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Preface

Soft materials have experienced a rapidly increasing interest over the last two decades, which
is possibly due to the dissolution of borders between the fields of polymers, colloids, and liquid
crystals, in order to find systems that synergistically combine aspects of two or more of these
fields. Moreover, this field is being helped by the rapid developments seen in biomaterials and
efforts to replicate natural biomaterials through synthesis and self-organisation. This Special Issue
of Materials provides a number of studies from fields such as liquid crystal composite systems, which
cover ionic liquid crystals as photonic materials or the description of polymer structures formed in
liquid crystals for the priduction of smart glass. Soft polymers have raised much interest through
the production of self-assembled smart structures, which are stimuli-responsive to electric, magnetic,
mechanical fields, and even light. Biomaterials can be used as thin biopolymer films and also as silk
fibroin-based biomedical soft materials. Micelles can be extracted from biomaterials, leading us into
the realm of colloids.

I hope that the readers of this Special Issue, celebrating the 15th anniversary of journal Materials,
share my enthusiasm for soft materials and the new developments observed within this field. I would
like to thank all contributors and the editorial staff at MDPI, especially Iris Xue, for all of the work
they put into promoting this Special Issue, finding referees, and all the other tasks that were crucial
for the publication of this Special Issue.

Ingo Dierking
Guest Editor
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As the current Section Editor for Soft Matter of Materials, I am delighted to be able to
present a Special Issue of the journal: The 15th Anniversary of Materials—Recent Advances
in Soft Matter.

Today, the highly interdisciplinary field of soft matter combines chemical synthesis,
physico-chemical experiments and interpretation, physical theory and modelling of experi-
mental data, instrumentation development, material sciences, biology and biochemistry,
and medicine and healthcare, all the way to manufacturing and materials processing. Tra-
ditional fields such as polymers, colloids, gels, granular systems, and liquid crystals and
foams are increasingly combined and overlap, incorporating medical and biochemical
aspects. This leads to a plethora of additional application areas beyond plastics, foods
and cosmetics, towards further modern aspects of soft matter like nanotechnology, pho-
tonics, soft robotics, and smart glass or sensors, yet without disregarding the traditional
fundamental aspects of self-assembly, phase transitions or rheology.

Soft-matter materials are easily deformable due to their very small elastic constants
when compared to solid-state materials. Thus, large deformations will easily occur with
only very small external forces applied. While deformations in solid-state materials are
of the order of a few atomic distances, soft-matter materials can show deformations of
several hundred micrometres and larger for similar forces applied. Out of the many ex-
amples, one can, for instance, mention the spatial size of defects found in liquid crystals,
which are easily seen in polarisation microscopy, while dislocations in solids are of the
size of a few nanometres. Another aspect of soft matter is the fact that interesting phys-
ical behaviour occurs, i.e., intermolecular interactions, at energies comparable to room
temperature ~kT. This implies that temperature plays a dominant role and materials react
in a very sensitive way to fluctuations in external conditions. An example here would
be the sensitivity for coagulation vs. peptization of a colloidal dispersion. At last, an
often-observed phenomenon in soft matter is self-assembly and self-organisation, which
leads to mesoscopic structures but also to complexity in dynamics and properties. Here, we
can find examples in surfactant solutions where, at the critical micelle concentration, tens
of individual surfactant molecules self-assemble into one micelle. At the same time, the
surface tension strongly decreases, while the viscosity strongly increases. Yet the structural
dynamics is rather complex, with surfactant molecules leaving and entering the micelle,
which can even disappear completely, while a new micelle is formed elsewhere.

Taking a look at Figure 1, which depicts the number of annual publications mentioning
the term “Soft Matter” over the last three decades, one could be tempted to say that the
field experienced an explosive increase in interest in the five years following 2005 and
has since matured into a field of research with a constant output in the last fifteen years.
Nonetheless, as we know, soft materials have been around for much longer but, most likely,
were only referred to as individual fields, like polymers, colloids, gels, surfactants, or liquid
crystals. Only in this millennium have these sub-fields of soft matter largely influenced
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and fruitfully enriched each other, forming a synergy which makes this topic so timely,
scientifically challenging and applicationally interesting.
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Figure 1. Number of publications in each year mentioning the term “Soft Matter” for the last
three decades.

For any reader who would like to acquire a first and general overview of experimental
soft matter [1], its grand challenges [2] and a recently proposed roadmap [3] can be recom-
mended, in which the directions that the field might be developing in the near and medium
future are outlined.

One of the current fields that should be highlighted is the use of polymers, or, rather,
elastomers. Already, here, one can realise that other fields besides polymers have enriched
this field, namely liquid crystals, in the form of liquid crystal elastomers. These promise
use for various applications, such as colour-changing films under application of deforma-
tions [4], but also the converse effect, light-induced deformations through incorporated
azo-groups [5]. These materials can be printed [6]; fibres can be drawn and woven into
fabrics [7] to act as actuators, power sources, or sensors triggered by light, solvents, vapour,
electric or magnetic fields, or temperature, which promise impact in the general field of
soft robotics [8]. The latter is not only often bio-inspired and realised via liquid crystal
elastomers [9], but also via hydrogels [10], and materials can perform sensing and other
duties via electric or magnetic stimulation towards soft intelligent robots [11].

Another strongly expanding field in the area of soft matter is currently found in bioma-
terials and healthcare, again exploiting the interdisciplinarity with other soft-matter aspects
like gels [12], applications of robotics [13], colloids for drug delivery [14], biodegradable
polymers in healthcare [15], or even viruses as model systems for colloidal and liquid
crystal behaviour [16].

In the realm of classical colloids, these materials find novel applications, for example,
as quantum materials [17] or in the preservation of art [18]. Yet the topic which has
probably gained the most attention in recent years is that of driven or active (self-driven)
soft matter [19]. This has found its way into metamaterials [20], biomimetics [21], and the
field of collective behaviour [22], just to name a few topics. Active materials from soft
matter have experienced such an explosive growth of interest that even a survey about
reviews of the different subtopics was published a few weeks ago in 2025 [23].
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Also, investigations of liquid crystals have moved away from the classic field of
displays towards elastomers [24-26] (as already mentioned above), stimuli-responsive
smart materials [27], chiral materials mimicking nature [28], and enhancing the field of
photonics [29] by making materials tuneable through external stimuli. The latter aspect is
also exploited for liquid crystal sensors for biomolecules, solvents or gases [30,31]. With
respect to real applications to date, liquid crystal-polymer composites in the form of smart
windows/smart glass have flourished considerably in the last few years [32-35].

In terms of fundamental science relating to soft matter, three main areas of recent
interest should be pointed out: (i) advances in theory, simulation and modelling [36,37],
(ii) the rise of artificial intelligence and machine learning [38,39], and (iii) mathematical
descriptions of soft matter, in particular the field of topology [40,41]. But we should also not
disregard the topics which have long been a classical aspect of soft materials, for example,
at the interface to biology and biophysics, namely cells and vesicles. Also here, some very
interesting developments have taken place, for example, in the use of vesicles for drug
delivery [42]. These vesicles can even be derived from cells [43], or conversely, vesicles can
be used in the development of protocells [44] or for cell-to-cell communication [45]. A field
which will probably expand in the future has been outlined as optobiology [46], the use of
living cells in optics and photonics.

From this certainly incomplete discussion of various soft-matter topics, it is clear
that the field displays an enormous breadth and great potential for fundamental physics,
synthetic chemistry, and the development of novel materials, but above all, for a plethora of
potential applications from photonics to actuators, from sensors to soft robotics, and from
biological functionality to healthcare products and engineering. The reader of this Special
Issue will find that this breadth of soft-matter aspects is replicated in this book to celebrate
15 years of the journal Materials with a special focus on “Recent Advances in Soft Matter”. I
have broadly grouped the published research papers and reviews into four categories to
illustrate the diversity and breadth of the topic:

A: Liquid crystals and composite systems—covering subjects as diverse as multi-stable
cholesteric LCs [47], ionic LCs as photonic materials [48], and a Voronoi description of
polymer-modified LCs [49].

B: Soft polymers—reviewing stimuli-responsive smart polymers [50], and modelling
rate-dependent adhesion [51].

C: Biomaterials—discussing silk fibroin-based biomedical soft materials [52], hybrid
biopolymer films [53], and reverse micelle extraction from biomaterials [54].

D: Colloid and active matter—studying bacteria-based colloidal active matter and
collective behaviour [55], and the synthesis of coated magnetic colloids [56].

With this, I would like to wish the journal a happy 15th anniversary and the reader
some hopefully interesting, inspiring, diverse and varied reading on the aspects of soft-
matter materials.
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Abstract: Electrically driven multi-stable cholesteric liquid crystals can be used to adjust the transmit-
tance of incident light. Compared with the traditional liquid crystal optical devices, the multi-stable
devices only apply an electric field during switching and do not require a continuous electric field
to maintain the various optical states of the device. Therefore, the multi-stable devices have low
energy consumption and have become a research focus for researchers. However, the multi-stable
devices still have shortcomings before practical application, such as contrast, switching time, and
mechanical strength. In this article, the latest research progress on electrically driven multi-stable
cholesteric liquid crystals is reviewed, including electrically driven multi-stable modes, performance
optimization, and applications. Finally, the challenges and opportunities of electrically driven multi-
stable cholesteric liquid crystals are discussed in anticipation of contributing to the development of
multi-stable liquid crystal devices.

Keywords: electrical driving mode; multi-stability; liquid crystals; cholesteric phase; optical devices;
bistable mode; tri-stable mode; multi-stable mode

1. Introduction

Cholesteric liquid crystals (ChLCs) are the earliest discovered and commonly used
mesophase, usually presenting colorful appearances [1,2]. When observed under a polariz-
ing microscope, cholesteric liquid crystals often exhibited planar texture, focal conic texture,
fingerprint texture, and homeotropic texture. Planar texture is usually a transparent state
with selective reflection of the incident light. In the focal conic texture, due to the random
distribution of the ChLC spiral axis, the incident light is scattered and the device appears
opaque. When in the fingerprint texture, the spiral axis of the liquid crystal is arranged
parallel to the substrate and cannot selectively reflect the wavelength of the incident light,
so the device is in a transparent state. In the homeotropic texture, the direction order of
liquid crystal molecules is arranged perpendicular to the substrate and can be used for
transitions to other textures, and the ChLC devices in this texture are usually transparent.
ChLCs have a sensitive electric field response, diverse textures, and corresponding optical
states, which can be used in different optical applications especially, and electrically driven
optical devices are one of the key research directions [3-7].

As is well known, the directional vector of liquid crystal molecules with dielectric
anisotropy can be changed within a few milliseconds under an external electric field.
When the directors are chaotic, the incident light is scattered. On the contrary, when the

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

directors are uniform, the incident light can be transmitted. Electrically driven cholesteric
liquid crystal devices can be broadly divided into mono-stable cholesteric liquid crystal
devices and multi-stable cholesteric liquid crystal devices. The stable state refers to the state
of the device stabilized in the absence of external stimuli. Compared with mono-stable de-
vices [8-14], multi-stable devices can be stabilized in a variety of states (mostly two or three)
when there is no external stimulus [15-20]. Due to the low energy consumption (especially
when the device does not need to frequently switch its optical state), multi-stable devices
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have strong application prospects in energy-saving places [21-23]. Therefore, multi-stable
direction is a key research direction in the field of optical devices. At present, electrically
driven multi-stable cholesteric liquid crystal devices have mainly developed into bistable
mode, tri-stable mode, and multi-stable mode. In bistable mode, the most common switch-
ing mode is between the planar texture and the focal conic texture. In addition, switching
between homeotropic texture and focal conic texture can be realized by introducing a liquid
crystalline polymer network. In tri-stable mode, ChLCs can be switched between planar
texture, focal conic texture, and fingerprint texture under an external electric field, while
the multi-stable mode is more complex and challenging to develop, such as designing an
additional state with wider wavelength reflection based on the tri-stable mode. At present,
some progress has been made in electrically driven multi-stable cholesteric liquid crys-
tal optical devices. Therefore, it is necessary to summarize and review them in order to
facilitate subsequent research as well as promote their development.

2. Electrically Driven Multi-Stable Modes of Cholesteric Liquid Crystals
2.1. Bistable Mode

In bistable mode, devices have two states: transparent and opaque. The liquid crystal
molecules under the two states tend to have lower free energy so that the two states
can be stabilized for a long time. Depending on the different dielectric anisotropy (Ae),
the liquid crystal molecules in the bistable mode have three cases under an applied electric
field. Liquid crystal (Ae > 0) molecules with positive dielectric anisotropy are aligned
parallel to the direction of the electric field and liquid crystal (Ae < 0) molecules with
negative dielectric anisotropy are aligned perpendicular to the direction of the electric field.
In addition to positive and negative dielectric liquid crystals, dual-frequency liquid crystals
can switch between positive dielectric anisotropy and negative dielectric anisotropy under
the low- and high-frequency electric fields [24].

Liquid crystals with positive dielectric anisotropy constant, as a kind of low-cost and
easy-to-acquire liquid crystals, have been used in a large number of bistable devices at
an early stage. As shown in Figure 1, the switching of this type of device needs to rely
on the homeotropic texture as a transition. When high voltage pulses are applied to the
cholesteric liquid crystals, the dielectric effect leads to helical deconvolution and the liquid
crystal molecules with homeotropic texture are aligned in parallel to the electric field.
The devices can be stabilized in different optical states by controlling the length of time the
electric field is turned off. If the electric field is turned off immediately, the liquid crystals
will relax into the planar texture induced by the substrate parallel orientation treatment.
On the contrary, when the electric field is turned off slowly, the liquid crystals relax into
the focal conic texture. However, the Helfrich deformation can be used for fast response
time from planar texture to focal conic texture. The switching can be performed without
homeotropic texture under short voltage pulse (~10 ms) [25]. Rather than turning planar
texture into focal conic texture through a nucleation process, the fast voltage pulse only
deforms the cholesteric planar layers to form wrinkled layers. Nemati et al. found the
effects of alignment layer on the Helfrich deformation. The alignment layer with a longer
alkyl chain demonstrates shorter turn-on and -off response times (less than 10 ms) [26].
In addition, in order to reduce the defects of the planar texture, it is generally necessary
to introduce parallel alignment on the substrates, which may lead to a slight decrease in
the stability of the focal conic texture. In order to solve this problem, people have tried
to introduce polymer networks. This method, first reported by West et al., introduces a
20 wt% polymer network in a liquid crystal system with positive dielectric anisotropy.
Due to the anchoring force of the polymer network, liquid crystal molecules with focal conic
texture can obtain permanent stability [27]. However, higher polymer content can result
in excessive drive voltage. Switching from focal conic texture to planar texture requires
driving voltages up to 130 V. To solve this problem, Yang et al. reduced the content of the
polymer network to 5 wt%. Due to the reduced polymer content, the device can switch
from focal conic texture to planar texture with only 50 V. At the same time, the focal conic
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texture still has permanent stability under this system [28]. In general, there have been
many efforts on the bistable display mode of positive dielectric liquid crystals, and the
bistable display performance is relatively easy to achieve, requiring only a short voltage
pulse to switch between the two optical states.
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Figure 1. Schematic diagram of bistable mode switching for positive dielectric liquid crystals.

Negative dielectric liquid crystal devices are generally switched by the electrohydro-
dynamic effect and the dielectric effect. In order to obtain an obvious electrohydrodynamic
effect, the devices often need to be doped with ions, as shown in Figure 2 [29]. When a low-
frequency voltage is applied across the LC cell, it makes the ions to move along the electric
field direction, namely, perpendicular to the cell substrate. The motion of the ions produces
a turbulence and tends to align the liquid crystal along their moving direction [30]. This is
the electrohydrodynamic effect. At this time, the liquid crystal molecules are in a dynamic
scattering state. And the liquid crystals are stabilized in the focal conic texture when the
electric field is turned off. At a high frequency, the ions cannot fellow the electric field
due to their limited mobility. The aligning effect of the dielectric interaction is dominant.
The overall effect of the applied voltage is to align the liquid crystal parallel to the device
substrate [31]. And the liquid crystals are stabilized in the planar texture when the electric
field is turned off. Moheghi et al. discovered the effect of salt on negative dielectric liquid
crystal devices with bistable mode and prepared salt-doped cholesteric liquid crystals
(SDCLCs) [29]. As shown in Figure 3, when a voltage is applied across the cell, a certain
concentration of ions (about 2 wt%) causes a more obvious turbulence. At the same voltage
frequency; it is easier for the device to obtain a stable scattering state [31]. Although the
introduction of salt makes the scattering state easier to obtain, the applied voltage and am-
bient temperature can affect the scattering effect of the device. Lin et al. found the influence
of voltage frequency and voltage amplitude on SDCLCs. And SDCLCs are more prone to
dynamic scattering under the action of low-frequency and high-amplitude voltage. On the
contrary, the aligning effect of the dielectric interaction is dominant The transmittance of
the scattered state increases, resulting in a decrease in the contrast of the negative dielectric
liquid crystal devices [29]. Sung et al. found that temperature is another factor having an
influence on negative dielectric liquid crystal devices with bistable mode. At the same
voltage frequency and amplitude, the light scattering becomes more pronounced as the
temperature increases [32]. Therefore, the influence of external factors such as external
electric field and temperature should be fully considered during the preparation of negative
dielectric liquid crystal devices with bistable mode.

The switching method for bistable mode with dual-frequency liquid crystals is similar
to that of negative dielectric liquid crystals, which is switched by high-frequency and
low-frequency voltages, as shown in Figure 4 [33]. Due to the method mainly relying on the
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dielectric effect at different electric field frequencies, the device has both a faster response
speed and a simpler switching performance [34].
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Figure 2. Schematic diagram of bistable mode switching for negative liquid crystals. Adapted from
Ref. [29].
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Figure 3. (a) Transmission at 0 V as a function of the amplitude of the applied voltage pulse with the
frequency of 2 kHz and (b) transmission at 0 V as a function of the amplitude of the applied voltage
pulse with the frequency of 60 Hz. Adapted from Ref. [31].

In addition to the above modes, it is also a common method to use homeotropic
texture instead of planar texture as the transparent state of devices. The introduction of the
polymer network is necessary to change the homeotropic texture from a transition state to
a stabilized state, as shown in Figure 5. Ma et al. found the effect of polymer content on
device switching. As shown in Figure 6, the high polymer content will cause the driving
voltage of the device to be too high. On the contrary, too low polymer content will cause
the liquid crystal molecules in the initial state difficult to maintain a good homeotropic
orientation [35]. As is well known, the electrode area is a factor that affects the contrast
of bistable LC devices. Li et al. reported a double-sided three-terminal electrode driving
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method, which can effectively improve the contrast of the device by appropriately reducing
the electrode area [36]. Overall, the bistable mode LC device using the homeotropic texture
has a relatively good application prospect. It should be noted that only by selecting the most
suitable polymer content or in-plane electrode area can ideal electro-optical performance of
bistable devices be achieved.
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Figure 4. (a) Schematic diagram of bistable mode switching for dual frequency liquid crystals and (b)
voltage dependent electro-optic transmittance of device at frequency 1 kHz and 50 kHz. The conse-
quential microphotographs of the planar, focal conic, and homeotropic textures in transmissive mode
under crossed polarizer at 200 x are shown in the inset. Adapted from Ref. [33].
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Figure 5. Schematic diagram of bistable mode switching with homeotropic texture (A and B are the
dielectric effect and the electrohydrodynamic effect, respectively).

The advantage of bistable devices lies in their excellent stability. Liquid crystal molecules
with planar texture or focal conic texture are in lower energy states. Without the stimulation
of an external electric field, the directional direction is relatively stable. Bistable mode
devices can be used in the field of smart windows and handwriting boards. However,
bistable mode has only two stable textures, which will greatly limit its application in
multimodal situations.
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Figure 6. (a) The transmittance under applied voltage (100 Hz) curve of the devices with various poly-
mer concentrations (where the upward arrow indicates the change in transmittance with increasing
voltage. The arrow pointing to the left indicates that the device can stabilize at a certain transmittance
after removing the electric field) and (b) the transmittance under applied voltage (20 kHz) curve of
the devices with various polymer concentrations. Adapted from Ref. [35].

2.2. Tri-Stable Mode

Cholesteric liquid crystal devices in tri-stable mode can usually switch electronically
between three textures, that is, planar texture, focal conic texture, and fingerprint texture, as
shown in Figure 7. When liquid crystal molecules are in planar and focal conic textures, the
liquid crystal device in the tri-stable mode is in both transparent and opaque states [19,37].
The helical axes composed of liquid crystal molecules in the fingerprint texture are often
preferentially parallel to the substrate in a certain direction due to substrate preorientation,
showing a well-aligned uniform lying helix (ULH) texture. The axial direction of the helix
in the ULH texture is parallel to the substrate, and the incident light can be transmitted
through the device without selective reflection [38]. The transmittance of ULH texture is
similar to that of homeotropic texture.

50 ym

Figure 7. Textures of three stable states: (a) planar state, (b) focal conic state, (c,d) ULH state with
optical axis at 0° and 45° with respect to the polarizer. Adapted from Ref. [39].
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Compared with the bistable mode, the tri-stable mode has better display performance
and can have multiple switching modes between different optical states in practical appli-
cations. However, the ULH texture is a metastable state that is difficult to obtain [40-43],
so various switching methods have been continuously developed [44].

Lee and Patel reported the earliest and most commonly used method for obtaining
ULH texture. That is, when the liquid crystal is cooled from isotropy to the cholesteric phase,
the cholesteric liquid crystal can be stabilized in ULH texture by using AC voltage [45,46].
Although the ULH texture obtained by this method is not defective, the cooling process will
increase the switching time of the device, so it becomes important to explore the method of
pure electric field switching [47]. After that, Inoue et al. found a mechanism for switching
that relies on electrohydrodynamic effects, where the applied electric field induces a torque
to orient the LC director perpendicularly to the substrates, while the shear induces a torque
to orient the LC director along the shear flow. To achieve a good balance between their
torques, the helix axis should be perpendicular to the shear flow. Meanwhile, the key to
improving the helix-axis uniformity of the ULH texture lies in controlling the growth of
the focal conic domains [38]. Wang et al. found that short pitch can effectively improve
the stability of the ULH texture. Liquid crystals with short pitch have lower free energy in
the ULH texture than liquid crystals with long pitch. As shown in Figure 8, liquid crystals
with short pitch can switch to the ULH texture by electrohydrodynamic effects. Due to the
short pitch of the cholesteric liquid crystals, the device has the ability to adjust color [39].
Nian et al. found that temperature, voltage amplitude, and voltage frequency are main
factors affecting the texture stability of ULH. These three factors influence the stability of
ULH through the effects of electrohydrodynamics. Usually, perfect ULH textures can be
obtained at high-voltage amplitudes and low frequencies [43].
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Figure 8. (a) Schematic diagram of device, (b) physical diagram of the tri-stable device, and (c)
transmission-spectrum of three stable states. Adapted from Ref. [39].
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Electrohydrodynamic effect induction is an effective method for switching the ULH
texture, and the effect often needs to occur at a certain ion concentration. However, ion mi-
gration and segregation induced by electric fields can cause the device to degrade over time,
thereby reducing the service life of the device [48,49]. For this reason a pure dielectric effect
switching method generated by in-plane electrodes has been proposed [2]. Gardiner et al.
proposed an in-plane electric field switching method for three-electrode configurations,
which can be realized by applying a low-frequency electric field at room temperature.
This method avoids the competition between transparency and stability of devices caused
by electrohydrodynamic effects [2]. As shown in Figure 9, the liquid crystals are in the
planar texture in the initial state due to the reverse parallel pretreatment of the upper
and lower substrates. When the in-plane electric field (V2 and V3) is applied, the liquid
crystal texture appears defective. As the electric field increases, the defects become more
uniform. After removing the electric field, the liquid crystal relaxes to the ULH texture [50].
Despite the simplicity of the method and the good effect of the ULH texture, the device
preparation process is relatively more complicated. Yu et al. reported a dielectric effect
switching method without an in-plane electric field. Choosing suitable liquid crystals to
make the liquid crystals in the ULH texture uniaxial orientation between the upper and
lower substrates is the key to the realization of this method. Under the action of the dielec-
tric effect, the device can be stabilized in the ULH texture when the liquid crystals slowly
decrease the voltage amplitude to zero at a certain rate from the homeotropic texture state
at higher voltages [46,51].

5pum V,

electrode width = 3 um
electrode separation = 9 um

Figure 9. Schematic diagram of a liquid crystal cell with in-plane electrodes. Adapted from Ref. [50].

In addition to the electrohydrodynamic and dielectric effects, the flexural electric effect
can also effectively induce the ULH texture [52-54]. The flexoelectric effect tilts the helical
axis and its intensity is linearly related to the electric field strength. For most traditional
rod-shaped liquid crystals, the flexoelectric and dielectric effects are usually coupled under
the influence of an electric field and strongly depend on the dielectric anisotropy. In order
to suppress the dielectric effect and highlight the flexoelectric effect, doping bent-core
liquid crystals is an effective method. This method can significantly reduce the dielectric
anisotropy of the system and obtain a good switching effect [39]. Analogous to rod-shaped
molecules, bent-core molecules also exhibit nematic phases. Typically, bent-shaped liquid
crystalline molecules are composed of three units: an angular central core, two linear rigid
arms, and terminal chains [55-61]. Bent-core dimers with a flexible spacer consisting of
an odd number of methylene groups are a kind of typical bent-core liquid crystal which
are usually synthesized by using rod-shaped liquid crystals [62]. Lin et al. explored the
flexoelectric-effect-induced switching mechanism of positive dielectric cholesteric liquid
crystals doped with the bent-core liquid crystal dimer CB7CB. Due to the introduction
of CB7CB, the device can easily switch from focal conic texture or planar texture to ULH
texture [63].
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In general, obtaining stable and good ULH texture is the key to preparing tri-stable
devices. Due to the introduction of the ULH texture, this device adds a responsive optical
stable state, which makes it more practical and adjustable, and has bright prospects in fields
such as smart windows and liquid crystal gratings. Nevertheless, multi-stable devices are
both challenges and opportunities for researchers, and the response performance of new
tri-stable or multi-stable modes is still further developing.

2.3. Multi-Stable Mode

The multi-stable mode generally adds a stable state on the basis of the tri-stable
mode. The devices in this mode have stronger response performance. Lu et al. reported a
multi-stable mode device for the first time. In this mode, the device has four stable states:
planar texture, focal conic texture, ULH texture, and the broadband reflection state. For the
switching method of the broadband reflection state, the author draws on the report of Hu
et al. The introduction of anionic chiral ionic liquids containing chiral groups to the ChLC
system is the key to the preparation method. Under the action of an applied DC electric
field, the anion in the ionic liquid moves toward the positive pole and causes a higher
concentration of the chiral group near the positive pole and a lower concentration near
the negative pole, resulting in a concentration gradient of the chiral compound. When the
high-frequency AC voltage is applied, the reflected wavelength can cover the entire visible
wavelength band. At the same time, when a reverse applied DC electric field is applied, the
state of the broadband reflection disappears. Except for the broadband reflection state, the
switching mode of the other three states is the same as the switching mode of the tri-stable
state in the previous section [18,64].

Because of the ability of broadband reflection, devices with multi-stable mode can be
used in the field of smart windows with thermal radiation shielding. However, the function
of the multi-stable mode is stronger than that of the tri-stable mode. However, there are few
studies on the multi-stable mode. The future research of this mode can pay more attention
to the improvement of device stability and the broadband reflection effect.

