydrated/brined films. From Barbut et al. (2020).

Collagen Treatment Onset temperature (°C) Temperature of denaturation (°C) Enthalpy ΔH (J/g)

C1 Dispersion 33.54 ± 0.21 36.71 ± 0.51 5.33 ± 0.61

C2 Dispersion 34.59 ± 0.15 38.44 ± 0.06 3.05 ± 0.06

C3 Dispersion 34.26 ± 0.01 38.09 ± 0.08 4.12 ± 0.10

C4 Dispersion 35.41 ± 0.11 38.94 ± 0.02 3.93 ± 0.26

C5 Dispersion 33.45 ± 0.10 37.30 ± 0.21 4.45 ± 0.03

C1 Film 59.90 ± 0.23 64.87 ± 0.12 3.07 ± 0.55

C2 Film 58.40 ± 0.21 63.88 ± 0.57 1.76 ± 0.38

C3 Film 60.32 ± 1.61 65.00 ± 0.68 3.05 ± 0.21

C4 Film 58.22 ± 0.24 63.94 ± 0.61 3.06 ± 0.82

C5 Film 58.30 ± 0.40 65.34 ± 0.37 4.19 ± 0.37
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3.3 Work on improving collagen gels

Only a few academic labs around the world are working on
this topic (e.g., Hohenheim University, Wageningen University,
University of Guelph) as well as the very few collagen companies
involved in the business (their data is confidential). The current
source of collagen demonstrates pretty good functionality but is
obtained from a very limited group of beef animals. Over the past
decade there have been attempts to use other sources such as
corium layer from other beef animals, chicken skins, and pork
bladder. It should be mentioned that currently there is a limited
source of poultry collagen on the market, but the goal is to be able
to obtain large amounts of collagen from different species (e.g.,
overcome religious concerns) and upgrade byproducts of the
meat industry, currently going to low-cost streams. Oechsle et al.
(2017) reported on the possible modification of extruded chicken
skin collagen films and telopeptide-poor collagen from bovine
hide by adding salt (0.05 mol/kg) and/or partial substitution by
1.25% soy isolate. Salt addition allowed forming beef and chicken
collagen films with high tensile strength and elasticity. In
contrast, substitution with soy proteins decreased gel and film
strength. This weakening could be compensated by adding salt
and leading to more homogenous gels yielding films with higher
storage moduli. The compensating salt effect was more
pronounced for chicken skins than for beef hides, suggesting
differences in the molecular interactions and networks forming
between the two collagen types. Later, Suurs et al. (2022) looked
at different poultry skin sources (young and old broilers) as
potential raw materials. Collagen transition temperatures
analysis and SDS-page showed little difference in these
parameters among the different sources. However, after
exposure to the saturated salt solution, forming films from
older broilers (breeders and laying hens) was very poor. The
authors concluded that chicken skin collagen from fast and slow
growing young broilers has the potential of being a suitable
source for co-extrusion. Suurs et al. (2023) also evaluated
different cattle skin collagens and reported that American
calves, Dutch heavy veal, and Danish ox breeds are potential
suitable alternative collagen sources while the German cow
breed is not.

3.4 Work on new production systems

Currently, only large collagen production systems are offered to
the industry. However, some equipment manufacturers are
considering supplying smaller systems that can be much more
versatile in terms of changing product lines in a fast and non-
complicated manner. Those systems should be able to produce a few
hundred to thousand kg per hour, be much less costly and allow
meat companies to quickly change various parameters (e.g., nozzle
diameter, gel application rate). Such systems can potentially open
the market for medium and small processors to adopt the co-
extrusion technology while not having to invest large sums for
the infrastructure. One of the ideas is to also offer modular systems
that can be expanded later on.

4 Summary

Overall, the co-extrusion collagen concept has been a game
changer in the industry, allowing fully automated small diameter
sausage production. When comparing to, for example, a natural
casing stuffing operation which requires a substantial amount of
manual labor, the co-extrusion system presents a major advantage in
cost-savings and waste-reduction (natural casing operations require
initial labor-intensive cleaning of the casings, dealing with rupture of
casings, and discarding products’ ends). The concept is also major
step in improving food safety as cook-in-the package technology can
be used to prevent post-cooking contamination, and also increase
shelf life while reducing waste (collagen is an edible material as
opposed to the large amount of cellulose casings used to process the
product and then removed after 2–3 h). However, currently using
the technology requires a big investment in equipment and
employing a certain number of highly skilled people. It is
expected that a new smaller system will be available on the
market and open the way for small/medium size companies to
also adopt the technology.
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To seal a wound, caterpillars
transform blood from a viscous to
a viscoelastic fluid in a
few seconds

Pavel Aprelev1†, Artis Brasovs1†, Terri F. Bruce2, Charles E. Beard3,
Peter H. Adler3 and Konstantin G. Kornev1*
1Department of Materials Science and Engineering, Clemson University, Clemson, SC, United States,
2Light Imaging Facility, Clemson University, Clemson, SC, United States, 3Department of Plant and
Environmental Sciences, Clemson University, Clemson, SC, United States

In insects vulnerable to dehydration, the mechanistic reaction of blood after
wounding is rapid. It allows insects to minimize blood loss by sealing the wound
and forming primary clots that provide scaffolding for the formation of new
tissue. Using nano-rheological magnetic rotational spectroscopy with nickel
nanorods and extensional rheology, we studied the properties of blood
dripping from the wound of caterpillars of the Carolina sphinx moth (Manduca
sexta) with a high concentration of blood cells. We discovered that wound sealing
followed a two-step scenario. First, in a few seconds, the Newtonian low-
viscosity blood turns into a non-Newtonian viscoelastic fluid that minimizes
blood loss by retracting the dripping blood back into the wound. Next, blood
cells aggregate, starting from the interfaces and propagating inward. We studied
these processes using optical phase-contrast and polarized microscopy, X-ray
imaging, and modeling. Comparative analyses of the cell-rich and cell-poor
blood of different insects revealed common features of blood behavior. These
discoveries can help design fast-working thickeners for vertebrate blood,
including human blood.

KEYWORDS

cell aggregation, hemolymph, hemocytes, clotting kinetics, Lepidoptera, rheology

1 Introduction

Insects have developed special strategies to deal with wounding and potential infection
(Salt, 1970; Wigglesworth and Gupta, 1979; Gillespie et al., 1997; Theopold et al., 2002;
Strand, 2008; Dushay, 2009; Jiang et al., 2010; Hillyer and Strand, 2014; Eleftherianos et al.,
2021). Wounding triggers humoral and cellular reactions associated with insect blood
(hemolymph) (Salt, 1970; Gregoire and Rockstein, 1974; Wigglesworth and Gupta, 1979;
Bohn and Brehelin, 1986; Gillespie et al., 1997; Theopold et al., 2002; Strand, 2008; Dushay,
2009; Jiang et al., 2010; Hillyer and Strand, 2014; Eleftherianos et al., 2021). These reactions
span spatial scales, from the nanometer to microscopic level, and time scales, from
microseconds to hours. At the wound site, a primary clot nucleates within minutes
after wounding (Salt, 1970; Wigglesworth and Gupta, 1979), while the formation of a
scab and new epidermal tissue happen on a time scale more than two orders of magnitude
greater (Salt, 1970; Wigglesworth and Gupta, 1979; Parle et al., 2016). The physical features
of primary clot formation in the first minutes of hemolymph leakage from the wound are
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not sufficiently detailed, and a quantitative analysis of the kinetics of
clot nucleation in cell-rich hemolymph was only recently reported
(Aprelev et al., 2019).

The concentration of cells (hemocytes) in the blood of different
insect species varies significantly; hence, insects developed various
strategies for wound sealing. In the hemocyte-poor hemolymph, as
in butterflies and moths, the humoral reactions in the plasma cause
the self-assembly of lipoproteins (Bohn and Brehelin, 1986;
Zdybicka-Barabas and Cytrynska, 2013; Ling et al., 2018; Miserez
et al., 2023). Lipoproteins, with their surfactant-like action,
recognize the foreign interface and immediately engage
hemocytes or other large proteins, such as hemocytin (molecular
weights of hemocytin in the moth Bombyx mori and the fly
Drosophila melanogaster are ~260 and ~300 kDa, respectively)
(Hu et al., 2024), to aggregate into filamentary threads consisting
of more complex biopolymer subunits (Mulnix et al., 1995) and then
into gel-like wound covers (Gregoire and Rockstein, 1974; Bohn and
Brehelin, 1986). The gel tightening of the hemocytes at the wound
surface renders the complex mesh impermeable to microorganisms
and hinders water evaporation.

Lipoproteins are also found in the primary clots of the
hemocyte-rich hemolymph (Brehelin, 1979; Boman and
Hultmark, 1987; Chino et al., 1987; Mulnix et al., 1995; Theopold
et al., 2004; Dushay, 2009; Jiang et al., 2010; Maravilla et al., 2020),
such as exchangeable apolipophorin-III in the cockroach
Periplaneta americana (Coodin and Caveney, 1992; Dushay,
2009). In contrast to the hemocyte-poor blood of butterflies and
moths (Lepidoptera), the hemolymph of their larvae
(i.e., caterpillars) is hemocyte-rich. The comparative biomolecular
studies of clotting in lepidopteran larvae and adults and in other
insects suggest that the hemocytin and lipoproteins common in
adults and larvae could be among the first to respond and trigger
complex immune reactions, resulting in the formation of
filamentary structures and primary clots (Boman and Hultmark,
1987; Mulnix et al., 1995; Theopold et al., 2004; Rahman et al., 2006;
Jiang et al., 2010; Zdybicka-Barabas and Cytrynska, 2013; Staczek
et al., 2018; Maravilla et al., 2020; Hu et al., 2024).

The limiting step for primary clot formation in the larvae of the
Carolina sphinx moth (Manduca sexta) is the aggregation of
hemolymph cells (hemocytes), assisted by pseudopodia, the
thread-like extensions of hemocytes (Gregoire, 1955). In the
larvae of M. sexta, the cells aggregate in approximately 3–5 min.
Within a few minutes, the cells consolidate, and the aggregate
stiffens, as manifested by a weak elastic reaction (Aprelev et al.,
2019) approximately 4–5 min from the moment of aggregation. The
primary clot remains soft relative to the repaired wound (Parle et al.,
2016) not only in Lepidoptera, such as M. sexta, but also in other
insects. In Drosophila, for example, primary clots are initially soft
and can be pulled from the hemolymph using a metal needle (Bidla
et al., 2005). The biomechanics of primary clot nucleation,
consolidation, and stiffening remain poorly understood.

In view of these knowledge gaps, we investigated the material
properties of clotting hemolymph to reveal the physical
determinants that stop the bleeding. The hemocyte-rich blood of
the fifth-instar (i.e., mature) larvae of M. sexta was chosen as our
model system.

We first studied the time needed for the insect to react to
wounding and to stop the loss of hemocyte-rich hemolymph. For

the caterpillars of M. sexta, the time to change the rheological
properties of the hemolymph is surprisingly short, i.e., only a few
seconds. This fast reaction and the small volume of the available
droplets present a challenge to the investigation of the material
properties of the hemolymph. Therefore, we developed new
approaches to study the rheological and surface properties of
the droplets. The comparative analysis of the short-time clotting
phenomena associated with the preliminary sealing of the insect
wound revealed a general strategy for wound healing: first, the
insect turns the Newtonian, almost inviscid hemolymph into a
viscoelastic fluid. The acquired elasticity prevents the
hemolymph from escaping from the wound. The fluid film or
a drop covering the wound surface then forms a crust prepared
from a gel-like biopolymer mesh (in hemocyte-poor hemolymph)
or a composite hemocyte-polymer mesh (in hemocyte-
rich hemolymph).

2 Results

2.1 The time to stop the bleeding from
the wound

To evaluate the relevant time scale of the formation of a primary
clot, we used a setup (Figure 1A) in which the wound was oriented
downward and the hemolymph dripped on its own. Caterpillars of
9–10 g and 1–2 days before pre-pupation were used. Each caterpillar
was constrained in a tube, and the hemolymph was extracted via a
1–2-mm incision in the third proleg.

This setup allowed us to probe the dripping hemolymph several
seconds after making the incision. Filming the features of the drop
and liquid bridge formation had a success rate of approximately 5%,
because shortly after the incision, the caterpillar moved vigorously,
causing difficulties in focusing the camera. Nonetheless, our naked-
eye observations and filming confirmed that in the first several
seconds after the incision, the detachment of the falling drop from
the wound followed the scenario common for simple fluids, such as
water (Eggers, 1997; Montanero and Ponce-Torres, 2020); the drop
formed a liquid bridge connecting it with the wound (Figure 2A),
and then, the bridge necked (Figures 2B, C) and broke, producing
satellites (Figures 2D, E). This behavior suggested that in the first
seconds, a mostly water-like, low-viscosity hemolymph dripped
from the wound.

During the next 5–10 s (i.e., ~10–15 s after incision), drop
detachment showed a different scenario (Figure 3). The necking
stage, shown in Figures 2B, C, proceeded similarly (Figures 3A, B),
but after that, instead of breaking up the bridge, as shown in
Figure 2D, the hemolymph formed filaments of uniform radii
(Figure 3C). Before the breakup, the straight filament formed a
bulge in the middle (Figure 3D), and the bulge grew to form a second
drop (Figures 3E, F). The droplets moved toward the menisci pulled
by the connecting filaments. The filaments that formed 10–15 s after
the incision broke up in ~20–40 ms (Figure 3G).

During the next 50–60 s (i.e., ~75 s after incision), drop
detachment followed the scenario shown in Figure 3
(Supplementary Video S1). However, the lifetime of these late
filaments increased significantly by approximately one order of
magnitude to ~240 µs.
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FIGURE 1
(A) Cylindrical plastic sleeve (1) supported by an X-shaped holder (4). The plastic sleeve has a window exposing a portion of the side of the mid-
abdomen of a larva of Manduca sexta with a wounded proleg. The dripping hemolymph formed long filaments (2) with droplets. The hemolymph is
collected in a Petri dish (3). (B) The sleeve (1) with the caterpillar is flipped upside down, and ametal ball (5) is brought in contact with the wound to form a
hemolymph meniscus. The glass rod (6) with the ball (5) is controlled by a manipulator that allows the ball to be lifted to a prescribed height and to
form a liquid bridge. (C) Hemolymph filament can be obtained from a pool of hemolymph, using either the same ball (5) as in (B) or by applying a rod (6).

FIGURE 2
(A–E)Hemolymph dripping from the wound of a caterpillar several seconds after the wound was made. No filaments were observed, indicating that
the hemolymph at this time scale was not highly viscous or elastic.

FIGURE 3
(A–G) Hemolymph dripping from the wound of a caterpillar within 10–15 s after wounding. A straight filament in (D) indicates that the hemolymph
either increased its viscosity or became viscoelastic.
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These results indicate that the properties of the hemolymph
change quickly; the hemolymph starts dripping as an almost inviscid
water-like fluid and then quickly changes its rheological properties.
Typically, bleeding stopped after 60–90 s.

The scenario of wound sealing in the larvae of M. sexta was
validated with that of the cockroach P. americana (Figure 4).
Although the hemolymph composition of cockroaches could be
somewhat different, both the insects have hemocyte-rich
hemolymph (Chapman, 2013), and, as shown below, the plasma
viscosity for both species is similar. After the detachment of an
antennal flagellomere (i.e., an individual unit of the last antennal
segment), a drop of hemolymph appeared at the cut end. The drop
fell, and the remaining hemolymph moved back into the antennal
lumen. No other drops appeared, and after approximately 10 min,
the wound had sealed with a rigid crust.

The almost constant radius of the cylindrical filaments indicated
that the hemolymph had either thickened by increasing its shear
viscosity or had become elastic (McKinley and Sridhar, 2002;
Montanero and Ponce-Torres, 2020). In other words, one could
think of the filaments as being similar to those either produced by
thick honey-like fluids or thin dog saliva-like fluids. To obtain
honey-like filaments, the shear viscosity of the hemolymph must
increase significantly. We, therefore, measured the shear viscosity by
magnetic rotational spectroscopy (MRS) with nickel (Ni) nanorods.

2.2 Characterization of shear viscosity using
magnetic rotational spectroscopy with
nickel nanorods

Ferromagnetic nickel nanorods coated with poly(vinylpyrrolidone)
were dispersed in a hemolymph drop and were continuously rotated by
applying a rotatingmagnetic field and changing their rotating frequency
ωB (Gu and Kornev, 2016; Kornev et al., 2016; Aprelev et al., 2019;

Brasovs et al., 2023). When an applied rotating magnetic field B acts on
a nanorod of magnetizationM and volume V, it exerts a torque, TB �
VMBsin(ωBt − θ), forcing the nanorod to turn in the B-plane. The
angle ψ � ωBt − θ specifies the angle that the magnetic moment forms
with the magnetic field at time moment t. The magnetic moment is
aligned with the nanorod axis, forming angle θ with a stationary
reference axis (Figure 5).

When a nanorod rotates, it experiences resistance from the
surrounding hemolymph. The MRS theory uses the Jeffery (Jeffery,
1922) model of rotation of an ellipsoid in a Newtonian fluid of
viscosity η. Therefore, this technique provides the fluid viscosity at
the zero shear rate. The torque on the nanorod of length L0 and
diameter d is Tη � Γηdθ/dt, where Γ � πL03

3 ln(L0/d)−2.4 is the nanorod
form factor (Doi and Edwards, 1988). For nanorods, the inertial
forces at the given frequencies are insignificant; thus, by balancing
the mechanical and magnetic torques, Tη � TB, we model and
interpret the observed behavior and the rotational dynamics of
the nanorods in different drops of the hemolymph.

The nanorods were tracked using a camera (Figures 5A–C), and
the videos were post-processed to fit the nanorod angle versus time,
using this model. Two distinguishable scenarios of nanorod rotation
are shown in Figures 5D, E.

At low-driving frequencies, ωB, the nanorod rotated
synchronously, lagging behind the field by a constant angle ψ.
When the frequency ωB increased above a certain critical value
ωc � VMB/(Γη), the nanorod began to tumble (Figures 6A, B). By
measuring ωc, as explained by Kornev et al. (1999); Gu and Kornev
(2016); Aprelev et al. (2017); and Brasovs et al. (2023), we measured
the shear viscosity of the hemolymph (Table 1). The hemolymph of
all probed species showed Newtonian behavior. The shear viscosity
of the probed hemolymph did not change over the first few minutes
(Figures 6C, D). When probed using a cone-and-plate viscometer at
a greater load, theM. sexta hemolymph showed Newtonian behavior
as well (Kenny et al., 2018).

FIGURE 4
Hemolymph dripping from the severed antenna of the cockroach Periplaneta americana. The head (not pictured) is to the left. (A) After cutting off
the end of the antenna, the hemolymph continued flowing to this end. Over approximately 6 s, a drop formed. After t = 5.6 s, the drop fell, and no other
drops appeared. (B) After ~10 min, the wound was completely sealed by a rigid crust: a tungsten needle was not able to penetrate the crust. When the
needle was applied (t = 0.6 s) to a cantilevered antenna, the antenna bent, tilting its end as shown in the figure. When the needle was removed (t =
5.5 s and t = 6.4 s), the antenna returned to its original state, and the sealed end appeared undeformed.
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This analysis of the shear viscosity suggests that the hemolymph
dripping from the wound does not behave as a thick honey-like fluid.
Furthermore, the hemocytes had no time to aggregate. Therefore,
the appearance of cylindrical filaments when the hemolymph drips
from the wound cannot be explained by the significant increase in its
shear viscosity.

Thus, we hypothesized that as the first step in primary clot
formation, the hemolymph has to be turned into a viscoelastic fluid.