3. Performance Optimization

In recent years, the multi-stable cholesteric liquid crystal optical devices are becoming
more and more mature, but the disadvantages of low contrast, high switching time, and low
mechanical strength hinder their commercialization.

3.1. Optimization of Contrast Ratio

In the field of liquid crystal optical devices, contrast ratio generally refers to the ratio of
maximum transmittance to minimum transmittance. The main reason for the low contrast of
the device is the poor scattering ability of the liquid crystal in the focal conic texture. To solve
this problem, the introduction of a polymer network is a viable approach. Liang et al. re-
ported an electro-thermal switchable bistable reverse-mode polymer-stabilized cholesteric
texture light shutter. The introduction of a polymer network can enable liquid crystal
molecules to produce more disordered microdomains while simultaneously stabilizing
them, resulting in a stronger light-scattering state. The principle lies in the deformation
of the polymer network due to a high-voltage pulse, which produces a strong anchoring
force on the focal conic texture. However, only by using the thermal annealing method
to decrease the aligning effect of the polymer network can the liquid crystal be reverted
to the planar texture. This is obviously not conducive to the wide application of the de-
vice [16]. In order to obtain pure electrical response of multi-stable devices with polymer,
He et al. reported a method to drive polymer-stabilized bistable devices using electrohy-
drodynamic effects. Compared with Liang et al.’s report, this method only needs to apply
high-frequency and low-frequency electric fields to complete all operations. At the same
time, the concentration of polymer network also affects the contrast of the device. With the
increase of polymer content, the transmittance of the focal conic texture decreases and the
contrast of the device increases. However, the polymer content must be controlled within
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the critical range, beyond which the ordered planar arrangement of the liquid crystal is
disturbed by a dense polymer network, and the disorder increases as the polymer concen-
tration increases. This will result in a decrease in the maximum transmittance of the device
and a decrease in the contrast of the device [65]. Li et al. reported a bistable ion-doped
cholesteric liquid crystal smart window with a small amount of polymer. Compared with
He et al.’s report, due to the small polymer content (about 0.5 wt%), the critical operating
voltages of the device in this report are significantly reduced. This is conducive to im-
proving the energy saving and safety of the device. As shown in Figure 10, the minimum
transmittance of the device remains at a desirable level due to the combined effect of the
ions and the polymer network, in which ions enhance the electrohydrodynamic effect [66].
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Figure 10. (a) Transmission spectra of the sample Bl without polymer networks and the sample
B3 with polymer networks, (b) photographs of the opaque state and schematic diagrams of the
focal conic state for sample B1 without polymer networks, (c) photographs of the opaque state and
schematic diagrams of the focal conic state for sample B3 with polymer networks. Adapted from
Ref. [66].

In addition to the introduction of polymer networks, doping dichroic dyes is also a
common way to improve contrast. The main function of dichroic dyes is to reduce the
minimum transmittance of the devices by absorbing incident light. When the absorption
axes of the dye molecules and the polarization of the incident light are aligned, dye
molecules strongly absorb the incident light. On the other hand, dye molecules weakly
absorb the incident light when the axes of the dye molecules and the polarization of the
incident light are crossed with each other. Dichroic dyes are convenient for use in the
control of light transmission through an LC cell because dye molecules are easily oriented
along the LC molecules [67-70]. Yu et al. report an S5-428 dichroic dye-doped bistable device
in which the liquid crystal can switch between the planar texture and the focal conic texture.
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Due to the combined effect of absorption by dichroic dyes and scattering by liquid crystals,
the transmittance of a device with focal conic texture is greatly reduced [25]. Gahrotra et al.
showed that in addition to improving contrast, doped dichroic dyes can reduce the critical
operating voltages (V.). Here, according to de Gennes’s theory in the bistable switching of

CLCs, V, can be expressed as
_ (.2 koo
ch(n ~d~HTP‘C> 2 (1)

where k), d, C and At are the twist elastic constant, cell gap, chiral concentration and the
dielectric anisotropy of the LC, respectively. And the HTP stands for the helical twisting
power of the chiral agent. Due to the dye molecules exhibiting a liquid crystalline na-
ture, the total LC content will be increased and the chiral concentration will be reduced
with the introduction of dichroic dyes. At the same time, since the chiral concentration
is proportional to the critical operating voltages, the latter will also show a decreasing
trend [71,72]. Although the introduction of dichroic dyes can increase the contrast of the
device, dichroic dyes can reduce the maximum transmittance to some extent in the sys-
tem with planar texture. This is because the dichroic dye molecules are parallel oriented
along the liquid crystal molecules, and the incident light is obviously absorbed by the dye
molecules. In order to solve this problem, it is an effective method to introduce polymer
network and dichroic dye molecules simultaneously. Huh et al. compared the electro-
optical performance of different patterned electrode devices doped with dyes, and the
cross-patterned electrode arrangement has superior electro-optical performance compared
to the parallel-patterned electrode arrangement and the unaligned parallel-patterned elec-
trode arrangement [73]. Kim et al. reported a polymer-stabilized dye-doped device, which
was driven by electrohydrodynamic effects unlike the in-plane electrode driving method
reported by Huh et al., as shown in Figure 11. The electrohydrodynamic-effect-driven de-
vice has a more uniform focal conic texture of the liquid crystals compared to the in-plane
electrode-driven device. This results in higher device haze and contrast [74].
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Figure 11. (a) Schematic diagram of devices, (b) the change of haze value and specular transmittance
with time of the device, and (c) photographs of the fabricated ion-doped CLC cell placed on printed
paper. Adapted from Ref. [74].

In addition to the introduction of polymer networks and dichroic dyes, the gap size of
the cell and size of the pitch also have influence on the contrast. As we all know, d/p is
one of the important parameters that affect the electro-optical performance of liquid crystal
devices (where d and p are the cell gap and pitch). When the d/p is too large, the device is
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easy to stabilize in the focal conic texture. On the contrary, the device is easy to stabilize in
the planar texture. Being too stable in either texture will cause the optical properties of the
other texture to decline. Therefore, when d/p is in a moderate range, the devices have the
maximum contrast [75-77].

The introduction of polymer networks and dichroic dyes can help to improve the
contrast of the devices. When introducing polymer networks, care should be taken that the
polymer content should not be too large. Too much polymer will cause the liquid crystal
molecules to be subjected to too much anchoring force, which will cause the multi-stable
devices to lose stable mode. The introduction of dichroic dyes can not only improve the
contrast but also improve the driving voltage of the device. Moreover, the introduction of
dichroic dye and polymer networks can improve the contrast of the device more effectively.
In addition, the d/p value is also an important factor affecting contrast. In general, multi-
stable devices have the greatest contrast when d/p is in the moderate range.

3.2. Optimization of Switching Time

Switching time generally refers to the time when the transmittance of the device in-
creases from 10% to 90% of the maximum value and vice versa. Compared to the switching
time of traditional liquid crystal devices (about 10 ms), the switching of multi-stable devices
with formal liquid crystals requires 300 ms. This problem is not conducive to the application
of the device in the field of display. In general, it is believed that the problem is mainly
caused by the homeotropic texture experienced by the liquid crystal when it switches from
a focal conic texture to a planar texture.

Kim and Oh et al. reported three- and four-terminal in-plane electrode structures,
respectively. Under the action of in-plane electrodes, the liquid crystal molecules with focal
conic texture are uncoiled in the direction of the electric field and form an in-plane-field-
induced state. When the electric field is turned off, the unwound liquid crystal molecules
can form a helical structure through a simple rotation in the same plane. As shown in
Figure 12, this method with in-plane electrode greatly reduces the switching time, and it
only takes 50 ms to complete the switching operation [78,79].
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Figure 12. (a) Vertical switching between the planar and homeotropic states and (b) in-plane switching
between the planar and in-plane-field-induced states. Adapted from Ref. [79].

In addition to the above methods, the introduction of dual-frequency liquid crystal can
also effectively reduce the switching time. Hsiao shows that when the pitch is at the right
size, the device with dual-frequency liquid crystal can switch from the focal conic texture
to the planar texture in only 10 ms. This process is much faster than the transition time of
liquid crystals with positive dielectric anisotropy (about 300 ms). Liu et al. synthesized
a ferroelectric liquid crystal, which was used as a chiral dopant and combined with a
dual-frequency liquid crystal to prepare a bistable device. The device could significantly
reduce the response time to 1.5 ms while lowering the driving voltage [80]. Although this
switching method has significant advantages, this method is limited by the high cost of
dual-frequency liquid crystal.
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Yu et al. explored the factors that affect the switching time. When the liquid crystal
molecules switch from the homeotropic texture to the planar texture, they will experience
a transition planar texture, and the pitch of this texture is longer than the initial planar
texture. With the extension of time, the pitch of the transition planar texture returns to
the initial planar texture pitch. In this process, the elastic constants are key influencing
factors [81], as shown in the following equation:

P = P(sinze + Ilizicos%) )

Here, the polar angle 6 is the angle between the direction of the LC molecules and
the helical axis, while K33 is the bend elastic constant and Ky, is the twist elastic constant.
For most commercially available nematic liquid crystals, they have K33/K5; > 1. This will
result in the transition pitch (P’) always being greater than the initial pitch (P). For this
reason, the introduction of dimer liquid crystals to reduce K33 is also an effective method.
When K33/Kp =1, P’ is the same as P, and the switching time of the device will be reduced
to about 16 ms. Lu et al. introduced dimers into bistable systems doped with dichroic
dyes. And the introduction of dimers can significantly offset the increase in switching time
caused by dye doping [82].

The introduction of in-plane electrodes, dual-frequency liquid crystals, and dimers can
solve the problem of the long switching time of multi-stable devices with positive dielectric
liquid crystals. All the three methods reduce the switching time by avoiding the occurrence
of homeotropic texture or inhibiting the occurrence of transitional planar texture. Among
them, the introduction of the dual-frequency liquid crystals method has the most obvious
effect, and the switching time can be controlled at about 1.6 ms.

3.3. Optimization of Mechanical Properties

In addition to the problem of contrast and switching time, the poor mechanical proper-
ties of liquid crystal materials generally lead to poor impact resistance of the device, where
it is not easy to prepare a large area, and unstable optical properties of the device after
long-term use. A common strategy in current research is to increase the polymer content
in the device. Wang et al. reported a two-step polymerization method combining UV
polymerization and thermal polymerization, as shown in Figure 13, in which the polymer
formed by the thermal polymerization of liquid-crystalline monomers ensures the memory
effect of the orientation order of the liquid crystal molecules, and the polymer formed by
the UV polymerization of isotropic monomers enhances the mechanical properties of the
device [83]. Hu et al. report a method for stabilization of a polymer framework, which is
prepared by thermal curing of an epoxy resin with two thiols. The liquid crystal molecules
can be maintained in the planar/focal conic texture for a long time after the removal of
the electric field with the anchoring of the polymer framework. It is worth mentioning
that the polymer framework consists of close to forty percent polymer content, resulting in
devices with better mechanical properties than those reported by Wang et al. As shown in
Figure 14, the peel strength of the device with a polymer framework reached 2.0 kN /m.
At the same time, the device has a contrast ratio of more than 20 and can remain stable for
168 h [84]. Miao et al. reported a photomask stepwise UV photopolymerization method
and prepared bistable devices with polymer spacer columns. The mechanical properties of
the devices were significantly improved due to the support of the spacer columns. And the
introduction of the polymer spacer columns also resulted in devices with more excellent
contrast and driving voltage [85]. In general, the introduction of non-liquid crystalline poly-
mer networks is the key to improving the mechanical properties of devices. At the same
time, in the preparation process, it is usually necessary to adopt the method of multi-step
curing or masking to ensure the stability of the multi-stable mode.
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4. Application

Multi-stable cholesteric liquid crystal devices have been continuously developed and
optimized. They exhibit increasingly excellent electronic control optical performance and
can be applied in multiple fields such as smart windows, handwriting boards, liquid crystal
fibers, and light valves [24,86-89].

It is well known that near-infrared (NIR) light accounts for about 50% of the total
energy of direct sunlight. In the hot summer, the inability of ordinary windows to block
the incoming near-infrared (NIR) light leads to high indoor temperatures and increases the
energy consumption of air-conditioning and other equipment. However, planar-texture
cholesteric liquid crystals with appropriate pitch can selectively reflect some of the NIR light
with similar transparency as ordinary glass, which will greatly reduce energy consumption
and improve the comfort of the occupants. Lee et al. explored the thermal insulation effect
of dye-doped cholesteric liquid crystal bistable devices. The authors fabricated a “miniature
house” with liquid crystal smart windows and irradiated it with a 1064 nm laser beam, in
which the reflected wavelength of the cholesteric liquid crystals was in the near-infrared
region. As shown in Figure 15, the internal temperature of the “house” is similar to that
of the focal conic texture and much lower than that of the homeotropic texture when the
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liquid crystals are in the planar texture. This suggests that the reflective ability of liquid
crystals in the planar texture for infrared light can well reduce the temperature inside the
house [86]. Du et al. demonstrated a bistable device with a bilayer structure of cholesteric
liquid crystals and chiral polymer membranes, in which the chiral polymer membranes
reflect optical rotation in the opposite direction of the cholesteric-phase optical rotation but
in the same wavelength range. The device has super-reflective ability to near-infrared light
and has great application potential in the field of temperature control [24]. The tri-stable
devices also can be used in the field of smart windows. Like bistable devices, tri-stable
devices also have the ability to reflect near-infrared light. However, the difference is that the
tri-stable devices have one more ULH texture than the bistable devices, in which the helical
axis of the cholesteric liquid crystals is parallel to the substrate, and all wavelength ranges
of incident light can pass through the devices, which makes the devices have stronger
response performance. In addition to the function of shielding infrared, the multi-stable
smart window can also switch colors. Li et al. reported a device with pulsed in-plane fields
(PIPF) combined with pulsed vertical fields (PVF), which has the ability to regulate color.
As shown in Figure 16a, since the doped dichroic dye has the same orientation as the liquid
crystal, this allows the device to have three modes of transparent, black and transparent,
and black and opaque. Notably, planar texture can be used as a glare reduction mode due
to the dye’s enhanced absorption of incident light. At the same time, the author introduced
the color-changing ability into the device by controlling the cholesteric liquid crystals
pitch within the wavelength range of visible light and demonstrated a color-tunable glass,
as shown in Figure 16b [2].
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Figure 15. Temperature variation with time in dye-doped bistable devices under different textures.
Adapted from Ref. [86].

In addition to smart windows, devices are often used in the fields of handwriting
boards and liquid crystal fibers [87-89]. The reflection wavelength of cholesteric liquid
crystal in handwriting boards is in the visible light region. The device shows “handwriting”
in planar texture and “no handwriting” in focal conic texture, in which the electrical drive
plays the role of “wiping” the handwriting. Xing et al. developed a bistable liquid crystal
handwriting board based on polymer-dispersed cholesteric liquid crystals. Xing et al. de-
veloped a bistable liquid crystal handwriting board based on polymer-dispersed cholesteric
liquid crystals, and explored the effects of liquid crystal droplet size and polymer network
morphology on the electro-optical properties of the handwriting board [88]. Miao et al.
reported a liquid crystal handwriting board that can locally erase handwriting using
infrared light by doping modified carbon nanotubes and explored the effect of doping
content on electro-optical properties [87]. Wang et al. reported a color-tunable liquid crystal
fiber, which was constructed by mechanical stretching and UV polymerization with good
thermal and mechanical stability. Under the stimulation of an electric field, the liquid
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crystal fiber has three states, and the fiber has considerable potential for applications in
the fields of color-tunable clothing, flexible smart fabrics, and military camouflage [89].
In addition to the above two fields, tri-stable devices can also be applied in the field of
gratings. Xing et al. studied the dynamics of the switching process of liquid crystal grating
by digitally processing recorded image sequences and reported a tunable liquid crystal
grating [90].
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Figure 16. (a) Schematic diagram of dye-doped tri-stable devices and (b) physical diagram of colored
mode devices. Adapted from Ref. [2].

5. Conclusions

In conclusion, the multi-stable devices only apply an electric field during switching
and do not require a continuous electric field to maintain the various optical states of the
device, so the multi-stable device has lower energy consumption than traditional liquid
crystals optical devices. At present, the modes of electrically driven multi-stable cholesteric
liquid crystal devices have been studied: bistable mode, tri-stable mode, and multi-stable
mode. Bistable mode is the most basic mode, which has only two states of transparency
and scattering. The tri-stable mode introduces the ULH texture on the basis of the bistable
mode, and the device has three states of scattering, fully transparent and transparent with
selective reflection. Multi-stable mode can be prepared by doping a chiral ionic liquid
in a tri-stable mode, which has scattering, fully transparent, transparent with selective
reflection, and broadband reflection states. Despite the increasing response performance of
devices, each drive mode has different issues that affect the electro-optical performance of
the devices. The field of bistable devices mainly focuses on the modification of contrast,
switching time and mechanical properties. Modification methods can be adopted by doping
dichroic dyes and polymers. The problem of tri-stable devices is that the ULH texture is
not easy to obtain and difficult to stabilize for a long time. This problem can be solved by
applying different switching methods. At present, there are few studies on multi-stable
mode devices, and the switching method is relatively simple. Therefore, for the four-stable
state, the subsequent research should pay more attention to the application of the device, try
to expand the broadband reflection range, and try to achieve the ability of hyper-reflection
in this mode. Overall, the electro-optical performance of liquid crystal devices, such as
driving voltage, contrast, and response time, still needs to be continuously improved before
practical applications, and good mechanical properties, wearability, and foldability are
required for practical applications, which are also one of the future development directions
of multi-stable devices. Due to the advantages of low energy consumption for switching
between optical states and no need for energy consumption to maintain each optical
state, multi-stable devices have broad application prospects, such as infrared shielding,
electrohydrodynamic effects, and responsive displays. This is both a challenge and an
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opportunity for researchers, and the response performance of new bistable, tri-stable, or
multi-stable modes still needs to be further developed.
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Abstract: Ionic liquid crystals (ILCs), a class of soft matter materials whose properties can be tuned
by the wise pairing of the cation and anion, have recently emerged as promising candidates for
different applications, combining the characteristics of ionic liquids and liquid crystals. Among those
potential uses, this review aims to cover chromogenic ILCs. In this context, examples of photo-,
electro- and thermochromism based on ILCs are provided. Furthermore, thermotropic and lyotropic
ionic liquid crystals are also summarised, including the most common chemical and phase structures,
as well as the advantages of confining these materials. This manuscript also comprises the following
main experimental techniques used to characterise ILCs: Differential Scanning Calorimetry (DSC),
Polarised Optical Microscopy (POM) and X-Ray Powder Diffraction (XRD). Chromogenic ILCs can
be interesting smart materials for energy and health purposes.

Keywords: ionic liquid crystals; chromogenic materials; photochromism; electrochromism;
thermochromism

1. Introduction

The search for greener technologies to be implemented in cities and communities is
one of the Sustainable Development Goals projected in Agenda 2030 by the United Nations.
In this context, smart materials, and their stimuli-responsive ability to environmental
variations [1], have been explored over the years, driven by the interest in developing novel
ergonomic molecules with optimised performance compared to traditional systems [2,3].
They also provide paths to design sustainable technologies, contributing positively to
the global environment. In fact, several industrial applications have demonstrated the
advantages of using these materials, particularly in construction, soft robotic mechanisms,
drug delivery and bioremediation, among other fields. Moreover, piezoelectric ceramics,
electroactive polymers, shape-memory alloys, magneto- and electrorheological fluids, as
well as chromogenic materials, were reported as exhibiting sensing functions [1,4-6]. The
latter are capable of changing their colouration upon one or more external stimuli [7].
For example, photo-, electro-, thermo-, piezo- and halochromic molecules show colour
modifications induced by varying the light, electrical potential, temperature, pressure or
pH, respectively. In parallel, the limited availability of fossil energy resources, and the
consequent pollution associated with this stream, has caused an intensive demand for
renewable clean sources, leading to novel energy storage and conversion devices [8,9].

Task-specific ionic liquids (ILs) emerged as promising candidates for several ap-
plications, including smart materials [10-12] and electronics [13-15], mainly due to the
possibility of predicting their final characteristics by the unique combination of cations and
anions. Additionally, the search for novel technologies with improved performance has
recognised that liquid crystals (LCs) can enhance the materials’ efficiency [16]. These soft
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materials have also proven their relevance for different purposes: from soaps [17] and cos-
metics [18,19] to biomimetic materials [20] and energy applications [21-23]. Furthermore,
the combined features of ionic liquids with liquid crystals originate ionic liquid crystals
(ILCs), a class of materials of growing interest capable of being ruled by the molecular
design to modulate their properties. In fact, although ILs and LCs have been intensively
studied in the last decades, few papers have been published on the merging of these two
topics, as illustrated in Figure 1.
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Figure 1. Number of papers published per year about ionic liquids, liquid crystals and ionic liquid
crystals, revealing the growing interest in the third topic driven by the increasing attention on ionic

liquids. Data from Web of Science™, using “ionic liquids”, “liquid crystals” and “ionic liquid crystals”
as query keywords.

Thus, this review is motivated by the recent attention to this class of advanced ma-
terials, providing insights on ionic liquids and liquid crystals along with a guide to basic
characterisation techniques. Moreover, the confinement of mesomorphic materials into
nanosized structures is also covered, as well as chromogenic ionic liquid crystals, particu-
larly the photo-, electro- and thermochromic ones, which have been poorly explored in the
literature. Future perspectives about this subject are also included. For an overview of the
structures prone to be mesogenic, the papers published by K. Binnemans [24], H. Ohno [25],
S. Laschat [26] and their respective co-workers are worth noting. The state-of-the-art
general functional LCs [27] and ILCs [28] has also been recently addressed.

2. Liquid Crystals

Isotropic liquids and crystalline solids are the two most studied phases of condensed
matter, yet are differing in their order: in crystals, the molecules obey a three-dimensional
ordered arrangement, while, in liquids, this is not observed. Usually, a crystal exhibits
positional and orientational order, as well as minimal mobility, constraining the molecules
to occupy specific sites in a matrix and leading them to align their molecular axes to a
specific direction. Contrarily, in a liquid state, the molecules diffuse randomly with no
positional and orientational order [29-31]. However, some materials have more than one
single-phase transition, not only within crystalline phases, as in the case of polymorphic
materials [32], but between solid to isotropic liquid, involving mesophases.

In 1888, the first liquid crystal phase was reported by Friedrich Reinitzer [33], an
Austrian botanist and chemist at the German University in Prague, Czechoslovakia. He
observed that when he melted a cholesterol-like substance (cholesteryl benzoate), it first
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became a cloudy liquid that cleared up when the temperature increased. Upon cooling,
the phenomenon appeared to be reversible, as the liquid turned blue before the final
crystallisation. To solve this enigma, Reinitzer contacted Otto Lehmann, a German physicist
and crystallographer who observed optical anisotropy on the translucid liquid phase of
Reinitzer’s cholesterol esters. He attributed this behaviour to the existence of elongated
molecules aligned, proposing the designation of “fluid crystals” and “liquid crystals” [34].
Nonetheless, only in the second decade of the 20th century, liquid crystals were referred as
a new state of matter, intermediate or mesomorphic, between solid crystals and ordinary
liquids [35].

In fact, liquid crystals (LCs) are anisotropic compounds, exhibiting characteristics of
both crystalline solids and isotropic liquids [29,36-39]. Figure 2 schematises the phase
transformations and the respective molecular arrangement in terms of long-range order.
As mentioned before, these fluids exhibit long-range orientational order, but no positional
order, along with birefringence, fluidity and the ability to self-assemble, as well as other
specific properties that highlight the relevance of these materials in modern science and
industry [18,27,40—42]. The generally cloudy appearance addressed to this state of matter
is responsible for light scattering, which is associated with the formation of domains.
Moreover, the birefringence shown by LCs translates into the light propagation in the
anisotropic material that experiences two indices of refraction, as in crystals. Hence, the
observation of a birefringent material between crossed polarisers reveals colourful patterns
and diverse textures.

Figure 2. Phase transformations of calamitic molecules and their respective arrangement in terms of
long-range order for crystal (Cr), liquid crystal (LC) and isotropic (I) phases.

Liquid crystals are ubiquitous in nature, particularly in plants and animals (Figure 3) [43].
It is curious to mention that DNA (deoxyribonucleic acid), which encodes the genetic
information of most living matter, possesses liquid crystalline organisations with different
structures [44,45], supporting also the self-assembling of chromatin (complex of DNA
and proteins found in eukaryotic cells) [43,46]. Additionally, several studies focused on
the LC phases of virus suspensions revealed distinct mesophases associated with the
single-stranded DNA helicoidally wrapped by proteins [47-51].

Cellulose and chitin are the two most abundant biopolymers, having, each one, a wide
range of applications [52-54]. Whereas the former polysaccharide is mainly produced by
plants and found in trees, fruits and leaves, but specially in wood, the latter can be extracted
from crustaceans, being the main constituent of the arthropods’ exoskeleton. They both
display liquid crystalline behaviour. In fact, this peculiar feature is responsible for the
camoulflage strategy of some beetles, known as iridescent beetles [55]. Structural iridescence,
addressed to the cellulose nanocrystals, is also present in leaves and fruits to either turn
the plants more attractive to pollinators or to protect them from herbivores [56,57]. Silk is
another example of living matter where it is possible to detect mesomor-phism, specifically
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in solution or in the fibroins present in the early duct portion of the major silk-producing
gland in Nephila clavipes spider and Bombyx mori silkworm [58,59]. Furthermore, the LC
nature of collagen was demonstrated in vitro (solution and films) [60], as well as in vivo
(bones, tendons, cornea and fish armour) [61].

Figure 3. Examples of liquid crystals in living matter. Image retrieved from [43].

However, different synthetic structures have been developed. Three classic examples
of these compounds are 5CB (4-cyano-4’-pentylbiphenyl), PAA (p-azoxyanisole) and E7,
which is a mixture of different components [62,63], including 5CB. Indeed, the vast popu-
larity of 5CB is due to the fact that it was the first molecule synthesised for display devices
near room temperature [64]. PAA also played a role in the development of such devices,
having a LC range from 118 °C to 135 °C [65].

3. Classification of Liquid Crystals

Liquid crystals can be classified in terms of their thermodynamic genesis, type of
constituent molecules and phase structure. Examples of the latter two are displayed in
Figure 4.

Thermodynamic-wise, mesophases emerging upon temperature or concentration/solvent
variations are designated as thermotropic or lyotropic liquid crystals, respectively. In this
context, thermotropic liquid crystalline phases, which are normally associated to first order
transitions, occur in a certain temperature range, by a set of thermal processes, from crystal
to liquid crystal and isotropic liquid, where pressure and concentration are constant [29].
Thus, thermotropic liquid crystals can present multiple mesophases, being, in general,
reversible. If a certain transition is irreversible and only arises upon heating or cooling, it is
called monotropic [66,67].

On the other hand, lyotropic mesophases appear in solution when mesogenic units are
dissolved in a suitable solvent, meaning that the liquid crystallinity of a certain material and
its stability are controlled by the concentration of the solution at pressure and temperature
constants [68-70]. Generally, lyotropic mesophases are formed by amphiphilic molecules,
i.e., molecules containing a hydrophilic polar head, that can interact with water through
hydrogen bonding, and a hydrophobic non-polar tail, which is repelled by water [37,68,71].
These molecules, when contacting with a solvent, for instance, water, tend to arrange
themselves, exposing one part to the environment. In this case, the increasing concentration
leads to the formation of micelles, where the hydrophobic tails assemble together, facing
the hydrophilic heads to the water. For lower concentrations, the amphiphilic molecules are
distributed randomly in the solvent. It is worthwhile noting that some materials are able to
form both thermotropic and lyotropic mesophases, being designated as amphotropic [72].

In general, thermotropic mesophases are relevant in electro-optic devices, including so-
called liquid crystal displays (LCDs) and temperature and pressure sensors, while lyotropic
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systems have proven to be of great interest biologically and play an important role in living
systems [71].

SOME TYPES OF CONSTITUENT MOLECULES
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Figure 4. Classification of liquid crystals according to their type of constituent molecules and phase
structure. Images adapted from [24,73].

Regarding the type of constituent molecules, mesophases are promoted by molecules
with anisotropic shape, either elongated, disk-like or banana-shaped, originating calamitic,
discotic or banana-shaped /bento-core liquid crystals, respectively [29,74,75]. These molecules
consist of a central rigid core (normally aromatic) and a flexible tail (often aliphatic groups),
which can form structures with low molecular weight or high, as elastomers and poly-
mers [38].

As previously referred, different molecular structures, associated with the chemical
properties and molecular geometry of LCs, lead to distinct liquid crystalline phases, ranging
from nematic (N) to smectic (S), columnar (Col) and cubic (Cub) phases [76]:

e Nematic:

The word “nematic” comes from the Greek word for thread and is addressed to the
type of defects that are commonly observed in these phases [29]. Moreover, the molecular
alignment in a one-dimensional structure, in which one or two molecular axes are oriented
parallelly to another, pointing in the same direction and not layered, results in molecules
that are free to rotate or slide past one another. Indeed, this mesophase is the one presenting
the highest fluidity and lowest viscosity, similar to those of isotropic liquids. Nematic
phases can emerge in both calamitic and discotic molecules. Furthermore, when a certain
mesogenic molecule contains at least one chiral carbon, a peculiar nematic phase arises,
namely the cholesteric (N*) phase, whose name derives from the fact that this phase was
first observed on cholesterol derivatives [77]. N* mesophases possess a very specific phase
structure, resembling a helix, as the molecules are orientated in an helicoidal manner
around a perpendicular axis (optical axis). Contrarily to nematic phases, whose higher
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mobility translates into a less cloudy liquid with lower viscosity, the cholesteric ones tend
to be opaquer.

e  Smectic:

Similar to the nematic phases, the origin of the name smectic is related to a Greek
word that translates to soap-like. In fact, Friedel [78] did not recognise the existence of
more than one smectic phase, but he noticed that it had a soap-like appearance. These
mesophases present a layered structure with well-defined interlayer spacings, as well
as a translational order in the direction perpendicular to the layers, being commonly
designated as lamellar phases. The fact that the interactions between layers are weak
when compared to the lateral forces between the molecules allows layers to slide over
one another relatively easily, promoting an increased viscosity of S phases relative to the
nematic ones [79]. Moreover, smectic liquid crystals are more ordered than the nematics,
in which their lamellar molecular organisation can have several degrees of translational
and non-orientational orders, being responsible for the formation of different mesophases,
such as the Sp, S, Sc, Sp and Sg phases [28]. The referred smectic phases differ from each
other in layer formation and in the existing order inside the layers. In particular, S, and
Sc phases are known for displaying disordered smectic phases, meaning that there is no
regular arrangement of the molecular centres. Additionally, the molecules of the Sy phases
are perpendicular to the plane of the layers and have no positional order within the layers,
while the molecules of the Sc phases are tilted inside the layers, exhibiting a non-zero
angle alignment with the normal. This angle is temperature dependent and decreases to
zero upon heating, originating a Sp phase if the liquid crystal exhibit both phases. On the
other hand, other smectic phases exhibit ordered layers, where, in general, the molecules
are placed in an organised way, maintaining a structure of the molecular centres typically
arranged hexagonally. Figure 5 schematises the difference between the Sy and a smectic
phase with ordered layers.

Y M
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Figure 5. Side and top view illustrating how the molecules are organised in a disordered smectic A
(Sa) phase and an ordered smectic (S1) phase.

e  Columnar:

As the name suggests, in this mesophase, the molecules are organised in a columnar
structure, giving origin to two-dimensional lattices with different arrangements depending
on the columns’ distribution, promoting hexagonal, tetragonal, rectangular, oblique or
square phases.

e  Cubic:

One of the less common mesophases to appear, cubic phases exhibit structures with
micellar lattice units or complex interwoven networks.
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For a thermotropic calamitic system having multiple mesophases, upon heating, the
degree of order decreases with the transformation between phases. In this context, firstly,
positional order is partially maintained in the smectic C and A phases. Then, the positional
order is lost within the entrance into the nematic phase that only exhibits orientational
order. Finally, when all the liquid crystalline order disappears, the isotropic phase is
reached [77,80].

4. Ionic Liquid Crystals

e Ionic liquids:

In 1914, P. Walden reported the first ionic liquid successfully synthesised: ethylam-
monium nitrate [81]. He observed that this unusual combination of an organic cation
and inorganic anion, creating an asymmetric salt, had a melting point of ~12 °C, being
substantially lower than the traditional inorganic salts, whose melting is much higher
(>500 °C) [82]. The explanation to the depletion of the melting point is associated to
the size and non-symmetry of the salt’s components, leading to an unstable crystalline
network with an inferior lattice energy and, thus, easier to melt [83]. Conventionally, it
was established that ionic liquids (ILs) are organic salts with a low melting point, normally
below 100 °C. Some are even liquid at room temperature, being denominated RTILs (room
temperature ionic liquids). Since ionic liquids are salts, the wise pairing of their cations
and anions allows to modulate the final properties of the compound [82,84-86]. This fine
tuning, extremely relevant in several fields, is addressed by the huge diversity of ions that
can be incorporated in ionic liquids.

In the last decade of the 20th century, ILs have gained popularity in a wide range of
applications and the studies involving this class of materials have increased exponentially
since then. For this reason, in 2007, R. D. Rogers et al. [87] divided ionic liquids into
three different generations. The first generation is associated to the origin of ionic liquids
as organic solvents, taking advantage of their tuneable physical properties and being
relevant in fields that require the design of solvents [88-92]. Furthermore, the second
generation, in which the unique physicochemical characteristics of the cation and anion
pair enable the architecture of new functional tailor-made materials that retain the core
desired features of an IL, has opened doors to a wide range of applications, aiming to
enhance the performance of the already commercialised technologies [93-97]. Finally,
the most recent class of ionic liquids, the third generation, combines the aforementioned
physical and chemical properties with biological functions to improve drug formulations in
the pharmaceutical industry [87,98-100]. In fact, ionic liquids have proven their efficiency
in this field, particularly in what concerns the suppression of polymorphism, one of the
major drawbacks of the pharmaceutical industry [101-103].

o Ionic liquid crystals:

Within the framework of the second generation, several task-specific ionic liquids
were developed [104]. The combination of the synergetic properties of an ionic liquid
and a liquid crystal, i.e., when a certain material has liquid crystalline properties and is
simultaneously ionic, originated a new class of advanced materials known as ionic liquid
crystals (ILCs) [26,28,105,106]. Although the first ionic liquid crystals were described in
1938 [105], the exploration of these materials has increased during the last two decades
driven by the interest in ionic liquids. Most reported ILCs are based on an aromatic ring
coupled to a long alkyl chain, resulting in rod-like structures that promote lamellar phases.
On the contrary, discotic shapes, which are less common in ionic liquids with liquid crys-
talline features, tend to give rise to columnar phases. In order to design novel ionic liquid
crystals, it is important to select the appropriate alkyl chain length. Smaller sizes hinder
the formation of liquid crystal phases, leading to crystalline materials, while longer chains
promote increased mobility, potentially disrupting the long-distance orientational order, a
critical feature to take into account when molecular self-assembly is envisaged. Thus, sizes
between Cg and Cig are suitable for forming liquid crystals [106-109]. In fact, K. Binne-
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mans and co-workers [24] provided a comprehensive overview of the mesogenic structures
associated with thermomesomorphism (Figure 6). These materials have potential applica-
tions in sustainable energy storage and conversion devices [110-113] due to their ability
to order and self-assemble into diverse arrangements that facilitate multidimensional ion
conductive pathways [9,114], high cohesion energy to the electrode surface [115], multiple

types of cation—anion interactions (electrostatic, Van der Waals interactions, conventional
and non-conventional hydrogen bonds) [116-118], as well as high electrochemical stability
and enlarged voltage window [119,120].
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Figure 6. Main families of cations and anions responsible for originating low molecular mass ionic
liquid crystals. Cations: ammonium (blue), imidazolium (yellow), pyridinium (green) and phos-
phonium (pink). Anions: halides (C1~, Br~, I7), sulphates (brown), sulfonates (orange), phosphates
(pink) and carboxylates (grey).
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e Thermotropic and lyotropic ionic liquid crystals:

As for liquid crystals, ionic liquid crystals can be thermotropic, lyotropic or, ultimately,
amphotropic. Comparing the number of studies involving the first two topics, while
thermotropic ILCs are well documented in the literature, exhibiting mainly lamellar phases,
lyotropic systems are less addressed. Despite the lower number of publications, multiple
phase structures were reported for lyotropic ionic liquid crystals. For instance, a hexagonal
phase was observed for the aqueous solutions based on the methylimidazolium surfactants
[C1oMiIM][NO3] [121], [C14MiM][Br] [122] and [C1sMiM][Acr] [123], in which the latter also
displays cubic phases [123]. In contrast, metal alkanoates dissolved in water exhibit smectic
mesophases [124-126]. These phases were also identified for protic pyridiniums [127] and
for anionic surfactant carboxylates [128] in the presence of various solvents. Notably, for
choline laurate ([Ch][Lau]), in dimethyl sulfoxide (DMSO), a transition from hexagonal
to a lamellar phase was detected upon the addition of x-tocopherol [128]. Furthermore,
ternary phase diagrams obtained from mixtures of a non-ionic surfactant in water with
either [C4MiM][BF4] or [C4MiM][PFs] revealed different mesophases, namely lamellar,
hexagonal and cubic [129].

e Confinement of ionic liquid crystals:

The search for ways to optimise the materials’ performance pointed out confinement
as a strategy to either tune the physical state of the guest, stabilising the material in a
phase different from the one exhibited by the bulk, or even to imprint a new behaviour.
Particularly, when the confining matrix is porous with a pore size of below the critical
size for crystal growth, crystallisation of the molten guest can be avoided, becoming a
supercooled liquid, which vitrifies upon further cooling [130]. Furthermore, if the pore
dimensions interfere with the length scale for collective motion, an acceleration of the
dynamics of the pore core population may occur compared to the bulk, while the surface-
anchored population undergoes a slowing down of its mobility due to interactions with the
host matrix [131,132]. Therefore, the behaviour upon confinement is the interplay between
finite size and surface effects.

If a liquid-like phase, such as a mesophase, is stabilised inside a porous matrix, it is
possible to obtain a solid-like material with potential to be used in a wide range of applica-
tions, including photonic devices [133-135] and electronics. In this context, depending on
the alignment and order adopted by the guest within the confining matrix [136], mostly
induced by the interaction with the pore wall [137], different outcomes can be found. For
ionic liquid crystals, confinement into nanosized structures allows the modification of their
phase behaviour [138-141], as well as the widening/enhancement of their optical and elec-
tric properties relative to bulk [140,142], characteristics also common to other mesomorphic
materials [137,143-145].

5. Characterisation of Ionic Liquid Crystals

Typically, there are three main techniques involved in the study of liquid crystals and,
therefore, ionic liquid crystals: (i) Differential Scanning Calorimetry (DSC) to map the
eventual liquid crystalline temperature range, (ii) Polarised Optical Microscopy (POM) to
confirm the presence of birefringence and fluidity of the mesophase and (iii) X-Ray Powder
Diffraction (XRD) to determine the phase structure.

o Differential Scanning Calorimetry:

DSC is a thermodynamic technique widely used to monitor the phase transformations
of a material through variations in the heat flow /heat capacity against an empty pan. It
requires a low amount of sample, in the order of 4 mg. Thermal events, such as the release
and absorption of energy or changes in the heat capacity of substances, can be studied
accurately and quickly by DSC.

These calorimetric measurements are carried out in function of temperature and
time [146], allowing to heat and cool a certain material at a preset rate to provide accurate
information about its physical and energetic properties [147] and to classify it as crystalline,
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amorphous, liquid, polymorphic, among others. For crystalline materials, during heating,
the three-dimensional network is broken down due to the energy that the system receives,
which leads to less ordered structures, engraved on the thermograms as endothermic
peaks [148,149]. The transition from a crystal to an isotropic liquid is commonly known
as melting and the area under the melting peak (Tr) represents the total amount of heat
absorbed upon this first order transition [147], i.e., the latent heat, or the enthalpy, of
the conversion between states [149]. The estimation of such physical quantity allows to
calculate the crystallisation degree through the ratio of its value by the melting enthalpy of
the full crystalline structure. Similar to melting, crystallisation is also a first order transition
with latent heat associated. However, in this phenomenon, a kinetic component is addressed
to the nucleation and growing of crystals [150]. Contrarily to melting, during crystallisation,
the material’s order degree increases, releasing thermal energy, while converting to a lower
energy state [151]. This generates an exothermic peak, whose maximum corresponds to
the crystallisation temperature (T), with the associated enthalpy that, once again, can
be estimated by the area under the peak [147]. On the other hand, the glass transition
is absent of latent heat, being characterised by a small change in the heat capacity [148],
which translates into a discontinuity in the heat flow over a range of temperatures [152].
The step from the baseline, where it is possible to extract the temperatures of the onset
(Tg_onset), midpoint (Tg_midpoint) and endset (Tg_endset) of the glass transition, is dependent
on the rate at which the sample is heated or cooled [152,153].

Hence, the main transformations are registered as exothermic (crystallisation), endother-
mic (melting) or by a discontinuity of the heat capacity curve (glass transition) [148,152].
Figure 7 includes an example of a thermogram, comprising these transformations and a
zoom of the Tg with the different temperature locations highlighted.

Heat flow
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Figure 7. A schematic DSC scan, showing the main transitions that can be detected by this calorimetric
technique. Images adapted from [153].

Considering that thermotropic mesophases can emerge on heating, on cooling or
on both runs, in general, transitions associated with this state appear as exothermic or
endothermic peaks. Normally, thermograms of mesomorphic materials present multiple
peaks related to the different transformations. The enthalpy associated to these thermal
events allows for the correlation of phase transitions with their degree of ordering, lead-
ing to preliminary conclusions about their structural organisation. For instance, a small
enthalpy involved in the conversion from LC to isotropic liquid suggests a disordered
mesophase.

e Polarised Optical Microscopy:

The use of optical microscopy to visualise living matter dates back about four centuries,
when A. Van Leeuwenhoek perfected the equipment and popularised it for the observation
of bacteria, red blood cells and sperm [154]. Nowadays, it is still a very useful technique to
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observe different types of samples. Particularly, the use of polarised light has increased in
the last few decades, providing comprehensive insights into different specimens in a broad
range of scientific fields (e.g., mineralogy, biology, medicine, polymer chemistry and liquid
crystals) [155]. For crystalline materials, POM provides information related to their local
anisotropy, which is a consequence of molecular order, and optical properties, as refraction
(birefringence) and absorption (dichroism) [156].

As mentioned, a polarising microscope is designed to visualise samples at the mi-
croscale mainly due to their optically anisotropic character. In order to fulfil this task, the
microscope must be equipped with a polariser and an analyser, where the first component
is placed before the specimen to polarise the light that illuminates the observation field, and
the second one is located between the objective rear aperture and the eyepieces or camera
port [156]. These two polarisers can be crossed in relation to each other, being designated
as crossed polarisers. Moreover, the observation of samples can be performed between
cross-polars in transmission or reflection modes.

The identification of liquid crystalline phases by POM involves their magnified view
between two glass slides. For thermotropic mesophases, the sample is inserted in a
temperature-controlled stage, whereas lyotropic phases can be observed at room tem-
perature. The mesophase can be detected through the presence of fluidity and the analysis
of the textures. If the polarisers are crossed at 90° and no sample is between, a black field is
observed. For isotropic liquids, the polarised light remains unaffected by the sample and no
light passes through the analyser, leading also to a black field. Nonetheless, for anisotropic
specimens, the light is not extinguished and a birefringent texture can emerge [38]. This tex-
ture, derived from the defects that exist either as localised points and minor misorientations
in the structure or as extensive structural discontinuities [157], can provide relevant in-
sights on the mesophase structure [158]. Usually, nematic liquid crystals present a Schlieren
thread-like texture, while smectic phases exhibit focal conics, as depicted in Figure 8.

nematic

smectic

Figure 8. Typical textures of nematic and smectic mesophases: (a—c) Schlieren textures with singularity
points and disclination lines, (d—f) textures with focal conics. Image adapted from [39].

Therefore, it is possible to determine the phase structure by POM observations. How-
ever, for the cases where the texture detected is not common, the rule of phases [159], also
known as the rule of miscibility, can allow the type of mesophase to be extrapolated through
the construction of a complete phase diagram between the unknown and the reference
compound. According to this rule, if two liquid crystals were placed in contact with each
other and if they are miscible in all proportions, it is possible to conclude that both exhibit
the same LC phase. On the contrary, if they are not miscible in all proportions, nothing can
be concluded.
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e X-Ray Powder Diffraction:

In order to further assess the physical state of the material, XRD analysis is useful
to determine the long-range structural organisation, providing precise information about
structures, phases and crystal orientations [160]. Crystals are three-dimensional arrays
of atoms, whose molecules possess fixed positions that are repeated in space by three
non-coplanar vectors. Since x-rays are electromagnetic radiation of small wavelengths
with dimensions similar to the binding distances, crystals act as a diffraction graft for the
incident beam [161].

Diffractometers are based on three constituents: a cathode x-ray tube, a sample holder
and a detector for the diffracted rays. The first is responsible for the generation of x-
rays through heating a filament that produces electrons to bombard the sample. Before
reaching the material, the x-rays are filtered by foils or crystal monochromators to produce
monochromatic radiation and collimated to concentrate [160]. When x-rays interact with
the sample and are diffracted from the crystalline lattice, if the pathlength is equivalent
to an integer multiple of the radiation wavelength, constructive interference is formed
and scattering peaks are observed, corresponding to the specific incidence angles that are
equal to the scattering ones. This is obeyed by Bragg’s Law (1A = 2dsin(), Figure 9), which
relates the wavelength of electromagnetic radiation (A) to the diffraction angle (f) and the
interplanar lattice spacing (d) in a crystalline sample [162]. Moreover, when the sample
rotates inside of the diffractometer, the reflected beam is at angle 6, while the detector
is positioned at 260 to collect the diffracted rays. Then, these rays are transformed into
diffraction peaks and converted further into d-spacings to identify the substance structure
by comparing these spacings with standard reference patterns [160]. Usually, data are
acquired at 26 from 5° to 70° [160], being divided in small (20 < 5°, Small-Angle X-Ray
Scattering, SAXS) and large (26 > 5°, Wide-Angle X-Ray Scattering, WAXS) angles [163].

Bragg’s Law: constructive interference when nd = 2dsin(0)
Figure 9. Diagram of Bragg’s Law.

From Bragg’s Law, and as the wavelength of electromagnetic radiation is constant
during the XRD experiment, it is inferred that lower 6 values correspond to larger lattice
spacing, being the reason why interlamellar distances in LC emerge at lower 26 values
relative to crystals. In fact, this technique is particularly relevant for the characterisation of
liquid crystalline materials [164], as it allows the determination of the mesophase structure.
For disordered smectic phases, Sp and Sc, only one intense sharp peak appears at small
angles, associated with long-range orientational order, while ordered lamellar phases
also exhibit lower intensity peaks at large angles. Another parameter to be considered
is the layer spacing, which for the regular S5 phase is identical to the full molecular
length [71]. Additionally, crystallite size can also be estimated from the XRD assays,
through Scherrer’s Law (D = % ) [165]. This equation correlates the Scherrer constant
(K) with the wavelength of the applied x-ray beam (A) and the full width at half maximum
of the peak (FWHM, ) for a specific diffraction angle (f). Even though K is directly
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associated with the particle shape, ranging from 0.62 to 2.08, the most commonly used
value is 0.9 [166].

It is worthwhile to refer that another type of disordered phases can be found in ILCs,
namely plastic crystalline phases [167]. Plastic crystals, contrary to the perfect crystalline
order of an ideal crystal, possess some degree of internal disorder [168,169], giving rise to
the so-called rotator phases between the fully crystalline phase and the molten liquid [170].
This plastic crystal behaviour, exhibited by a diversity of materials, has also been reported
for ionic crystals [171-174] and ionic liquids [170], hypothesis also raised for the ionic
liquid crystal [Cy6-2-Pic][Br] [141,175], since many of their constituent moieties are long
alkyl chains, which are able to retain rotational disorder in the crystalline phase [176-179].
Moreover, the local internal disorder in plastic crystals is reflected in the x-ray data by
simpler diffractograms when compared to those of the associated fully crystalline phase,
with a predominance of Bragg peaks at low scattering angles due to the loss of local order
induced by the rotational degrees of freedom [173].

6. Applications of Ionic Liquid Crystals as Chromogenic Materials

In the last few decades, several ionic liquid crystals have been developed as promising
functional soft materials, benefiting from the synthesis design, as their properties can be
tuned by the wise pairing of the cation and anion. In fact, ILCs have paved the way in dif-
ferent areas of materials science, particularly in gas adsorption [180], extraction [128], water
purification [181], lubricants [182], solar cells [183], electrolytes [110], electromechanical
actuators [184], among others [18,28,111]. Figure 10 summarises some of these applications.
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Figure 10. Examples of applications involving ionic liquid crystals. Image retrieved from [28].

Regarding materials that exhibit sensing functions, the chromogenic ones are capable
of changing their colouration upon one or more external stimuli. For example, photo-,
electro-, thermo-, piezo- and halochromic molecules show colour modification induced by
varying the light, electrical potential, temperature, pressure or pH, respectively. However,
most of the papers published about chromogenic ionic liquid crystals have been focused
on electro- and thermochromism. Table 1 comprises some structures already known and
their respective mesophase and colour change, while Figure 11 depicts two examples of the
referred phenomena.
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Table 1. Some photo-, electro- and thermochromic ionic liquid crystals and their respective colour

change.
Compound Liquid Crystalline Colour Change Reference
Phase
E [(C12ImCq),Azo][Br], Smectic A phase n.d.” [185]
g [(C14ImCy),Azo][Br], Smectic A phase nd.? [185]
,_5 [(C19ImC,0)C; Azo][Br] Smectic A phase nd.*” [185]
-g [(C12ImC,0)Cq Azo][Br] Smectic A phase n.d.” [185]
B [(CglmCcO)Cy Azo][Br] Smectic A phase n.d. [185]
g [(C1),BPyr][DOBS], Hexago;ﬁ;gglummr Yellow — Blue [186]
g [(CgPh),BPyr][NTf,]» Smectic A phase Colourless — Green [187]
§ [(C10Ph),BPyr][NTf,], Smectic A phase Colourless — Green [187]
E [(C14Ph),BPyr][NTf;], Smectic A phase Colourless — Green [187]
= [(C14)(CoCF3)BPyr][NTf; ], Smectic X phase b Colourless — Violet [188]

[C10-4-(SC1,-ODZ)-Pyr][Br] Smectic A phase Yellow — Red [189]
[C12-4-(SC12-ODZ)-Pyr][Br] Smectic A phase Yellow — Red [189,190]
. [C14-4-(SC1,-ODZ)-Pyr][Br] Smectic A phase Yellow — Red [189]
E [C16-4-(SC12-ODZ)-Pyr][Br] Smectic A phase Yellow — Red [189]
e [Cy-3-(C7F15-ODZ)-Pyr][I] Smectic A phase Yellow — Red [191]
=
g Hexagonal columnar
=) d
é [C4VIM]m[MnClyBry] phase Green — Red [192]
z [CsVIM]m[MnClyBry ] nd. ¢ Red — Green @ [192]
[C12VIM]m [MnClyBry] Smectic A phase Yellow — Red @ [192]
[(C1)2BPyr][DOBS], Hexagonal columnar Yellow — Blue [186]

phase

The following list is organised as: attributed name = published name = IUPAC name. [(C,ImCy);Azo][Br]; = 1d-
e = 4,4'-bis(N-alkylimidazole-methyl)azobenzene dibromide (alkyl: n = 12 (n-dodecyl) or 14 (n-tetradecyl));
[(C,ImC,0)CyAzol[Br] = 2b-c = 1-alkyl-10-(2-(4-((4-methylphenyl)diazenyl)phenoxy)ethyl)-imidazolium bro-
mide (alkyl: n = 10 (n-decyl) or 12 (n-dodecyl)); [(C16ImCsO)C1Azo][Br] = 3¢ = 1-hexadecyl-12-(2-(4-((4-
methylphenyl)diazenyl)phenoxy)hexyl)- imidazolium bromide; [(C1),BPyr][DOBS], = MV?*(DOBS), = 1,1’
dimethyl(4-pyridin-4-ylpyridinium) di-[3,4,5-tris(dodecyloxy)benzenesulfonate]; [(C,Ph); BPyr]lINTf;1, = n-NTf,
= 1,1’-bis(4-alkyl-phenyl)-[4,4'-bipyridine]-1,1’-diium di-[bis(trifluoromethylsulfonyl)amine] (alkyl: n = 8 (n-
octyl), 10 (n-decyl) or 14 (n-tetradecyl)); [(C14)(C2CF3)BPyrl[NTf,], = 1.2bp14 = 1-(3,3,3-trifluoropropyl)-1'-
tetradecyl-[4,4’-bipyridine]-1,1’-diium di-[bis(trifluoromethylsulfonyl)amine]; [Cp-4-(SC12-ODZ)-Pyr1[Br] = Ila-d
= l-alkyl-4-[5-dodecylsulfanyl-(1,3,4-oxadiazol-2-yl)[pyridinium bromide (alkyl: n = 10 (n-decyl), 12 (n-dodecyl)
14 (n-tetradecyl); 16 (n-hexadecyl); [C1-3-(C7F15-ODZ)-Pyr][I] = 5a = 3-[5-perfluoroheptyl-(1,2,4-oxadiazolyl)]-1-
methylpyridinium iodide; [Cn VIM]m[MnClyBry] = [C,, VIM]Mn;, ; or 3 = 1-alkyl-3-vinylimidazolium manganese
complex (alkyl: 1 = 4 (n-butyl), 8 (n-octyl) or 12 (n-dodecyl); anion: x=2, m =y =1 orm = x =y = 2). * No specific
colour modification was mentioned ¥ Smectic X phase is an unidentified smectic phase. ¢ The structure of the
mesophase was not determined. ¢ The colours are also fluorescent.

e Photochromism:

Photochromism in liquid crystals has been widely explored in the literature [193,194],
as these materials are known for having light-driven responses. However, only few exam-
ples cover ILCs. In this context, organic salts based on azobenzene derivatives were reported
as photochromic ionic liquid crystals, being synthesised in the trans conformation [185].
Upon UV light irradiation, all materials undergo a trans—cis photoisomerisation process that
reverses with visible light. It should be noted that the high temperature at which the liquid
crystalline phase occurs (>100 °C) impaired the study of the photoisomerisation and the
observation of colour change in this state [185]. Furthermore, X. Chen et al. [195] described
a luminescent lyotropic liquid crystal with UV-induced photochromism, whose matrix
is based on an amphiphile ionic liquid crystal (1-dodecyl-3-methylimidazolium bromide,
[C12MiM][Br]) and a protic ionic liquid (ethylammonium nitrate) doped with an europium
complex (Eu(DBM)3BQ) containing two ligands (dibenzoylmethane and biquinoline). This
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allowed for the preparation of a multicoloured lyotropic LC with improved photophysical
properties to design novel photoluminescent materials, shifting from red (complex) or
green (biquinoline) to different colourations.

e  Electrochromism:

Electroactive species can exhibit simultaneously different properties, among them
electrical conductivity, electron and charge transfer abilities, as well as electrochromism. In
that sense, one building block commonly used to incorporate novel ionic functional materi-
als is the cation 4,4’-bipyridinium, also designated as viologen. Several studies have been
published addressing this structure [196-201]. S. Asaftei and his team [186] prepared three
different ionic liquid crystals based on viologen units and realised that applying electrical
potential impacted, apart from the material’s oxidation state, the molecular arrangement
in the structure of the mesophase. Moreover, only [(C;),BPyr][DOBS], was capable of
varying its colouration, being, as will be addressed later, a multi-stimuli responsive ma-
terial with electrochromic and thermochromic responses. On the other hand, selecting
bistriflimide as anion of a certain viologen core allowed for the visualisation of a peculiar
colour change: from colourless to green [187]. These organic salts, although having a cation
with different chain sizes, exhibited a strong electrochromic behaviour, shifting, reversibly,
in a fraction of a second in the mesophase [187]. Indeed, the performance enhancement
of such optical devices, either in terms of stability, durability or switching rate [202,203],
is one of the major advantages of using a liquid crystal in their preparation, as already
observed for other non-ionic materials [204,205]. Furthermore, the group of G. Saielli [188]
explored different non-symmetrically substituted polyfluorinated bipyridinium and bent-
symmetrically substituted dialkyl-oxadiazolylbipyridinium bistriflimide salts, allowing the
synthesis of polymesomorphic compounds, even though the former family was the one
displaying electrochromism.