2.3 Extensional rheology of hemolymph

To evaluate the rheological properties of hemolymph filaments,
we used the setup shown in Figure 1B. The wound can be probed for
only a few minutes after an incision. That is, the time for
experimental preparation was long, and when we applied the
probe, no dripping occurred. Thus, the wound was partially
sealed by the primary clot. Upon placing the probe on the

FIGURE 5
(A)Nickel nanorods in a hemolymph drop from the larvae ofM. sexta. The different nanorods were imaged using a ×10Olympus BX51 objective. The
nanorods were observed through the hemolymph–air interface, and the images were taken at (A) t � 5minutes, (B) 11minutes, and (C) 16minutes after
drop placement on the glass slide. (D) Synchronous rotation of a nanorod with the applied rotating field. The angle ψ that the magnetic momentm forms
with the field B is constant. (E) Asynchronous rotation of a nanorod with the applied rotating field. When the nanorod follows the applied magnetic
field, it oscillates so that the angle ψ periodically changes with time. (F)Hemocytes attach themselves to the nanorods. Applying a rotatingmagnetic field,
the aggregate can rotate in an asynchronous regime.
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wound and lifting the probe (Figure 1B), we formed the first filament
connecting the ball with the wound (Figure 7A). This filament was
quite stable; despite the caterpillar’s movements, the meniscus that
formed at the filament foot slid across the drop surface and did not
break (Figures 7B, C). When the wounded proleg was moved up or
down, the filament stretched or contracted, respectively (Figures 7E,
H). The first filament took 1–20 s to become thin and break up
(Figures 7I, J). We call these liquid bridges “long-lived filaments”
(LLFs), indicating that their lifetime exceeded 1 s. These long-lived
filaments sometimes developed single or multiple droplets, which
remained on the filament until its breakup ormoved to the ends. The
droplet that moved to the wound was re-absorbed by the wound,
and the droplet that moved to the ball was re-absorbed by the film
on the ball.

When the probe was applied for the second time, the filament
was less stable and broke in less than 1 s (Figure 8). We called these

filaments “short-lived filaments” (SLFs). They behaved like those
dripping from the wound (Figure 3).

After the second trial, when the probe touched the wound and
was then raised, the liquid bridges broke in less than 10 ms,
following the breakup stages shown in Figure 2. These
observations suggested that the hemolymph behaved as a simple
low-viscosity Newtonian liquid, like water, that does not form
cylindrical filaments (Eggers, 1997; Montanero and Ponce-Torres,
2020) (see an example in Supplementary Video S2).

Using short-lived filaments as representatives of those dripping
from the wound and assuming that they would reflect the properties
of the dripping filaments, we characterized their rheological
properties. The rheological properties of the hemolymph were
evaluated by tracking the radius of the short-lived filaments with
time. By analyzing the kinetics of liquid-bridge thinning, we
discovered that the bridge radius followed the exponential law

FIGURE 6
(A) Angular dependence of θ(t) on time for the synchronous (black) and asynchronous (red) rotation of the nanorod. The slope of the dashed line
provides the average rate of nanorod revolution ωm in the asynchronous regime of rotation. The inset illustrates the characteristic master curve used in
magnetic rotational spectroscopy. The rate ωm of rotation of the nanorod is measured as a function of the frequency of the rotating field ωB . When the
driving frequency is small, ωB <ωc , the nanorod rotates synchronously with the field, ωm � ωB . When the driving frequency reaches a critical
frequency ωB = ωc and increases further, the nanorod rotation changes to asynchronous mode. The descending curve illustrates the effect of enhanced
energy dissipation during the asynchronous rotation of the nanorod. The peak value ωc is easy to detect in experiments. The red dot in the inset
corresponds to this slope of the dashed line. (B) In experiments, themagnetic momentm of a nanorod is always directed along the nanorod axis. Aligning
the moment (and hence, the nanorod) parallel to the field B, the reference axis x is set perpendicular to the nanorod axis. Then, rotating the field with
frequency ωB, one tracks the angle θ that the nanorod axis forms with the x-axis. During nanorod rotation, the angle ψ that themagneticmomentm forms
with the applied field B is not visible. The observed angle θ is then analyzed with themodel to evaluate the fluid viscosity. In this example, the experimental
data on nanorod rotation in hemolymph were satisfactorily explained bymodeling hemolymph as a Newtonian fluid with constant viscosity. (C) Viscosity
remained constant over minutes. In this example, showing the dependence of the hemolymph viscosity of M. sexta larvae, viscosity stayed constant for
more than 10 min and then steeply increased. (D)Measurements of the time when the viscosity of different lepidopterans (hawkmoths) increased twice
the initial value indicated that the shear viscosity remained constant for at least 5 min.
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R � R0 exp
−t
3θ

( ), (1)

with relaxation time θ. These kinetics are typically expected for a
viscoelastic fluid following the Oldroyd-B constitutive equation
(Bazilevsky et al., 1990; Bazilevskii et al., 2001; McKinley and
Sridhar, 2002; Rodd et al., 2005; Kojic et al., 2006; Bazilevsky
et al., 2011). The Oldroyd-B fluid is characterized by two
constants: its shear viscosity η and relaxation time θ. The

measured relaxation time of this viscoelastic hemolymph ranges
between 2 and 4 ms (Figure 9). Figure 3 shows that this estimate of
the relaxation time is reasonable. Specifically, three filaments were
filmed after the drop fell to the substrate, and the filaments thinned
in the samemanner as that shown in Figure 8 due to capillary action.
The analysis of those filaments yielded an average relaxation time of
θ ~ 5ms. Thus, filament stabilization in the dripping hemolymph
can be explained by its viscoelasticity (Larson, 1999; Bazilevskii
et al., 2005).

TABLE 1 Hemolymph viscosity, body length, body width, and sample size for 19 insect species.

Common
names

Latin names Hemolymph
viscosity,
mPa*s

Body
length,
cm

Body
width,
cm

Forewing
length,
cm

Number
of
individuals

Number
of
nanorods

Number of
measurements

Lepidoptera
species
(adults)

Lepidoptera
species
(adults)

Painted lady
butterfly

Vanessa cardui 1.34 ± 0.24 2.11 ± 0.08 0.50 ± 0.10 3.01 ± 0.10 14 43 190

Monarch butterfly Danaus plexippus 1.44 ± 0.39 3.18 ± 0.13 0.57 ± 0.11 5.16 ± 0.10 9 16 106

Pawpaw sphinx
moth

Dolba hyloeus 1.48 ± 0.11 3.40 ± 0.14 0.96 ± 0.08 2.83 ± 0.29 5 15 85

Plebeian sphinx
moth

Paratrea plebeja 1.51 ± 0.17 3.43 ± 0.35 0.99 ± 0.10 3.13 ± 0.24 5 11 63

Rustic sphinx moth Manduca rustica 1.47 ± 0.16 5.47 ± 0.27 1.55 ± 0.15 5.99 ± 0.10 5 16 95

Five-spotted
hawkmoth

Manduca
quinquemaculata

1.70 ± 0.24 5.31 ± 0.44 1.23 ± 0.13 5.40 ± 0.30 7 26 168

Carolina sphinx
moth

Manduca sexta 2.17 ± 0.50 4.55 ± 0.49 1.10 ± 0.06 5.28 ± 0.52 19 49 315

Catalpa sphinx moth Ceratomia catalpae 2.07 ± 0.33 3.40 ± 0.40 0.91 ± 0.10 4.38 ± 0.48 6 13 72

Pink-spotted
hawkmoth

Agrius cingulata 1.85 ± 0.29 5.37 ± 0.50 1.28 ± 0.07 4.80 ± 0.40 5 21 110

Tersa sphinx moth Xylophanes tersa 1.77 ± 0.29 4.01 ± 0.21 0.85 ± 0.06 3.40 ± 0.20 4 18 99

Pandora sphinx
moth

Eumorpha
pandorus

1.61 ± 0.14 4.86 ± 0.28 1.10 ± 0.09 4.60 ± 0.50 5 19 123

White-lined sphinx
moth

Hyles lineata 1.55 ± 0.28 3.87 ± 0.66 1.02 ± 0.17 3.10 ± 0.20 6 31 174

Snowberry
clearwing moth

Hemaris diffinis 1.81 ± 0.12 2.72 ± 0.30 1.04 ± 0.18 2.95 ± 0.06 5 19 104

Mournful sphinx
moth

Enyo lugubris 1.83 ± 0.22 3.45 ± 0.19 0.96 ± 0.11 3.67 ± 0.10 5 18 103

Nessus sphinx moth Amphion
floridensis

1.87 I 0.22 2.4 ± 0.1 0.5 ± 0.1 2.3 ± 0.1 2 6 26

Laurel sphinx moth Sphinx kalmiae 1.43 ± 0.29 4.0 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 2 4 21

Banded sphinx moth Eumorpha
fasciatus

1.36 ± 0.14 3.85 ± .50 0.82 ± 0.1 4.3 ± 0.1 3 8 41

Lepidoptera species
(larvae)

Lepidoptera species (larvae)

Tobacco hornworm Manduca sexta 1.66 ± 0.37 7.8 ± 0.3 1.3 ± 0.1 — 6 11 63

Blattodea species Blattodea species

American cockroach Periplaneta
americana

1.83 ± 0.41 3.5 ± 0.7 1 ± 0.2 2.7 ± 0.3 9 27 135
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FIGURE 7
(A–J) Series of frames illustrating the features of the formation and breakup of a long-lived filament (LLF). The filament formed between a stainless-
steel probe (p) at the top and awound of theM. sexta caterpillar (c) at the bottom. The camerawas focused on the filament, and thewoundwas not visible.
The caterpillar constantly moved, causing the filament to move.

FIGURE 8
(A–J) Series of frames illustrating the features of the formation and breakup of a short-lived filament (SLF); (p) is a stainless-steel probe, and (c) is the
wound of the M. sexta caterpillar. It takes approximately 45 ms for the SLF to break up and disappear.
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To evaluate the cause of the distinct kinetics of the SLF and
LLF thinning, we turned to the structural analysis of their
composition. When we probed the wound with the ball in the
first 3 min, long-lived filaments were formed 13 times, short-
lived filaments were formed 18 times, and 22 trials produced no
filaments. For wounds older than 8 min, we observed a long-lived
filament only once, while short-lived filaments were observed
11 times, and 52 trials produced no filaments. The long-lived
filaments did not necessarily follow the Oldroyd-B model or have
a broad dispersion of the relaxation times ranging from
milliseconds to seconds. This scattering of the material
parameters led us to hypothesize that because of the
caterpillar’s movements, the ball might have probed the
hemolymph from different depths of ball immersion. We
suspected that the ball forming the long-lived filaments might
have probed the primary clot together with the layer of
hemocytes covering the wound surface. Sometimes, the
flowing hemocytes can be observed inside the LLF
(Supplementary Video S4).

By collecting long-lived filaments on a glass slide and
studying them using phase-contrast microscopy, we discovered
filamentous cores made up of polymeric filaments with
embedded hemocytes (Figures 9B–D). These filaments were
long and bundled, even without hemocytes. When a long-lived
filament was broken at one end, some droplets sometimes
remained on a dried filament and formed a crusted surface,
while the interior of the drop remained full of liquid
hemolymph (Figure 9E).

These observations confirm that LLFs contain primary clots, and
hence, their thinning kinetics is controlled by the deformation and
flow of the highly inhomogeneous composite structure of primary
clots. The more mature the primary clot is, the slimier it is, and the
slower the filament breaks up.

2.4 Clotting starts with the interfaces

To further investigate the phenomenon of crust formation, we
examined the behavior of hemolymph drops using X-ray micro-CT
and SEM imaging. X-ray imaging is attractive because it
distinguishes between the structure of the multiphase and
multicomponent materials (Andrews et al., 2011; Maire and
Withers, 2014). Before submitting the hemolymph drop for X-ray
imaging, we rapidly froze the drop on a metal substrate and slowly
sublimated the water (as explained inMaterials and methods). Then,
a freeze-dried drop was imaged using an X-ray microscope (Bruker
SkyScan 1176). The images were reconstructed (Figures 10A, B), and
we schematically show how the cross-sections parallel and
perpendicular to the substrate were taken (Figure 10C). These
images show the density distribution of primary aggregates or
clots through the drop thickness. The material closer to the air/
hemolymph and hemolymph/substrate interfaces had a
greater density.

To evaluate the microstructure of this interfacial layer, the
frozen drop was broken and removed from the substrate. The
remaining material that adhered to the substrate was examined
by scanning electron microscopy. Figures 10D–F show residues on
the substrate from the droplet sitting on it for longer than 20 min
before freezing. Chain-like aggregates are observed attached to the
substrate. These aggregates are much larger than the individual
hemocytes, suggesting that the hemocytes were already assembled
into chain-like primary clots. The possible building blocks of these
chain-like aggregates are shown in Figure 10E, where solitary
aggregates of approximately 30μm in diameter were found.
Filamentary residues covered the boundaries of larger primary
clots (Figure 10F). These filaments were like those described by
Geng and Dunn (1988) and Geng (1990). No visible filaments were
found in the droplets incubated for less than 20 min.

FIGURE 9
(A) Relaxation time θ measured for four M. sexta caterpillars with 22 liquid bridges. The short-lived filaments appeared to be viscoelastic, and the
majority had a relaxation time θ of between 2 and 4 ms. (B–D) Phase-contrast optical microscopy of the filamentous core in long-lived filaments. The
boxed region in (B) is magnified in (C), and the box in (C) is magnified in (D). The core of the long-lived filament consisted of a network of micron- and
submicron-diameter filaments with embedded hemocytes. (E) The hanging drop remained on a long-lived filament after forming this filament from
the pool of hemolymph, as shown in Figure 1C. The lower filament connecting the drop with the hemolymph pool was naturally broken following the
scenario shown in Figure 8, but the weight of the remaining liquid dropwas balanced by the stress on the supporting filament. Water naturally evaporated
from the filament, while the surface of the drop formed a crust that contained the interior as the liquid hemolymph.
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All these findings favor the hypothesis that in larval Lepidoptera,
the primary clots first nucleate at the interfaces and form a crust-like
shell preventing water evaporation. The shell propagates inward to
occupy the entire drop.

2.5 Interfacial interactions between
hemocytes in the hemocyte-
rich hemolymph

Hemocytes interact with one another closer to the surface. It has
long been hypothesized that some hemocytes extrude thread-like
projections (i.e., pseudopodia) in response to foreign surfaces; then,
other hemocytes adhere to the formed network (Salt, 1970; Gregoire
and Rockstein, 1974). This hypothesis implicitly assumes that the
hemocyte density is high enough to allow the connection of two
neighboring hemocytes by pseudopodia (Wigglesworth, 1937;
Salt, 1970).

We investigated this hypothesis by observing the hemocyte
behavior in the droplets released from the wound. Within
approximately 3 min from the moment of drop formation, the
hemocytes from the larvae of M. sexta began adhering to each
other. When a magnetic nanorod was introduced to the drop, the
pseudopodia anchored the nanorods to the hemocyte aggregates
(Figure 5F); the nanorods never broke the hemocytes. In contrast to
the free nanorods, the nanorods attached to hemocyte aggregates did
not make full revolutions (Aprelev et al., 2019). Instead, they beat in
response to the applied rotating field around an equilibrium
direction, revealing hidden interconnections between hemocytes
(Supplementary Video S3). During these oscillations, the
surrounding cells moved in unison with the nanorod. Thus, the
hemocytes with the attached nanorods mechanically communicated
with the neighboring hemocytes that were not visibly connected to
one another. A hidden biopolymer network provides a far-field
reaction to a local perturbation, engaging hemocytes in the
movement. This local perturbation of an oscillating nanorod

FIGURE 10
Micro-CT scans of a freeze-dried hemolymph drop. Yellow represents a high-density material, and purple represents a low-density material. (A)
Series of drop cross-sections was taken perpendicular to the substrate, as specified in (C). The cross-sectional area increased from the drop edge to the
center. (B) Series of drop cross-sections was taken parallel to the substrate, as specified in (C). The cross-sectional area decreased from the substrate to
the droplet top. The interfacial layer of the hemolymph appears to have a high-density material. (C) Diagram depicting the sample preparation
procedure and the locations of the four parallel and perpendicular sections. (D) SEMmicrographs of hemolymph residues attached to the substrate. Small
dark spots form either chain-like or solitary aggregates. (E) Solitary aggregates appeared in the framed area in (D). (F) Filamentary residues sticking out
from the aggregate are also common for larger aggregates.
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propagates through an area with a radius of ~5–8 nanorod lengths
from the probing nanorod (Figure 11). The analysis of nanorod
oscillations in these aggregates suggested that the aggregates with a
hidden network that connects them behaved as a viscoelastic
material with temporary cross-links (Aprelev et al., 2019), as
described by the Green–Tobolsky theory of gels (Green and
Tobolsky, 1946).

The high density of hemocytes can only be expected in the
neighborhood of the wounded tissue; otherwise, the hemocyte
density in a healthy caterpillar is insufficient for hemocyte
bridging. We illustrated this statement by showing that after
~3 min of being close to one another in a large population of

hemocytes, only two of them were bridged by a pseudopodium;
the other hemocytes remained mobile (Figure 11B).

An illustrative scenario of hemocytes gathering in a primary
clot during the first 10 min of hemolymph coagulation is
presented in Figure 12 (Aprelev et al., 2019). A pseudopodium
extends from the originating mother hemocyte, stretches further,
and bends on its way, targeting another hemocyte, to which it
later adheres. The pseudopodium functions as a hydraulic spring;
on its way to finding the target, it stretches the constituent
material. After contact, the pseudopodium tends to spread
along the hemocyte surface. The tension generated in the
hemocyte during stretching tends to relax, squeezing the

FIGURE 11
(A) Image of a nanorod surrounded by a network of cells. The encircled hemocytes are engaged in the movement of the nanorod. As the nanorod
attempts to rotate, the hemocytes inside a circled aggregate move together. The hemocytes outside the circle do not respond to the motion of the
nanoprobe, indicating that the hemocytes form an aggregate shielding a foreign object from the surrounding hemocytes. (B) Phase-contrast image of a
growing pseudopodium (arrows). After ~180 s, the two hemocytes become connected through a pseudopodial bridge [adapted from Aprelev
et al., 2019].

FIGURE 12
Gallery of time-lapse frames, depicting a four-hemocyte aggregate in a primary clot of the hemolymph of a larva ofM. sexta. The pseudopodia are
formed by hemocytes first deforming the interface in finger-like extensions. Each extension could deform and propagate over long distances searching
for a target. The hemocytes are artificially colored in red, yellow, purple, and pink, and the aggregate-involved pseudopodia are in blue. (A) Initially, the red
and yellow hemocytes touch weakly, and the pink hemocyte is free near the extending pseudopodia. (B,C)With time, the interface between the red
and yellow hemocytes increases, while the pseudopodium attaches to the pink hemocyte and drags it to the right. (D) The purple hemocyte, which is
attached to both red and pink hemocytes, comes into focus, while the pseudopodium continues to drag the pink hemocyte to the right. (E) The red/
purple and the pink/purple interfaces grow, and the pink hemocyte, which is half-engulfed in pseudopodia, first touches the red hemocyte. (F) The pink
hemocyte disconnects from the pseudopodia and attaches to the red and yellow hemocytes. (G) The red and pink hemocytes disconnect, and the four-
hemocyte aggregate forms a hole in the center. (H) The purple and yellow hemocytes form an interface, and the four hemocytes remain in this
configuration until the end of the observation [images were extracted from the video in the study by Aprelev et al., 2019].
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constituent material back to the mother hemocyte and dragging
the targeted hemocyte with it. As the pseudopodium contracts
toward the mother hemocyte, it may encounter another
hemocyte, attach to it, and bring it to the mother hemocyte.
The process repeats, and the aggregates grow larger and change
their shape, leading to the formation of a primary clot (Salt, 1970;
Gregoire and Rockstein, 1974; Aprelev et al., 2019).