In another approach, the electrochromism of a luminescent liquid crystalline dye de-
rived from cholesterol was explored in neat conditions, dispersed into a room temperature
ionic liquid ([CoMiM][NTf;]) and into a gel ([C;MiM][NTf;] mixed with polymethyl-
methacrylate), switching, in all cases, from orange to red [206]. The advantage of the latter
strategy in comparison to the other two is that the gel composite also provides a mechanical
stimuli response [206], opening doors to a wide range of new applications.

<

rt. at75°C after 17h atr.t.
after 80 min.

‘=== Dimerisation process

Abs. [a.ul

400 500 600 700 8OO 900 1000
aam)

Intensity
Intensity

Intensity
'>
52

in
- e
Heating
— s p-ir b 650 00 500 550 600 650 kL 500 500 700 800
Cooling Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 11. Electro- and thermochromism found in ILCs for [(C;);BPyr][DOBS], (top) and
[C, VIM]m [MnClxBry] (bottom), respectively. Images adapted from [186,192].
e Thermochromism:

Thermotropic mesophases coupled with thermochromism have been described for
several ionic liquid crystals. Since the early 2000s, structures derived from oxadiazolylpyri-
dinium cations were stated as possible structures exhibiting thermochromic changes be-
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tween yellow to red [189,190]. In the first study [189], varying the size of the alkyl chain,
from Cjp to Cy, did not impact the structure of the mesophase nor the arise of the red
colouration, which was found to be reversible on cooling. However, the anion plays an
essential role, as it can either endorse or surpass the appearance of a new colour. In fact,
among the four different anions, only the cation conjugated with a halide, more specifically
bromide, bent the ideal conditions in terms of conjugation distances in the conformation
of the main chain, which is a critical point in the assumed charge transfer thermochromic
mechanism [190]. Furthermore, F. Lo Celso et al. [191] studied the mesomorphic behaviour
of several highly fluorinated 1,2,4-oxadiazolylpyridinium salts and observed that, once
again, the incorporation of a halide promoted thermochromic properties. In this context,
all fluorinated pyridinium iodides exhibited a reversible colour change, although only
[C1-3-(C7F15-ODZ)-Pyr][I] was classified as ILCs. Interestingly, the emergence of the bilayer
smectic phase occurs at similar temperatures as the change to red colouration.

On the other hand, combining metals with halides in one moiety can open doors to a
wide range of colours by small modifications at molecular level. In 2021, a manuscript [192]
reporting the development of multi-stimuli responsive ionic liquid crystals correlated
the impact of having cations with different alkyl chain lengths coupled with a metal-
lic complex, [MnClxBry]™~, to the colour spectrum displayed by the materials. While
[C4VIM] i [MnClyBry] and [C12 VIM]m [MnClyBry ] changed, respectively, from green to red
and yellow to red upon heating at 50 °C, the material with intermediate length shifted
from red to green on quench cooling under a liquid nitrogen environment. Moreover,
this thermochromic mechanism, ascribed to the structural transition from the tetrahedral
complex [MnCl,Br,]?~ to the octahedral species [MnCl,Br]~, is reversible and associated
to the rise of the mesophase.

Finally, as previously referred, thermochromism was also found in an ionic liquid
crystal containing methyl viologen [186]. This bipyridinium derivative has demonstrated
its potential as a chromogen, being, normally, associated with electrochromism [196-201].
Nonetheless, heating up to the onset of the liquid crystalline phase promoted the appear-
ance of the same colouration observed by the authors in the electrochromic studies [186].

7. Conclusions and Future Perspectives

This review delves into the development, characterisation and application of chro-
mogenic ionic liquid crystals (ILCs). The suitable combination of the liquid crystals (LCs)
and ionic liquids (ILs) properties can generate soft materials with potential interest in
different areas. It is important to emphasise that, while ILs and LCs are well-researched,
ILCs accounted for only 2% of the publications on these three topics in 2000, increasing to
just 4% after 22 years, which suggests that few researchers are working at the intersection
of liquid crystals and ionic liquids fields. However, this does not mean that the two areas
do not merge, and it certainly deserves further investigation.

Regarding the phase structure, in general, ionic liquid crystals containing various
organic cations, such as imidazolium, pyridinium, ammonium and phosphonium, com-
bined with halide anions tend to show smectic phases. This contrasts with conventional
liquid crystals, which exhibit other liquid crystalline phases. Therefore, designing different
cation—anion combinations to explore other types of ILCs, including nematic, cubic and
columnar phases, seems interesting. It is also observed that replacing halides with organic
anions contributes to the preparation of ionic liquids without mesophases.

Given the number of applications involving liquid crystals and the unique properties
of ionic liquids, new uses for ILCs as advanced materials are anticipated. In this context,
stimuli-responsive ionic liquid crystals, namely the photo-, electro- and thermochromic
ones, are promising for both academic and industrial purposes. Furthermore, considering
the already proven relevance of confining liquid crystals, the confinement of ILCs is another
topic that deserves attention, as it enables the rational design of electro-optical devices based
on ionic liquid crystals. Other research areas, such as catalysis, energy and pharmaceuticals,
should be investigated for future applications of these organic salts.
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Abstract: We investigated patterns formed during the polymerization process of bifunc-
tional monomers in a liquid crystal for both large polymer concentrations (polymer-
dispersed liquid crystals, PDLC) and small concentrations (polymer-stabilized liquid crys-
tals, PSLC). The resulting experimental patterns are reminiscent of Voronoi diagrams, so a
reverse Voronoi algorithm was developed that provides the seed locations of cells, thus
allowing a computational reproduction of the experimental patterns. Several metrics were
developed to quantify the commonality between the faithful experimental patterns and
the idealized and generated ones. This led to descriptions of the experimental patterns
with accuracies better than 90% and showed that the curvature or concavity of the cell
edges was below 2%. Possible reasons for the discrepancies between the original and
generated Voronoi diagrams are discussed. The introduced algorithm and quantification
of the patterns could be transferred to many other experimental problems, for example,
melting of thin polymer films, ultra-thin metal films, or bio-membranes. The discrepancies
between the experimental and ideal Voronoi diagrams are quantified, which may be useful
in the quality control of privacy windows, reflective displays, or smart glass.

Keywords: Voronoi diagram; pattern formation; liquid crystal; PDLC; polymer stabilization;
PSLC; polymer network

1. Introduction

Self-organization is a field of increasing interest in physics, chemistry, material science
and biology [1-4]. It describes the interdisciplinary field of statistically ordered structures,
thus, pattern formation developed in non-equilibrium systems. General and well-known
examples are spherulitic growth, rolls in cloud formation, Bernard convection cells, and
oscillatory chemical reactions or growth patterns in bacteria colonies.

The non-equilibrium process investigated here is the phase separation of homogeneous
liquid crystal and polymer mixtures via photopolymerization. By varying the ratios of
liquid crystal and polymer or the domain sizes, the properties of the combined material can
be tuned. Due to the response of liquid crystals under an applied voltage and their optical
anisotropy, this results in a material that can be engineered both in preparation and as a
device. This optically adjustable material has many applications for sustainable, efficient
building design—crucial for a low energy future. Here, both polymer dispersed liquid
crystals (PDLCs) and polymer stabilized liquid crystals (PSLCs) are considered.

PDLCs involve droplets of liquid crystals encapsulated within a polymer matrix [5].
The introduction of liquid crystals into the matrix phase causes the composite material to
be opaque [6], due to light scattering based on the difference in refractive index between
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the liquid crystal and the matrix (see Figure 1). In order to align the optical axis of the
liquid crystals, an electric field is applied. The refractive index along the long molecular
axis, no, is chosen such that it matches the refractive index of the polymer, which is
called index-matching. In this configuration, called the on-state, the material becomes
transparent [7]. After the electric field is removed, the liquid crystal returns to its original
scattering configuration, called the off-state. The on- and off-states are used in commercial
products for switchable windows, privacy windows and smart glass that can be “opened”
and “closed” at will [8]. One advantage is the ability to regulate internal temperatures
by the action of altering the window opacity [9]. PDLCs are generally formed at mixture
compositions of about 40-60% polymer and exhibit a continuous polymer phase.

Visible light Visible light

LC domain

@D TTV ® @) :::D - / ITO
5 ;'\ S e R
\l Polymer matrix
b 4 W
OFF State ON State
Opaque material Transparent material

Figure 1. (A) Example of a PDLC structure with removed liquid crystal in the so-called Swiss cheese
morphology. (B) Scattering off-state of the device, and (C) transparent on-state with index matching
between ordinary refractive index of the liquid crystal and the polymer matrix. (Reproduced by
permission after [10]).

In contrast, PSLCs are formed at the opposite side of the phase diagram, at polymer
concentrations clearly smaller than 10%, thus mainly consisting of liquid crystal and
exhibiting a bi-continuous structure (see Figure 2). The polymer network templates the
orientation of the liquid crystal and the device is transparent at zero applied voltage, i.e.,
transmissive in the off-state. Only when a voltage is applied above a certain threshold
does the liquid crystal structure break up, inducing light scattering, which is the on-state.
During subsequent removal of the field, the polymer network causes a rapid reorientation
of the liquid crystal back to its original configuration, a process that could otherwise take
hours or even days.
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Figure 2. (A) Morphology of the polymer network with the liquid crystal removed. (B) At zero
voltage, the polymerisation of bifunctional monomers is induced via UV radiation with a network
forming that templates the LC orientation leading to a transparent off-state. Application of voltage
causes breakup of the liquid crystal director field, which leads to the light scattering on-state. After
field removal, the network elastically drives the LC back to its original state. (C) Some prototype
devices from 1996 in the off- and on-state. (Reproduced by permission after [11]).

PDLC and PSLC samples can produce patterns that are closely described by a Voronoi
diagram. From a state of uniformly distributed monomers, polymerization starts at different
locations distributed statistically within the thin cell. At these locations the monomer
concentration is depleted: by forming a polymer matrix in the case of PDLC, or a polymer
network in the case of PSLC. This induces a non-equilibrium state with a concentration
gradient, where monomer molecules migrate from regions of high concentration toward
the initially formed polymer. These spots are the equivalent of Voronoi cell seeds, which
are available via our algorithm. The radial movement of monomers along the concentration
gradient is equivalent to the growth of circular regions. This process terminates when the
monomers arrive at two forming polymer edges, which are then equivalent to the boundary
edges of the individual Voronoi cells. As this happens throughout the material, a Voronoi
pattern is formed.

Voronoi patterns or diagrams, which are also known as Dirichlet tessellations, are
tilings of space that originate in a point, the seed, and grow radially outward until they
encounter other cells and form a boundary. Voronoi diagrams date back to 1644 when
Descartes published his Principia Philosophize to describe the distribution of matter in the
universe. A mathematical foundation of Voronoi diagrams was laid by Dirichlet in the 19th
century for two- and three-dimensional space [12]. Voronoi himself [13] then extended this
description to general n-dimensional space.

Today, Voronoi diagrams find applicability in a wide variety of fields [14,15]. These
range from astrophysics [16] to materials science [17-20] and medicine [21-23], particularly
biology. Voronoi analysis finds its uses in the description of microstructure-dependent
Young’s modulus and Poisson’s ratio [24], microplasticity of polycrystalline solids [25],
or the elasticity of metal foams [26-28], as well as cracking analysis [29,30] and crack
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propagation [31]. In the life sciences, Voronoi cells are often used in the description and
manufacturing of biomimetic structures, such as bone [32] or implants [33,34].

A Voronoi diagram in the simplest sense is a method for tiling a space into a discrete
set of cells that are each grown individually from a unique seed point. The growth rate
of the cells is assumed to be constant across all seeds so that these are expanding radially.
In 2D, every point either belongs to a cell and thus has a corresponding nearest seed, or
it belongs to a boundary between two seeds. All cell boundaries are equidistant from
their neighboring cell seeds, thus creating a perpendicular bisector of the line joining two
adjacent seeds. Another property of a Voronoi diagram is that all vertex points created by
intersecting boundaries are also equidistant from the seeds. This implies that the vertices
are located at the center of a circle, with the seeds on the circumference. Vertices are
distinguished into three categories, smart, degenerate and dummy vertices (Figure 3).
Smart vertices are those in the bulk of the graph, with a degree of exactly 3. Degenerate
vertices are bulk vertices with a degree greater than 3. Dummy vertices are not necessarily
a vertex in the Voronoi sense but are created due to the finite size of the image.

smart vertex — Voronoi cell

seed

dummy vertex

Figure 3. A basic representation of a Voronoi diagram in 2D, showing the boundaries as solid lines
and the seed as a red point. The degenerate vertices are denoted with a crossed circle and the dummy
vertices with a plus. Smart vertices are left as intersections of three cell edges.

The construction of a Voronoi diagram is straightforward, because one simply needs
to grow circles simultaneously starting from different seeds and growing at constant speed.
Once the boundaries of the circles meet, growth will cease, and the resulting structure
shows a Voronoi diagram. An example can be found in [35]. The reverse process is far
more complex, but it provides the physically important determination of the location of the
seed points from an already formed Voronoi diagram. This marks the initiation point of the
non-equilibrium process responsible for structure formation. Alternatively, the Voronoi
description could be used to design specific polymer structures by strategically selecting
initiation sites for polymerization or to predict the resulting structures in such scenarios. In
this publication, we will apply a reverse Voronoi algorithm to the formation of PDLC and
PSLC structures in thin sandwich cells.

2. Methodology

Before calculating the seed positions, the experimental microscopy images of both
PDLC and PSLC needed to be pre-processed. Suitable sample areas were identified and
square regions isolated to arrive at images that were compatible with our algorithm,
ensuring that the images can be efficiently processed using standard computing. From
these images, dummy, smart and degenerate vertices were identified and localized via
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Image] 1.54 [36]. Joining the vertices with straight lines gave an idealized image of the
Voronoi pattern. A faithful pattern reproducing the concave and convex edges was also
taken to be able to compare the real experimental structure with the idealized Voronoi one,

as depicted in Figure 4.

Figure 4. Comparison between faithful Voronoi-like pattern (left) and idealized Voronoi pattern
(right) where vertices are inevitably connected by straight lines.

There have been many attempts to find an efficient and accurate solution to the inverse
Voronoi problem in the last 40 years [37-39]. The algorithm we used to generate the seeds
of the potential Voronoi pattern was developed as an inverse Voronoi generator for liquid
crystal textures [40,41]. An abridged summary of the algorithm used is presented below.

Following Schoenberg [42], the algorithm is based on the geometric properties of
Voronoi patterns: (i) any boundary between two cells is the perpendicular bisector at
the midpoint of a line joining the two seeds of those cells. This means that there exists
reflective symmetry of two seeds in two adjacent cells on their cell boundary (see Figure 5A).
(ii) Seeds of adjacent cells lie on a circle centred on their common vertex (see Figure 5B).
(iii) In relation to a dummy vertex D and its rotated point R, it can be shown that the angles
0, and 6 are equal, thus 6, = 0 (see Figure 5C). If a pattern only contains one smart vertex,
the above conditions cannot be used to determine the seed point. However, a Voronoi cell
with only one smart vertex always has two neighbouring cells. In this case one can use
condition (iii) with the single smart vertex and a ray can be constructed that goes through
the seed. Condition (ii) can then be employed to generate the seed point from knowledge of
the seeds of the neighbouring cells. If a pattern contains no smart vertex at all, (iii) cannot
be used and mirroring is the only possibility to proceed. One has to proceed in a similar
way for cells with only degenerate vertices.

With the above algorithm one can compute the seeds of all cells. To allow a more
quantitative comparison, we attributed different weighting approaches to the borders of the
cells. As each pixel can only belong to the cell corresponding to the nearest seed, finding the
closest seed to each pixel returns the cell each pixel belongs to. Every pixel was weighted
by its distance from the cell border and a gradient function. We used several gradient
functions (Figure 6), which in a sense account for cell borders of finite size and human
judgement when constructing an idealized Voronoi pattern.

53



Materials 2025, 18, 1106

(A)

Weighting

00 4

T TE—

Figure 5. Schematic figures to illustrate the geometric conditions available for the calculation of
seed points from a given Voronoi pattern. (A) Cell boundaries are mirror planes to seeds of neigh-
boring cells. (B) Seeds of adjacent cells lie on a circle centred on their common vertex. (C) Voronoi
construction with dummy vertexes.
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Figure 6. Gradient functions employed and respective equations: step (left), linear (middle), and
Gaussian (right). In each case x is the normalised distance from the cell edge of the pixel. x =0
corresponds to an edge pixel, and x = 1 to the centre.

We note that for all studies carried out, the step function was by far the best model
to simulate the borders. This outcome was determined by considering how much each
gradient was removed from the sample and how well it matched the borders. The aim
was to retain as many pixels as possible. From visual comparisons with the sample, it was
seen that all gradients except the single pixel step model removed too many of the pixels,
without a justifiable increase in sample replication.

Once we established the reverse Voronoi algorithm and a decision on how best to
represent the edges of the cells in a Voronoi pattern, we could arrive at a generated repre-
sentation of the pattern, including the positions of the seeds for each cell. A commonality
between the original and the calculated pattern could be calculated using a Serensen—Dice
statistic to calculate a coefficient Cgp for each cell. This could then be assigned to a colour
scheme based on its relative value to the other cells of the diagram to produce a heat map
that visualised the areas of high and low accuracy between the two Voronoi patterns. This
is depicted in Figure 7. We note that the heat maps depicted in this study were deliberately
all individually normalized to the range 0-100%, to emphasize that differences in local
deviations can be visualized. This largely over-emphasizes the deviations and does not
imply that red and blue describe perfect or no correlation. In fact, in this investigation the
deviations were very small. The heat maps simply enlarge this relatively small scale to
the range of 0-100% and thus do not allow a comparison between different samples. By
choosing an absolute scale, the latter can obviously be achieved, if so desired.
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Figure 7. (A) Exemplary result of a calculated Voronoi pattern, providing the seed points of each cell
(some are outside of the picture). (B) Comparison with the original Voronoi pattern via a (relative)
heat map derived from the Serensen-Dice coefficient. Red represents areas of highest matching and
blue represents areas of lowest matching.

In formulating a useful similarity metric, several coefficients were considered, includ-
ing the Rand index [43], the Jaccard coefficient [44], the Serensen—Dice coefficient [45,46],
the Matthews correlation coefficient [47], Cohen’s Kappa [48], the Ochiai measure [49] and
Sokal-Sneath similarity 2 [50]. The classic measure of accuracy is the Rand coefficient [51];
when Cp is corrected for chance agreement, it is identical to Cgp [52]. To find a good
metric for the data, one must first consider the type of data that is being analysed. If there
are two populations being compared, with every element either having a characteristic
or not, then the data can be described as dichotomous, quantitative, or qualitative [53].
Dichotomous data have + 1 if the characteristic is present and —1 if the characteristic is
absent. Qualitative data have +1 if the characteristic is shared, whilst quantitative data
take the range [0, 1] for the similarity between two elements. The data type considered in
this case was qualitative data, as each pixel is either shared between two cells or it is not.
When considering the intersection of the two populations, the pixels could be categorised
as true negatives (IN), true positives (TP), false positives (FP) and false negatives (FN) (see
Figure 8). The relationship between the two models is as follows: if two pixels are in both
images A and B then they are TP; if two pixels are in neither A or B then they are TN. Also,
if a pixel from A is not in B then it is FD, if a pixel from B is not in A then it is FN.

The considered coefficients and equations are shown in Figure 8. In the comparison
function, each cell in image A had its pixels compared with those of the same cell in image
B. As by definition the pixels in the considered cell are in either image A or B, there were
never any pixels considered that were in neither A or B. There is thus no information on
TN pixels, which implies that coefficients requiring the number of TN can be excluded
from further consideration, leaving only Csp, Cj, Co, and Css,. The Rand index, Matthews
correlation coefficient, and Cohen’s Kappa were thus not considered further.

The most prevalent uses of these coefficients are artificial intelligence image segmenta-
tion and biological genetic comparisons. Their use depends upon available data and the
type of classification required. For manufacturing problems, Csp, Cj, and Csg, perform the
best [54]. In ecological studies Csp and Cj are the most commonly used [55,56]. Both Csp
and Cj are used to produce dendrograms [57]. One drawback of using Csp and Cj is that in
situations of small sample size they are negatively biased [58]. The coefficient used here is
based upon the Cgp coefficient, which is equal to twice the intersection divided by the total
of the two populations. This was modified by adding the intersection separately weighted
by population A and population B, divided by the totals, which were also weighted. This
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modified Cgp coefficient was used to compare the models and to compute the final score
for the accuracy of the Voronoi descriptions of the individual experimental samples.
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Figure 8. (A) Venn diagram of the relationship between pixel intersections and classification.
(B) Definitions of the different commonality coefficients that can be used to compare sets A and
B. Form 1 is the classification form and Form 2 the probability form.

Before coming to the actual results on experimental PDLC and PSLC sample patterns,
we would like to consider the question of comparability a bit further, as this is an important
issue to judge the quality of the procedure and algorithm. Also, the illustrated methodology
can most likely be applied in a range of other different systems, such as the melting of thin
polymer films or ultra-thin metal films, and possibly also in biological membrane systems.

As a next step one can determine how much the faithful image deviates from the
idealised image (as depicted in Figure 4). This was quantified by the difference in Cgp score
between the generated and idealised, C¢j, and generated and faithful, Cgr, images:

D = |Cg1 — Cgr (1)

The larger the magnitude of D in Equation (1), the more concavity the original sample
displays. Furthermore, the Cjr value between the idealised and faithful images sets an
upper theoretical limit for the similarity between the generated Voronoi pattern and the
faithful image, Cgr. Normalising Cgr with the upper limit, Cjr, resulted in a measure for
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the fit of the generated image to the faithful whilst accounting for the limit set, by removing
the curvature. This measure is denoted M:

M= @ )
Cir

The C¢j score, additionally, measures how accurate the generated image is, whilst also
removing concavity. The difference in these two scores is a measure of the errors introduced
by the method used to account for concavity. This can be imagined as a path difference;
M compares the generated image to the sample then accounts for concavity, whilst Cgy
accounts for concavity then compares the generated image. By calculating the difference

between the two measures, the discrepancy between the two scores is given as:

A= |M - Cgl. (3)

A smaller A indicates that the generated Voronoi diagram fits the original sample
more closely, as there is less discrepancy caused by the difference of the generated image to
the faithful or idealised images. This was determined both visually and by calculating the
relative errors for both metrics, using Equation (3), resulting in

A A
d=— dr=—. 4
M and Cor 4)

A visual comparison was made between the faithful and generated images and the
faithful and idealised images. Superimposing the images showed those with smaller
discrepancies, quantified by A. Equation (4) gives the errors of M and CgJ, respectively.

3. Results and Discussion

Having discussed the methodology and procedure in quite some detail and having
developed a methodology to quantify the accuracy of the determined reverse-engineered
Voronoi pattern, we can now proceed to demonstrate the actual results on PDLC and
PSCT patterns.

The experimental images for the polymer dispersed liquid crystal (PDLC) samples
were taken from the literature [59]. The sample was composed of 80% liquid crystal
E7 (a eutectic mixture of biphenyls, 4-cyano-n-pentyl-biphenyl (5CB), 4-cyano-n-heptyl-
biphenyl (7CB), 4-cyano-n-octyloxy-biphenyl (8CB), and 4-cyano-n-pentyl-p-terphenyl),
approximately 10% HDDA (hexamethylene diacrylate) cross-linker, around 1% DMPAP (2-
Dimethylamino-4-(methyl-phenylamino)-phenol) photo-initiator, and 10% polymer TMHA,
a polymer that contains 3,5,5-trimethylhexyl acrylate, for samples PDLC-1 and PDLC-3, or
polymer A3DA, an acrylate monomer that is used to create polymer dispersed liquid crystal
(PDLC) films, for sample PSLC-2 [59]. We note that with about 20% polymer material, the
PDLC was on the low side of polymer content for PDLCs, yet its electrooptic performance
was indeed quite impressive [59].

Sample PDLC-3 was a subsection of PDLC-1 with less cells, in order to investi-
gate the effect of cropping the sample image. The preparation method used was PIPS
(polymerization-induced phase separation). Figure 9 depicts the sample images, together
with their faithful representation, idealised presentation, generated Voronoi pattern and
heat map to identify how well regions of cells were reproduced.
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Figure 9. Experimental sample [59], faithful pattern, idealised representation, generated Voronoi pat-
tern and comparative heat map for polymer dispersed liquid crystal samples (A) PDLC-1, (B) PDLC-2,
and (C) PDLC-3.

Already, one can visually see that the patterns observed in the PDLC samples were very
well described by the generated Voronoi pattern, albeit with some differences in structure.
The harshest measure of the accuracy is the Cgr score, which is the Serensen—Dice score
between the generated and the faithful pattern. The overall accuracy of representation
between generated and faithful patterns was (87.8 £ 1.4)%, which was much decreased
for PDLC-1 with 81% as compared to the cropped image PDLC-3 with 92%. This in turn
implies that images with less cells accumulate a smaller error and thus better accuracy in
Voronoi re-generation. This is of course understandable, as each cell contributes to the
overall deviation between experimental original and calculated patterns.

The polymer stabilised liquid crystal (PSLC) samples PSLC-1 to PSLC-4 were com-
posed of 95 wt% liquid crystal 5CB (4-Cyano-4'-pentylbiphenyl) and 5 wt% RM257
monomers, polymerised by UV irradiation for 90 min with the addition of a small amount
of photo-initiator BME (benzoin methyl ether). Figure 10 illustrates the sample images, to-
gether with their faithful representation, idealised presentation, generated Voronoi pattern
and heat map.

Qualitatively, the results of the PSLCs were very similar to those of the PDLCs. The
experimental structure of the polymer network was well described by a Voronoi pattern,
with the commonality between generated and faithful (experimental) pattern averaging
(92.3 £ 0.3)%. The heat maps reveal only small areas where the coincidence between
experiment and calculation deviated.

In fact, one could argue that it is surprising that the accordance between experiment
and theory is so high. The reason lies in several aspects: (i) the start of polymerization is
a process of a statistical nature, while for the calculation of Voronoi patterns it is always
assumed that all seeds start growing at the same time. (ii) A constant growth rate cannot
necessarily be assumed for the experiment, as it is for the calculation. (iii) Curvature
in the cell boundaries is observable in the experimental images, while the simulation of
Voronoi patterns can only lead to straight edges. (iv) The experimental cell boundaries
are of finite thickness, while the calculated ones are ideally infinitesimally narrow, or here,
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one pixel thick. Nevertheless, the step-like gradient function did provide the best results,
as already stated above. Given these principal limitations on any Voronoi description of
experimental patterns, the correspondence between the two patterns with a commonality
of approximately 90% observed for the PDLC as well as the PSLC structures is impressive.
The complete data set for the investigated samples is provided in Table 1.

) idealised generated comparative
exp. sample faithful pattern pattern pattern heat map
o . )?“
S . ﬁ ﬁ
o . ﬁ
S - @ @
Figure 10. Experimental sample, faithful pattern, idealised representation, generated Voronoi pattern
and comparative heat map for polymer stabilised liquid crystal samples (A) PSLC-1, (B) PSLC-2,
(C) PSLC-3, and (D) PSLC-4.
Table 1. First three columns of scores are produced by the algorithm, with Cjr being the Serensen—Dice
score between idealised and faithful patterns, Cgr that between the generated and faithful patterns,
and Cgj that between the idealised and generated Voronoi patterns. Other values are calculated from
these scores according to Equations (1)-(4). All accuracies are given as percentage.
Sample Number of Cells Cir Cer Car D M A d d
PDLC-1 37 97.6 81.0 81.2 0.21 82.9 1.74 2.10 2.15
PDLC-2 30 98.8 92.5 92.1 0.48 93.7 1.62 1.73 1.76
PDLC-3 22 97.7 89.8 92.2 2.39 91.9 0.31 0.34 0.34
PSLC-1 34 99.0 94.3 94.9 0.66 95.2 0.29 0.31 0.31
PSLC-2 33 98.1 89.0 90.2 1.25 90.6 0.43 0.48 0.48
PSLC-3 30 99.1 93.6 94.7 1.15 94.4 0.30 0.32 0.32
PSLC-4 36 99.6 92.1 92.3 0.27 92.5 0.11 0.12 0.12

On examination of the results for D, the concavity of the samples was typically less
than 2%, with a mean of <D> = (1.0 £ 0.7)% for the PDLC system and <D> = (0.8 & 0.2)%
for the PSLC system. This means that concavity is small and can in first approximation be
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neglected, which is also indicated by the Serensen—Dice score between the idealised and
the faithful pattern, Cjr, which in all cases was not far below 100%.

We recall that Cg; is the Serensen—Dice score between the generated and idealized
images, where in the idealized image the edge curvature of Voronoi cells is removed. M
is the ratio between the scores for the generated vs. faithful and the idealized vs. faithful
pattern, Equation (2). Thus, the closer M is to 100%, the smaller the difference between
faithful and idealized image patterns, i.e., the less the curvature observed in the boundaries
of the experimental Voronoi cells. Figure 11 shows a comparison of M vs. C¢j for both
PDLCs and PSLCs, with errors given by d and d’ respectively. The results for both sets
scaled proportionally, with a slope close to 1. This is further confirmation that the concavity
of the Voronoi edges is small and did not contribute significantly to the description via
the reverse algorithm. A similar conclusion can be drawn from A. A smaller A indicates
that the generated Voronoi diagram fits the original sample more closely, as there is less
discrepancy caused by the difference between the generated image and the faithful or
idealised images. A source of uncertainty, the concavity, was successfully removed, seen by
comparing M and Cgr. As M gives a consistently higher accuracy than Cgr, the removal of
the curvature via an intermediate idealised image worked effectively, showing that the step
function is a suitable model for the cell boundaries.
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Figure 11. Comparison between Cg and M for both PDLC (black squares) and PSLC (red circles) samples.

Further, the heat maps could be used to analyse the experimental procedure used.
They can highlight potential areas of deformation in sample preparation via areas that do
not conform to a Voronoi diagram as accurately. This analysis can thus be used to feed back
to experimental techniques. One consideration would be to standardise the heat maps,
which would allow for inter-sample comparison. This may be a useful technique to use
when preparing and analysing multiple samples with the same equipment, for example in
quality control.

The presented reverse Voronoi algorithm and the detailed discussion of how to evalu-
ate its accuracy and commonality between calculated and experimentally observed patterns
could be extended to other fields of research, for example, the melting of thin polymer
films, ultra-thin metal films, membrane structures and the like.

4. Conclusions

We developed an algorithm that describes polymer patterns of polymer-modified
liquid crystals obtained in thin sandwich cells as Voronoi diagrams. For both polymer-
dispersed liquid crystals (PDLC) and polymer-stabilized liquid crystals (PSLC), similar
results were obtained. From experimentally determined patterns, the reverse Voronoi
algorithm determined the seed positions and cell edges to an accuracy of generally better

60



Materials 2025, 18, 1106

than 90%. Several different commonality scores were introduced based on the Sgrensen—
Dice coefficient to compare the faithful original experimental pattern to the idealized and
generated patterns, which remove possible curvature in the boundary edges of Voronoi cells.
This is best performed via a step function to describe the boundaries, and it was shown that
the concavity of the boundaries lay below 2% and could in first approximation be neglected.
The produced heat maps illustrate sample regions where the Voronoi description was not
as accurate than for other regions, which is also of importance for applications, for example,
quality control in the production of PDLC-based privacy windows, reflective displays
or smart glass. The developed methodology can be applied to further systems, such as
the melting of thin polymer films, ultrathin metal films, or biological membranes, just to
name a few possible further applications. Alternatively, one could utilize the description to
predict pre-determined polymer structures through simulation of polymerization sites.
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Abstract: Today, smart materials are commonly used in various fields of science and technology, such
as medicine, electronics, soft robotics, the chemical industry, the automotive field, and many others.
Smart polymeric materials hold good promise for the future due to their endless possibilities. This
group of advanced materials can be sensitive to changes or the presence of various chemical, physical,
and biological stimuli, e.g., light, temperature, pH, magnetic/electric field, pressure, microorganisms,
bacteria, viruses, toxic substances, and many others. This review concerns the newest achievements
in the area of smart polymeric materials. The recent advances in the designing of stimuli-responsive
polymers are described in this paper.

Keywords: stimuli-responsive materials; smart polymers; hydrogels; physical stimuli; chemical
stimuli; biological stimuli; application of smart polymers

1. Introduction

The most common definition of polymers is that they are molecules consisting of
repeating units characterized by various properties. This is a very general definition,
however, that does not reflect the essence of polymers. The multitude of their types,
methods of preparation, and application—topics on which paper can be written. Numerous
studies in this area show that polymers offer more possibilities than limitations. They are
an integral part of our lives, and it can undoubtedly be said that getting rid of them may
cause a major regression in our civilization.

Being an element of our development, they are also subject to changes dictated by the
environment, society’s requirements, and evolution. Some examples of polymer applica-
tions are shown in Figure 1 [1-3].

The presence of polymers in our lives is undeniable. Being part of our environment,
they are also subject to some modifications. One result of this is the creation of new types of
polymers and the emergence of a new group—smart (intelligent) polymeric materials [4].

The beginning of the era of intelligent materials dates back to 1950 when Katchalsky’s
group started working on hydrogels [5]. Since then, interest in stimulus-responsive mate-
rials has been constantly growing. This fact is supported by numerous papers published
every year.

As shown in Figure 2, in the years 2000-2011, a relatively small number of articles on
the subject of smart materials were published (about 2000 articles). In the following years,
this value gradually increased. After about 5 years, the number of papers had doubled. The
year 2019 can be considered as a breakthrough in the research on novel stimuli-responsive
materials. Significantly, from 2019 to 2023, about 6000 publications on this topic have been
reported. The increased number of published works show how important searching for
advanced materials for technology purposes is.

Materials 2024, 17, 4255. https:/ /doi.org/10.3390/mal7174255
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Figure 1. Potential use of polymers [1-3].
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Figure 2. The number of publications published per year focused on stimulus-responsive materials,
according to the Science Direct database. Keyword: smart material. Accessed on 8 July 2024.

If we want to specify what these intelligent materials are, we can compare them to
human intelligence or the recently increasingly mentioned artificial intelligence. In relation
to this, intelligence means the ability to recognize, name, and respond appropriately to what
is happening around us, solve a given problem, and learn. It is similar to smart polymers [4].
It defines a specific group of polymers that respond to external environmental factors by
changing their physical or chemical parameters, which can be detected as changes in
solubility, swelling, hydrophilicity /hydrophobicity, or micellization. This specific answer
became the basis for designing materials useful in various industries. These factors may be
physical, chemical, or biological in nature [5,6]. Sometimes, and more and more often, the
term “multi-stimuli” can be heard, which means the ability of polymers to react to several
factors [7]. Changes caused by a given factor are most often reversible, i.e., when they stop,
the polymer begins to return to its original state [7]. A more detailed breakdown is shown
in Figure 3 [5,7].
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Figure 3. Classification of stimulants depending on the nature of the factor [5,7].

Smart polymers find a special area in medicine. Their specific features justifying this
use are summarized below (Table 1) [8].

Table 1. Advantages and disadvantages of using smart polymers [8].

Advantages Disadvantages

Biocompatible, robust, flexible, easy to color,

- o . There are difficulties in sterilizing them.
mild—cause fewer complications for patients.

Facilitate dosing for patients—possibility of

producing individualized products, e.g., tablets. Lack of high mechanical resistance.

Sometimes it is difficult to load drugs and

Simple synthesis method. cells in a ready-made matrix.

They support/facilitate the transport of
ingredients into cells.

Provide prolonged drug release time and cause
fewer side effects.

Taking into account the methods of synthesis of smart polymers, several basic ones
can be distinguished:

s Traditional radical polymerization—conventional, which is characterized by mild
reaction conditions and can be used in the presence of most monomers;

m  Controlled radical polymerization—to which belong: (a) reversible addition-
fragmentation chain transfer (RAFT) and (b) atom transfer radical polymerization
(ATRP) [9].

On the other hand, due to their physicochemical form, stimuli-responsive polymers
can also be classified into various groups, such as gels, solutions, self-organized clusters,
coatings, solid materials, and others [5].

Another classification of intelligent polymers refers to the working mechanism of these
materials. Taking into consideration this aspect, smart polymeric materials can be divided
as follows: shape-memory polymers (SMP), self-healing materials, polymeric hydrogels,
and other responsive polymers [4].
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The future use of smart materials is primarily based on activities aimed at compliance
with the principle of sustainable development. They are probably searching for new
sources of natural polymers, modifying them, and looking for new intelligent properties.
Although the nature of each material is different, their future seems bright due to the many
advantages they present: reversible nature of changes and real-time response, they often
respond to various environmental stimuli—expand their applicability to various fields by
learning the response mechanisms—their reaction is clearly visible and predictable [10].

The aim of this review is to introduce the reader to the topic of smart polymers in a
very short but clear way. The main idea of this paper is to characterize polymeric materials
that show sensitivity to various stimuli. This article primarily describes the classification of
smart polymers depending on the type of factor (physical, chemical, biological) to which
they are responsive. Moreover, the application of these materials in various areas, as well
as some examples of the latest achievements of various types of smart materials, such as
hydrogels, shape-memory polymers, self-healing materials, and others, are presented.

This review does not focus on a specific type of smart polymer but describes the
topic comprehensively. In order to highlight the huge potential of this group of smart
materials, their selected advanced applications in medicine, chemical industry, agriculture,
and modern technologies are presented.

2. Physical Stimuli
2.1. Light-Responsive Polymers

Multi-advantage, light-responsive polymers are characterized by biocompatibility, a
high degree of solubility in water, biodegradability, and the ability to spatial and temporal
control in response to light of a specific wavelength, intensity, and area of exposure [11].
The disadvantages include the possibility of leaching chromophoric substances from the
hydrogel as a result of swelling [8]. Methods for the synthesis of light-responsive polymers
assume the use of two mechanisms:

m  photocleavage—which involves the occurrence of chemical changes creating a physic-
ochemically changed product;

m  photochromic—based on the occurrence of isomeric changes based on cis-trans iso-
merism, intramolecular transfer of groups or a hydrogen atom, or pericyclic changes [11].

The great interest in this type of polymer results from the advantages presented by
the stimulating factor—light. It is cheap, safe, and readily available [12]. A feature nec-
essary to produce light-responsive polymers is the presence of compounds that respond
to a specific wavelength of light. Among the most common are azobenzenes, stilbene,
cyanostilbene, stiff-stilbene, diarylethene, spiropyrans, hydrazones, coumarins, and oth-
ers [13]. Depending on the chromophore used, a different wavelength range is preferred.
For medical purposes, UV radiation is avoided, and systems that respond to visible light
are necessary [8]. The response of chromophore groups may be based on one of three
presented mechanisms: photolysis, photoisomerization, and photorearrangement [12]. Re-
cently, much attention has been paid to derivatives of o-nitrobenzyl alcohol as a presented
group photorearrangement. It is one of the best-tested compounds and is used in many
industries, which responds to radiation in the range of 300-365 nm [14].

Polymeric materials can show sensitivity to NIR radiation emitted by the laser. This
property of stimuli-responsive materials has also gained importance in medicine, especially
in photothermal therapy (PTT) [15]. In the literature, many examples of the use of smart
hydrogels in this field were described. The generated thermal effect damages infected cells.
What is important, NIR light emitted by laser exerts not only a photothermal effect but
also can stimulate the systems for drug release [16]. For example, Fu and colleagues [17]
developed a thermos-sensitive, hydrogel-enabled thermostatic PTT system for effective
healing of wounds, which are infected by bacteria. On the other hand, Algi and others [18]
proposed poly(2-hydroxyethyl methacrylate) hydrogels combined with squaraine dye for
photothermal/photodynamic therapy and as a drug delivery system. The synthesized
hydrogel induced hyperthermia upon laser irradiation with 808 nm and generated ROS.
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2.2. Temperature-Responsive Polymers

As the name suggests, temperature-responsive polymers are able to change their
properties (often solubility) in response to changes in temperature (heating or cooling) in
the external environment. Temperature is a parameter that can be measured and monitored
very easily, and the systems for doing so are well understood. For this reason, it is often
used in the production of smart polymers [11]. A given material can acquire or change its
temperature-responsive properties by adding additional substances to the system, such
as plasticizers, salts, and surfactants [19]. The reaction is based on the transition from
the sol-gel state. A distinguishing feature of these polymers is the presence of lipophilic
groups: methyl, ethyl, or propyl. An example of a temperature-responsive polymer is
poly(N-isopropylacrylamide)—PNIPA Am, poloxamers, and prolastin [9].

Parameters associated with the assessment of this type of polymer are:

m  UCST—upper critical solution temperature. UCST—is poorly known.

m  LCST—lower critical solution temperature—indicates the maximum temperature
at which the polymer is soluble, and one phase can be observed. Above it, phase
separation takes place [9]. LCST-polymers are well known. The existence of a single
phase comes from the interactions between the polymer and solvent units. The most
common are hydrogen bonds with water [9,11,20].

In other words, heating causes phase separation in LCST polymers and single-phase
formation in UCST polymers. The differences between LCST and UCST polymers are better
shown with an example diagram (Figure 4).

LCST - polymer UCST - polymer

o Two-phase o One-phase
LS| LS|
2 2
m m
g g
5 5
! !

One-phase Two-phase

Polymer volume fraction Polymer volume fraction

Figure 4. Schematic diagram showing the difference between LCST and UCST polymers [20].

As far as the reaction mechanism for the development of thermo-responsive proper-
ties of polymers is concerned, the formation of bonds between molecules of hydrophilic/
hydrophobic groups and water molecules is considered appropriate. Of course, the for-
mation of bonds and the occurrence of changes can be observed in the form of changes
in weight, color, and transparency [14]. The first polymer used in the design of thermo-
responsive materials was PNIPAAm (poly(N-isopropylacrylamide)). The chemical struc-
ture of this compound is shown in Figure 5 [21].

T

O NH

H,C CH,

H;C
CH
n 3

Figure 5. Chemical structure of PNIPAAm [21].
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Its use is due to the fact that it has a similar LCST temperature—32-33 °C—<close to
the human body temperature.

2.3. Electric Field-Responsive Polymers

Electric field-sensitive polymers are characterized by changes in physical properties
in response to small changes in electric current. The content of a large number of easily
ionizable groups makes them sensitive to pH changes. Changes in the electric field have
been due to the conversion of electrical energy into mechanical energy. Considering
one of the possible applications of electric-field-sensitive polymers—drug delivery—the
reaction mechanism involves breaking hydrogen bonds in the existing structure under
the influence of an electric current and releasing the drug at the target site [8,9]. Other
uses of electroresponsive polymers are robotics, electrochromic devices, actuators, energy
harvesting, or electroconductive scaffolds with use in tissue engineering [22,23]. Their main
division assumes the existence of two groups of materials:

m  Jonic EAPs (electro-active polymers)—the electric field causes a change in local ion
concentrations and the occurrence of electroreactivity. Their characteristic feature is
low reaction speed, low reactivity, and the need to use low voltages;

m  Dielectric EAPs—where the response arises as a result of electrostatic forces arising
between two electrodes applied to the system. Their characteristic feature is high
reaction speed, high reactivity, and the need to use high voltages [23].

Among the polymers used to produce electro-responsive polymers, the following are
of particular importance:

m  Polypyrrole (PPy)—characterized by high biocompatibility and high conductivity;

m  Polyaniline (PANI)—characterized by high chemical stability, good processability and
conductivity;

s Poly(34-ethylene dioxythiophene) (PEDOT)—which, in addition to being biocompati-
ble and highly conductivity, is also hydrophobicity;

m  Chitosan (CS)—is a natural—sourced polymer characterized by high availability,
biocompatibility, microbiological activity, the ability to form a gel, and ease of process-
ing [8,22].

2.4. Magnetic Field-Responsive Polymers

Magnetic field-responsive polymers are a group of materials that have the ability to
change their parameters, such as density, optical properties, and shape, in response to a
magnetic field [24]. Obtaining these specific properties can be achieved by adding mag-
netic particles (which are activated with a magnetic field), for example, magnetite—Fe30y,
maghemite—y-Fe,O3, to the formulation combined with polymers such as poly(ethylene
glycol)—PEG, dextran, poly(vinyl alcohol)—PVA, poly(ethylene imine)—PEI [19,25]. The
particles added to the formulation may be referred to as soft (low coercivity, a change in ma-
terial properties occurs after the application of a magnetic field as a result of dipole-dipole
interactions and the generation of internal heat) or hard magnetic particles (deformations
can occur as a result of internal interactions between molecules even in the absence of a
magnetic field) [26]. The advantage of magnetoresponsive polymers is the possibility of
spatiotemporal control, while the main disadvantage is the possibility of aggregation of
materials [25].

One of the areas of interest in these materials is medicine and drug delivery. Thanks
to the use of a magnetic field, it is possible to improve the efficiency of drug release, which
significantly improves the effects of treatment [24]. Their versatile use (thanks to the use of
a magnetic field and not the sometimes destructive effect of heat or noise)—(soft robotics,
shape memory polymers, biomedicine) is due to the advantages they present: ease of use,
rate of activation and response, compatibility with the environment [4,26]. An example
of a polymer that responds to a magnetic field is PNIPAAm hydrogels containing the
ferromagnetic material PNIPAAm-co-acrylamide [8].
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2.5. Chromoactive Polymers

This group of materials is able to change its color under the influence of external
factors. These factors can be classified into three groups:

m  Photochromic materials—which are distinguished by a reversible color change when
exposed to light with a high UV content;

s Thermochromic materials—the color change occurs as a result of temperature. The
dye used determines the permanent or transient occurrence of the color;

m  Electroactive materials—the occurrence of a potential difference triggers a color change
and absorption spectrum [27].

2.6. Ultrasound-Responsive Polymers

The term ultrasound should be understood as a wave caused by alternating current
resulting from the mechanical vibration of a piezoelectric material. Depending on the fre-
quency, waves can be distinguished: low (<1 MHz), medium (1-5 MHz), high (5-10 MHz).
Ultrasounds can affect the material in the following ways: (a) thermal—when an increase
in temperature is observed; (b) nonthermal, also known as cavitation—during this process,
ultrasonic vibrations cause gas bubbles to form [23].

The use of these types of polymers may be particularly useful, and sometimes be
the only option when other stimulants fail. This may mean biomedical use, where, for
example, sometimes cooling or heating is not advisable. In this case, ultrasound may be
used effectively to release the drug. The main advantage of systems using ultrasound is that
there is no need to add foreign ingredients, so the polymer becomes more environmentally
friendly. Other advantages include it can be used in opaque materials, can cover small
areas, and can be controlled spatiotemporally, economically, and highly accessible [25,28].
The forms of polymers capable of ultrasound response are gels, solids, micelles, and
coated microbubbles. In the case of micelles, the use of micelles causes disintegration,
releasing a specific factor [29]. An example of an ultrasonic-responsive polymer is dodecyl
isocyanate-modified PEG-grafted poly(2-hydroxyethyl methacrylate), polyglycolides, or
polylactides [8,29]. The use of ultrasound produces specific responses, including streaming,
cavitation, structural vibrations, radiation force, and scattering [28].

3. Chemical Stimuli

Chemical stimuli can also modify the properties of polymeric materials. Chemical
factors induce changes in the interactions between polymer chains or between polymer
chains and solvent molecules. Depending on the type of chemical stimulus, conformational
changes, shrinking or swelling of the polymer material, and others may occur [5,30].

3.1. pH-Responsive Polymers

Materials of this type have aroused considerable interest among many groups of
researchers due to the possibility of versatile application [19]. A characteristic and distin-
guishing feature of pH-responsive polymers is the presence of one of the groups: acidic or
basic, whose task is to take or donate protons in response to a change in pH. The overall
change in charge changes the structure of the polymer chain which manifests itself in
changes in properties (solubility), configuration, or surface activity [8,19]. The reaction
mechanism is as follows:

(@) In the case of acidic polymers—protons attach at low pH and release of protons at
high pH;

(b) Basic polymers react by ionization/deionization in the pH range of 7-11 [19].
Polymers that show pH sensitivity can be classified into the following categories:

(1) Natural origin polymers:

m  Alginates: acidic polysaccharides with pKa ca. 3—4 (resulting from the presence
of -COOH groups). In the presence of divalent cations (Ca?*, Ba?*, Sr?* and Zn?*)
it gels gently;
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m  Hyaluronic acid—a linear polysaccharide that has a pH of 3—4. It absorbs water
up to 1000 times its volume, creating a loose network;

m  Chitosan—a polysaccharide that owes its pH sensitivity to the presence of amino
groups in its structure. At low pH conditions, the amino groups are protonated,
which triggers the ability to dissolve at low pH, and poor solubility at high pH;

(2) Synthetic polymers—which include two types of compounds, such as:

(a) Polymers containing a pendant group:

m  Polyacids—which contain acidic groups in their structure, e.g., carboxylic:
poly(acrylic acid)—PAAc, boronic: poly(vinylphenyl boronic acid)—PVPBA,
phosphoric: poly(ethylene glycol acrylate phosphate) —PEGAP and sulfonic acid:
poly(vinyl sulfonic acid)—PVSA;

m  Polybases—which contain the following groups in their structure, e.g., amino:
poly[(2-dimethylamino)ethylmethacrylate]l —PDMA, pyridine: poly(4-
vinylpyridine)—P4VP, imidazole group: poly(N-vinylimidazole)—PVI.

(b) Polymers containing labile acid /base linkage—This group contains polymers that are
capable of breaking bonds under the influence of pH change, for example:

m  Hydrazone (decomposing at pH 5.5);
m  Imine (decomposing at pH 5);
m  Cis-aconityl (decomposing at pH 4) [31].

There is a great interest in pH-responsive materials in the medical industry. Cancer
cells have an acidic pH, which is the basis for triggering a response in the material [25]. This
relationship is known as the Warburg effect. The rapid proliferation of cancer cells disrupts
the supply of blood and oxygen. Cells produce energy through glycolysis by producing
lactic acid, which lowers the pH [21].

3.2. Ion-Responsive Polymers

This is a group of materials that respond to changes in ionicity in the surrounding
environment. They exhibit reversible physical and chemical reactions to fluctuations in
pH or the number of ions. A change in the ionic strength in the surrounding environment
changes the interactions between the ions in the solution and the ions in the polymer,
leading to swelling/dehydration. Examples of polymers that respond to ions are alginate
(Ca®") and chitosan (Mg?*) [8].

3.3. Redox-Responsive Polymers

The term redox-responsive polymers can be used to describe materials in a fairly broad
group. They respond with specific reactions to changes in the redox state. The reaction
occurs as a result of the presence of oxidants or reducers in the environment. These changes
can be caused by many factors, including temperature, pH, and light [5]. The scope of
application of these materials is wide, but the topic of hydrogels and the release of drugs
as a result of redox-responsiveness is often encountered. The Kilic-Boz group addressed
the issue of the release of biomolecules (bovine serum albumin) from hydrogels as a result
of the action of thiol-containing agents (dithiothreitol—DTT and L-glutathione—GSH).
The redox response was possible due to the introduction of disulfide and organometallics
to materials [32,33]. In the case of gels, the response may include changes in color, chiral
structure, phase, and fluorescence [34]. An example of a polymer reacting to redox reaction
is PNIPAAm hydrogel containing tris(2,2-bipyridyl) ruthenium (II) (Ru®* — Ru®*) [8].

3.4. Water-Responsive Polymers

Water-responsive (WR) polymers are materials that respond to changes in humidity or
the amount of water in the environment. Other names often associated with these polymers
are humidity-responsive or humidity /water-responsive). These changes can be noticed as
swelling or shrinking of the material [28]. Generally speaking, they are able to generate
mechanical energy using the available chemical potential of water [19]. A polymer with a
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porous structure that allows it to react to moisture. It allows water to penetrate between the
fibers [4]. In the development of water-responsive polymers, polymers with a hierarchical
structure play an important role in their production, ensuring appropriate mechanical and
physiological properties of the structure. The main example of a substrate is cellulose.
Among the fabrication methods of WR materials, there are several basic ones:

m  Solvent-casting—which involves creating a solution with active ingredients (active layers—
most often chitosan or sodium alginate), pouring it onto a film (passive layers—most
often poly(vinyl chloride) or poly(propylene)) and dry;

m  Spin coating—an example of which is the formation of a water-responsive poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate/ poly(dimethylsiloxane)}—PEDOT:PSS/
PDMS actuator;

Photolithography;
3D printing;

m  Fibre spinning [28].

Due to the specificity of the mechanism, special attention is paid to hydrogels. The
most common components are polymers: PEG—poly(ethylene glycol), HEMA—2-

hydroxyethyl methacrylate, pAAM—poly(acrylamide) and hyaluronic acid gels [33].