The mechanism of hemocyte adhesion by pseudopodia can be
understood from the analysis of the strength of adhesive bonds

between hemocytes in the aggregate. The interfacial tensions and
the associated interfacial energies of films separating the adjacent
hemocytes offer quantitative metrics for the analysis of
aggregation phenomena (Figure 13). These interfacial tensions
control the opening angle θ, introduced as the angle of the wedge
that the two hemocyte interfaces form at contact (Figure 13D).
We distinguish the wedges filled with different media of interest.
At least three types of wedges could be formed by the two
hemocyte interfaces in the primary aggregate when hemocytes
contacted each other (Figures 13A–C). When the wedge is filled
with the hemocyte interior, and two interfaces in the wedge
separate three different hemocytes, the wedge angle is given as
θ = α. When the wedge is filled with plasma, and two interfaces
separate hemocytes from the plasma, the wedge angle is given as
θ = β. When the wedge is filled with pseudopodia, and two
interfaces separate hemocytes from the pseudopodia, the wedge
angle is given as θ = γ.

We introduce the interfacial tension σ
.

cell−cell between two
identical hemocytes that share a common interface and their
interfacial tension σ

.
cell−medium separating a hemocyte from the

surrounding medium (Figure 13D). These vectors are parallel to
interfaces and perpendicular to the contact line that runs
perpendicular to the figure. In the introduced Cartesian system
of coordinates, the x-axis is parallel to vector σ

.
cell−cell. Setting up a

free-body diagram at the vertex, where three interfaces meet
(Figure 13D), we have

σ
.

cell−medium + σ
.

cell−medium + σ
.

cell−cell � 0. (2)
Balancing the x-components of forces, we obtain

σcell−medium cos
θ

2
( ) + σcell−medium cos

θ

2
( ) � σcell−cell. (3)

The measured angle α = 120° ± 5° is close to α = 120°, as
predicted by Plateau’s law (Plateau, 1873) for the bubble and
droplet aggregates with the same interfacial tension σcell−cell.
Therefore, we conclude that these aggregates are formed by
the same hemocytes with the same interfacial energy σcell−cell.
This interfacial energy σcell−cell is assigned for the interfacial
energy of hemocytes in the preliminary clot. The relative
change in the interfacial energy referenced to σcell−cell is
introduced as follows:

σmedium
* � σcell−medium/σcell−cell � 2 cos

θ

2
( )[ ]−1

. (4)

Using the measured angles α = 120° ± 5°, β = 70° ± 11°, and γ =
113° ± 6°, the relative interfacial energies of hemocytes in a primary
clot (σcell* ), the two-hemocyte aggregate in the plasma (σplasma

* ), and
the two-hemocyte aggregate in pseudopodia (σpseudopodia* ) were
calculated as σcell* = 1.00 ± 0.08, σplasma

* = 0.61 ± 0.05, and
σpseudopodia* = 0.91 ± 0.08, respectively (Figure 13E). These
estimates confirm that pseudopodia form a landing bed for
incoming hemocytes, and only ~10% of extra bonds are required
to lock the hemocyte in the aggregate.

This analysis emphasizes the importance of interfacial forces in
gathering and holding hemocytes together during the development
of primary clots.

FIGURE 13
Opening angle of the wedge formed by two hemocyte interfaces
in different environments. (A) When three hemocytes reside in a
primary clot and their interfaces form awedge of angle α filled with the
hemocyte interior; (B) when two hemocyte interfaces form a
wedge of angle β filled with plasma; and (C) when two hemocyte
interfaces form a wedge of angle γ filled with pseudopodia. (D) Free-
body diagram for the interfacial tensions acting at the vertex. The
associated tensions, the opening angle θ, and the complementary
angle ϕ are shown in different colors. (E) Bar graph of relative
interfacial energies calculated using Eq. 3, where asterisks correspond
as follows: *p <0.05 and **p <0.0001. The number of measurements
for each scenario is nα = 12, nβ = 14, and nγ = 7.
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3 Discussion and conclusion

In recent years, the fruitful analogy between the cell aggregates
of developing tissues and liquids with a viscoelastic rheology has
offered new perspectives in biological soft matter (Steinberg, 2007;
Janmey et al., 2009; Gonzalez-Rodriguez et al., 2012; Foty and
Steinberg, 2013; Beaune et al., 2014; Beris et al., 2021; Patteson
et al., 2022). Although the mainstream research in this direction is
focused on vertebrate and human blood, little is known about the
material properties of insect blood. We, therefore, investigated the
hemolymph clotting phenomena using materials science
approaches. The main question that we asked was, “What are the
material determinants of fast wound sealing in insects?” By
evaluating the rheological properties of the hemolymph over
short periods of time, we investigated the mechanisms leading to
the arrest of bleeding and to the nucleation and formation of
primary clots in insects with hemocyte-rich hemolymph.

Our experiments were triggered by observations of the
hemolymph extracted directly from a wound. When a metal pin
is dipped in a hemolymph drop with primary clots and then
immediately pulled back, one observes a liquid filament bridging
the droplet surface using the pin. The hemolymph filament does not
break as quickly as a water bridge formed with the same pin drawn
from a water droplet. This feature of hemolymph stringing
(Gregoire, 1955; Chino et al., 1987; Scherfer et al., 2004; Aprelev
et al., 2019) is the first indication of clotting. It can be used for
screening different clot inhibitors or promoters, as demonstrated in
the hemolymph of fruit fly larvae (D. melanogaster) (Bidla et al.,
2005; Lesch and Theopold, 2008). Bidla et al. (2005) and Lesch and
Theopold (2008) studied the effect of the protein phenoloxidase
(PO) on clot tenacity by measuring the maximum pull-out length of
the filament in the hemolymph droplets with and without PO. This
protein is thought to facilitate the cross-linking and hardening of the
primary clot. One would expect that the greater the PO
concentration, the harder the clot, and the shorter the pull-out
length of the filament before it breaks. This prediction is correct
(Bidla et al., 2005; Lesch and Theopold, 2008). Although these
observations are useful, no quantitative data on the material
properties of the hemolymph have been provided. The most
challenging biological question regarding the mechanism of fast
wound sealing remain enigmatic.

We found that the larvae ofM. sexta, which have hemocyte-rich
hemolymph, stopped bleeding after 60–90 s. At this time scale, the
hemolymph viscosity is low (Table 1), and high-speed videography
is needed to film the filament breakup (Figures 2, 3, 8). The
appearance of a long cylindrical filament in the dripping
hemolymph points to its possible viscoelasticity (Macosko, 1994;
Larson, 1999). Many low-shear viscosity biofluids demonstrate
viscoelasticity (Bazilevsky et al., 2011; Haward et al., 2011). The
hemolymph could behave like saliva dripping from a dog’s mouth,
with water-level low-shear viscosity, which would still be capable of
producing long filaments. Making an aqueous fluid elastic allows an
animal to stabilize the flow of blood through the circulatory system
or prevent the breakup of liquid bodies, as in the case of
dripping hemolymph.

The kinetics of the breakup of a cylindrical filament allows one
to evaluate the rheological properties of fluids and distinguish
between the specifics of the viscoelastic non-Newtonian behavior

of the material (Bazilevsky et al., 1990; Entov and Hinch, 1997;
McKinley and Sridhar, 2002). We, therefore, analyzed the kinetics of
the filament breakup and observed that before the arrest of bleeding,
the hemolymph became viscoelastic with relaxation time
2ms (Figure 9A).

Knowing the relaxation time and shear viscosity (Table 1),
η � 1.66mPa · s, the elastic modulus G ~η/θ of the elastic
additives in the filament can be estimated as G ~ 2Pa. At least
two possible elastic contributors are present in the hemolymph:
biopolymers and hemocytes. Collecting the short-lived filaments of
interest during bleeding and analyzing them under the microscope,
we found no hemocytes. Therefore, the hemolymph elasticity might
only come from biopolymers in the hemolymph. Assuming that
biopolymers form a weak network, and using the rubber elasticity
theory G ~ ]kBT (Doi and Edwards, 1988; Larson, 1999), where kB
is the Boltzmann constant and T is the absolute temperature, we can
estimate the density ] of cross-links. At room temperature,
kBT ≈ 10−21J, the 2-Pa network should contain
] ~ 1021 m−3 � 1000μm−3, that is, a single cross-link is expected
per cube with 100-nm sides. Thus, the distance between cross-links
is greater than the typical radius of gyration of proteins, suggesting
that to self-assemble into bundles, proteins should unfold from their
globular state (Erickson, 2009).

Typically, hemolymph plasma contains 0.01–0.1 %w/w of
different proteins, some with large molecular weights of up to
500 kDa (He et al., 2016). Geng and Dunn (Geng and Dunn,
1988; Geng, 1990) hypothesized that an insect’s immune
response causes some fibrous proteins to self-assemble into a
network. Among a variety of insect proteins, lipoproteins are
known for their ability to self-assemble into chain-like aggregates
of more complex biopolymer subunits (Brehelin, 1979; Boman and
Hultmark, 1987; Chino et al., 1987; Coodin and Caveney, 1992;
Mulnix et al., 1995; Arakawa et al., 1996; Theopold et al., 2004;
Rahman et al., 2006; Dushay, 2009; Jiang et al., 2010; Maravilla et al.,
2020). Many other fibrous proteins can do the same (Ling et al.,
2018; Miserez et al., 2023). Even a minute concentration of chains
makes the fluid elastic. For example, even dilute polymer solutions,
where polymeric coils are far apart, can stabilize liquid bridges and
jets and turn them into constant-radius cylinders (Bazilevskii et al.,
2005; Yan et al., 2011; Hoath et al., 2014; Zhang et al., 2022).
Therefore, making the hemolymph viscoelastic is critical to stop
the bleeding.

Even after the arrest of bleeding, wound closure must be fast to
prevent water and solute loss, maintain hydrostatic pressure, and
form a barrier against infection. At this step, the viscoelasticity of the
low-viscosity hemolymph does not help much, and the insect
develops a new strategy by forming a clot that spreads to form a
stiff wound seal. The hemocyte-rich hemolymph contains adhesive
and non-adhesive hemocytes (Salt, 1970; Lavine and Strand, 2002;
Ribeiro and Brehélin, 2006). One scenario of clot nucleation assumes
that adhesive cells aggregate at the wound surface or any other
surface (Gregoire, 1953; Lai-Fook, 1966; Wigglesworth and Gupta,
1979; Brodland, 2002; Steinberg, 2007; Gonzalez-Rodriguez et al.,
2012; Mattix et al., 2014) and are involved in wound healing,
phagocytosis (Gregoire, 1955; Salt, 1970; Arnold and Rockstein,
1974; Rowley and Ratcliffe, 1976; Pech and Strand, 1996; Gillespie
et al., 1997; Pech and Strand, 2000; Lavine and Strand, 2002; Ribeiro
and Brehélin, 2006), and the regrowth of epidermal cells
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(Wigglesworth, 1937; Godt and Tepass, 1998; Hayashi and Carthew,
2004; Carthew, 2005; Bulgakova et al., 2012). In this scenario,
primary clots are formed at the wound surface or any other
foreign surface. We showed that in the larvae of M. sexta,
primary clots are formed at the interfaces (Figure 10), which
propagate from the damaged surface toward the hemolymph
interior. This scenario has also been observed for other insects
(Gregoire, 1955; Salt, 1970; Wigglesworth and Gupta, 1979;
Theopold et al., 2004).

Hemocytes spread over and embed in a fibrous network of
primary clots, as shown by the analysis of the core of long-lived
filaments (Figure 9). The importance of interfacial forces in
gathering and holding hemocytes together during the
development of primary clots is shown in Figures 11, 12 and by
the theoretical analysis in Section 2.5.

The Ni-nanorod experiments and phase-contrast imaging of
these primary clots showed that fibrous connectors are essential for
holding hemocytes inside the aggregate and to form connections
between the aggregates. We showed that approximately 90% of the
adhesion energy between hemocytes comes from the surrounding
fibrous bed. To permanently lock the hemocytes in the aggregate,
only ~10% of it needs to be added to the adhesion energy. These
additional bonds are formed later in clot development during the
consolidation of the aggregates (Aprelev et al., 2019).

In summary, we observed that insects with hemocyte-rich
hemolymph develop a two-step strategy to form clots. In the first
step, the Newtonian plasma of the hemolymph turns into a non-
Newtonian viscoelastic fluid, remaining at very-low viscosity. This
transformation allows the retraction of the dripping hemolymph to
the wound. In the second step, primary clots nucleate and form a
crust at the air–hemolymph and hemolymph–substrate interfaces.
The clots propagate from the interface toward the droplet center.

Given the adaptive value of viscous-to-viscoelastic fluid
conversion, we expect this physical phenomenon to be
widespread in insects and other organisms with hemocyte-rich
hemolymph. In addition to insects, for example, hemocyte-rich
fluids are present in some mollusks (e.g., snails), where they
promote wound healing (Machalowski and Jesionowski, 2021).
As the hemocyte density changes with age and the infection level
in some insects (Stoepler et al., 2013), we also expect the physical
behavior of the hemolymph to change. Intriguing experimental
subjects include insects that partition hemocyte-rich and
hemocyte-poor hemolymph in the same body. The larvae of at
least some mosquito species, for instance, are hemocyte-rich at
specific body sites, such as the openings into the heart, where they
rapidly mobilize to fight infection (League and Hillyer, 2016).

The period from the initiation of the immune cascade reaction
to the first microscopically visual detection of a rheological
response of the hemolymph remains the unquantified bridge
between molecular biology and materials science. Since the last
century (Gregoire, 1953), biologists have known that vertebrate red
blood cells can initiate an immune cascade reaction in the
hemolymph of insects. The material manifestation of viscous-
to-viscoelastic conversion of insect hemolymph in a few
seconds is attractive for biomedical applications. We hope that
our findings will trigger the interest of biochemists and molecular
biologists to design fast-working thickeners for vertebrate blood,
including human blood.

4 Materials and methods

4.1 Larval maintenance

The larvae of M. sexta were obtained from Carolina Biological
Supply (https://www.carolina.com) or were reared in-house on
food from Great Lakes Hornworm (https://www.
greatlakeshornworm.com/), with some feeding ad libitum on
hornworm food obtained from Carolina Biological Supply. The
deposited eggs were obtained from adults that emerged in a net
enclosure (ca. 27°C and relative humidity ca. 65%). Rearing
containers were wide-mouthed 1-L glass jars with strips (ca. 3 ×
15 cm) of plastic gutter guard (Frost King Model VX620) as a
climbing substrate and food support. Larvae were maintained at
controlled room temperature (approximately 25°C) and 24 h of
artificial light. To provide gas exchange, the jar lids were replaced
with aluminum window screens. Food (ca. 10 mL) was added in
the first three instars as needed. In later instars, larvae were
removed from jars and placed in clean jars with more food
added as needed. The number of larvae per jar was reduced as
they grew, with 10 or fewer per jar in the last instars. Larvae
entering pre-pupation (i.e., those with a more yellowish thorax, no
longer eating, and in a wandering phase) were not used as a source
of hemolymph.

4.2 Hemolymph extraction

The larvae ofM. sexta, which were 1–2 days before pre-pupation
and weighed more than 8.5 g, were used. The caterpillars were
washed free of contaminants with DI water and dried using a
paper towel. To minimize the movement of larvae, they were
placed in specially designed containers (Figure 1) that gripped
the larva along the length of the body while exposing the second
and third prolegs. Hemolymph was extracted via a 1–2-mm incision
made using a razor blade in the third proleg. The hemolymph exiting
the wound was collected on a glass slide or probed directly on the
body. All experiments were conducted at 20°C–22°C.

4.3 Phase-contrast imaging

To investigate the LLF structure, a liquid bridge was created
between a hemolymph drop and the metal ball (Figure 1C). A glass
slide was placed next to the ball perpendicular to the drop surface so
that the slide touched the ball’s side. Pulling the ball parallel to the
glass slide above the slide edge stretched the liquid bridge and
formed a filament. By moving the ball with the filament toward the
glass surface, we deposited the filament on the slide. The deposited
filament was covered with a cover slip to prevent evaporation during
phase-contrast imaging.

To study cell aggregation, drops of blood were placed under an
inverted transmitted-light phase-enhanced microscope (Nikon
Eclipse Ti; ×40 Oil Objective, S Fluor, NA = 1.30, DIC H/N2;
Photometrics CoolSNAP HQ2 camera, 272-ms exposure, time
interval = 1 s), and the cell behavior was recorded. Cellular
aggregation during the first 10 min of coagulation was observed
under high magnification.
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4.4 X-ray micro-CT and SEM imaging

A drop of hemolymph was rapidly frozen on a metal block in
liquid nitrogen, freeze-dried under vacuum, detached from the
metal block, mounted on a low-density Styrofoam block, and
imaged using X-ray micro-CT (Bruker SkyScan 1176). The image
was digitally reconstructed, and the cross-sections were studied.
The methodology can be summarized as follows: an X-ray source
in tandem with a detector was rotated around the sample, and
projection images of the sample were taken. The images were
digitally reconstructed into a three-dimensional structure. The
cross-sections of the three-dimensional structure could then be
visualized. The resolution of the instrument was 9 μm per pixel,
which was inadequate to observe the internal structure of the
freeze-dried clots but was sufficient to determine the internal
distribution of the material density.

4.5 Magnetic rotational spectroscopy

Nickel nanorods of diameter d ~ 200 nm − 400 nm and length
L0 ~ 7 μm − 13 μm, with a remanent magnetization of Mr � 224
kA/m (Aprelev et al., 2017), were dispersed in methanol through
sonication. A droplet of the nanorod–methanol suspension was
placed on a glass slide and allowed to dry at 23 ± 10C and 50 ± 20%
humidity. The hemolymph was placed on the dried
nanorod–methanol residue and stirred with a glass rod to
disperse the nanorods. The hemolymph droplets were directly
exposed to air (21–23°C). To eliminate any effects of the
hemolymph–substrate and hemolymph–air interfaces on
viscosity, only nanorods inside the drop (6 μm below the
air–hemolymph interface and ~ 6 μm above the substrate) were
used. The nanorod rotation was filmed, and the videos were
processed using LabVIEW and MATLAB algorithms, as
explained by Brasovs et al. (2023).

4.6 Analysis of the filament rheology

The SLF and LLF breakup was filmed using an IDT
Technologies MotionPro X3 camera at 200–900 fps with a
resolution of 512–640 pixels and a Grasshopper Point Gray
camera at 100–140 fps with a resolution of 1,920–1,200 pixels.
The time dependence of the filament radius was obtained with a
specially developed LabVIEW Vision Development Module that
allowed us to extract and analyze the profile of the liquid bridge
for each frame of the videos (Sun et al., 2022; Sun et al., 2023).
The module used the IMAQ Extract Contour algorithm to
provide the filament profile. Then, the radius of the
cylindrical neck of the filament was fit by Eq. 1, and the
goodness of fit was evaluated as discussed by Sun et al. (2022)
and Sun et al. (2023). The procedure was repeated for each
filament, and the average relaxation time for the series
was reported.