3.5. Reactive Oxygen Species-Responsive Polymers

Oxygen is a factor produced in every living cell as a result of intracellular respiration
by mitochondria. However, small amounts of it do not have negative effects. However,
increasing the concentration may contribute to homeostatic disturbances, which may
negatively affect lipids or DNA. This reaction became the basis for the production of
oxygen-reactive, species-responsive polymers, particularly useful in medicine [35]. Forms
of ROS-responsive polymers include nanoparticles, hydrogels, and scaffolds. Their reaction
involves degradation as a result of ROS or changes in solubility. Among the polymers
presenting the oxidation response, there are polymers containing the following groups:

m  Thioether group, e.g., poly(propylene sulfide)—PPS;
Selenium;

Tellurium;

Poly(thioketal);

Phenylboronic acid /phenylboronic ester.

4. Biological Stimuli-Responsive Polymer Materials

The properties of polymer materials may undergo functional changes under the
influence of biological factors. Among the biological factors that can influence the properties
of polymers are glucose and enzymes.

4.1. Glucose-Responsive Polymers

The development of glucose-responsive polymers offers hope for potential use in
medicine in the treatment of people with diabetes problems. Their work is to respond
to glucose levels and control the release of insulin. The main disadvantage is the short
response time.

4.2. Enzyme-Responsive Polymers

Enzyme-responsive polymers are a class of materials that can react to the presence
of enzymes in a specific way. Taking advantage of enzyme features such as the ability to
catalyze physicochemical changes and biorecognition, they are very useful in designing
systems that are particularly useful in places where there is overexpression of a given
enzyme. The advantages of enzyme-responsive polymers include specificity of action in the
cell, the possibility of spatiotemporal control of secretion, a large number of enzymes that
can be used in a variety of applications, increased permeability, and increased resistance to
degradation. The main disadvantages include the possibility of premature release of the
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charge—when an enzyme with a similar structure is present and the possibility of releasing
the charge before reaching the target [36].

5. Multistimuli Polymer Materials

As mentioned above, smart polymers can be divided into two main groups: single- and
multiresponsive. Multiresponsive polymer materials show sensitivity to a combination of
two or more stimuli, e.g., light, mechanical force, temperature, pressure electric/magnetic
field, pH, concentration gradients, humidity, biological environment, and many others.
Significantly, physical, chemical, and biological factors may cause permanent or reversible
changes in polymeric properties [36]. For example, materials that respond to a combina-
tion of more than one factor, such as light/temperature, enzyme/pH, pH/temperature,
temperature/pH/redox, and many others, have been described in the literature [21,37].

The design of multistimuli polymers can be very complex and demanding. The
development of smart materials often requires multidisciplinary approaches, including
knowledge of many areas. However, the fabrication of functional polymers involves the
introduction of innovations and influences the development of advanced technologies. The
incorporation of suitable groups into the polymer chain affects the response of materials to
multistimuli [38,39].

Multisensitive polymers show significantly greater functionality and capability than
single stimuli materials. Each stimulus may cause a reaction individually or cause interde-
pendent changes. Interdependent stimuli can induce reactions occurring successively, or the
first reaction might enhance or alter the properties of polymer materials [39—41]. Polymeric
materials that are sensitive to many stimuli are very popular due to their multidirectional
application capabilities in various fields of science and technology [8,42—45].

6. Application of Smart Polymer Materials—Latest Advances

Smart polymers are used in many areas, such as medicine, the chemical industry,
and modern technologies. Taking into account the ability to react to material for stimuli,
the designed polymer can be applied in a dedicated area. The application fields of smart
polymeric materials are shown in Figure 6.
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Figure 6. Application of smart polymer materials in various areas.
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Figure 6 shows that the areas of application of stimuli-responsive polymers are almost
unlimited. Moreover, the intensive research toward novel stimuli-responsive materials
gives a chance to expand this group of smart materials.

6.1. Medicine

One of the main applications of smart polymers is medicine. The increased demand
for specialized polymeric materials that could cure various diseases and thus significantly
improve the quality of life has led to the rapid development of functional biomateri-
als. Polymeric materials showing sensitivity to various stimuli are used in drug delivery
systems [8,46,47], tissue engineering [48-50], bioimaging [51-53], gene carriers [54], cell cul-
ture [55-57], and in the production of various types of medical products or devices [58,59].
Generally, there are a wide group of smart polymers that are used in the medical sector, e.g.,
hydrogel dressings [60,61], implants [62,63], tissue adhesives [64,65], ocular lenses [66,67],
biosensors [68,69], and others.

It should be pointed out that the most commonly used type of smart polymer in the
medical field is in the form of hydrogels. Hydrogels are a three-dimensional polymeric
network with a high capacity to absorb a huge amount of water or other aqueous solution.
Generally, this class of polymers is considered one of the most promising materials for
medicine. This is due to their specific physicochemical, biological, and mechanical proper-
ties, such as hydrophilicity, biocompatibility, viscoelasticity, softness, biodegradability, and
many others. In other words, hydrogels show a great similarity to human tissues, which
makes them ideal candidates for healthcare applications [4,70-72].

Taking into account various factors (e.g., source of origin, configuration of chains,
sensitivity to stimuli, etc.), hydrogels can be divided into various groups [73]. An impor-
tant impact on the final properties of hydrogel materials is the method of their synthesis.
There are two basic routes of obtaining hydrogels, i.e., chemical and physical crosslink-
ing [74]. Physically, crosslinks include intermolecular reversible interactions, such as
electrostatic/ionic interactions, hydrogen bonding, hydrophilic/hydrophobic interactions,
as well as crystallization, stereo complex formation, metal coordination, polymerized entan-
glements, etc. The most important advantage of this type of crosslinking is the biomedical
safety of created materials owing to the absence of chemical crosslinkers. Moreover, the hy-
drated polymers can show responsivity to various stimuli and self-healing abilities [74-76].

Chemical crosslinking comprises photopolymerization, “click” chemistry (Michael
type addition, Diels-Alder reaction), oxime formation, Schiff base linkage, and enzyme-
induced reaction [74]. Compared to the physical crosslinks, chemically crosslinked hydro-
gels are formed by strong and permanent covalent bonds among polymeric chains and
create a stable network. This structure affects increased mechanical resistance. Moreover,
these hydrogel materials show enhanced stability under physiological conditions and
tunable degradation behavior. It should also be pointed out that the type and degree of
crosslinking influence many properties of hydrogels, e.g., swelling ability, elasticity, and
others [74,77].

Polymers fabricated for medical purposes must strictly meet specific requirements,
such as biocompatibility, nontoxicity, nonmutagenicity, etc. [78-80]. This is due to the
fact that these materials must very often act as appropriate analogues of soft tissues,
organ fragments or bones. For this reason, designing new polymer materials for medical
applications requires appropriate matching of physicochemical and biological properties to
their functionality and application [81,82].

Numerous papers on the use of smart polymers in drug delivery systems emphasize
the importance of this topic. These works present an innovative approach to a method
of precise drug (s) delivery to target cells [83]. Drug delivery systems (DDSs) are a phar-
maceutical product (formulations or devices) that enables the introduction of targeted
therapeutics, which results in improved safety and efficiency of used substances. What is
important is that drug supply via DDSs is controlled in terms of rate, time, and concen-
tration of medicament [84-86]. Therefore, this way of drug delivery shows a significant

74



Materials 2024, 17, 4255

advantage over conventional forms, such as solutions, pills, and semi-solid preparations.
Apart from the possibility of multidimensional drug release control, the advanced DDSs
protect the drug from unfavorable changes in the biological environment, increasing their
efficiency, as well as minimizing the side effects [87].

Smart polymers, especially sustained-release drug delivery systems based on hydro-
gels, play an important role in cancer treatment [88]. Encapsulating the anticancer drug
within the hydrogel network can protect it from rapid degradation, immune rejection, and
other unfavorable factors. This hydrogel capsule provides not only a protective environ-
ment but also improves the efficiency of targeting the drug directly to the cancer cell. It
should be pointed out that the chemical formulation of developed hydrogel material for
DDS must be properly selected according to the type of cancer, properties of the drug, and
their release profile [89,90].

The most commonly used smart polymers in drug delivery purposes are systems
sensitive to light, temperature, electric/magnetic field, mechanical stress, ultrasound, and
pH [91]. For example, a small change in temperature may cause abrupt modification in
the solubility of thermosensitive polymers. The temperature stimulation influences the
change of molecular structure from a loose-chain-like to a compacted one, which enables
the controlled release of medicinal substances [92]. On the other hand, drug delivery
by photosensitive polymers can be realized by one of three major mechanisms, such as
photoisomerization or photochemical/photothermal reactions [93].

One of the latest achievements in the area of designing smart materials for medicine is
nanocomposite hydrogel for drug delivery, described by Long and coworkers [94]. Novel
hydrogel synthesized by a combination of xalan hemicellulose with a biodegradable com-
position based on acrylic acid and poly(ethylene glycol)diacrylate was functionalized with
Fe30O4 magnetic nanoparticles. The obtained polymeric material showed dual-responsivity
on pH and magnetic field. The drug release mechanism by the use of novel carbohydrate
polymer-based biodegradable pH/magnetic-responsive nanocomposite hydrogel is shown
in Figure 7.
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Figure 7. Schematic mechanism of drug control release from pH/magnetic dual-responsive nanocom-
posite hydrogel in human tissues. Reproduced from Ref. [94], which was published under a CC
BY license.

Compared to pH-responsive hydrogels, proposed dual-sensitive polymers offer im-
proved capabilities for rapid response and remote control of drug delivery, particularly for
gastrointestinal conditions. Additionally, the effect of an external magnetic field extends
drug residence time at the target site [94].
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Another innovative approach for the application of smart materials in medicine was
proposed by Patra and colleagues [95]. The scientists presented a novel photoswitchable
smart polymer for gene and anticancer drug delivery for breast cancer treatment. The syn-
thesized copolymer consisted of a hydrophobic core (spiropyran unit, SP, and hydrophilic
amino acid moiety as an outer shell. It is common knowledge that some compounds (also
spiropyran derivatives) are characterized by high light sensitivity. This feature was taken
into account during the design of this smart material. The reaction of polymer on light
change was based on the ring-opening and ring-closing mechanism of spiropyran moiety,
shown in Figure 8.
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Figure 8. Schematic reaction mechanism of the photoresponsive polymer: (a) ring-opening of
copolymer (conversion of SP to MC) upon UV light irradiation (365 nm); (b) ring-closing (conversion
of MC to SP) upon green light irradiation (520 nm) and (c) reversibility of reaction of polymer in the
result of irradiation of alternate ultraviolet and green light. Reprinted with permission from Ref. [95].
Copyright 2024 American Chemical Society.

The irradiation with UV light leads to the conversion of the colorless nonpolar form of
polymer to the hydrophilic merocyanine (MC) form. In other words, 365 nm light induces
ring opening in the spiropyran unit, whereas green light (520 nm) leads to ring-closing.
It should also be pointed out that the MC form of the novel polymer showed selectivity
towards Cu?* ions, which increased concentration is characteristic of breast cancer. For this
reason, this smart polymer can be used in the future as a probe for cancer diagnosis and
as a nanovehicle for gene and anticancer drug delivery systems in triple-negative breast
cancer [95].

Smart polymeric materials play a key role in tissue engineering. This field of regenera-
tive medicine is considered multidisciplinary and interdisciplinary because it combines
modern technologies with medical sciences [96]. The major goal of tissue engineering is
the development of multifunctional, biocompatible biomaterials for the regeneration of
soft (skin, muscles, tendons, skeletal muscles, blood vessels and dental pulp) and hard
(bones) tissues. Novel smart polymers can enhance or replace the natural healing processes
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of tissues, which gives a patient a chance for a full recovery. Biomaterials that are incorpo-
rated into the body should be characterized by high biocompatibility, good adhesion, and
nontoxicity and should not cause any side effects [96-98].

For several years, significant progress in wound treatment using highly effective poly-
meric materials has been observed. The application of modern products, such as hydrogels,
hydrocolloids, foams, and bioadhesives enables the acceleration of the wound healing
process [99,100]. A promising alternative to commonly used dressings, stitches and surgical
threads is tissue adhesives. These preparations can show sensitivity to external stimuli,
such as light, temperature, pH, biomolecules, or electrical field. Moreover, the application
of these bioadhesives could minimize the risk of wounds reopening, inflammation, or
chronic pain of damaged tissue [101].

An example of this type of smart polymer is silicone bioadhesive described by Huang
and others [102]. This medical product was synthesized by the combination of shear-
stiffening silicon material with commercially available silicone adhesive. The proposed
bioadhesive showed sensitivity to external force with on-demand adhesion performance,
as shown in Figure 9.
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Figure 9. Schematic illustration of (a) preparation and application and (b) reaction mechanism of
external force-responsive bioadhesive. Reprinted with permission from Ref. [102]. Copyright 2024
American Chemical Society.

The additional undoubted advantage of this smart polymer was its antibacterial
capability, which resulted from the introduction of an appropriate antibacterial factor into
the chemical structure of the adhesive [102].

Another example of an innovative polymer is hydrogel bioadhesive tape developed
by Zhang et al. [103]. This approach can be considered extraordinarily interesting due to
the capabilities for repairing possibilities of peripheral nerve injuries by skipping surgical
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suturing that may cause additional damage. Novel Mimosa pudica-inspired smart material
was fabricated from chitosan, acrylic acid-N-hydroxysuccinimide lipid, and glutaraldehyde.
The mechanism of reaction of this polymeric structure is shown in Figure 10.
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Figure 10. Schematic reaction mechanism of stimuli-responsive (external force, moisture) curling
bioadhesive tape: (a) major advantages of proposed hydrogel; (b) repair process of injured peripheral
nerves. Reproduced under terms of the CC-By license [103]. Copyright 2023, Zhang, M.; An, H.; Gu,
Z.; Huang, Z.; Zhang, F,; Jiang, B.-G.; Wen, Y., published by John Wiley & Sons, Inc.

The proposed smart bioadhesive tape showed changes in its shape, which imitated
a mimosa leaf. Thus, it enabled the tight bonding of both sides of the damaged nerve.
Moreover, it provided superior flexibility, adaptability, and improved capability to reduce
trauma. The rapid absorption of tissue fluid from the nerve surface results in a durable
wet-interface adhesion. For this reason, stimuli-responsive polymer has a great potential
for clinical applications [103].

Smart biopolymers are also used in dentistry. These modern materials can show sensi-
tivity to changes in pH, and presence of bacteria or microorganisms, etc. The application of
these materials provides an opportunity to improve standard dental fillings, which are sus-
ceptible to many destructive conditions (mechanical stress, bacteria, etc.). New-generation
smart polymers include materials that regulate the oral microbial environment, neutralize
acids, show antibacterial activity, treat periodontal inflammation, release therapeutic ions,
etc. [104-106]. The schematic action of smart dental materials is shown in Figure 11.

As shown in Figure 11, bacteria form plaque biofilm tightly adhering to the tooth sur-
face. These bacteria metabolize sugars contained in consumed products, which leads to the
production of acids. The acids weaken tooth enamel causing the demineralization of tooth
tissues. Smart dental composites respond to pH reduction and release therapeutic ions,
which inhibit the growth of bacteria and, thus, lead to long-term remineralization [106-108].

New, stimuli-responsive polymers are also designed for ophthalmological purposes.
This applies to contact lenses, ocular biomarkers, and various biosensors, which can be
used for disease monitoring and therapy [109]. Light-(photochromic) or temperature-
(thermochromic) sensitive lenses are well known and have been used in recent decades.
Nowadays, scientists and medics are looking for novel multifunctional materials that
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would indicate sensitivity to other stimuli (intraocular pressure, matrix metalloproteinase-
9, bacteria and others) and enable drug delivery [109-112].
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Figure 11. Schematic reaction mechanism of pH-responsive drug delivery system for dental compos-
ites. Reproduced with permission from Ref. [106], which was published under a CC BY license.

An example of the use of smart polymers in ophthalmology is contact lenses proposed
by Zhu and colleagues [113]. The developed hydrogel ocular lenses based on a flexible
inductor-capacitor-resistor sensor were applied for monitoring intraocular pressure. The
research group proved that novel contact lenses do not require the presence of a chip or
battery. Moreover, these smart hydrogels showed high sensitivity to pressure changes and
have potential applications in medicine [113].

As mentioned earlier, smart polymer materials can be designed to be responsive to
changes in the concentration of a specific substance. These types of systems are used as
biosensors and play a key role in the diagnostics of various diseases [114,115].

In recent years, biosensors based on polymers have gained importance due to their
high sensitivity, stability, precision, and selectivity [116]. For example, Guembe-Garcia and
others [117] described a ninhydrin-based sensory polymer and smartphone for monitoring
human chronic wounds. The reaction mechanism of a film-shaped polymer in the presence
of amino acids is shown in Figure 12.

The principle of operation of the proposed biosensor was quite simple. Upon contact
with amino acids, the colorimetric polymeric film changed its color. The analysis of color of
the sensory film by the use of a smartphone indicated the dependence of protease activity
as the marker for healing disorders [117].

In the literature, the use of smart polymers as biosensors in cancer diagnosis is also
described. The stimuli-responsive materials enable quick diagnosis and precise detection
of cancer biomarkers, as well as providing better treatment methods [118,119]. In recent
years, the potential of using conducting polymers to design biosensors for cancer diagnosis
has been noticed and reported [120-122].

The abovementioned examples of the application of smart polymers show that this
topic is extremely important. Designing novel stimuli-responsive polymers gives a chance
for accurate diagnosis and treatment of various diseases. It needs to be highlighted that
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smart polymers are a new generation of modern materials with wide functionalities and
possibilities of application in various medical sectors.
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Figure 12. Schematic reaction mechanism of the response of sensor sensitive to the presence of

aminoacids in chronic wounds. Reproduced from Ref. [117], published under a CC BY license.

6.2. Chemistry

The rapid development of technology and industry is related to an increased demand
for smart materials. Polymers that are responsive to various factors can be a promising alter-
native to popularly used materials, such as glass, ceramics, or metals [123-125]. The main
areas of application of stimuli-responsive polymers in industry are electronics, mechanics,
automotive branches, agriculture, textile production, and others [126-133].

One of the primary goals of engineering sciences is the development of new ma-
terials, which are necessary for the production of advanced devices. Smart polymeric
materials are used in the manufacturing of various types of sensors, actuators, conductors,
etc. [4,134-136]. The most typical stimulus-sensitive materials are polymers that respond
to changes in external force, electric field, and concentration of specific substances [137].

The massive industrialization, modernization, and agricultural activity can contribute
to an increased release of toxic substances into the environment. For this reason, developing
highly effective sensing devices, as well as novel purification technologies, is very important
for ensuring the safety of human health and the environment. The use of sensors for
detecting harmful substances, i.e., gases (CO, CO,, NO,, NH3, H,S, SO», etc.), heavy metal
ions (Hg2+, Pb2* and others), pesticides, and various organic compounds enable controls of
their concentration in the environment [138,139]. It is expected that designed monitoring
devices will show high sensitivity, selectivity, and efficiency. Significantly, the application of
smart polymers in the production of various types of sensors can enhance their effectiveness
of working [140].

In recent years, many articles describing novel polymeric sensors and detectors or
actuators have been published [141]. For example, Babu et al. [142] proposed a smart
polymeric sensor for the detection of nitroaromatics in an aqueous medium. This polymeric
structure based on poly(N-isopropylacrylamide) and anthrapyrazolone showed sensitivity
to the presence of various compounds that are components of explosives, i.e., p-nitrophenol,
2 4-dinitrophenol, 2,4,6-trinitrophenol, etc. Significantly, the novel sensor also reacted to
changes in temperature, which is shown schematically in Figure 13.

Generally, the presence of nitroaromatic compounds in the water resulted in a reduc-
tion of emission intensity of the polymeric probe, which was attributed to a photoinduced
electron transfer process occurring between the thermoresponsive crosslinked polymer
and the detected compound. Moreover, the additional fluorescence quenching effect was
observed in higher temperatures beyond the lowest critical solution temperature, which
resulted from the insolubility of poly(N-isopropylacrylamide) in water [142].
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Figure 13. Schematic reaction mechanism of hydrogel sensor sensitive to the presence of nitroaromatic
compounds. Reproduced from Ref. [142] with permission from Elsevier, Copyright 2023.

The latest achievements in the design of stimulus-responsive materials include poly-
meric sensors for fluoride ions and Alizarin Red S dye proposed by Zheng and col-
leagues [143]. The research group designed a stimuli-responsive luminescent polymer
containing borinic acid moiety. The developed detector showed great application potential
due to the possibility of also monitoring 8-hydroxyquinoline, which is commonly used in
the production of various pharmaceutical agents.

Polymers showing sensitivity to pH can also be used for the selective detection of
trace amounts of precious metal ions from different sources [144]. For example, Yang and
co- [145] proposed porous graphene-like carbon hydrogel for highly effective recovery
of Ag ions from aqueous media. The efficiency of Ag* adsorption increased gradually
with acidity decreasing and achieved maximum at pH = 6. On the other hand, Sharma
et al. [146] developed fluorescent imidazolium hydrogels for recovering platinum from
spent auto catalysts. Importantly, the proposed smart polymer showed high effectiveness
across a wide pH range. Moreover, the recovered platinum was of high purity (about 96%).

Smart polymers are suitable for removing various pollutants from industry and
households. Most often, these materials play the role of membranes retaining harmful
substances [147,148]. Many review articles summarize progress in the field of stimuli-
responsive polymers used for environmental safety and protection. For example, Musarurwa
and Tavengwa [149] presented a review paper on recyclable polysaccharide/stimuli-
sensitive polymeric composites. These polymers can be used for water remediation pro-
cesses. On the other hand, Zhang and others [150] developed a smart coating for the
separation of water and oil. The described polymeric materials showed dual responsivity
to both photon and pH stimuli. The incorporation of photosensitive segments into a poly-
mer structure contributed to the sensitivity of light. This new generation material enabled
separation in mild conditions, easy process control, and is characterized by the absence of
secondary pollution.

Similarly, an interesting approach to removing pollutants from the environment was
described by Guembe-Garcia et al. [151]. The research group presented reusable acrylic
film for the efficient extraction of anionic dyes. As illustrated in Figure 14, the polymeric
material shows specific interactions with a wide group of textile dyes. Importantly, a
removal percentage efficiency above 90% was obtained. Moreover, this smart membrane
could be used at least five times and, compared to the currently used separation materials,
was characterized by better thermal and mechanical properties, enhanced manageability,
and durability.
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Figure 14. Schematic reaction mechanism of acrylic film sensitive to the presence of textile industry
pollutants. Reproduced from Ref. [151] with permission from Elsevier, Copyright 2024.

Another example of functional stimuli-responsive polymers is the magnetic smart
polymer gel proposed by Wang and coworkers [152]. The gel technology is recognized
as one of the most important and highly effective methods for enhanced oil recovery. For
this reason, this advantage was taken into account during the design of a novel gel system.
The modern polymeric material was composed of polyacrylamide and poly(ethylenimine)
functionalized by Fe3O4 nanoparticles. The mechanism of action of this smart polymer is
shown schematically in Figure 15.
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Figure 15. Schematic reaction mechanism of magnetic field-responsive polymeric gel. Reproduced
from Ref. [152] with permission from Elsevier, Copyright 2024.

The polymeric gel system showed good viscoelastic properties, stability in aqueous
media, controllable efficiency, and high-temperature resistance. Moreover, its sensitivity to
magnetic field changes enabled easy and repeatedly moving to a specific location. Therefore,
the proposed smart polymer can be useful for directional plugging in oil fields.

82



Materials 2024, 17, 4255

As mentioned earlier, stimuli-responsive materials are also useful in agriculture. The
polymeric systems can play a role in the controlled delivery systems of pesticides, herbi-
cides, or fertilizers, as well as super-absorbents, soil conditioners, and hydrogels [153-155].
In order to search for more efficient water and nutrient utilization, according to the princi-
ples of sustainable agriculture, Park and others [156] developed self-irrigation and slow-
release fertilizer hydrogels. As depicted in Figure 16, the smart polymer demonstrated
diurnal functionality. At night, hydrogel absorbed water vapor. Then, as a result of
the phased transition of the polymer matrix, the accumulated water during the day and
CaCl, were released. This action provided gradual soil irrigation and thus, effectively
released nutrients.

Water uptake during night Water release & Full plant gr
Slow release of fertilizer during day

0) H,O - CacCl, =" Polymer chains . Hydrogel at night . Hydrogel at day

Figure 16. Schematic reaction mechanism of moisture-sensitive hydrogel in a diurnal cycle. Reprinted
with permission from Ref. [156]. Copyright 2024 American Chemical Society.

The discussion of using smart polymeric materials in various areas should take into
account the chemical industry, including the production of various types of coatings.
The polymeric coatings applied to miscellaneous materials, such as wood, metals, etc.
can play not only a decorative role but also protection for various external factors (light,
microorganisms, chemicals, water, oxygen and many others). Additionally, they can show
responsivity towards different stimuli and thus offer better functionality [157-161].

Polymeric formulations that can be successfully classified into smart materials are
pressure-sensitive adhesives (PSAs) or films. The PSA is a type of adhesive that forms a
bond with the surface when an external force (pressure) is applied. Apart from its ability to
combine various materials, PSAs can show additional functional features. These polymers
might be responsive to temperature, pH, light, ionic strength, magnetic/electric field,
etc. [162,163].

An example of a smart polymer is thermally conductive PSA presented by Cui
and others [164]. The proposed adhesive showed excellent adhesion properties and UV-
sensitive peelability. Ren and colleagues [165] synthesized humidity-insensitive waterborne
polyurethane PSA based on biobased castor oil and 3-aminopropyl triethoxysilane. On the
other hand, Son and Kim [166] designed a shape memory polymer adhesive that was able to
adhere to various flexible surfaces like fabrics. The action mechanism of this smart polymer
is shown in Figure 17. The proposed material was characterized by strong adhesion, shape,
and flexure adaptation in both dry and underwater conditions.
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Figure 17. Schematic reaction mechanism of shape and flexure-sensitive shape-memory polymer
adhesive: (a) effect of adhesive thickness on the shape-memory ability; (b) adaptation of smart
polymer to fabric; (c) waterproof and underwater properties of SMP adhesive. Reprinted with
permission from Ref. [166]. Copyright 2021 American Chemical Society.

The conception of designing polymeric materials with the ability to self-heal can
be considered a huge breakthrough in the area of smart materials [167,168]. Drawing
inspiration from nature (e.g., regeneration of bone or skin injuries), new polymers that can
repair damage have been developed. Polymeric materials can activate an external stimulus
(light, pressure, temperature, magnetic/electric field, etc.), which leads to a self-healing
reaction [169].

There are many examples of smart stimuli-sensitive coatings described in the lit-
erature [170-173]. One of the recent developments in the area of smart polymers is
polyurethane coating, proposed by Pang and coworkers [174]. The enhancement of
polyurethane by graphene oxide increased the corrosion resistance of the coating. The
self-healing ability was attributed to the reversible hydrogen-bonding interactions between
urethane groups and urea units (Figure 18). Moreover, the introduction of glycerol moieties
into the polymer structure improved the mechanical properties of the polymer coating.

: Self—healing
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Figure 18. Schematic self-healing mechanism of a corrosion-resistant polyurethane coating. Repro-
duced from Ref. [174] with permission from Elsevier, Copyright 2024.