The LLF hemolymph puddles from 10 caterpillars were tested
using the setup shown in Figure 1C. The method required
approximately 1.0–1.5 min to collect the hemolymph from the
bleeding caterpillar and to prepare the experimental setup. Liquid

bridges were formed from the same 5mmx 5mm area of the central
spot of the puddles.
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Background: Liquid crystal (LC) mesophases have an orientational and positional
order that can be found in both synthetic and biological materials. These orders
aremaintained until some parameter, mainly the temperature or concentration, is
changed, inducing a phase transition. Among these transitions, a special
sequence of mesophases has been observed, in which priority is given to the
direct smectic liquid crystal transition. The description of these transitions is
carried out using the Landau–de Gennes (LdG) model, which correlates the free
energy of the system with the orientational and positional order.

Methodology: This work explored the direct isotropic-to-smectic A transition
studying the free energy landscape constructed with the LdG model and its
relation to three curve families: (I) level-set curves, steepest descent, and critical
points; (II) lines of curvature (LOC) and geodesics, which are directly connected to
the principal curvatures; and (III) the Casorati curvature and shape coefficient that
describe the local surface geometries resemblance (sphere, cylinder, and saddle).

Results: The experimental data on 12-cyanobiphenyl were used to study the
three curve families. The presence of unstable nematic and metastable plastic
crystal information was found to add information to the already developed
smectic A phase diagram. The lines of curvature and geodesics were
calculated and laid out on the energy landscape, which highlighted the
energetic pathways connecting critical points. The Casorati curvature and
shape coefficient were computed, and in addition to the previous family, they
framed a geometric region that describes the phase transition zone.

Conclusion and significance: A direct link between the energy landscape’s
topological geometry, phase transitions, and relevant critical points was
established. The shape coefficient delineates a stability zone in which the
phase transition develops. The methodology significantly reduces the impact
of unknown parametric data. Symmetry breaking with two order parameters
(OPs) may lead to novel phase transformation kinetics and droplets with partially
ordered surface structures.

KEYWORDS

liquid crystals, smectic A, phase transition, energy landscape, shape coefficient, free
energy, Landau–de Gennes
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1 Introduction

Synthetic and biological liquid crystals (LCs) are anisotropic soft
materials with partial degrees of orientational and positional order,
conveying fluidity as viscous liquids and anisotropy as in the
crystalline order (Rey and Denn, 2002; Donald et al., 2006; Rey,
2010; Sonnet and Virga, 2012; Petrov, 2013; Lagerwall, 2016;
Selinger, 2016; Collings and Goodby, 2019; Stewart, 2019;
Zannoni, 2022). Importantly, possible LC mesogens include rod-,
board-, disk-, and screw-like molecules with flexibilities ranging
from semi-flexible to rigid, involving monomers or main/side-chain
polymers and colloids (Donald et al., 2006; Demus et al., 2008b;
Demus et al., 2011). The synthesis and formation of these mesophase
materials follow equilibrium self-assembly processes driven by
temperature (thermotropic), concentration (lyotropic), or both
(Bowick et al., 2017; Wang et al., 2023b). The presence of
multiple components, as in nanoparticle-loaded mesophases,
gives rise to couplings between self-assembly and phase
separation with states that can combine the crystallinity
(positional order) of one component with the liquid crystallinity
(various degrees of positional and orientational order) of the other
(Soulé et al., 2012a; Soulé et al., 2012b; Soulé et al., 2012c; Soule and
Rey, 2012; Milette et al., 2013; Gurevich et al., 2014). Various
external fields (flow, electromagnetic, and thermal) can be used
to generate self-organized structures not seen in purely equilibrium
self-assembly. The natural setting to describe self-assembly starts
with the energy landscape and its geometrical properties (curvatures,
cusps, domes, etc.), while for non-equilibrium organization, the
natural setting will include the entropy production landscape and its
defining geometric measures. In this paper, we present a widely
applicable geometry-based methodology for describing self-
assembly in anisotropic soft matter and target one specific
transition that exhibits complex ordering processes. Without
ambiguity, for convenience and brevity, below we refer to self-
assembly as phase ordering and/or phase transition, as we do not
include phase separation and conserved quantities. In addition, we
refer to the degree of quench as the equivalent of the thermodynamic
driving force for phase ordering.

The spectrum of self-assembly processes is significantly enriched
when considering the sequence of phase transformations. This
progression follows an increase in order as the magnitude of the
thermodynamic driving force is increased, corresponding to a
decrease in temperature for thermotropes or an increase in
concentration for lyotropes. The sequence then goes from a high-
symmetry isotropic state to an orientationally ordered (nematic)
state. This state is then followed by the addition of the positional
order (smectic). Then, the crystalline organization is reached with a
further increase in the driving force. The usual sequence of
isotropic–orientational–positional phase ordering (Oswald and
Pieranski, 2005a; Jákli and Saupe, 2006; Blinov, 2011) is
sometimes reordered to a direct isotropic–positional/orientational
ordering, as observed in monomeric thermotropes (certain cyano-
biphenyls (CB) and oxy-cyanobiphenyls (OCB)) (Oh, 1977; Idziak
et al., 1996; Oswald and Pieranski, 2005b; Donald et al., 2006;
Abukhdeir and Rey, 2008; Chahine et al., 2010; Gudimalla et al.,
2021; Nesrullajev, 2022) and biological liquid crystals (BLCs) such as
collagen mesophase precursors in the mussel byssus (Knight and
Vollrath, 1999; Viney, 2004; Donald et al., 2006; Rey, 2010; Rey and

Herrera-Valencia, 2012; Rey et al., 2013; Renner-Rao et al., 2019;
Manolakis and Azhar, 2020; Harrington and Fratzl, 2021; Berent
et al., 2022). This important and non-classical behavior is the focus
of this paper: the direct isotropic-to-smectic A (I-SmA) LC phase
transition, where SmA denotes the simplest smectic phase. A
collection of compounds exhibiting this scheme can be found
(Hawkins and April 1983; Idziak et al., 1996; Lenoble et al., 2007;
Abukhdeir and Rey, 2008; Mohieddin Abukhdeir and Rey, 2008a; Li
et al., 2009; Wojcik et al., 2009; Chahine et al., 2010; Pouget et al.,
2011; Salamonczyk et al., 2016; Bradley, 2019; Renner-Rao et al.,
2019; Gudimalla et al., 2021; Jackson et al., 2021; Jehle et al., 2021;
Khadem and Rey, 2021; Nesrullajev, 2022), which is largely driven
by attractive forces in thermotropic LCs [e.g., cyanobiphenyl family
(n-CB, n > 10) (Bellini et al., 2002)] and excluded volume
interactions in BLCs (e.g., collagen in mussel byssus and Ff
phages). In both cases, a common geometric feature is the
presence of rigid or semi-rigid rod-like cores and sufficiently long
semi-flexible ends. Currently, the best-characterized materials that
follow the direct I-SmA are low-molar mass thermotropic LCs, such
as 10CB and 12CB (Collings, 1997; Urban et al., 2005; Demus et al.,
2008a; Li et al., 2009; Chahine et al., 2010; Gudimalla et al., 2021;
Zaluzhnyy et al., 2022). To avoid introducing a plethora of unknown
parameters and material data, we focus on them as model systems.
In the future, our ultimate goal is to expand the findings to lyotropic
polymeric and colloidal smectics that are found in collagen
precursors of the mussel byssus (Renner-Rao et al., 2019; Jehle
et al., 2021; Waite and Harrington, 2022). It is noted that even
though we only consider thermotropic LCs in the current
manuscript, using correspondence principles such as those
provided in the following references (Picken, 1990; Soule and
Rey, 2011; Golmohammadi and Rey, 2009; Doi, 1981), we can, in
the future, use the current findings for collagen-based LCs.

A key feature of the I-SmA transition is the strong coupling of
the positional and orientational order parameters (OPs) (Pikin,
1991; Gorkunov et al., 2007; Blinov, 2011; Turek et al., 2020;
Gurin et al., 2021), which results in the enhancement of the
orientational OP over and above what a nematic phase could
show at these conditions of temperature or concentration. A
practical consequence of this, as we know from synthetic liquid
crystal polymers (LCPs), is that in the solid state, the enhanced
orientational order parameter has a strong impact on themechanical
properties (e.g., Young modulus) that can be seen in LCP fibers
(Ward, 1993; Ziabicki, 1993; Donald et al., 2006; Turek et al., 2020;
Bunsell et al., 2021). This order parameter coupling decreases the
free energy of the system to result in a smectic A phase at minimal
quenches from the stable disordered state. Polymeric and biological
liquid-crystalline materials, being part of the lyo/thermotropic
spectrum, also share the preferred native mode of fiber-
formation, as seen in their in vivo and in vitro states (Matthews
et al., 2002; Viney, 2004; Dierking and Al-Zangana, 2017; Renner-
Rao et al., 2019; Deng et al., 2021; Harrington and Fratzl, 2021;
Tortora and Jost, 2021; Cai et al., 2023; Zhang et al., 2023), which
reinforces the hypothesis of smecticity enhancing the material’s
mechanical properties through increased alignment.

The computational liquid crystal phase-field methodology used
in this paper, largely based on the Landau–de Gennes (LdG) models
and their many generalizations, has been widely used to simulate
and predict self-assembly, self-organization, rheology, bulk,
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interfacial transport phenomena, and more for both thermotropic
and lyotropic LCs (Biscari et al., 2007; Hormann and Zimmer, 2007;
Popa-Nita and Sluckin, 2007; Saunders et al., 2007; Mohieddin
Abukhdeir and Rey, 2008b; Rey, 2010; Coles and Strazielle, 2011;
Garti et al., 2012; Mukherjee, 2014; Han et al., 2015; Selinger, 2016;
Collings and Hird, 2017; Vitral et al., 2019; Copic and Mertelj, 2020;
Vitral et al., 2020; Schimming et al., 2021; Bukharina et al., 2022;
Paget et al., 2022; Zaluzhnyy et al., 2022). As in other coupled OP
transitions, the challenges for a given energy landscape include the
following issues:

• What is the total number of local maxima, minima, and
saddles in the energy surface for a given quench?

• Where are the local minima and maxima located for a
given quench?

• When do we find bi-stability?
• What states exist when one of the OPs is zero (e.g., nematic
and plastic crystal)?

• What are the shortest path directions connecting minima?

Previous works have excellently characterized these mesophases
and phase transitions, including phase diagrams, orientation
distribution function profiles, bifurcation analysis, and the use of

imaging techniques, calorimetry characterization, and dynamic
simulations, accentuating the thermodynamic I-SmA phase
transition perspective (Palffy-Muhoray, 1999; Dogic and Fraden,
2001; Mukherjee et al., 2001; Larin, 2004; Urban et al., 2005; Biscari
et al., 2007; Das and Mukherjee, 2009; Chahine et al., 2010; Nandi
et al., 2012; Izzo and De Oliveira, 2019; Gudimalla et al., 2021; Khan
andMukherjee, 2021; Mukherjee, 2021). Given that the first four key
issues are essentially anchored in the spatial features of the energy
landscape, we develop, implement, and validate a novel geometric
methodology. The use of geometric methods to characterize
thermodynamics, phase transitions, and energy landscapes has
been widely recognized as a useful and complementary set of
tools (Miller, 1925; Hormann and Zimmer, 2007; Quevedo et al.,
2011; Wales, 2018; Wang et al., 2020; Demirci and Holland, 2022;
Liu et al., 2022; Quevedo et al., 2022). These approaches rely on
establishing a proper thermodynamic surface in terms of variables
such as pressure, temperature, and chemical potential. Here, we
extend and generalize these geometric-thermodynamic methods for
self-assembly in anisotropic soft matter in general and phase
ordering in the I-SmA transition. The methodology is
summarized in Figure 1. The triangle’s center is the key focus of
this paper, the direct isotropic-SmA transition, as characterized by
an energy landscape given by the Landau free energy F(ψ, SA) as a

FIGURE 1
Methodology of the geometric-thermodynamics formulated (Section 2) and implemented (Section 3) in this paper. The central energy landscape
corresponding to the direct I-SmA transition is characterized using three geometric methods (I) level sets/steepest descent/critical points, (II) geodesics
and curvature lines, and (III) shape and Casorati curvedness analysis; the bottom left shows changes in shape from cup (left), to rut, saddle, ridge, and cap
(right) and changes in the degree of curvedness for a rut patch (left) into a flat plane. The outer arrows show the connection and integration of the
three calculations.
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function of the positional (ψ) and orientational (SA) order
parameters for a given temperature T. Importantly, the surface
parametrization is explicit and known as Monge
parameterization, and it is the starting point for the geometric
methodology developed in this paper.

In (I), at the upper vertex from Figure 1, the critical points (dots) of
the surface (maxima,minima, and saddles) are determined as a function
of changes in temperature using level-set curves and curves of the
steepest descent. The closed loops in the former allow the detection of
minima/maxima and saddles, and the signs of the gradient curves
differentiate the stable from the unstable. In addition, saddles in the level
sets are unstable points. These calculations are guided and validated
using the powerful index theorem of polynomials, yielding a
conservation equation for the number of maxima Nmaxima, the
number of minima Nminima, and the number of saddles Nsaddles. At
a high temperature for a stable isotropic phase, the landscape is simple
and Nmaxima � Nsaddles � 0, but for low quenches with a stable SmA
phase, the landscape is complex, as we findNminima � Nsaddles � 4 and
Nmaxima � 1. In (II), at the lower right vertex, the geodesic lines of the
energy landscape are found using accurate ordinary differential
equation (ODE) solvers. Importantly, the lack of torsion in the
geodesic lines correlates with the energy heights of the maxima and
minima. In (II), we also compute the lines of curvature (LOC) that
define an orthogonal grid on the energy surface and indicate the
maximum or minimum directional curvature flow. In (III), the
shape coefficient, or shape index S, relates a given value with a
shape that comes from the spectrum S � ± 1 for up/down half-
spheres (cup and cap, respectively), S � ± 1/2 for up/down cylinders
(rut and ridge, respectively), and S � 0 for saddle-like shapes; the
positive scalar curvedness Casorati curvature C (surface deviation
from planarity) of the energy landscape and its critical points are
identified to determine aspects of the minima and maxima, such as
anisotropy, the presence or absence of umbilic S � ± 1 points, and the
degree of curvedness (magnitude of Casorati curvature), and detect
maxima/minima/saddles in a fast and efficient way.

Describing the shape using the dimensionless normalized shape
coefficient (S) avoids co-mingling properties associated with shape
with those associated with curvedness, such as when using the
classical differential geometry descriptions based on Gaussian
(K), mean (H), and deviatoric (D) curvatures. The shape
coefficient–Casorati curvedness (S, C) method has been
successfully applied to several soft-matter materials and
equilibrium and dissipative processes (Wang et al., 2020; Wang
et al., 2022b; Wang et al., 2022a; Wang et al., 2023b). For example,
for a saddle point, the classical approach yields K � −D2. On the
other hand, the (S, C) method detects a saddle simply when S � 0
and its curvedness is C � D � ���−K√

. Finally, the arrows on the
triangle side and toward the center denote the integration of the
methods to shed new light on the I-SmA transition.

This work builds on the fundamental studies on the self-
assembled smectic phase transition (Pleiner et al., 2000;
Mukherjee et al., 2001; Abukhdeir, 2009; Abukhdeir and Rey,
2009b; Mukherjee, 2021). The particular objectives of this paper
are the following:

• Characterize the energy landscape using a simple Monge
parametrization in terms of nematic and smectic order
parameters, including the number and type of critical

points and characteristic trajectories between stable,
metastable, and unstable isotropic, nematic, and smectic
states as a function of the changing degrees of quenching
from the isotropic state.

• Use classical curvatures (Gaussian and mean) and new soft
matter geometric methods (shape coefficient and Casorati
curvedness) to shed light on where saddles and cusps are
located and their curvedness, thus providing a broad picture of
the energy landscape.

• Integrate thermodynamic stability, polynomial-based charge
conservation methods, and geometric methods.

• Detect and characterize unstable nematic and metastable
plastic crystal states that emerge at medium and large
degrees of quenching.

The remainder of this paper is organized as follows: Section 2
presents the OPs, Landau free energy (Section 2.1), geometric
thermodynamics (Section 2.2), and computational methods
(Section 2.3). Section 3 presents the results and discussion.
Section 4 summarizes the key findings, their significance, and the
novelty of the geometric approach.

2 Methodology

2.1 Order parameters and Landau model

2.1.1 Nematic and smectic A phases: orientational
and positional order parameters

The SmA LC phase has partial 1D positional and orientational
order. Two order parameters, the orientational order parameter Q
and the positional order parameter Ψ, are used for this mesophase
characterization. These parameters capture the average molecular
order by the establishment of distinctive moduli at the transition,
with the moduli (SA, P) for the orientation and ψ for the position
(Oswald and Pieranski, 2005b; Rey, 2010; Mukherjee, 2014; Vitral
et al., 2020).

The theoretical characterization of the partial orientational
alignment in LCs is described by an orientation distribution
function, the tensor order parameter Q (De Gennes and Prost,
1993), which is as follows:

Q � SA nn − I
3

( ) + 1
3
P mm − ll( ), (2.1)

where n, m, and l are the molecular unit vectors and I is the unit
tensor. The Q tensor is expressed in terms of the orthonormal
director triad (n, m, and l), which are the eigenvectors of Q that
describe the molecular axes and the scalar moduli (SA, P) that
measure the magnitude of the average molecular orientation (De
Luca and Rey, 2006; Coles and Strazielle, 2011). The Q tensor is
symmetric and traceless, i.e., Q � QT and Q: I � 0, and it has five
independent components. It is comprised of uniaxial (SA andn) and
biaxial (P andm, l) contributions. The uniaxial contribution SA �
3
2 (nn: Q) corresponds to the major eigenvalue/eigenvector, and the
biaxial contribution P � 3

2 (mm − ll): Q corresponds to the minor
eigenvalues/eigenvectors. A free-energy expansion near the nematic
transition, as per the Landau formalism, was defined, yielding an
LdG free-energy expression for nematic orientational alignment FN

Frontiers in Soft Matter frontiersin.org04

Zamora Cisneros et al. 10.3389/frsfm.2024.1359128

106

https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2024.1359128


(de Gennes and Prost, 1993), truncated up to the fourth-order term
with respect to SA as follows:

FN � F0 + 1
2
a Q: Q( ) − 1

3
b Q ·Q( ): Q + 1

4
c Q: Q( )2 + . . . , (2.2)

where F0 is the energy of the isotropic state, a � a0(T − T*
NI), T*

NI is
the critical nematic phase transition temperature, and a0, b, and c are
experimentally measured material parameters.

In addition to the orientational organization, due to its lamellar
configuration and the periodic structure of the uniaxial SmA phase,
a one-dimensional positional order parameter is required, and the
complex wave vector Ψ has been widely used for this purpose
(Mukherjee et al., 2001; Abukhdeir and Rey, 2009c; Vitral et al.,
2020). It is typified by the phase ϕ, and its modulus ψ characterizes a
one-dimensional density wave used to describe such a layered nature
as follows:

ψ � ψeiϕ. (2.3)

Then, a free-energy functional of the smectic positional order,
FS, is introduced, accounting for positional ordering, and the
material-dependent parameters are α � α0(T − T*

AI) and β

around the critical smectic transition temperature T*
AI.

FS � α ψ
∣∣∣∣ ∣∣∣∣2 + β ψ

∣∣∣∣ ∣∣∣∣4 +/. (2.4)

In the simplest case, the I-SmA transition is captured by
the free-energy contributions of the form F � FN + FS + FNS,
where FNS is the coupling free-energy term, which is given
as follows:

FNS � −δ ψ
∣∣∣∣ ∣∣∣∣ Q: Q( ) − 1

2
eQ: ∇ψ∇ψ( ) + 1

2
b1 ∇ψ
∣∣∣∣ ∣∣∣∣2 + 1

4
b2 ∇

2ψ
∣∣∣∣ ∣∣∣∣2.