Another example of stimuli-sensitive polymer coatings is acrylate formulations de-
scribed by Paquet and others [175]. The UV-curable polymerizable mixtures consisted of
acrylate monomers and acrylate oligomers containing hydroxyl groups. The proposed
coatings showed high potential for use in wood surface protection. The research group
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proved that the highest degree of self-healing of coatings can be observed for formulations
containing components characterized by low steric hindrance and have a high number of
hydrogen bonds. The self-healing process was induced by physical stimulus—increased
temperature (80 °C, heating time: 2 h).

One of the latest reports on the topic of smart polymers is epoxy coatings developed
by Wu and colleagues [176]. Novel oligomers containing disulfide bonds were synthesized
in the reaction between bisphenol A glycidyl ether and 3,3'-dithiodipropionic acid. The
addition of dimeric acid gave a series of reprocessable epoxy resins showing self-healing
ability, excellent mechanical properties, and corrosion resistance. The highest degree of
self-healing was achieved at about 94% (within 1 h at 60 °C).

To summarize, designing polymeric materials for industry is extremely important.
Various smart polymers can be a good alternative for commonly used materials. Moreover,
due to stimuli-responsivity, these polymers provide greater opportunities for application in
various technologies.

6.3. Modern Technologies

Nowadays, worldwide attention is focused on the search for new, functional materials,
which can be used in the production of high-tech systems and devices. The rapid progress
of modern technologies and artificial intelligence (Al) affects the increasing demand for
smart polymeric materials [177,178].

In recent years, a remarkable interest in soft robotics has been observed. The scientists
are seeking to carry out a veritable technological breakthrough in this area [179-182]. For
example, Cornella et al. [183] presented elastomers for sustainable robotics. The proposed
polymer material showed a number of beneficial features, such as autonomous self-healing
ability, and being recyclable and degradable. The polymeric matric was composed of
biobased raw materials and carbohydrate derivative monomers. The newly developed
polymer was used for the production of a pneumatic gripper (Figure 19) for soft robotics
applications.
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Figure 19. Schematic illustration of preparation and autonomic self-healing reaction of elastomer.
Reprinted with permission from Ref. [183]. Copyright 2023 American Chemical Society.

An equally interesting invention was proposed by Gomez and colleagues [184]. The
scientists described using of self-healing elastomers in 3D printing technology. The used
photosensitive elastomer resins exhibited ultra stretchability and repeatable self-healing
capacity. The printed polymer showed high potential for application in soft robotics
(Figure 20).
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Figure 20. Schematic illustration of developed self-healing elastomers. Reprinted with permission
from Ref. [184]. Copyright 2021 American Chemical Society.

The novelty in the field of smart polymers is electronic skin (e-skin) [185,186]. Cur-
rently, this advanced material is a matter of intensive investigation because of a wide range
of applications in soft robotics, virtual reality, biointegrated electronics, intelligent gloves,
and many others [187]. The e-skin is a highly integrated and advanced electronic system
that can convert various types of external stimuli (i.e., pressure, humidity, deformation,
chemical substances, etc.) into electric signals. For this reason, this material attracts the
attention of many researchers [188]. An example of this type of smart polymer could be
multifunctional electronic skin developed by Ahmed and others [189]. This polymeric film
was a self-powering material, which showed energy conversion capability. As illustrated in
Figure 21, this device was capable of the detection of light and showed strain-sensitivity.

Figure 21. Schematic illustration of light- and strain-responsive polymeric film for smart electronics.
Reproduced from Ref. [189] with permission from Elsevier, Copyright 2020.

Advanced polymeric materials also include smart hybrid textiles. A suitable integra-
tion of smart polymers into textiles has led to obtaining novel functionalities for these
materials [190]. Smart polymeric textiles can be used for monitoring body movements
and the degree of sweat secretion, as well as showing ultraviolet/radioactive irradia-
tion/temperature/antibacterial /antivirus, etc. resistance and many others [191,192].

The increased efforts in the area of sustainable energy management research have
led to the development of advanced, energy-saving devices. Although dye-sensitized
solar cells (DSSCs) have been well-known for many years, new solutions, which would
enable their improved efficiency have been designed [193,194]. An interesting approach
for modern energetic technologies is thermochromic smart windows. This type of stimuli-
sensitive polymeric material was proposed by Dai and others [195]. As shown in Figure 22,
the basis of the described innovation was a new dual-responsive hydrogel, which exhibited
a satisfactory solar modulation ability. The prepared hydrogel was composed of poly(N-
isopropylacrylamide)—PNIPAM, polyacrylamide—PAM and contained sodium dodecyl
sulfate (SDS). In comparison with traditional windows, smart polymeric material offers
better thermal insulation and heat preservation. The control of temperature from low to
medium and high, this hydrogel showed a three-stage transition of opaque-transparent-
translucent. This action mechanism makes it an ideal candidate for smart windows.
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Figure 22. Schematic reaction mechanism of dual (light- and temperature-) responsive hydrogel.
Reprinted with permission from Ref. [195]. Copyright 2022 American Chemical Society.

A similar advanced hydrogel system for smart windows was described by Li and
coworkers [196]. The scientists also took into account the sensitivity of polymers to temper-
ature changes. Moreover, this material is based on thermosensitive shape memory polymer
and an optical film and was able to reversibly transform shape like a butterfly wing.

The described examples of novel smart polymeric materials show only a small part of
the new achievements in this field. The technology development progress, as well as the
multidisciplinary approach, gives a huge chance for another revolution in the area of a new
generation of modern stimuli-responsive materials.

7. Future Perspectives

Although smart polymers have been known for many years, their potential has only
recently been well understood. The stimuli-responsive materials are widely used in various
fields. For this reason, searching for novel advanced systems is necessary for the further
development of high technologies [197,198].

Depending on the area of application of smart polymers, these materials must fulfill
various requirements. For example, stimuli-sensitive polymers used in the medical field
should be biocompatible, nontoxic, not mutagenic, and highly sensitive to various factors.
Moreover, the design and development of novel smart polymers will be important for the
effective treatment of various diseases, such as cancer. On the other hand, smart materials
dedicated to soft robotics and the automotive industry should be highly durable and have
high resistance to harmful external factors, etc. [199,200].

The presented literature review confirms the great interest in the topic of smart poly-
mers. Future work should focus on further understanding the mechanisms of polymer
reaction to stimuli. The aim is to create materials that can recognize and respond to many
types of stimuli simultaneously and adapt this response depending on the presence of
these signals. Certainly, the development of artificial intelligence will set new trends for
the future generation of smart materials.

8. Conclusions

The changing needs of society require the creation of new products that are useful in
everyday life. The answer in polymer chemistry is smart materials. The development of
this field of polymers allows for better adaptation to the needs. The demonstrated use of
these materials confirms that their development can revolutionize many industries. The
interest of groups of scientists in the development of this field has already been visible for
many years.
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Abstract: The phenomenon of rate-dependent adhesion has long been recognized as an intricate
problem, and the so-far-developed physics and mechanics-based approaches resulted in analytical
relations between the implicit form between the work of adhesion and the contact front velocity which
are difficult to implement in practice. To address this issue in the framework of spherical indentation,
the adhesion relaxation test in a nominal point contact is introduced to estimate the rate-dependent
adhesion. Based on a stretched exponent approximation for the contact radius evolution with time, a
relatively simple four-parameter model is proposed for the functional relation between the work of
adhesion and the contact front velocity, and its fitting performance is compared to that of the known
Greenwood-Johnson and Persson—Brener models.

Keywords: JKR-type adhesion; indentation testing; equilibrium interface energy; adhesion relaxation;
ad hoc model; scaling method; minimal model

1. Introduction

Adhesive properties of materials (in contrast to their bulk properties), being asso-
ciated with surfaces, or to be more precise with interfaces, may strongly depend on the
counterpart material [1-3]. In fact, the pull-off force of a sticky polymer measured with a
metal or polymer spherical probe may differ by an order of magnitude [4,5]. Moreover, a
prior repetitive loading /unloading of the adhesive contact or an extensive hold time in
contact before the pull-off initiates is also known as one of the key factors affecting the
adhesion strength [6-8]. The indicated issues may become decisive in soft robotics and
soft-grip manipulators [9-11], where a rate-dependent loading protocol (e.g., ramp-like
loading/unloading with an intermediate hold or periodic loading) is often used [12].

Sticky materials often exhibit pronounced viscoelastic properties [13,14] (in a wide
range of operation frequencies of interest), and therefore, the adhesive contact model should
account for the material bulk viscoelasticity. Still, both the viscoelastic bulk and the surface
contributions to the adhesive component of the contact force depend on the indentation
rate [15,16], which indirectly affects the contact front velocity, 2. Namely, in Refs. [17-19]
there is a consensus that the velocity of the crack front (here, the opening outside the contact
zone is treated as an annular crack propagating along a dissimilar contact interface) is a
primary parameter that governs the variation in the work of adhesion, .

Based on the analytical solution obtained by Schapery [20] for a mode I crack quasi-
statically growing at the contact interface between different linear viscoelastic materi-
als, a self-consistency model (in an implicit form involving an integral equation) was
developed [21,22] for relating <« to the shear creep compliance of the bulk material
u=l(t) = usle(t), where peo is the equilibrium shear elastic modulus. In the case of
a standard solid (with a single characteristic relaxation time, T, and the ratio p = pe /o of
the relaxation modulus pe to the instantaneous modulus p), Greenwood and Johnson [23]
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derived a simple analytical model that links « to the contact front velocity @ = da/dt,
which in the opening mode (when 4 < 0) can be recast in the form

i_ 1—p - )

o ()] v
where 4 is the contact radius; v is a certain characteristic velocity, which depends on T
among other model parameters; and w is the equilibrium (thermodynamic) work of
adhesion (measured in a quasi-static process such that |a|/v < 1).

Other analytical approaches for establishing relations between w to 4 were developed
by de Gennes [24] and Persson and Brener [25], though no simple analytical relations
similar to (1) have been found for a standard viscoelastic solid model so far. In particular,
for a standard solid, the Persson-Brener model takes the form of the following implicit
equation [26]:

mefrea(e G TED ) e

On the other hand, the implicit relation (1) is not at all popular for fitting experi-
mental data, and the overwhelming majority of studies with modeling experiments on
rate-dependent adhesion [27-30] employ the following phenomenological model intro-

duced by Gent and Schultz [31]:
_ ja]\#

It is noted here that Formulas (1) and (3) each contain only three fitting parameters.

While this direct approach is technically sound (fitting Formula (3) to the experimental
data is much simpler than Formula (1)), the use of Formula (3) has certain limitations.

Moreover, as was argued by Shull [32], since in many cases it is impossible to separate
the bulk and surface contributions to the adhesion strength, it is recommended to make
use of Equation (3) with parameters determined from experiment. In particular, the Gent-
Schultz law (3) predicts an unlimited growth in « with increasing crack velocity, which
contradicts the Greenwood-Johnson model (1), predicting that z is limited by the value
W/ p (as the argument of the logarithm in Equation (1) approaches the unit value in the
regime of high-rate detachment). However, the latter model is rather stiff to accurately fit
diverse experimental data.

As both the Greenwood—Johnson (GJ) model and the Persson—Brener (PB) model are
based on the standard linear solid model, which is applicable for a very narrow band of
frequencies in characterizing the strain relaxation kinetics, generally speaking, one cannot
expect the GJ and PB models to reliably reproduce adhesion experimental data, unless
by chance. However, a significant difference between fitting approaches in viscoelasticity
and rate-dependent adhesion is that the viscoelastic standard solid model can be easily
generalized, for example, by employing mechanical spring—dashpot models or the tradi-
tional Prony series approach. In contrast to the viscoelastic case, while both the GJ and PB
models stem from the general model developed by Schapery [20], to the best of the authors’
knowledge no other models for describing the rate dependency of adhesion have been
published in the literature that are analogous to viscoelastic models more general than the
standard solid model.

Thus, there is an urgent need for developing a flexible phenomenological model
(relating < to 4) as well as for a designing a benchmark indentation test, which allows for
evaluation of the rate-dependent adhesive properties of engineering adhesives.
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2. Main Result

An evident weakness of the analytical relations (1) and (2) is that they are stiff, in
the sense that, while both the general Greenwood-Johnson [23] and Persson-Brener [25]
models are potentially flexible, their specific realizations lack adjustability to handle diverse
rate-dependent adhesion data. This is because both Formulas (1) and (2) originate from
a three-parameter standard solid model. In the case of adhesion, the meaning of the
parameter p is determined by the limit «+ — wo/p as |d| — 0. In other words, in contrast
to the Gent-Schultz law (3), both Formulas (1) and (2) predict that the ratio «+/«« belongs
to the interval (1,0~ !) for any non-zero contact front velocity.

To overcome the flexibility issue, one strategy is to introduce at least one additional
(dimensionless) fitting parameter. In the present study, our ad hoc analysis of the adhesion
relaxation test yields the result

a w \1/3 -1/3 1
Z_ _ . _ (a=)/a( P "L
v a((l{)%)o) 1) In <(w/woo)1/3—1>' @)

where we have used the notation In” (x) = (Inx)°.

We note that Formula (4) contains four parameters: ««, v, p, and a«. Namely, an ad-
ditional (fourth) parameter « equips the formula with a greater flexibility than the three-
parameter Formula (1).

Figure 1la demonstrates the high flexibility of our Formula (4) compared to that of
the specific Greenwood-Johnson [23] (1) and Persson and Brener [25] (2) models. It is of
interest to note that Formula (4) contains only two fitting constants (namely, p and «), if it
uses the relative parameters 4/v and « /w as references. The maximum value of the ratio
w [ we coincides with the value of 1/p. That is why Figure 1a exhibits the full parametric
analysis of our model. Figure 1b shows the fitting performance of the so-called ad hoc
model (4) for a set of data obtained from the spherical indentation.
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Figure 1. (a) Flexibility of the ad hoc adhesion constitutive model in comparison with the Greenwood-
Johnson model (1) and the Persson-Brener model (2). (b) Fitting the ad hoc model to the adhesion
relaxation data [23,25].

3. Methods
3.1. JKR-Type Rate-Dependent Adhesion

We consider a typical indentation test performed with a rigid indenter of axisymmetric
profile, keeping in mind the case of a spherical indenter of radius R. Under the action of an
external normal (i.e., vertical) force, P, the indenter receives some displacement, 6, which is
measured from the unperturbed surface of a tested elastic sample. In the special case of a
flat-ended cylindrical indenter of radius 4, the circular contact area does not change during
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the indentation and the contact force/displacement relation is linear, that is, P = S(a)J,
where S(a) is the indentation stiffness [33].

For a convex indenter (e.g., spherical or conical), the effect of adhesion modifies the
force/displacement relation because the adhesion increases the contact area compared to
non-adhesive contact. In the latter case, the contact force and the indenter displacement, as
functions of the contact radius, are denoted by P, (a) and J, (a), respectively.

By using energy considerations, the Johnson—-Kendall-Roberts (JKR) model of friction-
less contact is generalized as follows [34-36]:

S'(a) (Po(a) — P)? §'(a)

_ SR
4ma S2(a) - 4ma (0o(a) = 8)" = w, ®)

Here, S'(a) is the derivative of S(a), thatis, S'(a) = dS(a)/da, and w+ is the work of adhesion.

Following Maugis and Barquins [37], Equation (5) can be extended for the case of
rate-dependent adhesion by regarding <« as the apparent work of adhesion such that
(w — weo)/we = @(&), where we is the thermodynamic (equilibrium) work of adhesion,
and ¢ is a dimensionless function of contact front velocity 4, defined as the derivative of
the contact radius a with respect to the time variable t. The function ¢ is supposed to be
independent of the contact geometry of the system (specifically, independent of the indenter
geometry), while the temperature effects can be accounted for via the temperature shift
factor. For decreasing (4 < 0) and increasing (¢ > 0) contacts, the ratio (¢« — w0 ) / w0 takes
positive values below and above 1, respectively, and, of course, ¢(0) = 0. In particular, in
the case of decohesion (4 < 0), the phenomenological Gent-Schultz law [31] has the form
@(a) = (|a|/v)P, where v is a characteristic velocity and f is a dimensionless constant.

To be more specific we need analytical expressions for the functions S(a), Ps(a), and
Jo(a) that enter Equation (5). Let the tested sample be modeled as an elastic isotropic layer
of thickness h. Then, we can write that

S(a) :211E*K(%), (6)
where E* = E/(1 —1?) is the reduced elastic modulus (with Young’s modulus, E, and
Poisson’s ratio, v), x(¢) is the so-called indentation scaling factor, and € = a/h is the relative
contact radius.

In the case of frictionless contact, the scaling factor x(¢) satisfies the normalization
condition x(0) = 1 and depends on the layer’s Poisson’s ratio v as well as on the boundary
conditions imposed on the layer’s bottom surface. Concomitantly, the Hertzian solution
can be generalized as

P = e s(2), = Sh(2), ®

where fp(¢) and f;(¢) are the force and displacement scaling factors, respectively, for which
we have asymptotic [38] and analytical [39,40] approximations.
In light of Equations (6) and (7) right, we can rearrange Equation (5) left as

44372 1 A(e)P 87w
S0 = 5 TP [ ®

where £(e) = /x(¢) +ex’(e) /x(e), and «’(¢) is the derivative of the scaling factor «(e),
that is, k' (¢) = dx(e) /de.

Equation (8) generalizes the scaling relation of the JKR model used previously [41-43]
for the experimental evaluation of the equilibrium work of adhesion w .

By the method of linear regression, Equation (8) can be applied for estimating the
effective work of adhesion w under the condition of constant velocity indentation (ad-
vancing and receding), which approximately ensures a constant contact front propagation.
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Figure 2a illustrates the application of the method using a set of experimental data obtained
in a constant-rate spherical indentation (see the next section). The analytical solution for a
bonded incompressible layer [39] was used for evaluation of the scaling factors that enter
the regression Formula (8). It should be noted that the adhesion fluctuations observed
in Figure 2b (see the loading branch) can apparently be explained by adhesion hetero-
geneity [44-47], the indenter’s surface roughness [48-50], or imperfections on the tested
sample’s surface [51,52]. However, what is more important to note is that the surface energy
drops by almost an order of magnitude during the relaxation, when the indenter does
not move.
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Figure 2. (a) Experimental data and fitting lines according to the generalized JKR model. (b) In situ
work of adhesion and the fitting results.

When the elastic modulus E is known (for v = 0.5 we have E* = (4/3)E), Equation (5)
can be used for a posteriori estimation of the in situ surface energy (see Figure 2b).

It should be made clear that the adhesion relaxation test at the position of nominal
contact is well fitted by the linearly elastic JKR model, and the viscoelasticity of the bulk
material can be ignored as negligible. In principle, Equation (5) can be generalized for
viscoelastic materials (see, e.g., [53,54]), but it remains an open question how to account for
the thickness effect [55] in spherical indentation of adhesive viscoelastic materials with the
rate-dependent adhesion.

3.2. Spherical Ramp Indentation

In the indentation experiments (see Figure 3a), a spherical steel indenter with ra-
dius R = 100 mm was indented into a layer of transparent adhesive rubber of thickness
h = 5 mm to a predefined depth dmax = 0.3 mm, after which it was immediately (that is
without any delay) lifted to the zero level § = 0. At this level, the indenter remained at
rest for a duration of two hours, after which it was pulled off from the rubber layer until
the moment of loss of contact. The movement speed of the indenter in both directions
(loading and unloading) was 1 um/s. The optically transparent rubber used allows the
determination of the in situ contact area (see Figure 3b). Throughout all the experiments
(three trials), the values of the normal contact force P, as well as photographs of the contact
area, were recorded at one-second intervals. The mechanical (elastic) and physical (adhe-
sive) properties of the tested material (thermoplastic polystyrene-type gel TANAC CRG
N3005, produced by TANAC Co., Ltd., Gifu, Japan) were measured during the experiment.
The linear elasticity framework was used to describe the material’s behavior under indenta-
tion. Mathcad software version 14 was employed for the numerical computations involved
in analyzing the experimental data. A detailed description of the experimental setup is
given elsewhere [56].
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Figure 3. (a) Schematic of the experimental equipment: (1) PI L-511.24AD00 driver (Physik In-
strumente (PI) GmbH & Co. KG, Karlsruhe, Germany), (2) three-axis force sensor ME K3D40
(ME-Mefssysteme GmbH, Hennigsdorf, Germany), (3) and (4) tilt mechanisms, (5) USB digital cam-
era; (b) close-up view of the spherical indenter contact with a transparent adhesive rubber-like gel
elastomer (thermoplastic polystyrene-type gel TANAC CRG N3005).

Figure 4a shows a typical force-indentation curve, which consists of two branches
(loading and unloading). The corresponding relation between the contact force and the
contact radius is shown in Figure 4b. The use of the relative contact radius ¢ = a/h reveals
the fact that the classical JKR theory cannot be applied to the stiffness analysis over the

entire range of indentation depths due to the significant influence of the thickness effect
near the maximum indentation.
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Figure 4. Experimental data from spherical indentation: (a) Force-displacement curve and
(b) force/contact radius relation under a constant velocity, displacement driven ramp-like load-
ing/unloading test.

Figure 5a presents the time-dependent evolution of the contact variables during the

two-stage ramp loading. The final unloading stage (after the two-hour hold period) is
shown in Figure 5b.
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Figure 5. Variation in the contact variables with time (a) in the initial two-phase (loading/unloading)
stage and (b) in the final unloading stage.

In this study, spherical indentation into a layer of adhesive rubber was conducted.
Therefore, we need to address the JKR-type rate-dependent adhesion for a specimen of
finite thickness, as the classical JKR model is typically applied to half-space materials.
However, by modeling the tested sample as an elastic half-space, we can discard the
force and displacement scaling factors in Equation (7) and directly substitute the classical
Hertzian solution into Equation (5) to yield Equation (9). This raises the question: Why not
conduct the indentation test on a half-space material?

The answer is simple: large contact areas are required to improve the accuracy of
determining the contact radius from photo images of the contact spot. Therefore, technical
issues, such as video camera resolution and the thickness of commercially available adhe-
sive material, prompted the extension of the classical JKR theory. Additionally, in many
engineering applications, the adhesive effect must be accounted for in indentation of thin
coatings. Thus, the developed theoretical framework enables the analysis of quasi-static
tests under conditions similar to those encountered in real-world engineering applications.

It should also be emphasized that in indentation testing, we measure the contact force
as an integral reaction of the adhesive material by summing up the contact reactions over the
entire contact area as well as the attractive forces acting at the periphery of the contact; that
is, by including the bulk contribution due to the viscoelastic resistance to deformations and
the surface contribution due to adhesion. That is why we minimize the bulk contribution
by restricting our attention to the adhesion relaxation test in the position of nominal point
contact, where the contact is maintained solely by the adhesive forces.

3.3. Adhesion Relaxation

We consider a displacement-controlled loading protocol such that at a time moment
t = to the indenter movement stops, that is, éy(f) = do(to) for t > to. Then, the contact
enters a state, called the adhesion relaxation, where the contact force P(t) and the contact
radius a(t) continue to vary due to the time-dependent properties.
In Figure 6a, the dependencies of the contact area A and the normal contact force P on
time t are shown for the resting stage at a nominal point contact (for the indentation depth
= 0), where the contact exists solely due to adhesion (thus, the normal force P is negative
here). Three consecutive indentation cycles were conducted in the experiment, which are
depicted in the panels of Figure 6 with different colors. The time-dependent reduction
in the contact area (or equivalently in the contact radius a = v/ A/ ) leads to a gradual
decrease in the adhesive component of the contact force, and, as a result, a time-dependent
increase in the measured normal force P.
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Figure 6. (a) Experimental data from the adhesion relaxation test: Contact force (left ordinate) and
contact area (right ordinate) as functions of time. (b) Fitting the adhesion relaxation experimental
data: Contact radius (main plot) and contact front velocity (insert plot) as functions of time.

The adhesion relaxation in a nominal point contact configuration, when Jy(ty) = 0,
attracts a special interest for reasons of simplicity of interpretation. To further simplify the
consideration we can neglect the sample thickness effect, so that Equation (5), in view of (7),
reduces to the classical JKR model.

So, provided that éy(fy) = 0 for t > ty, Equations (5) right and (7) right, under the
assumption that a < h, yield the relation

* .3
f—ﬂ%:w, t> to. )
It should be underlined here that Equation (9) follows from the JKR Equation (5) right
and the Hertzian Equation (7) right, both of which are derived in the framework of linear
elasticity. The nonlinear case (large deformations) not only requires special consideration
but also complicates the solution of the inverse problem of adhesion law identification.

The contact radius a, monitored as a function of time, decreases from some initial value
ap = a(tp) to the equilibrium value e = lima(t) as t — oo. Correspondingly, Formula (9)
directly provides the respective variation in the effective work of adhesion «+ as a function
of time. However, our primary interest lies in establishing a functional relation between w
and the contact front velocity a(t). The latter can be achieved graphically, by plotting the
calculated value of «(t) according to Equation (9) against the numerically evaluated value
of a(t) from the experimentally collected data for a(t).

The major reason for the difficulty in the practical implementation of the above
algorithm is the fact that the optically collected data for the contact area A(t) are very
noisy, and therefore, generally we do not attempt to directly evaluate the derivative a(t)
from /A(t)/m (see the insert in Figure 6b). In order to cope with the noise issue, the use
of a smooth approximation for a(t) = /A(t) /7 has been proposed to obtain the effective
velocity a(t) from the derivative of the analytical fitting formula for a(t).

3.4. Ad Hoc Fitting Model

We start by noting the fact that the initial contact front velocity is almost infinite
(see Figure 6b). This is approximately observed experimentally and has been supported
theoretically [23] in the case of contact under zero load. After a few trials, the following
simple fitting approximation was acquired:

a:(ao—aoo)exp{—(t;to)a}Jraoo. (10)
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This is a so-called [57] stretched-exponential law. It is important to note here [58] that
caution should be exercised when assigning a physical meaning to the stretched exponent «.
Formula (10) contains four fitting parameters ag, a4, T, and . The initial condition
a(ty) = ap implies that « > 0. Differentiation of both sides of Equation (10) with respect to

t yields
i) = =L (20) e (- (21)), )

The limit condition 4(f) — —oco as t — o + 0 implies that « < 1, and therefore, we
havew € (0,1).

Now, we observe that from Equation (10) it follows that (¢t — to)/T = In'/*[(ag —
o)/ (8 — as)], sO that Formula (11) can be represented in the form

au)—-—wgdﬂ‘%”1nw—ﬂ/a(;m‘“°>. (12)

T (t) — o

Thus, Equations (9) and (12) provide the adhesion constitutive relationship in an
implicit parametric form. To represent it in the final form, we note that according to
Equation (9) we have a3, = (271R?/ E*)w, and thus, Equation (9) can be recast as follows:
(a/ aoo)3 = w/w. Finally, by introducing the auxiliary fitting parameters v = 4. /T and
0 = (ae/ag)3, we can rewrite Equation (12) in the nondimensionalized implicit form (4). It
is remarkable that Equation (4) can be interpreted as a minimal model [59], as it captures

the essential phenomenology of rate-dependent adhesion.

4. Discussion and Conclusions

We start with pointing out that our fitting model is of the same complexity as the
Greenwood—-Johnson model (1), while being more flexible due to an additional degree
of freedom (see Figure 1la). In principle, Formula (1) can be modified by introducing an
additional fitting parameter, e.g., by analogy with our Formula (4). While this undoubtedly
increases its flexibility, such a generalization loses a direct connection to the viscoelas-
tic standard solid model, which depreciates this phenomenological approach. On the
other hand, when applying a stretched-exponential law for the creep compliance function
¢p(t) =1—(1—p)exp{—(t/71)*} in the general Greenwood-Johnson model, we arrive at

the following result:
i w 1—p /e

We leave the comparison of the fitting capabilities of Formulas (13) and (4) outside the
scope of the present study. However, what is more interesting is to learn from experimental
testing whether the used rubber-like gel material possesses rheological properties [60,61]
that are well described by the stretched exponent.