(2.5)

2.1.2 Landau model for the isotropic–smectic A
transition

The well-established models have been formulated and used
to describe the I-SmA transition, including non-direct transitions
(Pleiner et al., 2000; Abukhdeir and Rey, 2009b; Nandi et al.,
2012; Pevnyi et al., 2014; Izzo and De Oliveira, 2019; Mukherjee,
2021; Paget et al., 2022). These models include the nematic and
smectic contributions (Eqs. 2.2, 2.4, and 2.5) and consolidate the
final total free-energy density using coupling terms (δ, e) that
favor one phase over the other and terms that account for the
energy cost from the coexistence of the positional
ordering (b1, b2):

Total Energy � ∫FdV

F � F0 + 1
2
a Q: Q( ) − 1

3
b Q ·Q( ): Q + 1

4
c Q: Q( )2 + α ψ

∣∣∣∣ ∣∣∣∣2 + β ψ
∣∣∣∣ ∣∣∣∣4

−δ ψ∣∣∣∣ ∣∣∣∣ Q: Q( ) − 1
2
eQ: ∇ψ∇ψ( ) + 1

2
b1 ∇ψ
∣∣∣∣ ∣∣∣∣2 + 1

4
b2 ∇

2ψ
∣∣∣∣ ∣∣∣∣2

.

(2.6)
Considering Equation 2.6, assuming a spatially homogenous

system, and performing reparameterization (see Supplementary
Appendix A1), we find the following governing free energy
density F(ψ, SA):

F ψ, SA( ) � 1
3
aS2A − 2

27
bS3A + 1

9
cS4A︸








︷︷








︸

FN

+ 1
2

α − b21
2b2

( )ψ2 + 1
4
βψ4

︸









︷︷









︸
FS

− e2 + 3δb2
9b2

( ) S2Aψ
2 − 3eb1

e2 + 3δb2( )( )SAψ2[ ]︸

















︷︷

















︸
FNS

,

(2.7)
where FN is the nematic contribution, FS is the smectic contribution,
and FNS is the crucial coupling contribution between the positional
and orientational OPs that are in their expanded form. In this paper,
we evaluate the OPs in their extended domain of dependence
F(ψ, SA): [−1, 1] × [−1/2, 1] → [−F0,∞) to fully capture the
important phenomena at the nematic axis (ψ � 0) and the
smectic axis (SA � 0); we note that negative nematic OP states
(molecular alignment normal to the director orientation) are usually
considered in nematostatics (Golmohammadi and Rey, 2010), but in
the particular equilibrium spatially homogeneous I-SmA transitions
considered in this study, these orientation states play no role.

The possible states are obtained by the minimization of the
homogeneous free energy in Equation 2.7 concerning the two non-
conserved OPs (ψ, SA). This yields a system of ODEs (see
Supplementary Appendix A1). Then, at a given temperature T,
different phases arise according to the ordering contributions. As
mentioned in the introduction, positional and orientational ordering
define an LC state, which varies in accordance with the combination
of these order parameters. In this paper, we consider the following:

Isotropic Iso( ): SA � ψ � 0.
Nematic N( ): SA > 0,ψ � 0.
Plastic crystal Pc( ): SA � 0,ψ > 0.
Smectic − A SmA( ): SA > 0,ψ > 0.

(2.8)

The isotropic-liquid state is characterized by the absence of
positional and orientational orders, the nematic LC possesses only
average molecular orientation, the plastic crystal phase
(characterized by the density wave) describes a material with
positional order and very small-to-none orientational order, and
the smectic A LC exhibits positional and orientational orders
(Oswald and Pieranski, 2005a; Oswald and Pieranski, 2005b; De
Gennes, 2007; Demus et al., 2008a; DiLisi, 2019; Mukherjee, 2021).
We note that the density wave behavior, designated as the plastic
crystal state in this study, has been reported even for some rod-like
systems (Kyrylyuk et al., 2011; Liu et al., 2014; Sato et al., 2023). In
this work, the metastable plastic crystal emerges at deep quenches
when the isotropic state becomes unstable, the nematic and coupling
energies vanish, and the stable phase is SmA. Similarly, since (e2 +
3δb2)/9b2 > 0 and [S2Aψ2 − (3eb1/(e2 + 3δb2))SAψ2]> 0 for the SmA
state in Equation 2.7, the important coupling term FNS promotes the
emergence of SmA with the positional and orientational order.

2.2 Geometric thermodynamics for phase
ordering in the isotropic–smectic A
transition

In this section, we investigate the surface geometry of the energy
landscape F(ψ, SA), with a particular emphasis on understanding
and characterizing the essential nature of all the critical points.
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These critical points, derived from Equation 2.7, include the local
maxima, local minima, and saddle points. As mentioned at the end
of the introduction, their significance extends across many research
fields in liquid crystals, such as self-assembly, kinematics, and
thermodynamics of these systems.

Next, we briefly mention the basic argument to keep all
critical points, forgoing complex mathematical details. For
instance, the time-dependent Ginzburg–Landau model (Popa-
Nita, 1999) provides a quantitative study of the spatiotemporal
evolution of thermodynamic behaviors on a non-conserved OPs
vector p.

∂p
∂t

∝
∂ f + fe( )

δp
� ∂ F + Fe( )

∂p
− ∇ · ∂ F + Fe( )

∂∇p
, p � ψ

SA
[ ], (2.9)

where Fe ∝∇p: ∇p is the elastic energy dependent on the
deformation; note that p is the OP vector for the smectic A
phase. A special solution of Equation 2.9 describes a front
propagation that could describe growing smectic droplets in an
isotropic matrix. For example, the wave-like property has been
intensively studied by De Luca and Rey (2004) for the case of
chiral nematic fronts propagating into an unstable isotropic phase.
In our present smectic model, the wave-like solution
p � p(x − vt) � p(~x); ~x � x − vt with constant velocity v
simplifies Eq. 2.9 to a more compact form, ∂F

∂p � (v · ~∇ + ~∇
2)p,

where all the coefficients are not included for clarity. At ∂F
∂p � 0,

the critical points lay inside the kernel of the linear map defined by
the velocity (v · ~∇ + ~∇

2). The polynomial decomposition of
F(ψ, SA) (see Eq. 2.7 for the quartic polynomial expression in
two variables (ψ, SA)) then gives the governing equation for
phase transformation, (v · ~∇ + ~∇

2)p � ∏
i

(p − p̂i), where p̂i are

the critical points at critical points (∂ψF � ∂SAF � 0) and

∏
i

(p − p̂i) is the product function that expresses the polynomial

F(ψ, SA). The phase transformation depends on the
polynomial decomposition of the free energy involving all the
critical points. Given the significance of all the critical points on
growth, kinematics, and interfaces, we explore their behavior in
this section.

2.2.1 Polynomial index theorem and critical points
of the F(ψ, SA)-energy landscape

Since the two-OP model considered in this study is of quartic
order in each of the parameters, a proliferation of critical points
and a complex energy landscape are expected. Hence, tools that
set upper limits on the number and type of critical points are
essential to achieving or enhancing tractability. In this section, we
formulate an approach tailored to the I-SmA transition, keeping
the complex mathematics to a minimum.

Let f(x, y) be a polynomial of degree d> 1. Then, f has a critical
point (x0, y0), if ∂kf(x0, y0) � 0, where the following notation (∂k)
is adopted for partial derivatives of a given function with respect to k.
The number of critical points Ncp is then defined by (d − 1)2. In
general, for a given polynomial h in two variables x, y of degree dx
and dy, respectively, we expect at most dxdy critical points (Durfee
et al., 1993). Thus, the computation of ψ and SA from the solution of
the ODEs (see Supplementary Appendix A2) that minimize the free
energy F will yield at most Ncp � 9 critical points and at least one
critical point Ncp � 1. These points include the degenerate and

nondegenerate points that follow the well-known nondegeneracy
criteria, which are as follows:

∂ψψ F ψ, SA( )( )> 0, ∂SS F ψ, SA( )( )> 0 , (2.10)

det
∂ψψ F ψ, SA( )( ) ∂ψS F ψ, SA( )( )
∂Sψ F ψ, SA( )( ) ∂SS F ψ, SA( )( )[ ] ≠ 0. (2.11)

The number of critical points Ncp is bound by the
Poincaré–Hopf index theorem (Knill, 2012). The index if of the
gradient vector ∇f is computed based on the nondegeneracy of all
critical points of f , which assigns a value of (+1) to a maximum or
minimum and a value of (−1) to a saddle (Durfee et al., 1993) in the
following definition:

if � Nmaxima × +1( ) +Nminima × +1( ) +Nsaddles × −1( )
� Nmaxima +Nminima −Nsaddles. (2.12)

Here, the index of the free-energy polynomial of Equation 2.7
was computed as iF � +1 in an area homeomorphic to a disk, which
importantly puts a cap on the number of saddlesNsaddles. Thus, from
the index theorem, we conclude that saddles play a crucial role in
this transformation across various temperature ranges.

2.2.2 Level-set and steepest descent
In addition to the index iF � +1, the gradient vector∇f stores the

information required to compute the directional derivative of
f(x, y) for any direction at any point (xi, yi), which provides the
rate of change in f as it approaches (xi, yi). This directional
derivative is just the inner product of the gradient and the
direction of a certain vector u:

Duf x, y( ) � ∇f x, y( ) · u i, j( ). (2.13)

The gradient then contains the direction of the greatest change
of f , known as the steepest descent, or ascent, as the opposite
direction that may be computed with −∇f . Contrary to this, a
vector orthogonal to ∇f will point toward a zero change in f .
These are vectors that lie on the tangent plane and are normal to
a surface that can be constructed by the level set of the scalar-valued
function f : Rn → R. These are cross-sections of the (x, y)-frame,
individually representing its different levels c and containing any
real solution of f(x, y).

x, y( ) ∈ R2 f| x, y( ) � c{ }. (2.14)

The energy landscape F(ψ, SA) is a surface whose main features
are characterized by the shape of the level-set curves, the direction of
the steepest descent curves, and the location and nature of the
critical points. For a given set of critical point locations, the level sets
and steepest descent indicate how and if local minima can be
reached. For example, local minima (maxima) on the energy
surface are characterized by ellipses, and the steepest descent
curves are converging (diverging) splay curves (see Figure 2).
This is similar to the minimum energy path (MEP) approach
(Massi and Straub, 2001; Liu et al., 2022), which seeks to locate
and characterize the conformation changes between chemical states
based on their relationship with their characteristic energy
hypersurface (Fischer and Karplus, 1992; Wang et al., 1996; Liu
et al., 2022) that describes the thermodynamic equilibrium and self-
assembly process.
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Figure 2 presents the connection between the polynomial index
and the level set and steepest descent curves. By assigning
topological charges to the critical points based on their
nondegeneracy, the polynomial index is constructed. Each
nondegenerate point is then linked to the expected local behavior
of the gradient vector.

2.2.3 Lines of curvature and geodesics
The lines of curvature are computed by solving a set of equations

defined by the coefficients of the first (g) and second (b) fundamental
forms, as shown in Supplementary Appendix A2 (Maekawa, 1996;
Farouki, 1998). The LOC have been used to describe the relationship
between entropy production in membranes and interfaces (Wang et al.,
2020) and the curvature of isotropic–smectic interfaces under self-
organization (equilibrium) and self-assembly (dynamic) states (Vitral
et al., 2019) using an orthonormal network. These LOC applied to the
free-energy landscape describe the change in the order parameters with
respect to the arc-length s, following the principal direction of the
tangent vectors (Eq. A.6) along γ: dγ/ds � rk/‖rk‖, where γ is a line of
curvature. Thus,

dψ
ds

� η M − κA( ) and
dSA
ds

� −η L − κE( ), (2.15)
or

dψ
ds

� μ N − κG( ) and
dSA
ds

� −μ M − κA( ), (2.16)

where κ represents the principal curvatures (κ1, κ2), (E, A, G), and
(L,M,N) are the coefficients of the first and second fundamental
forms (see Supplementary Appendix A2) and (η, μ) are non-zero
coefficients defined by

η � E M − κA( )2 − 2A M − κA( ) L − κE( ) + G L − κE( )2( )−1/2
μ � E N − κG( )2 − 2A M − κA( ) N − κG( ) + G M − κA( )2( )−1/2 ,

(2.17)

ds �
�������������������������
E dψ( )2 + 2AdψdSA + G dSA( )2

√
. (2.18)

Under our free-energy framework F(ψ, SA), the geodesic lines
indicate the shortest path between two points in the thermodynamic
equilibrium state (Do Carmo, 2016; Wang et al., 2020), which can
also show the self-assembly path connecting the phases expected in
the I-SmA energy landscape. This is similar to what is found in the
analysis of the geometry of thermodynamic stable states of ideal
gases (Quevedo et al., 2008). This is described by a curve with the
smallest arc length connecting two points on a given surface, and it is
given by the following equation (Do Carmo, 2016; Wang
et al., 2020):

d2yk

ds2
+ Γkij

dyi

ds

dyj

ds
� 0, (2.19)

where E, A, and G are the first fundamental form coefficients, Γkij are
the Christoffel symbols, and the geodesic curve is yi for the ith
component of the quantities that define the free-energy
parametrized surface (ψ, SA) (see Supplementary Appendix A3).

2.2.4 Casorati curvature and shape coefficient
In this section, we provide details of the Casorati curvature (C)

and shape coefficient (S) given in the introduction and Figure 1
(lower left vertex). A method presented by Wang et al. (2020)
redefines a thermodynamic hypersurface into a Monge shape-
curvedness surface patch for the characterization of entropy
production in LC membranes and interfaces. As mentioned
above, in this paper, we use this methodology to describe the
local geometry of the I-SmA phase transition energy landscape
using a normalized shape coefficient (S) that distinguishes
between three primary shapes: cup/cap (spherical), rut/ridge
(cylindrical), and saddle, and the Casorati curvature (C) for the
curvature magnitude measurement (Koenderink and van Doorn,
1992; Aguilar Gutierrez and Rey, 2018). This requires the
reparameterization of the energy landscape F(ψ, SA) into a

FIGURE 2
Schematic of the first family of the free-energy landscape F(ψ, SA): level-sets, steepest descent, and polynomial index (Sections 2.2.1–2) and their
relationship. The symbols on the top right are kept throughout the paper to designate the nondegenerate points: maximum, minimum, and saddle. The
polynomial index is then computed based on the topological charge assigned to these points. The representation of the local steepest gradient field is
included for each point. Here, χ denotes the Euler characteristic of the area enclosed by the level-set curve.
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Monge patch (Abbena et al., 2017) comprised of the shape
coefficient (S) and Casorati curvature (C).

Classical curvature concepts, in addition to the Casorati
curvature (C) and shape coefficient (S) (Wang et al., 2023a), are
used in the description of the curvedness and shape, such as the (i)
mean (H), (ii) deviatoric (D), and (iii) Gaussian (K) curvature (see
Supplementary Appendix A2), whose information is stored in the
surface gradient of the surface unit normal −∇sk, where ∇s �
(I − kk) · ∇ is the surface gradient and ∇ is the gradient operator.
From this, the symmetric curvature tensor is defined as
b � −∇sk � κ1e1e1 + κ2e2e2, where (κ1, κ2) are its eigenvalues (see
Figure 1II) characterizing the principal curvatures (Aguilar
Gutierrez and Rey, 2018). The Casorati curvature is defined by
C �

���������
(κ21 + κ22)/2

√
, the mean curvature by H � (κ1 + κ2)/2, the

deviatoric curvature by D � (κ1 − κ2)/2, and the Gaussian
curvature by K � κ1κ2, for which the principal curvatures are
assumed to follow κ1 ≥ κ2 (Wang et al., 2020).

The non-dimensionality of the shape coefficient condenses
information that allows it to classify the local shape into simple
geometries within the normalized range S ∈ [−1,+1]. The Casorati
curvature, however, quantifies how curved a surface is (Aguilar
Gutierrez and Rey, 2018; Wang et al., 2020) (see Supplementary
Appendix A2)

S � 2
π
arctan

H

D
( ) and C � �������

2H2 − K
√

. (2.20)

The primary fundamental shapes are then generalized with
S � 0,± 1/2,± 1{ }, assigning the values to a saddle (0), a rut
(−1/2), a ridge (+1/2), a cup (−1), and a cap (+1), where the ±
sign defines if it is a concave-up (negative) or concave-down
(positive) patch (see Figure 1.III). It is important to notice that
these are primary shapes and a continuous spectrum is contained
within the normalized parameter interval. The Casorati curvature
varies within C � [0,+∞), defining a flat surface with no curvature
(C � 0) and a curved surface (C> 0), respectively. Figure 1 (III)
shows a schematic representation of the Casorati curvature (upper
set) and the shape coefficient spectrum (lower set).

2.3 Computational methods

In this work, we sought detailed information of the phase
ordering as the quenching degree increases from the highest
possible temperature for the existence of the SmA phase. We
found that it is possible to classify the ordering and geometry by
defining three quenching regimes: shallow quench, middle quench,
and deep quench (with three temperatures corresponding to each of
them, as listed in Table 2). As the degree of quenching increased, the
isotropic phase lost stability, while the SmA gained stability, and a
number of saddle nodes and supercritical bifurcations emerged at
the boundaries of these quench regimes. Given the nonlinearities
andOP couplings in the energy density and the differential geometry
quantities, high-performance computational techniques were
developed, applied, and tested when exact data were available,
and high fidelity was demonstrated. Stability, accuracy, and
dispersion criteria were implemented according to the standard
numerical methods. The validation of our results was established
using previous studies (Urban et al., 2005; Abukhdeir and Rey, 2008;

Coles and Strazielle, 2011). Asmentioned in the introduction, a well-
characterized member of the n-cyanobiphenyl family (12CB) has
been chosen as the study case for its I-SmA transition behavior (see
Supplementary Appendix A4).

The calculation sequence was as follows: (1) level sets and
steepest descent curves were obtained with (i) the complete
solution of Equation 2.7 at different temperatures for the phases
in Equation 2.8 using the stability criteria in Section 2.2.1, which
categorizes the critical points that are bound by the numberNcp and
the I-SmA LdG free-energy index iF in Equation 2.12 and (ii) the
orthogonal pair of steepest descent and level-set curves from Section
2.2.2. (2) Geodesics/LOC calculations in Section 2.2.3 involved
coupled nonlinear second-order stiff ODEs, which are
numerically unstable depending on the step size taken, especially
the system of equations defined by the discretization of the geodesics
(Equation 2.19) (see Supplementary Appendix A2). Boundary
conditions must be provided to solve the geodesic. We used the
shooting method, which requires the definition of a starting point,
chosen in our case study to be the stable isotropic/smectic A phases.
In addition to equation stiffness, it is also worth noting that the
model is arc-length parametrized, meaning that the arc length was
computed for every step. In the LOC case, the sets of Equations
2.15–2.16 while seeming analogous, are in reality distinct instances
of the principal directions that depend on the arc length. The sign of
the proceeding direction at a given point (ψn, SA,n)must be adjusted
according to the local surface geometry, meaning that the system
solved was switched from one to another depending on the
maximum and minimum principal curvatures (κ1, κ2) (Farouki,
1998; Wang et al., 2020). For this, we followed a very robust
algorithm developed for computing LOC (Maekawa, 1996;
Farouki, 1998), which generates a pair of orthogonal curves at
(ψn, SA,n) following the criterion: Equation 2.15 is solved if
|L − κE|≥ |N − κG|, and Equation 2.16 is used otherwise. Then, a
curvature network was constructed with the orthogonal LOC by
solving the ODE system at a point (ψn, SA,n) along the length defined
by the energy landscape for a sufficiently small step-size that
balances out resolution, solution stability, and computational
time. (3) For obtaining the Casorati and shape coefficient in
Section 2.2.4, we computed the first fundamental forms and the
principal curvatures of the free-energy landscape (see
Supplementary Appendix A2).

3 Results and discussion

In this paper, we present a complete description and
characterization of the energy landscape of the isotropic–smectic
A transition using a two-non-conserved order parameter version of
the Landau–de Gennes model for the following reasons: (i) the
kinetics of phase transformations for non-conserved order
parameters is dependent on stable, metastable, and unstable
critical points of free energy (Tuckerman and Bechhoefer, 1992;
De Luca and Rey, 2003; De Luca and Rey, 2004); this point is briefly
elaborated at the beginning of Section 2.2; (ii) in the case of phase
transformation by propagating fronts, where a stable phase replaces
an unstable phase, non-monotonic ordering structures appear at the
interface due to the presence of various critical points (Tuckerman
and Bechhoefer, 1992); (iii) in the case of drop formation of a stable
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phase in a metastable matrix, one can expect thin film-like layers
with intermediate degrees of order between the droplet phase and
matrix (Abukhdeir and Rey, 2009a); (iv) interfacial processes as in a
LC drop couple shape-bulk and surface structure-size due to
orientational order (Rey, 2000; Rey and Denn, 2002; Rey, 2004a;
Rey, 2004b; Rey, 2006). In view of these phenomena, we do not
neglect metastable and unstable ordering states, such as nematic or
plastic (density wave) phases, as previously suggested (Saunders
et al., 2007). How exactly they will manifest themselves under
nucleation and growth and spinodal transformation of the
isotropic phase into the SmA phase will be examined in future
work and is outside the scope of this paper.

3.1 Quench zones and critical points and
their stability

Figure 3 presents the orientational and positional order phase
diagram as a function of temperature T obtained by solving
Equation 2.7 with 12CB material parameters (Supplementary
Appendix A4). Subscripts on the OPs denote stable (s), unstable
(u), and metastable (m); superscripts denote larger (+) and smaller
(−) values. The line style (full, dashed, and doted) identifies the
phase (see Eq. 2.8). The figure frames the three quenches (see
Table 2) delimited by key temperatures: the deep quench for
T<TSD (light blue), the middle quench for TSD <T<TNG (light
purple), and the shallow quench for T<TIL (light red). Here, TSD is
the spinodal decomposition temperature, TNG is the nucleation
and growth temperature, and TIL is the maximum temperature for
the existence of any smectic order phase, as explained below. Using
quenching measures, we can characterize the critical point features
and determine whether they are stable, unstable, or metastable,
depending on the quench zone. To fully characterize the nature of
all the sources and sinks at the nematic axis (SA > 0,ψ � 0), we
include ψ < 0 solutions. These non-physical solutions
(SA > 0,ψ < 0) arise from the mirror symmetry of the free
energy F(SA,ψ) � F(SA,−ψ) but assist in characterizing
transitions and bifurcations that occur at the SA � 0 axis. In
describing and classifying results, we focus on the I-SmA
transition, and the quench depth refers to a temperature
decrease from the highest temperature (TIL) at which the
metastable SmA arises. Thus, reference to nucleation and
growth mode, NG, indicates the temperature interval in which
the isotropic (SmA) phase is metastable (stable), and when
referring to spinodal decomposition, SD, the isotropic (SmA)
phase is unstable (stable). The challenges regarding the location
of the critical points at a given quench, their stability, and the other
possible states when considering the entirety of the points, which
were introduced at the beginning of the paper, are
addressed below.

The phases in the deep quench (light blue region in Figure 2) to
the spinodal decomposition region are the following:

• S+A,s,ψ+
s stable SmA black, continuous lines.

• Isou unstable isotropic, red-dotted line.
• S−A,u,ψ−

u unstable nematic/smectic, black, dashed lines.
• N+

u,N
−
u unstable nematic, blue, dashed lines.

• ψ+
u,ψ

−
u unstable smectic, gray, dash-dotted lines.

• P+
m, P

−
m metastable plastic crystal, purple, dash-dotted lines.

Here, the SD region exhibits an unstable isotropic state and a
stable SmA. In addition, we find a metastable plastic region. This
region exists for T<TSD � 330.6K. Thus, we expect that quenching
an isotopic phase into the spinodal region will transform the phase
into a stable SmA phase, but the presence of unstable smectic and
metastable plastic crystal states introduces complexities to the
energy landscape.

The phases in the middle quench (light purple region in
Figure 2) to the nucleation and growth region are the following:

• S+A,s,ψ
+
s stable SmA, black, continuous lines.

• Isom metastable isotropic, red-dotted line.
• S−A,u,ψ−

u unstable nematic/smectic, black, dashed lines.
• N+

u,N
−
u unstable nematic, blue, dashed line.

• ψ+
u,ψ

−
u unstable smectic, gray, dash-dotted line.

In the ND region, the isotropic state is metastable and SmA is
stable, as in the SD region, in addition to the unstable smectic and
nematic phases. However, the density wave is no longer present as it
vanishes at the temperature TSD, and the isotropic phase becomes
metastable. This region exists TSD � 330.6K<T<TNG � 331.3K.
Thus, we expect that quenching an isotropic phase into the NG
region will transform the phase into a stable SmA phase by
droplet growth.

The phases in the shallow quench (light red region in Figure 2)
are the following:

• S+A,m,ψ+
m metastable SmA, black, continuous lines

• Isos stable isotropic, red-dotted line.
• S−A,u,ψ−

u unstable nematic, black, dashed line.
• ψ+

u,ψ
−
u unstable smectic, gray, dash-dotted line.

At shallow quenches, the isotropic phase is now stable, while SmA is
only metastable. In addition, the unstable smectic state remains, but the
nematic loop closes and vanishes at the temperature TNG. This region is
then defined byTNG � 331.3K<T<TIL � 331.85K. Quenching from
the NG triggers a phase transition at temperature Tt, as obtained with
the solution of Equation 2.7 for a temperature at which F � F0; thus, a
temperature higher than the isotropic limit TIL will lead to a
disordered state.

The deep quench is characterized by the strong stability and
presence of the expected smectic A phase and by a supercritical
bifurcation (Oswald and Pieranski, 2005a) or plastic loop since it
belongs to the metastable plastic crystal phase, where mirror
symmetry is broken at the temperature TSD. The nematic order
effect is seen in the orientational order parameter diagram, with
the presence of the nematic loop in the deep- and middle-quench
zones. This marks the entrance of the shallow quench and the
stability change of the SmA phase. A summary of these key
temperatures and regions is given in Table 1.

The computed energy landscape has a critical root population
that decreases exactly as predicted by the polynomial index theorem
(Eq. 2.12; Figure 2) as the temperature increases. This is summarized
in Table 2, where the number of nondegenerate points is included
along with their type and the index value for each quench zone
(see (2.12)).
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FIGURE 3
Positional ψn and orientational SA,n order parameters of the isotropic (Iso) to SmA phase transition for 12CB as a function of temperature with all the
critical points: sub-index n � (s,m,u) refers to stable, metastable, and unstable, respectively. The three different zones correspond to three different
quenches: (A) deep quench (DQ), (B)middle quench (MQ), and (C) shallow quench (SQ). Derived from the LdG model (Eq. 2.7). The material parameters
used (Urban et al., 2005; Abukhdeir and Rey, 2008; Coles and Strazielle, 2011) are as follows: a0 � 2 · 105J/(Km3), b � 2.823 · 107J/m3,
c � 1.972 · 107J/m3, α0 � 1.903 · 106J/(Km3), β � 3.956 · 108J/m3, δ � 9.792 · 106J/m3, e � 1.938 · 10−11J/m, b1 � 1 · 10−11J/m, b2 � 3.334 · 10−30J/m,
d0 � 2π/(3.9 · 109 m), TNI

* � 322.85K, and TAI
* � 330.5K. The results are fully consistent with Figure 4 of Abukhdeir and Rey (2008). Key temperatures: TSD,

TNG, and TIL are listed in Table 2.

TABLE 1 Summary of stable, unstable, and metastable states in each quench zone and their key temperatures as presented in Figure 2.

Deep Quench (DQ):
Spinodal Decomposition for the
Isotropic phase.

Middle Quench (MQ):
Nucleation and Growth for
the Isotropic phase.

Shallow Quench (SQ):
Limit for the Isotropic
phase.

Zero
quench

Primary roots Stable smectic A
Unstable isotropic

Stable smectic A
Metastable isotropic

Metastable smectic A
Stable isotropic

Stable
isotropic

Secondary roots Metastable plastic crystal
Unstable nematic
Unstable smectic A

Unstable nematic NA NA

Transition
temperature

TSD � 330.6K TNG � Tt � 331.3K TIL � 331.85K

TABLE 2 Number and types of critical points on the phase diagram for different temperatures and their indexes; the three cases presented in Figure 2
correspond to the three quench zones; and one for the complete isotropic phase transition. The symbol style used for each of them is kept constant
throughout the paper. Numerical results are in exact agreement with the polynomial index theorem (Eq. 2.12).

T [K] Maxima Minima Number of saddles Index iF Zone

A–330 1 4 4 1 Deep quench (spinodal decomposition, SD)

B–331 1 3 3 1 Middle quench (nucleation and growth, NG)

C–331.85 0 3 2 1 Shallow quench

T > TIL 0 1 0 1

Symbol in Figure 3 Δ ○ □
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The bounds in Equations 2.10–2.11 provide stability boundaries
that do not necessarily mean a phase transition line but present the
possible real physical phases that can be displayed within that range
given the first-order nature of this transition (Mukherjee et al.,
2001). Thus, the phase transition line was found by looking for a
metastability–stability exchange of the I-SmA phases using level sets
and computing the temperature at which both phases present the
same energy level. This temperature, Tt, happened to be around the
limit at which the nematic unstable loop vanished, going from deep
quench (DQ) to middle quench (MQ), as seen in Figure 2, agreeing
with the experimental transition temperature of 331.3 K (Coles and
Strazielle, 2011).

Figure 4 represents the F̂(ψ, SA) dimensionless free-energy
landscape 2D projection for the LdG model using the parameters
in Figure 2, with its corresponding 3D energy landscape at a given
temperature. We have expanded the x-axis to negative values to
emphasize the mirror symmetry along the positional order. The
level-set curves have been included with all the critical points at
three different temperatures in Table 2, which are representative
of each quench zone. As quench depth decreases (temperature
increases), the critical point population density decreases
(Ncp ↓), which corresponds to the merging and vanishing of
the nondegenerate points, as seen in Figure 2. Increasing T from
the spinodal region, the plastic loop eventually converges at a
supercritical bifurcation (Han and Rey, 1993; Rey, 1995) at TSD,
which is a process that replaces two minima (+2) and one saddle
(−1) with a single minimum (+1). Entering the NG quench
region with three saddles and four nodes (i.e., maximum or
minimum), a further increase in T eventually leads to saddle-
node bifurcation (Rey, 1995), with the elimination of a nematic

saddle and a node. The shallow quench now has three minima
and two saddles, which, after another saddle-node bifurcation of
smectic phases, eventually leads to a planar surface with no order.
It is noteworthy that the sequence of saddle number elimination
as T increases and order decreases is multi-stepwise:
4 → 3 → 2 → 0. Likewise, the sequence of local minima
elimination as T increases and order multi-stepwise decreases
is 4 → 3 → 3 → 1. On the other hand, the elimination of the
maxima follows a single step: 1 → 1 → 0 → 0. This shows that for
shallow quench, local maxima play no role, and for deep quench,
saddles and minima are equal in number.

3.2 Level-set curves and steepest
descent lines

Figure 5 presents the level-set curves and the steepest descent
lines (see Section 2.2.2), including the critical points projected on
the dimensionless energy surface F̂(ψ, SA) for the three quench
regimes listed in Table 1. The blue (red) region corresponds to
lower (higher) energy. It is seen that the steepest descent and
level-set curves are members of an orthogonal family, where the
level-set curves indicate a constant free-energy value and the
steepest descent presents a path leading to primary roots that
come from the minimization of the LdG model. The pair of roots
(isotropic and smectic A phases) are divided by a set of
maximums, minima, and saddles that discretely disappear as
the quench depth decreases. In the deep-quench region, (A) the
main feature is the family of elliptical rings around the stable
SmA state (black dot), whose largest axes are oriented toward the

FIGURE 4
Energy landscape constructed with the positional (ψ) and orientational (SA) order parameters of the I-SmA phase transition for 12CB (see Figure 3,
and Supplementary Appendix A4) and the dimensionless free energy (F̂) at the three temperatures (A–C) included in Table 2. The LDG model was
nondimensionalized for visualization purposes with the orientational temperature-dependent parameter a. The critical points are included for each
scenario. The temperatures, which belong to each quench zone, and themarkers are listed in Table 2, indicating the stability type assigned based on
the criteria given by Eqs 2.10–2.11. The black and red markers indicate the primary roots: SmA and isotropic state, respectively. F̂ ranges in the color bar
are kept the same throughout the paper. The 3D plots of the same energy landscapes are included right below each one for the same temperatures for a
more complete view.
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unstable phases. The level sets identify the nematic saddle and
nematic maximum as well as the metastable plastic root. The
principal steepest descent line connects the unstable smectic
(white square) with the stable isotropic state (black dot) and
defines a collecting manifold with nearly horizontal, constant SA
values. In the middle quench, nucleation, and growth, (B) the
region of elliptical trajectories surrounding the SmA phase moves
toward the isotropic state, causing the horizontal band of steepest
descent lines to narrow. Furthermore, the steepest descent
inverted L shows how energy states near the energetically high
region end at the isotropic state (red dot). In (C), the
metastability of SmA is shown by a lack of elliptical
trajectories and the stability of the isotropic state.

In partial summary, the level-sets/steepest descent lines show the
main features of the energy landscape; the number, location, and
type of critical points; and the basin of attraction of SmA under
spinodal and nucleation and growth conditions.

3.3 Lines of curvature and geodesics

Figure 6 shows the 2D projection and 3D plot of the LOC
network on the energy landscape F̂(ψ, SA) generated with the
algorithm described in Section 2. It consists of orthogonal curve
pairs that follow the minimum and maximum curvatures (cyan and
magenta, respectively) at a given point on the surface. It also includes
the primary roots shown in Table 1.

The maximum curvature (magenta) lines on the top left and
bottom right closely follow the energy contours, corresponding to
high SA–low ψ and vice versa, while along the downward diagonal,
they funnel out consistently in accordance with the energy
landscape. The minimum curvature (cyan) lines form a set of
nearly parallel L-lines, which are nearly vertical along the
nematic axis and nearly horizontal close to the smectic axis. This
is consistent with the fact that most critical points are around the
diagonal region, as shown in Figure 5. Furthermore, since the energy
surface envelope is roughly a concave-up expanding cylinder with
flat edges, it follows that we must find circular curvature lines (as in
the circular lines of a cylinder) and diverging straight lines (like in an
expanding cone).

Figure 7 shows the projected geodesic lines of the energy
landscape, computed by solving Equation 2.19 for the
temperatures belonging to the three quench zones listed in
Table 1 with the method provided in Supplementary Appendix
A2. The geodesic family origin is the isotropic state that changes
stability from unstable (A) to metastable (B) to stable (C), as seen in
Figure 4. The lines minimize the path length and are therefore
significant directions for phase changes. These lines show an
expanding funnel whose centerline (purple) connects the two
primary I-SmA phases. This line, which resembles the MEP
introduced in Section 2.2.2, follows the minimum-curvature
tendency designated in Figure 6 by the magenta lines. In
addition, this phase-connecting geodesic becomes straighter as
the depth quench is increased, achieving essentially a straight line

FIGURE 5
(ψ, SA)-energy landscapewith level-set, steepest descent curves, and critical points for 0≤ψ ≤0.3 and 0≤ SA ≤ 1, and the dimensionless free energy F̂
levels, at the same parameters from FIGURE 3. The three temperatures used (A–C) and the marker styles are listed in Table 2. The continuous black lines
go along the steepest descent and perpendicularly to the level-set curves that mark different free-energy levels. The black- and red-filled markers
correspond to the SmA and isotropic states, respectively. A zoomed-in plot around the SmA is included for (b).
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FIGURE 6
Lines of curvature projected on the (ψ, SA)-energy landscape at the same three temperatures (A–C) and with the marker styles listed in Table 2. The
parameters used are listed in Figure 3. The circular marker presents the SmA state at those temperatures. The cyan and magenta orthogonal network of
LOC corresponds to the minimum κ1 and maximum κ2 curvatures, respectively.

FIGURE 7
Geodesics superimposed on the (ψ, SA)-energy landscape at the same three temperatures (A–C) and with the marker styles listed in Table 2. The
parameters used are listed in Figure 3. The circular marker presents the SmA state at those temperatures. All lines, dashed and continuous, are geodesics;
however, the continuous line connects both the isotropic and SmA primary roots.
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in (A), and it starts to bend in the direction of a greater change in
energy as the shallow quench (C) is reached. Another important
observation is that the change in shape, direction, and bending are
reflected in the LOC as the quench regime changes, as opposed to
what the geodesics show in this figure.

3.4 Shape coefficient and Casorati curvature

Figure 8 shows the Casorati (C) curvature (top) and shape (S)
coefficient (bottom) heatmaps as a function of the OPs (ψ, SA)
coordinates. The Casorati curvature and shape coefficient were
computed using Equation 2.20 and the definitions in
Supplementary Appendix A2 at the temperatures listed in
Table 1 for the three representative quench zones. The primary
root that corresponds to the most stable phase at each temperature
was included in the bottom-right corner of each plot containing the
Casorati curvature and shape coefficient values at those coordinates.

The Casorati curvature presents major activity along the zone
where the critical points move as the temperature varies. It can be
noted that the Casorati curvature decreases as the quench depth
decreases, which follows a trend toward the isotropic transition,
where both order parameters are zero and the energy surface is
planar and, hence, C � 0. The crucial feature of the computed C �
C(ψ, SA) is the presence of a bent vertical tubular region of higher C
values in a matrix of low C. Within this high C tube, the curvedness
increases as we move toward and beyond the SmA phase in the SD

and NG zones. In the shallow quench, the increase is attenuated as
the energy surface evolves toward planarity. Interestingly, an
approximate scaling for the high C tube is a power law
SA ≈ (ψ − 0.1)n; n ≈ 0.01; more accurate fittings require
parameters, but the important point is that smectic ordering
produces a large increase in orientational ordering along the high
C tube. Furthermore, if we compare Figure 8A (top right) with the
energy landscape of Figure 5 (bottom left) in the spinodal mode, we
see that the axis of the high C tube follows the steepest descent line
that starts at the metastable plastic crystal and traverses the stable
SmA phase to end at the higher energy states (ψ ≈ 0.3, SA ≈ 1).
Hence, the C tube is another distinguishing feature of the
energy landscape.

We now search for the distinguished feature(s) of the shape S
coefficient. Figure 8 (bottom) shows that the shape coefficient
associated with the local minima at each temperature does not
reach S � −1 or a perfect ideal cup shape, as previously observed
from the findings ofWang et al. (2020). The reason behind this is the
energy surface anisotropy that originates from the LdG polynomial
structure (Eq. 2.7), as observed already in non-circular level-set
curves (see elliptical curves surrounding minima in Figure 4). In
addition, we noticed that for stability, the shape coefficient follows a
trend, assigning the local minima to a surface lying between a cup
(−1) and a rut (−0.5) shape; for completeness, we note that the
intermediate value (S � −0.75) is usually denoted as a trough. This
shape condition of local minima (−1< S< − 0.5) corresponds to a
shape with small and large principal curvatures. This behavior is also

FIGURE 8
Casorati curvature C (upper set) and shape S coefficient (lower set) heatmaps as a function of ψ and SA at the same three temperatures (A–C) and
with the marker styles listed in Table 2. The parameters used are listed in Figure 3. The coordinates on the bottom-right corner correspond to the SmA
phase (black dot) with their Casorati and shape coefficient values at each temperature.
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supported by the LOC network seen in Figure 6. In more
quantitative detail, Figure 8 shows that the correspondence
between the OPs of the local minimum and the energy surface
shape is as follows:

• Spinodal decomposition mode:
S(ψ � 0.2, SA � 0.74) � −0.55, and the shape is between a
rut and a trough.

• Nucleation and growthmode: S(ψ � 0.16, SA � 0.66) � −0.54,
and the shape is between a rut and a trough.

• Shallow quench mode: S(ψ � 0, SA � 0) � −0.84, and the
shape is between a trough and a cup.

Figure 8 (bottom) shows another distinguishing feature of the
shape index, with the blue concave-up (ridge) domain describing
a bent channel that narrows and widens as the order increases.
The outer red domains indicate unstable or concave-down (cap)
states, and the green boundaries are saddle-like shapes. Hence,
the shape landscape for smectic phases follows the previously
established rules (Wang et al., 2020) of shape coexistence, where
moving from left to right in each panel from Figure 8 (bottom),
we find the following:

S � 0.75→S � 0.5︸







︷︷







︸
concave down

→ S � 0︸

︷︷

︸
saddle

→

S � −0.5→S � −0.75→S − 0.5︸










︷︷










︸
concave−up

→ S � 0︸

︷︷

︸
saddle

→ S � 0.5→S � 0.75︸







︷︷







︸
concave down

,

where saddles are needed to separate minima frommaxima, which is
in agreement with the polynomial theorem for critical point index
iF � +1 given in Table 2 and Equation 2.12.

Figure 9 takes the geodesics presented in Figure 7 and projects
them on the Casorati and shape coefficient heatmaps from Figure 8
for each temperature according to the three quenching zones listed
in Table 1.

The main features gleaned from the Casorati-I-SmA geodesic
correlations from Figure 9 (top) are the following:

• The intersection of the geodesic with the high curvedness
Casorati tube occurs at high SA values but is eventually lost
because the slope of the geodesic increases with T, while the
Casorati tube bends to the right. For the intersection of the
geodesic and tube, we need a geodesic slope m given by the
following equation:

SA,C ≈ ψ − 0.1( )0.01;
SA,G ≈ m T( )ψ → SA,C � SA,G → ψ − 0.1( )0.01

� m T( )ψ → m T( ) � ψ − 0.1( )0.01
ψ

,

where the subscripts (C,G) denote the Casorati and geodesics. This
is only possible in the deep and intermediate quenches.

• The I-SmA geodesics for NG and SD modes largely avoid the
higher Casorati curvatures, indicating paths of lower
curvatures.

The main features gleaned from shape coefficient-I-SmA
geodesic correlations from Figure 9 (bottom) are as follows:

• The geodesic path remains well-contained in the shape index
channel comprehending ruts and trough concave-up shapes,
except at low OP and low-temperature values, where saddle-
like (green areas close to the origin) and concave-down (red
areas close to the origin) shapes arise.

• The development of SmA droplets that may form from an
intermediate quench into the NG mode starts with a S ≈ −
0.54 in the smectic phase and ends with S ≈ − 0.84 in the
isotropic state; therefore, the geodesic path to drop formation
involves relatively modest shape configurational changes.

Figure 10 integrates the curve families on the energy landscape
corresponding to the SD quench regime (T � 330K), the stable
SmA phase (black dot), and an unstable isotropic phase. It presents
the steepest descent lines, LOC, and geodesics on the (ψ, SA)-energy
landscape. The linear diagonal geodesic connecting the isotropic
(unstable)-to-smectic A (stable) phases partitions the rut and trough
region and serves as an attracting manifold for maximal LOC and
curves of the steepest descent; the congruence of these three lines
indicates why, at this temperature, SmA is the attractor. On the
bottom right high-energy area, the congruence is now between
minimal LOC, curves of steepest descent, and curved geodesics,
indicating a repelling landscape.

4 Conclusion

In this paper, we developed, implemented, and tested a novel
computational geometrical method that complements classical
liquid crystal phase transition modeling for the complex case of
two-order-parameter symmetry breaking. This approach uses
complementary geometric schemes to link the thermodynamic
energy landscape of the isotropic-to-smectic A liquid crystal
direct phase transition with novel soft-matter geometric metrics
such as the Casorati curvature and shape coefficient. We summarize
the results and their significance as follows:

1. A previously presented and comprehensive study of the
Landau–de Gennes free-energy model (De Gennes and Prost,
1993; Pleiner et al., 2000; Larin, 2004; Oswald and Pieranski,
2005b; Donald et al., 2006; Biscari et al., 2007; Abukhdeir and Rey,
2009b; Nandi et al., 2012; Izzo andDeOliveira, 2019) for the direct
isotropic-to-smectic A transition with well-known material
properties (Urban et al., 2005; Abukhdeir and Rey, 2008; Coles
and Strazielle, 2011) formed the basis of the theory and
computational modeling characterization of phase ordering
with two non-conserved order parameters.

2. The Landau free-energy landscape was obtained using explicit
Monge surface parametrization as a function of orientational
and positional orders, allowing the deployment of, in a simple
manner, differential geometry calculations (Eq. 2.7)

3. The index polynomial theorem (Eq. 2.12) for the number of
critical roots as a function of quench depth revealed the
importance of saddle roots in the spinodal and nucleation
and growth region; without the knowledge of parametric free-
energy coefficient data, the theorem shows that the maximum
number of critical roots is 3x3 since the free energy is a quartic
polynomial in the two order parameters.
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4. Using high-performance computing and high-fidelity
numerical methods for nonlinear algebraic and differential
equations, the following curve families were calculated
(Sections 3.2 and 3.3): level-set-steepest descent and
geodesic-principal curvatures. These special curves revealed
the location of critical points already predicted by the index
theorem, directions of small and large curvatures, and minimal
length connections between isotropic and smectic roots. In
particular, linear geodesics joining isotropic and smectic states
in nucleation and growth and spinodal quenches revealed
phase transformation paths. The level-set curves around
stable roots were elliptical, indicating anisotropy originating
from the Landau free-energy polynomial.

5. The emergence of metastable plastic crystals at deep quenches
and unstable nematic states at deep and intermediate quenches
was characterized, and their annihilation through supercritical
and saddle-node bifurcation was captured, re-emphasizing
results from the index polynomial theorem. The relevance
of the nematic or plastic order at the interfaces of smectic A
drops in an isotropic matrix was pointed out.

6. Previously presentedmeasures of shape and curvedness (Casorati)
in soft-matter materials were used (Section 3.4) to characterize the
energy landscape with purely geometric measures instead of order
parameter coordinates. The calculations were integrated with the
curve families, showing consistency and revealing that the
Casorati landscape is a bent, higher-curved tube embedded in

a low-curvedness matrix; the tube is well-fitted with a power law
function. The smectic A root resides inside this tube and moves
downward as the temperature increases. The shape coefficient
landscape is characterized by a wide channel of concave-up shapes
separated from an area of concave-down shapes by saddle-like
interfaces, which is in agreement with shape
coexistence phenomena.

7. Plotting all the curve families (point 4 above) in the energy
landscape, we find that at large quench, the isotropic-to-
smectic A geodesic is an attractor for maximal lines of
curvature and curves of the steepest descent, explaining the
stability of the smectic A state.

The combination of parameter-free predictions from polynomial
theorems with the computational geometry of the free-energy
landscape contributes to the evolving understanding and
characterization of the isotropic-to-smectic A transition, which is
of high interest to biological colloidal liquid crystals, such as in the
precursors to the mussel byssus (Renner-Rao et al., 2019; Harrington
and Fratzl, 2021; Jehle et al., 2021) through droplet nucleation/growth
and colloidal impingement. We demonstrated that the presence of
two non-conserved order parameters creates challenges in
equilibrium spatially homogeneous simulations, but how time-
dependent processes such as droplet growth resolve the couplings
of shape–size–structure–interface remains to be elucidated in future
work by building on the present results and methods.

FIGURE 9
Geodesics projected on the Casorati curvature C (upper set) and shape S coefficient (lower set) heatmaps from Figure 8 as a function of ψ and SA at
the same three temperatures (A-C) andwith themarker styles listed in Table 2. The parameters used are listed in Figure 3. The circularmarker presents the
SmA phase at those temperatures. The geodesics are the same from Figure 7, with different color scheme for visualization purposes. The continuous
purple lines are geodesics that connect both the isotropic and SmA phases.
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Affinity-mediated drug delivery utilizes electrostatic, hydrophobic, or other non-
covalent interactions betweenmolecules and a polymer to extend the timeframe
of drug release. Cyclodextrin polymers exhibit affinity interaction, however,
experimentally testing drug candidates for affinity is time-consuming, making
computational predictions more effective. One option, docking programs,
provide predictions of affinity, but lack reliability, as their accuracy with
cyclodextrin remains unverified experimentally. Alternatively, quantitative
structure-activity relationship models (QSARs), which analyze statistical
relationships between molecular properties, appear more promising.
Previously constructed QSARs for cyclodextrin are not publicly available,
necessitating an openly accessible model. Around 600 experimental affinities
between cyclodextrin and guest molecules were cleaned and imported from
published research. The software PaDEL-Descriptor calculated over
1,000 chemical descriptors for each molecule, which were then analyzed with
R to create several QSARs with different statistical methods. These QSARs proved
highly time efficient, calculating in minutes what docking programs could
accomplish in hours. Additionally, on test sets, QSARs reached R2 values of
around 0.7–0.8. The speed, accuracy, and accessibility of these QSARs
improve evaluation of individual drugs and facilitate screening of large
datasets for potential candidates in cyclodextrin affinity-based delivery
systems. An app was built to rapidly access model predictions for end users
using the Shiny library. To demonstrate the usability for drug release planning, the
QSAR predictions were coupled with a mechanistic model of diffusion within the
app. Integrating new modules should provide an accessible approach to use
other cheminformatic tools in the field of drug delivery.

KEYWORDS

QSPR (quantitative structure properties relationship), drug delivery, cyclodextrin,
machine learning (ML), small molecules, ODE (ordinary differential equation)

1 Introduction

Affinity delivery, which relies on interactions between a drug delivery system and drug
molecules, improves effectiveness of medication by extending the duration of drug release
and thereby lengthening the duration of the treatment (Rivera-Delgado et al., 2016).
Mathematical modeling of these affinity systems has shown that the strength of the affinity
interaction, the ratio of host binding sites to guest ligands, and the molecular path length of
diffusion influence the transport of molecules out of the system. Of these physical forces, the

OPEN ACCESS

EDITED BY

Ali Miserez,
Nanyang Technological University, Singapore

REVIEWED BY

Animesh Pan,
University of Rhode Island, United States
Frank Alexis,
Universidad San Francisco de Quito, Ecuador

*CORRESPONDENCE

Horst A. von Recum,
horst.vonrecum@case.edu

†These authors have contributed equally to this
work and share first authorship

RECEIVED 18 March 2024
ACCEPTED 20 June 2024
PUBLISHED 29 July 2024

CITATION

Xin AW, Rivera-Delgado E and von Recum HA
(2024), Using QSAR to predict polymer-drug
interactions for drug delivery.
Front. Soft Matter 4:1402702.
doi: 10.3389/frsfm.2024.1402702

COPYRIGHT

© 2024 Xin, Rivera-Delgado and von Recum.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Soft Matter frontiersin.org01

TYPE Original Research
PUBLISHED 29 July 2024
DOI 10.3389/frsfm.2024.1402702

123

https://www.frontiersin.org/articles/10.3389/frsfm.2024.1402702/full
https://www.frontiersin.org/articles/10.3389/frsfm.2024.1402702/full
https://www.frontiersin.org/articles/10.3389/frsfm.2024.1402702/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frsfm.2024.1402702&domain=pdf&date_stamp=2024-07-29
mailto:horst.vonrecum@case.edu
mailto:horst.vonrecum@case.edu
https://doi.org/10.3389/frsfm.2024.1402702
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://doi.org/10.3389/frsfm.2024.1402702


affinity strength plays an important role in the classification of the
system and the timescale of drug release (Fu et al., 2011). Affinity
interaction can be associated with a variety of physical properties,
including charge, hydrophobicity, Van der Waals forces, etc. In the
fields of biomaterials and drug delivery, affinity delivery has been
used with small molecule drugs (Wang and von Recum, 2011),
proteins (Rivera-Delgado et al., 2016), cytokines, and antibodies
(Ortiz et al., 2011).

Our lab tests rings of glucose molecules as affinity hosts called
cyclodextrins, which are particularly promising affinity drug delivery
hosts due to their structural properties, biocompatibility and versatility.
The most common cyclodextrin are composed of a ring 6, 7, or
8 glucose molecules (α, β, and γ-cyclodextrin, respectively), and the
conformation of the hydroxyl groups of the ring create a basket-like
structure with a hydrophobic interior and hydrophilic interior, allowing
for complexation with drug molecules (Figure 1). Additionally,
cyclodextrin can be polymerized into a variety of materials,
including microparticles, viscous gels, and solid films. Unfortunately,
experiments to confirm sustained release from the affinity guest-host
system often takes weeks, making testing large numbers of potential
candidates for cyclodextrin release systems impractical.

As an alternative to experimental testing, candidate molecules
can be analyzed computationally. Predicting the binding affinity
between cyclodextrin and drug molecules allows for the processing
of molecules on the scale of minutes rather than weeks. There are
two major methods for predicting molecular interaction: docking
models and QSARs. Docking models use molecular force fields,
which simulate interactions and potential energy between atoms.
Force field parameters may be derived from experiments,
calculations from quantum mechanics, or both (Jacob et al.,
2012). In addition to providing a numeric estimate for binding
affinity, docking programs produce visualizations of how molecules
interact. QSARs, or Quantitative Structure-Activity Relationship
models, statistically predict molecular interactions using
molecular descriptors. Molecular descriptors are certain physical
or chemical characteristics of molecules that can be evaluated
numerically (for example, the number of hydrogen atoms or the

length of the longest bond chain). Many different types of regression
models and statistical learning methods can be used as QSARs,
ranging in complexity from linear models to artificial neural
networks (Dehmer et al., 2012).

Previous investigations have been made on the accuracy of both
docking andQSARs in predicting cyclodextrin affinity, but examining a
sample of these papers reveals several concerns (Table 1). Notably, all of
the investigated models used software hidden behind a paywall or only
available with a license (Pérez-Garrido et al., 2009; Prakasvudhisarn
et al., 2009; Ghasemi et al., 2011; Merzlikine et al., 2011; Ahmadi and
Ghasemi, 2014; Veselinović et al., 2015; Xu et al., 2015; Mirrahimi et al.,
2016). Additionally, many models lacked proper verification. Following
Tropsha’s publication detailing best practices for QSAR development, a
completely verified model should undergo leave-one-out cross-
validation (LOO-CV) (reported as Q2), y-randomization, pass a
variety of internal accuracy tests, and be analyzed for applicability
domain. Additionally, models should be evaluated on multiple test sets
as well as a hold-out external validation set (Tropsha, 2010). Of the
papers investigated, none contained the full set of verification strategies.

In this study, the accuracy and usability of docking and QSARs
were compared in order to establish an appropriate framework for
the computational design of cyclodextrin based affinity delivery
devices. Autodock VINA, an open-source docking program
developed by Trott, was used to investigate docking methods
(Trott and Olson, 2010). A variety of statistical methods
presented in previous cyclodextrin QSARs were also investigated.
The performance of QSARs was evaluated on both a standard test set
as well as an external validation set to confirm accuracy. Properly
evaluating the use of docking and QSARs should improve selection
of possible guests for cyclodextrin, reducing the rejection of good
candidates (Type II error) and limiting experimental investigation of
bad candidates (Type I error).

Finally, though the coded models could be made freely available,
understanding the raw script remained a significant obstacle for new
users. Additionally, users would have to download multiple files and
programs to their own computers, creating potential issues with
device compatibility, storage restrictions, processor limitations, etc.

FIGURE 1
Cyclodextrin complexation.
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To overcome these obstacles and improve accessibility, the models
were then integrated into a web application built with the R library
“shiny” and then uploaded online. To demonstrate the ease of
extendability of the app and its value in planning drug delivery
strategies the results from the QSAR studies were then integrated
into a mechanistic model of drug release.

2 Materials and methods

In order to be accessible, the models use only open-source
software. Importing experimental data, cleaning data, and
creating QSAR models were performed using R in RStudio. Both
the coding language and the IDE are freely downloadable and easily
accessible on Windows, Mac OS, and Linux. Descriptors were
generated with PaDEL, also freely downloadable and open-
source. Only the original observations of cyclodextrin
complexation energies remain inaccessible to the public, but this
does not have any effect on using the models for new predictions.

2.1 Dataset

Many of the models in Table 1 work from the same data source, a
compilation of α- and β-CDaffinities published by Suzuki in 2001 (Suzuki,
2001) [additionally, the sources that cite a different paper by Katritzky
ultimately use this same data, as the Katritzky paper cites Suzuki for
observations (Katritzky et al., 2004)]. In addition to Suzuki, we also
compiled complexes of α- and β-CD Rekharsky and Inoue and Suzuki
(Rekharsky and Inoue, 1998). Complexes of γ-CD, missing from the
Suzuki dataset and sparse in the Rekharsky and Inoue data, were collected
fromConnors (Connors, 1995). Once compiled, the data were cleaned for
reliable information, one-to-one cyclodextrin complexes, a temperature of
298 ± 2 K, and a solvent of water with pH 7. To obtain structure-data files
(SDFs) of the ligands, the names of the guest molecules were passed
through the Chemical Identifier Resolver, a web interface provided by the

National Cancer Institute’s Computer-Aided Drug Design Group (NCI/
CADD). To handle the data, the R packages tidyverse, data. table, XML,
RCurl, and Matrix were used (Bates et al., 2017; Dowle et al., 2017;
Wickham, 2017; Duncan Temple Lang and the CRANT and eam, 2018a;
Duncan Temple Lang and the CRAN Team, 2018b).

Dataset splitting was performed using the R package caret (Kuhn
and Quinlan, 2018). First, the cleaned data was split between α-, β-,
and γ-CD. Structural and activity outliers in each category were
removed. Structural outliers were detected using a statistical method
relying on standard deviations of molecular descriptors (Roy et al.,
2015). For activity outliers, molecules with reported ΔG values
greater than 2.5 standard deviations from the mean were
removed. Though traditional practice advises classifies outliers as
values more than only two standard deviations away, in this case,
retaining data points remained a priority and a larger margin was
allowed. There were 9, 21, and 11 α-, β-, and γ-CD outliers,
respectively. After removal, around 200, 250, and 100 α-, β-, and
γ-CD observations remained.

The data was then split into training, testing data and external
validation. For each separate cyclodextrin, an external validation set
was created from a random 15% subset of the data. To create
multiple training and test sets, the remaining modeling data was
split with representative resampling of ΔG values into ten different
75:25 train to test data partitions. Though not as advanced as
maximum dissimilarity algorithms, this method proved more
practical due to the large number of descriptors (over 1,000)
generated for each guest molecule. Furthermore, maximum
dissimilarity algorithms, when implemented in this instance, had
the unfortunate tendency to select highly similar training and test
sets, defeating the purpose of creating multiple sets in the first place.

2.2 Docking calculations

The process of docking is based on two processes: sampling and
scoring (Jacob et al., 2012). Sampling refers to the capacity to search

TABLE 1 Results of previous cyclodextrin QSARs.

QSAR R2 Descriptors Feature selection Validation

Q2 y-rand AD EV

Cubist (Ghasemi et al., 2011) 0.945 Pfizer* ** ** ** Yes Yes

Random forest (Ghasemi et al., 2011) 0.912 Pfizer* ** ** ** Yes Yes

Partial least squares (PLS) (Veselinović et al., 2015) 0.68 ChemOffice, SYBYL, Pentacle* Genetic algorithm 0.64 ** Yes **

PLS (Pérez-Garrido et al., 2009) 0.74 SYBYL, Pentacle* Fractional factorial design 0.75 Yes Yes **

Multiple linear regression (MLR) (Xu et al., 2015) 0.943 ISIS/Draw, CODESSA* Forward selection 0.848 **

MLR (Mirrahimi et al., 2016) 0.841 ISIS/Draw, MOPAC, Web-DRAGON* Genetic algorithm 0.821 Yes Yes **

MLR (Prakasvudhisarn et al., 2009) 0.833 HyperChem, DRAGON* Forward selection 0.826 Yes Yes **

MLR (Tropsha, 2010) 0.78 SYBYL, MOE, AutoDock Tools, BINANA Genetic algorithm 0.82 ** Yes **

Artificial neural network (Prakasvudhisarn et al., 2009) 0.957 HyperChem, DRAGON* Forward selection 0.955 Yes Yes **

Support vector machine (Trott and Olson, 2010) 0.971 HyperChem, MOE* Particle swarm ** ** ** **

*Presence of a paywall, usually due to specialized software that requires a license.

**Insufficient verification. None of the models investigated were both fully validated and openly accessible.
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an active site on a protein, macromolecule or, in this case, affinity
host. This can be performed with distance matrices, matching
algorithms or incremental construction, multiple copy
simultaneous searching, stochastic methods, or any combination
of the aforementioned strategies. Scoring calculates the final binding
affinity between the guest and host and can be dependent on force-
field, empirical, or knowledge-based calculations. Docking generally
involves the use of a host and a guest molecule which can be either
rigid or flexible. Three types of conformation exist: rigid-rigid, rigid-
flexible and flexible-flexible. In this paper we use AutoDock Vina, a
version of AutoDock that uses Monte Carlo stochastic sampling
coupled with a force field based scoring function from a resample of
a drug like database to derive its weighted parameters. Vina in
particular uses a flexible drug guest and a rigid cyclodextrin host,
although it allows side chain mobility when docking ligands
onto proteins.

The PyRx Virtual Screening Tool provides a variety of services,
including molecular energy minimization, docking calculation, and
visualization of molecules. PyRx version 0.8 was used here, as further
editions require purchase (Dallakyan and J, 2015). Ostensibly, the
source code of newer versions of PyRx is freely available, but actually
implementing the code requires fairly advanced knowledge of
Python, making public usage difficult. To begin, all guest
molecules went through energy minimization to determine the
most likely atomic configurations. AutoDock Vina, integrated
within PyRx, calculated the change in Gibbs free energy (kcal/
mol). We tested the effect on the docking process of changes in
the search space, search exhaustiveness, and scoring force field type.

2.3 Descriptor generation

The open source software PaDEL-Descriptor calculated over
1,000 descriptors for the remaining molecules, including
fingerprints, structural details, and physical properties (Yap,
2011). Additionally, PaDEL-Descriptor removed salts and
minimized the energy of inputted files using an MM2 force field.
To improve model interpretability, more abstract predictors, such as
those related to eigenvalues for molecular matrices or
autocorrelation, were excluded from calculation. The elimination
of these descriptors did not produce any noticeable effect on final
model accuracy and made feature selection less resource intensive.

2.4 Feature selection

Recursive feature elimination (RFE), implemented with caret,
was used to subset the predictors used for model-building (Kuhn
2018). Using this method, a random forest model is created using
all available descriptors. Once trained, the relative importances of
the predictors are calculated and differently sized subsets
(defined by the user) of variables are selected to create and
evaluate new models. The best combination of predictors is
then returned by the model. RFE was performed on each of
the ten train-test splits. The predictors determined to be useful
for all folds were saved and used for tuning and training the
models. This resulted in 13 variables for ⍺-CD, 16 variables for β-
CD, and 39 variables for γ-CD.

2.5 QSAR development

We investigated the accuracy of several models that appeared in
previous attempts at cyclodextrin QSARS (Table 1), including
Cubist models, generalized linear models (GLM or GLMNet),
random forests, partial least squares models, and support vector
machines. Additionally, two QSAR methods not previously
published for cyclodextrin—multivariate adaptive regression
splines (MARS) and gradient-boosted models—were created and
evaluated. Model building was accomplished with R-packages
Cubist, glmnet, randomForest, pls, e1071, earth, and gbm,
respectively (Cutler and Wiener, 2015; Mevik and Liland, 2016;
Friedman et al., 2017; Kuhn et al., 2017; Meyer et al., 2017).

Cross-validation was used to determine ideal tuning parameters
for each QSAR. For faster QSARs—such as generalized linear
models (GLM) and partial least squares (PLS)—tuning was
performed using 10-fold cross validation. For more resource-
intensive models or models with large parameter spaces—such as
random forests, Cubist and support vector machines (SVM)– only
five folds were used. Optimized models, QSARs built with the tuned
parameters and trained on the entire training set, were used to
predict the test for each combination of test and training set. Further
fine tuning was also performed at this step. Themodel that produced
the lowest root-mean square error (RMSE) and highest R2 (or an
otherwise most ideal combination) on all the test sets became the
final model, i.e., the model saved for future use. Furthermore, the
models were evaluated according to Tropsha and Golbraikh
standards for QSARs (Golbraikh and Tropsha, 2002). Although
R2 and RMSE can be useful for generalizing predictive capacity, they
may be misleading in certain cases, necessitating stricter additional
standards of evaluation. As an additional test of reproducibility, the
final models were used in ensemble to predict the values of the
external validation set. Because this dataset was withheld from the
entire model training process, the external validation set served to
simulate model performance on new data.

2.6 Applicability domain

Applicability domain describes the range of molecules where the
model can be expected to generate reliable predictions. A new
molecule outside of the applicability domain is structurally quite
different from the set of data the model was trained on, and thus a
prediction will rely on extrapolation and may not be accurate. The
applicability domain of the models was determined with the same
method used to detect outliers when cleaning the dataset (Roy
et al., 2015).

2.7 Y-randomization

Y-randomization was used to further verify the significance of
the results. Many advanced QSAR methods are powerful enough to
model data off of noise, so y-randomization ensures that the
modelling process produces results significantly more accurate
than what could be obtained by chance. Randomization can be
achieved by permutation (randomly changing the positions of
observed values) or random number generation (replacing
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observed values with completely new data). Different combinations
of permutation and/or random generation yields five different
modes of y-randomization to investigate: 1) original ΔG values vs
randomly generated descriptors, 2) permuted ΔG vs original
descriptors, 3) random ΔG vs original descriptors, 4) random ΔG
vs random descriptors, and 5) permuted ΔG vs random descriptors.
(Combinations including permutation of descriptors are not
included because the large number of predictors in QSARs
renders the effects of such a process virtually indistinguishable
from random number generation.) However, because the
y-randomization process is extremely resource-intensive (as each
mode requires that several randomized iterations undergo the
modeling process), only mode 1, the most common
interpretation of y-randomization, was investigated (Rücker et al.,
2007). The observed ΔG values were randomly assigned to guest
molecules, and the entire model refitting process was re-done, from
feature selection to external validation.

2.8 Creating an app

Using R’s “shiny” package, most of the process of running the
QSAR could be implemented in a web app. The app was split into
three main pages: Download, Upload, and Explore. “Download”
accesses Chemical Identifier Resolver and obtain SDFs. The page
also draws the obtained molecule using the package “ChemmineR,”
allowing the user to check that the SDF is accurate. “Upload”
implements the QSARs after the user provides the app with a
CSV of the descriptors from PaDEL-descriptor. After calculating
the affinity and analyzing the applicability domain of the molecules,
the user is provided with both a graph and a table of the results. The
third page “Explore,” stores the results of using the ensemble on
FDA-approved drugs, as obtained from the annual publication
“Orange Book: Approved Drug Products with Therapeutic
Equivalence Evaluations.” (Food and Drug Administration, 2019)

2.9 Modeling release curves

Partial differential equations that model drug diffusion were solved
using the R package deSolve (Soetaert et al., 2018) using the method of
lines as previously done by Fu et al. (2011). In the model, the release
media was assumed to be water and the delivery systemwas assumed to
be flat, thin circular cyclodextrin disc. The boundary condition between
the polymer and the media was approached as described by Wang and
von Recum (2011). Diffusivities of drugmolecules were calculated from
molecular weight and viscosity using a modified Stokes-Einstein-
Sutherland equation, as done by Vulic et al. (2015).

3 Results and discussion

3.1 Performance of docking

When predicting on the entire cleaned dataset (all modeling data,
which includes the training, testing, and external validation set),
AutoDock Vina yielded an R2 of 0.18 and a RMSE of 5.00 kJ/mol
(Figure 2). Of the 547 cleaned complexes, docking provided calculations

for 458, failing to provide data on 89 complexes. Adjusting settings in
Vina, such as the minimization algorithm size of the steps in the
calculation, did not yield significant differences in accuracy. In
comparison, the affinity of only around 40 cleaned molecules could
not be obtained by the ensemble QSAR. In these cases, the withheld
molecules were determined to be outliers, and the actual QSAR model
could still be used to predict a value.

3.2 Performance of QSARs

The results of predicting on the test data for each QSAR and
cyclodextrin type are markedly higher than docking (with the
exception of γ-CD), reaching an R2 of around 0.5 to 0.7, as seen
in Table 2 and Figure 3. The reported R2 for each QSAR type is
calculated from an average of the performance of the model on all
test splits. Additionally, Table 2 contains information on verification
of all the QSAR types (3-VII Validation methods). Of the types
investigated, only PLS and GLMNet failed to pass the salvo of
verification criteria, both falling short of attaining an R2 of 0.6.

In terms of reliability, most models were able to handle the
available data well, providing calculations for all providedmolecules.
Only the Random Forest and Cubist models failed to calculate the
affinity of some molecules, possibly due to being based around
decision-trees. The algorithm underlying both models attempts to
draw predictions by categorizing entries based on their features. If
they encounter a molecules entirely different from the data they
trained on, the models may fail to create a prediction.
Advantageously for our approach, the failure to calculate some
values becomes less important where models are combined in an
ensemble where the final prediction is averaged over many models.

The results of ensemble prediction (averaging the results of
many different QSARs) can be seen in Figure 4. While ⍺- and β-CD
models managed to reach moderately high predictive performance
metrics, unfortunately, all γ-CD models lacked useable
predictive power.

The models passing the verification in Table 2 were further
verified using y-randomization. To ensure accuracy was not the
result of the models building off of noise, 25 different permutations
of ΔG values were created. All Q2 values of the models created from
the original data were calculated to lie well outside 3 standard
deviations of the mean Q2 of the randomized data. Additionally,
the R2 values of the ensemble QSARs were significantly greater than
the R2 values obtained from the ensemble models created from
permuted data (means of 0.021 and 0.027 and standard deviations of
0.011 and 0.016 for ⍺- and β-CD, respectively).

3.3 Variable importance

Interpretability of a model provides a rough check if a model is
calculating off of random noise or if the model is drawing logical
calculations from physical properties to molecular behavior. Each
model, due to differences in statistical algorithms and approaches,
has differing levels of interpretability. GLM, being similar to linear
models, have easily accessible coefficients associated with each
predictor, so the relative impact of each factor can be compared
with reasonable confidence. Cubist models, on the other hand, tend
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to be difficult to interpret as variables are processed throughmultiple
levels of decision trees.

Evaluation for the relative importance of variables are shown in
Figure 5. Random forest was the only QSAR type with a pre-
packaged importance function for variable analysis. PLS variables
were analyzed using a function obtainable from Mevik et al. (2007).
Max Kuhn’s caret package was used to evaluate GLMNet, the two
SVM kernels, and Cubist. Unfortunately, caret was unable to process
the final models for GLMNet and SVM, and the reported variable
importance values were actually derived frommodels created within
caret’s “train” function, and are thus slightly different from the
models saved in the ensemble. To determine importance, the “train”
function removes a variable, rebuilds the model, and analyzes the

effect on accuracy. The more important a variable, the larger the
drop in accuracy. After each variable has been tested, the function
can then rank the importance of the descriptors.

For β-CD, XLogP, a measure of lipophilicity, appears to be
important for all models, consistent with how the structure of
cyclodextrin allows for easier complexation with small
hydrophobic drugs. The same reasoning can be extended to
LipoAffinityIndex and MLogP, additional approaches to
quantifying lipophilicity. The number of carbons, nC, is also
consistently important, possibly due to a relationship with
molecule size. WTPT-2 is the PaDEL weighted path descriptor
divided by the number of atoms, and also may be important due
to encoding information on molecular size.

FIGURE 2
Results of PyRx docking.

TABLE 2 Evaluation of QSARs on test sets.

QSAR α-CD β-CD γ-CD

A B C D A B C D A B C D

Cubist 0.63 0.56 0.07 0.93 0.75 0.59 0.02 0.97 0.08* −0.19* 0 0.98

GBM 0.78 0.5 0.05 0.95 0.83 0.73 0.02 0.98 0.35* 0.03* 0.68* 0.96

GLMNet 0.53* 0.54 0 0.94 0.52* 0.45 0.03 0.95 0.36* −0.26* 0.17* 0.97

MARS 0.65 0.58 0.03 0.99 0.73 0.58 0 0.98 0.40* −0.33* 0.33* 0.97

PLS 0.55* 0.47 0.05 0.93 0.55* 0.47 0.02 0.95 0.16* −0.1* 0.28* 0.97

Polynomial SVM 0.65 0.55 0 0.98 0.74 0.56 0 0.98 0.45* −0.28* 0.05 1

Random Forest 0.76 0.63 0.02 0.96 0.84 0.67 0.03 0.98 0.69 0.28* 0.24* 0.98

RBF SVM 0.74 0.64 0.02 0.96 0.85 0.61 0 0.98 0.35* −0.19* 0.05 0.98

Sigmoid SVM 0.51* 0.52 0.05 0.93 0.50* 0.56 0.27 0.92 0.32* −0.11* 0 0.98

The columns labeled A-D indicate the four conditions outlined by Golbraikh and Tropsha. A: R2 > 0.6; B: q2 > 0.5, where q2 is the result from leave one out cross-validation on the training set; C:

|R2—R′20|/R2 < 0.1, indicating that the R2 when the axes are flipped (R’2
0) is close to the original R2; D: 0.85 < k < 1.15, where k, the slope of the regression line through the points is close to 1.

*Model failed condition.
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FIGURE 3
Results of QSARs on test sets.

FIGURE 4
QSAR ensemble prediction.
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However, not all the variables can be linked to set chemical
properties. SpMax and SpMin relates to eigenvalues of a modified
connectivity matrix, a numerical representation of atomic and
molecular bonds, and may not be associated with any
interpretable physical property (the same analysis can also be
used for GATS predictors). To aid interpretability, building a
model with predictors easily attributed to physical or chemical
properties may be advised. The extent to which interpretability
should trade off with accuracy remains in question. Our findings go
in accordance to those in the general literature were lipophilicity
tends to highly influence model output.

3.4 Web application and FDA database

After collecting a list of FDA-approved drugs and drug
combinations from the Orange Book, an annual publication
listing all approved pharmaceuticals, the names were cleaned for
individual active compounds. In total, 1,401 unique molecules could
be extracted. Of these, 1,116 could be downloaded from Cactus and
1,031 could be processed by PaDEL. Many of the molecules that
could not be analyzed by PaDEL would have proven impractical for
cyclodextrin delivery, such as simple ionic salts (e.g., potassium
chloride), or large molecules made of more than 100 atoms. Running
the remaining guests through applicability domain analysis yielded
638molecules, 45.5% of the original set.While less than half of FDA-
approved drugs could pass through the model, the 600 available
guests spans a wide range of properties and uses, allowing the page to
be useful for candidate selection (Figure 6).

Though the app could be uploaded online through shinyapps. io,
server time limitations on the account hosting the app make it
impractical for usage by a large number of individuals
simultaneously. In order to run the app for more than a few

hours, such as with screening a large dataset of molecules, the
code would have to be downloaded through GitHub. In addition,
the user would need to download the R libraries and the IDE
RStudio, potentially negating the goal of creating an accessible,
intuitive interface. The “Explore” page partially alleviates this
obstacle, as it allows the user to perform a quick search of a pre-
predicted affinity rather than spend time downloading the structure
file, launching PaDEL, and running the QSAR.

3.5 Drug release module

To demonstrate the extensibility of the shiny app and its value in
the design of drug delivery strategies the results of the QSAR
predictions can be fed into a mechanistic model of drug delivery
(Figure 7). The results demonstrate the ranges of values expected
from the strongest affinity binding predictions and from the
weakest. As expected, strong predictions produce much slower
release profiles and weak predictions produce faster release
profiles. Conservation of mass was verified as the sum of all mass
within the system from the polymer and media compartment across
all times as a test of the implementation. Notably, the
implementation in R required a modification of the method of
lines for appropriate modeling of the polymer to liquid media
interface. (Linge and Langtangen, 2016). Future efforts in
creating new modules could explore substructure searching to
identify alternative strategies for weak binders or drugs that
demonstrate unsuitable release profiles. It is expected that not all
drugs will follow this simplistic model of drug release. For those
cases our lab has built a whole suite of approaches to alter elution
rates such as a wide range of formulations, supramolecular
interactions, Schiff-base formation and multi-arm PEG
substitutions.

FIGURE 5
Variable importance.
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4 Conclusion

In predicting the binding affinity of cyclodextrin with small
drug molecules, QSARS such as Cubist, GBM, MARS, random
forest, and SVM models can be created using accessible open-
source software. These models outperform available docking
software in both accuracy and time consumption and pass
statistical verification of reliability. The additional accuracy

afforded by QSARs can be integrated into the previously
published mechanistic model for predicting drug release
curves for candidate molecules. This would both help narrow
down candidates for cyclodextrin affinity-based drug delivery as
well as help advise which molecules are most appropriate to
tailor the release rate from a delivery system for a given
biomedical application. Furthermore, the QSAR models can
be used to evaluate existing marketed pharmaceutical

FIGURE 7
Drug release curves.

FIGURE 6
User interface of the Shiny App.
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formulations for their small molecule interaction with
cyclodextrin to better understand the extent that the strength
of binding between the cyclodextrin and the drug is of
importance for the marketed product formulation (Braga,
2023; Puskás et al., 2023). Both of these goals can be
achieved by any reader interested in the current work by
accessing the github repository for this manuscript (https://
github.com/awqx/qsar-app). The current model is limited to
predictions in the experimental space of the training data and
applications outside its applicability, for example, at low or very
high pH, should be employed with caution and tested
experimentally.

The integration of these machine learning models in
combination with the mechanistic models of drug delivery all
within a web application allows for a novel framework to plan
drug delivery strategies. The application allows for a “design
before you build” approach where others can bring their library
of small molecules and determine which ones make the best
candidates for an affinity release strategy. The mechanistic
models of other geometries or drug delivery forms such as
microparticles and injectable polymers can be readily included
in the application to further extend the capabilities for other
biomedical applications.
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