As can be seen with the naked eye in Figure 1b, the proposed ad hoc formula works
better than the G] and PB models, because it includes an additional fitting parameter,
which allows the slope of the fitting curve to change, as is evident in Figure 1a. This
model’s flexibility can be conveniently exploited for improving the fit of experimental data.
Moreover, the ad hoc approach enhances the scientific understanding of the problem, as it
indirectly suggests that simple exponential surface kinetic modeling (see, e.g., [62,63]) is
insufficient to account for non-exponential adhesive behavior.

It is interesting that by adopting a Prony’s series approximation for the shear relaxation
modulus, the introduction of an additional exponential term to the standard solid model
brings two additional fitting constants. Thus, the corresponding refined Greenwood-
Johnson model contains five independent parameters. Yet, a warning about the use of
exponential approximations with cross-correlated parameters [64] is important for curve
fitting stability.

The PB model can, in principle, be generalized to a power-law viscoelastic material
model. Compared to the standard solid model, this would add one more fitting parameter,
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providing more freedom to better fit the experimental data. However, such an approach
would hardly be worth the effort, as the PB modeling leads to the law of adhesion in an
implicit form (indeed, the same parameter «+ appears on both sides of Equation (2)).

Experimentalists encounter challenges with the GJ] and especially PB models because
the contact front speed is not a controllable parameter in indentation experiments. Given a
specific indentation or retraction rate, the corresponding effective surface energy, which is
rate-dependent and generally unknown a priori, needs to be determined (and the contact-
front speed must also be measured). In contrast, the ad hoc modeling approach focuses
on accurately fitting the evolution of the contact radius. This approach aims not only
to describe the contact front speed analytically but also to capture its dynamic behavior
more effectively.

A note should be made about the comparison of the Greenwood-Johnson (1) and
Persson—Brener (2) models, which both originate from the viscoelastic standard solid model.
It can be easily verified that from Equations (1) and (2), respectively, it follows that

2
1-p :exp(wf"), I St 1+(w U> +wi% (14)

1— we/w 1—we/w ;wm oo |

Thus, the difference between the predictions of the two models (14), which can be
observed in Figure 1b, is a direct consequence of the approximation exp(x) ~ v/1+ x2 + x
that works well only for 0 < x < 1. However, as is seen in Figure 1a, the outputs of both
models practically completely coincide outside the interval of almost quasi-static loading.
Yet, it goes without saying that the implementation of Equation (1) is much simpler than
that of Equation (2).

Observe that in many cases decay evolution may exhibit an exponential character,
so that by plotting the time dependence using a logarithmic ordinate, the graph can be
transformed into a straight line. Figures 7a and 8a show that the exponential law is not
adequate in the case under consideration. On the other hand, by additionally stretching
the time coordinate (in the same way as that recovered in the analysis of the contact radius
variable), we see from Figures 7b and 8b that the stretched-exponential law works not only
for the contact area (as could be expected) but also for the contact force. It is interesting to
note here that, in the main, the equation P = (Py — Pw) exp{—[(t — t9)/7]*} + P holds
up until the stage of ‘dynamic equilibrium’, where the contact force fluctuations are within
the range of the force sensor threshold.
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Figure 7. Experimental data from the relative contact area in adhesion relaxation: test in the logarith-
mic ordinate scaling (a) and with the additional power abscissa scaling (b).

105



Materials 2024, 17, 3944

10 10
P—Py Istrun [ P—Py
Py — Py +++ 2ndrun | Py — Py,
+++ 3rdrun |
1 1 =
[ o
2 2
L ]
- -~
& 4o-1 8 1n-1
2 10 — £ 10 —
o ey & o =
o ——3 — | o _—
g | g — ]
S = Forc: seES(IJdr B
o = thresho!
& 1072 & 1072 :
ez E
P A I : i: ;?NEL F;L* 3
+ R & + S + |y Rl
EA i
10—3 i &f MR S U f :g*#: ﬁ+ﬂ1*ﬁlt # 10—3 ' +ij+ Lﬁt i f§¢+h+¥ i‘r
0 1 3 4 5 6 7 8 9 10 11 12 0 0.5 1 1.5 2 2.5
(a) Relative time t—to)/to (b) Scaled relative time [t —to)/to]®
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Further, it should be noted that the contact area was calculated from the snapshot
images by counting the pixels classified as belonging to the contact by checking the pixel
brightness. (The discrete nature of the contact area variation is readily seen in Figure 7). In
our experimental data, the linear size, Ax, of the contact patch corresponding to one pixel
was 85/1337 mm. For the contact radius a = 1.73 mm (see Figure 6b), the area difference
7(a+ Ax)? — ma® approximately equals the total area of 55 pixels. Thus, when the contact
area variable falls below this threshold (see Figure 7b), the contact nears dynamic equilibrium.

In principle, Formula (4) can be utilized for formulating the adhesion law in the loading
stage (when the contact radius increases). However, a much more justified approach would
be to consider an adhesive creep test under zero load. In such a case, the JKR model yields
the following result in the implicit form

()

WUWoo

of adhesion law (1) and (4), which is convenient in numerical solving the indentation
problems. Indeed, depending on the type of loading control (that is, force-controlled or
displacement-controlled indentation), the generalized JKR Equation (5) should be used.
For instance, in the displacement controlled test (where the indenter displacement (t)
is a given function of time t), Equation (5), in view of (7) right, leads to the differential equation

da S'(a) (a® . sa 2
ar —“9‘<4mww{Rf5(h) — o)} ) (16)
which is solved explicitly with respect to the time derivative of the contact radius.

In our analysis, we adopted the stretched-exponential variation (10) for the contact radius
evolution as the best fit for the acquired experimental data as a result of going through
different options including the approximation (4 — fe)/ (a0 — o) = {1+ [(t — t0)/ T]"‘}_1
Clearly, each approximation may lead to a more accurate fitting formula for the adhesion
law for other types of time-dependent adhesive materials.

It should be noted that the 4 vs. w data in Figure 1b were recovered from the adhesion
relaxation test in a fixed nominal point contact, where the contact front velocity varies in an
interval over a few orders of magnitude. Still, this interval is rather short for expanding the
range of validity of Formula (4) to high-rate pull-off tests.

To conclude, the ad hoc introduced fitting model (work of adhesion as a function of
contact front velocity) for the JKR-type rate-dependent adhesion has been shown to be
quite effective in capturing the variation of the adhesive properties of adhesive rubber-like
gel materials.
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Abstract: Silk fibroin (SF) extracted from silk is non-toxic and has excellent biocompatibility and
biodegradability, making it an excellent biomedical material. SF-based soft materials, including
porous scaffolds and hydrogels, play an important role in accurately delivering drugs to wounds,
creating microenvironments for the adhesion and proliferation of support cells, and in tissue remod-
eling, repair, and wound healing. This article focuses on the study of SF protein-based soft materials,
summarizing their preparation methods and basic applications, as well as their regenerative effects,
such as drug delivery carriers in various aspects of tissue engineering such as bone, blood vessels,
nerves, and skin in recent years, as well as their promoting effects on wound healing and repair
processes. The authors expect SF soft materials to play an important role in the field of tissue repair.

Keywords: silk fibroin; soft materials; wound repair; tissue regeneration; hydrogels; porous scaffolds

1. Introduction
1.1. Importance of Wound Repair

The skin, as the largest organ by surface area in the human body, helps protect the
body from various harmful factors in the external environment, such as physical, chemical,
mechanical, or pathogens, acting as an external barrier to maintain and coordinate the
stability of the internal environment. Therefore, the intact structure and function of the skin
are of great significance for maintaining normal physiological activities [1,2]. However,
people inevitably suffer from skin damage and dysfunction due to burns, mechanical
trauma, and chronic diseases (such as diabetic ulcers). This leads to weakened or lost
normal physiological functions of the skin, exposing the body directly to various pathogenic
environments, and greatly increasing susceptibility to diseases [3]. Skin defects ultimately
lead to metabolic disorders, tissue necrosis, and other adverse consequences, and, in severe
cases, can be life-threatening. Chronic wounds are typically difficult to treat, have long
treatment cycles, and are expensive, causing a huge economic burden on patients’ families
and society. Approximately 1% of the world’s population suffers from trauma, and about
5% of medical expenses are spent on wound repair. By 2024, the global wound care market
is expected to have a compound annual growth rate of 4.6%, increasing from 19.8 billion
USD in 2019 to 24.8 billion USD in 2024 [4].

1.2. The Role of Soft Materials in Wound Repair

For skin damage caused by diseases or accidents, traditional treatment methods mainly
include autologous transplantation, allogeneic transplantation, and xenotransplantation.
However, these are limited by the availability of donors and the potential for immune
rejection [5]. Tissue engineering technology aims to design, construct, improve, and
cultivate bioactive implants for defective tissue repair, providing a possibility for tissue
transplantation. Seed cells, scaffolds, and growth factors are the three main elements
of tissue engineering. Among them, tissue engineering materials not only replace the
extracellular matrix, providing a substrate for seed cell adhesion and a place for metabolite
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and nutrient exchange, but also provide stimuli for cell adhesion, migration, proliferation,
and differentiation, and regulate the structure of generated tissues [6]. Suitable tissue
engineering materials have spatial structures and mechanical properties that are compatible
with repair tissues and newly formed tissues, and their degradation products are non-toxic
and can be absorbed by the body or safely eliminated. Additionally, they have good
biocompatibility and do not cause significant immunogenic reactions when implanted in
the body [7].

1.3. Current Soft Materials Used in Tissue Repair

Natural polymers used in tissue repair mainly include collagen, gelatin, alginate, chi-
tosan, and SF. Collagen is the most widely distributed functional protein in mammals, with
a unique multi-level self-assembly structure. It has suitable mechanical properties, diverse
biological functions, and enzymatic degradation properties [8]. However, collagen faces
several challenges in tissue repair applications, such as low yield, poor thermodynamic
stability, and rapid degradation by collagenase in the body. Additionally, the synthesis cost
of collagen is high, making large-scale production difficult. Methacrylate gelatin (GelMA)
hydrogels are often used in wound repair and cartilage tissue repair. GelMA combines
the characteristics of natural and synthetic biomaterials, providing a three-dimensional
structure suitable for cell growth and differentiation, excellent biocompatibility, and can
replace artificial basement membranes or other natural collagen hydrogels [9]. Despite its
potential in tissue repair, GeIMA faces challenges like relatively weak mechanical properties
and stability, which may limit its widespread application in cartilage tissue. Though it has
good biocompatibility and biodegradability, long-term application may trigger immune
and inflammatory responses. Alginate is the most abundant marine biopolymer, second
only to cellulose. It includes potassium alginate, magnesium alginate, sodium alginate,
and their corresponding ammonium and calcium salts. In recent years, there have been
numerous reports on the application of alginate in tissue engineering materials [10]. Studies
have shown that alginate has excellent biocompatibility, good biodegradability, and no
immunogenicity. However, it still has drawbacks such as weak mechanical strength, a
lack of cell-specific binding sites, and the ease with which calcium salt scaffold structures
are destroyed in physiological environments. Chitosan, a product of chitin deacetylation,
has advantages such as low toxicity and good degradability. Research has found that
chitosan can induce the release of substances like platelet-derived growth factor and f3-
thromboglobulin, thereby promoting platelet activation and aggregation, effectively aiding
in wound hemostasis. Additionally, chitosan can inhibit various pathogens and assist in
granulation tissue formation, thus accelerating wound healing. However, chitosan-based
biomaterials have low mechanical strength, usually requiring other polymers to enhance
their mechanical properties [11].

1.4. Advantages of SF Soft Materials in Tissue Repair

SF protein, as a natural fibrous protein from silkworms, can be degraded both in vitro
and in vivo, with degradation products being amino acids or oligopeptides, which are
easily absorbed by the body without toxic side effects on tissue cells [12]. SF has good bio-
compatibility, excellent mechanical properties, and low immunogenicity [13]. SF materials
are easily moldable and can be made into various forms such as films, gels, and sponges
to adapt to different types of tissues. Additionally, SF is a Food and Drug Administra-
tion (FDA)-approved material currently used in many cosmetic and medical applications.
Due to its excellent biocompatibility and bioactivity, SF soft materials have broad applica-
tion prospects in wound repair.

2. Stages Involved in the Wound Repair Process

Wound repair is a complex process involving interactions with different cells and
matrices, as well as various overlapping stages, including hemostasis, inflammation, new
tissue formation, and tissue remodeling. The process can be roughly divided into four
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stages in chronological order: hemostasis, inflammation, proliferation (new tissue forma-
tion), and maturation (tissue remodeling) (Figure 1) [14]. As one of the most complex
biological processes in the human body, wound repair involves the regulation of a series
of complex cellular behaviors and the control of the wound microenvironment. The in-
flammatory phase following hemostasis is the first stage of wound healing, occurring
immediately after injury and lasting up to 2 days. It requires activation of inflammatory
pathways, coagulation cascades, and the immune system to prevent continuous loss of
blood and bodily fluids. Inflammatory cells such as neutrophils and macrophages remove
pathogens or damaged cells through phagocytosis and produce various cytokines and
growth factors [15]. New tissue formation is the next stage of wound healing, associated
with angiogenesis, re-epithelialization, granulation tissue configuration, matrix/collagen
deposition, and wound contraction [16]. Depending on the extent of the injury, the tissue
remodeling phase can last for a year or longer and is combined with the remodeling of the
extracellular matrix (ECM) [17]. Therefore, active soft materials can regulate cell behaviors,
control the wound microenvironment, and have broad application prospects in accelerating
wound healing.

Healing Wound
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Figure 1. In normal wounds, there is an orderly progression from hemostasis to inflammation,
proliferation/repair, and, finally, remodeling [14].

The wound microenvironment can be broadly defined as the external environment
directly adjacent to the wound surface and the internal region adjacent to the area below
the wound surface. As shown in Figure 2, the antioxidant doped hydrogel can effectively
reduce reactive oxygen species (ROS) mediated cell death, inhibit the proliferation of
skin-related cells (such as keratinocytes, fibroblasts, and endothelial cells), and induce
M1 macrophages to polarize into M2 phenotype, alleviate excessive inflammation and
promote proliferation, epithelization, collagen deposition, angiogenesis, and diabetes
wound healing [18]. Post-injury tissue continuously produces various cytokines, which
play a role in wound repair [19].
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Figure 2. Schematic diagram of hydrogel materials promoting wound healing [20].

2.1. Hemostasis Phase

Uncontrolled bleeding following trauma is a major cause of death [21]. Within the
first few minutes of injury, damaged blood vessels rapidly constrict, and platelet receptors
interact with ECM proteins (such as collagen, fibronectin, etc.), leading to platelet activation
and aggregation [22]. The key to hemostasis is the adhesion, activation, and aggregation of
platelets. During primary hemostasis, platelets and a small number of blood cells adhere to
the internal subcutaneous collagen. This adhesion quickly activates other platelets in the
blood, triggering irreversible aggregation [23]. Activated platelets combine with various
clotting factors to promote the production of thrombin. With the help of transglutaminase
(FX III), thrombin catalyzes the transformation of fibrinogen into fibrin, promoting the
coagulation process [24]. Additionally, calcium ions aid in blood coagulation during
the hemostasis stage by promoting the formation of a platelet plug. Calcium ions can
trigger the intrinsic coagulation cascade reaction along with other clotting factors, thereby
accelerating the synthesis of sufficient thrombin and promoting early fibrin formation [25].
Calcium ions mediate the binding of tenase and prothrombinase, which are essential for
the stable incorporation of platelets into the developing thrombus [26]. The complex
hemostasis cascade provides numerous targets for developing bioactive materials. These
materials can promote platelet activation and aggregation, thereby facilitating wound
closure. Furthermore, surface charge can also be an important factor in regulating platelet
behavior. This is because, when blood cells come into contact with a positively charged
surface, they rapidly aggregate. Activated platelets have relatively large sizes and surface
areas and undergo morphological changes. In this context, blood cells can quickly form clots
under the action of fibrin [27]. Therefore, using the surface charge of bioactive materials to
directly aggregate blood cells for participation in the coagulation system may be a feasible
hemostatic method. Varshney et al. [28] prepared SF/soy protein isolate blend membranes
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using electrospinning technology. Experiments on full-thickness skin wounds in rats
showed that this blend membrane had high hemostatic properties, exhibited excellent rapid
hemostatic performance, and was conducive to wound healing. Cheng et al. [29] prepared
high-absorbency dry hydrogels using photo-crosslinking SF. By rapidly absorbing water,
they concentrated the blood at the wound bleeding site, promoting platelet aggregation,
triggering the hemostasis cascade reaction, and achieving rapid hemostasis.

2.2. Inflammatory Phase

Skin damage mainly activates easily stimulated non-transcription-dependent path-
ways, including purified molecules, ROS gradients, and calcium ion channels. Additionally,
injured cells can secrete damage-associated molecules (DAMPs, such as polypeptides,
adenosine triphosphate, deoxyribonucleic acid (DNA), uric acid, and ECM components),
lipid mediators, hydrogen peroxide (H,O,), and chemokines, which also help recruit in-
flammatory cells, especially neutrophils [30]. Neutrophils are not common in normal skin,
and functionalized neutrophils can activate macrophage excretion through the Ras-related
C3 botulinum toxin substrate 1 (Racl)—dependent pathway via Cysteine-rich protein
(CCN1, original name CYR®61, a secreted extracellular matrix (ECM)—associated molecule,
belonging to the matricular CCN family). Interestingly, the complete elimination of neu-
trophils through expulsion marks the beginning of inflammation resolution. However,
neutrophils do not appear to play a dominant role in skin wound healing. Instead, their
persistence can lead to prolonged inflammation. Therefore, it is crucial to timely remove
them. Macrophages can phagocytize apoptotic neutrophils. The macrophages that play
a role in wound healing mainly differentiate from monocytes in the wound. These pro-
inflammatory and bactericidal macrophages in the early stages of wound healing are of
the M1 phenotype. They secrete pro-inflammatory factors, phagocytize pathogens, and
digest ECM and thrombi [31]. As inflammation subsides, the pro-inflammatory phenotype
of M1 macrophages transitions to an anti-inflammatory phenotype, the M2 phenotype.
Promoting the transition of macrophages to the M2 phenotype in the later stages of wound
healing can enhance tissue regeneration efficiency.

2.3. Proliferative Phase

The tissue regeneration and collagen deposition stage involves various events, such as
the formation of the epidermal layer (re-epithelialization), construction of blood vessels
(angiogenesis), and temporary formation of ECM (granulation tissue deposition). The epi-
dermis is mainly composed of keratinocytes and is continuously renewed through the
proliferation and differentiation of stem cells. About 2-3 days after damage, interfollicular
epidermal stem cells from the wound edge, nearby sebaceous glands, or hair follicle bulge
begin to proliferate, producing enough cells to fill the wound site [32]. When using bio-
materials, keratinocytes migrate from grafts or wound edges to bridge the open wound,
achieving complete epithelial regeneration. Therefore, it is necessary to create a microenvi-
ronment that allows keratinocytes to be effectively recruited and migrated. Hyaluronic acid
(HA) can regulate keratinocyte activity, triggering specific signaling pathways that lead to
migration and proliferation. Xuan et al. [33] prepared a coating for tissue repair using a
layer-by-layer self-assembly method. The coating contained 3-cyclodextrin-modified SF
and adamantane-modified HA. This coating exhibited excellent antibacterial properties
and biocompatibility, and the cell proliferation rate was enhanced. Angiogenesis begins
with the stimulation of endothelial cells (ECs) through pro-angiogenic factors [34]. During
angiogenesis, these cells can become tip cells at the forefront or stalk cells at the rear,
with their development direction manipulated by Notch signaling, mainly regulated by
vascular endothelial growth factor (VEGF). The formation of new blood vessels is crucial
for effective wound healing, as it is necessary for nutrient delivery, oxygen homeostasis
maintenance, cell proliferation, and tissue regeneration [18]. ROS are present around the
wound. When ROS concentration is high, they are usually cytotoxic and can cause EC
dysfunction, chronic inflammation, and oxidative stress. However, they can influence
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cell proliferation, migration, and differentiation at low concentrations. In the stage of
wound healing, new connective tissue and granulation tissue are formed simultaneously,
including tissue re-epithelialization, neovascularization, and immune regulation processes.
Granulation tissue is mainly composed of fibroblasts, which can synthesize new ECM
and assist in wound contraction. The granulation tissue contains newly synthesized ECM,
newly formed blood vessels, and some inflammatory cells. During wound remodeling,
granulation tissue is eventually replaced by normal connective tissue [35].

2.4. Maturation Phase

Regulating the matrix remodeling stage of wounds using biomaterials is roughly
based on two ideas: promoting wound contraction and matrix deposition in the early
stages and mitigating the inflammatory response in the later stages, limiting the excessive
proliferation of myofibroblasts and bone marrow cells to reduce scar formation. The re-
modeling phase of wound healing occurs at the end of the proliferative phase. During
this period, keratinocytes participate in wound re-epithelialization, while fibroblasts and
ECs are responsible for ECM deposition [36]. Regulating the behavior of fibroblasts and
myofibroblasts through biomaterials greatly promotes wound contraction and closure in
the early stages of matrix remodeling. Li et al. [37] prepared an insulin-loaded SF porous
scaffold material for treating wounds. Studies showed that two weeks later, using the
insulin-loaded SF porous scaffold significantly accelerated rat wound healing and improved
the wound healing rate.

3. Structure and Performance of SF Soft Materials
3.1. Structure of SF

Silk contains two main proteins: SF and sericin. Sericin is a water-soluble protein
located on the outer part of silk. The interior of silk consists of two parallel-arranged,
triangular SF fibers. SF is a structural protein mainly composed of two types of polypeptide
chains: the heavy chain (H-chain, molecular weight 350 kDa) and the light chain (L-chain,
molecular weight 25.8 kDa) [38]. The H-chain, the most important component of SF, al-
ternates between crystalline and amorphous regions. The crystalline region is dominated
by the hydrophobic sequence Gly-Ala-Gly-Ala-Gly-Ser (GAGAGS) amino acid (Figure 3).
The H-chain is organized into 12 crystalline domains interspersed with amorphous re-
gions that enable the protein to transition from random coil and «-helix conformations
to antipolar-antiparallel beta-sheet (3-sheets) containing structures. The propensity of
the H-chain to form (3-sheets under various external stimuli (i.e., temperature, pH, ionic
strength, etc.) enables the processing of the protein solution into numerous formats (such
as gels, films, sponges, fibers, etc.) with tunable physical and mechanical properties [39,40].
These sequences play a key role in the crystalline structure and mechanical properties of SE.
The amino acid residues in the amorphous region mostly have large side chains, such as
lysine, tyrosine, and arginine, with non-repetitive sequences that give the molecular chain
segments some flexibility [41].

The secondary structure of SF is the relatively stable structure formed by the main
chain of the protein molecule through hydrogen bonds. The secondary structure of proteins
mainly includes random coil, x-helix, 3-sheet, and 3-turn, which can transform into each
other under certain conditions. The o-helix structure contains more hydrogen bonds and is
more stable than the random coil structure. In the (3-sheet structure, hydrogen bonds are
located between adjacent 3-chains (GAAS tetrapeptide) [42]. The B-sheet structure is more
stable than the o-helix [43]. Silk fibers have high 3-sheet content. The secondary structure
of SF solution produced by alkali degumming and chemical reagent dissolution is mainly
in the form of a random coil.

The crystalline structures of SF are mainly silk I and silk II [44]. Silk I is a metastable
structure with a crankshaft or S-shaped zigzag configuration, belonging to the orthorhom-
bic system. Silk II is an antiparallel 3-sheet structure, belonging to the monoclinic sys-
tem [45]. Additionally, research has shown that there is a silk III crystalline structure at the

115



Materials 2024, 17, 3924

silk solution-air interface, which belongs to the hexagonal system with a three-fold helix
configuration of the peptide chain [46].

(A)  N-terminus Hydrophobic repetitive domain C-terminus

Hydrophilic non-repetitive domain

(B) Subdomain GAAS tetrapeptide
(C) s: GAGAGS
y: GAGAGY
a: GAGAGA
$8sSsSSSGAGVGYpys u: GAGYGA

Figure 3. Structural analysis of silk fibroin H-chain (A) SF H-chain is composed of hydrophobic
domains interspersed among hydrophilic domains. (B) The repetitive domain consists of subdomains
separated by GAAS tetrapeptides. (C) Each subdomain is further composed of different repetitive
units of hexapeptides and terminates with the tetrapeptide GAAS [47].

3.2. Biological Properties of SF Materials
3.2.1. Immunogenicity

Immunogenicity refers to the ability of an antigen to stimulate specific immune cells,
activating, proliferating, and differentiating them, ultimately producing immune effec-
tors (antibodies) and sensitized lymphocytes. When using foreign proteins, the primary
concern is their immunogenicity. However, SF has very low immunogenicity, almost not
causing an immune response. Studies have shown that SF rarely induces allergic reac-
tions, and most mild immune responses may be caused by immune cells recruited around
the silk material, with the main influencing factor being other proteins adsorbed on the
SF material [48]. Nonetheless, SF materials need to undergo various treatments before
application. Depending on the intended use, they are prepared in different forms (films,
hydrogels, scaffolds, particles, fibers, etc.), processed with different techniques (such as
ultrasound, casting, or freeze-drying), and sterilized using ultraviolet radiation or other
methods. These processing steps affect the mechanical and degradation properties of SF
materials and correspondingly influence the interaction between immune cells and SF
materials [48].

3.2.2. Cell Compatibility

SF materials support and promote the adhesion, migration, proliferation, and dif-
ferentiation of various cells such as fibroblasts, endothelial cells, and osteoblasts [49-52].
Bhardwaj et al. [53] obtained porous 3D SF-keratin scaffolds that had high porosity and
swelling ability. The research results showed that the SF keratin complex exhibits strong
abilities for fibroblast growth, attachment, and proliferation, and secretes type I collagen
in the scaffolds. Stoppato et al. [54] prepared a poly(D,L-lactic acid) (PDLLA) salt-leached
sponge and modified it by incorporating SF fibers to form multi-component scaffolds.
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The results showed that adding SF fibers to the PDLLA salt-leached sponge increased
the scaffold stiffness and enhanced its ability to support endothelial cells in vitro and
promote angiogenesis in vivo. Platelet endothelial cell adhesion molecular (PECAM-1)
mechanosensors at cell-cell junctions indicated better support for endothelial cell growth
in static culture on scaffolds containing silk fibers at 21 days. Park et al. [55] developed a
3D electrospun SF (ESF) scaffold with adjustable pore size using a salt leaching method.
In this study, the ESF scaffold was compared with a commercially available porous 3D
polylactic acid (PLA) scaffold. The results showed high proliferation and osteogenic activity
of osteoblasts in ESF scaffolds both in vitro and in vivo.

3.2.3. Blood Compeatibility

SF materials have blood compatibility and can promote vascular tissue regeneration
and enhance the body’s antithrombotic ability. Compared to other biological protein
materials, the risk of SF infection is lower. When applied to wounds, SF can adhere to
the wound through dissolution or swelling, providing hemostasis. Additionally, SF can
adsorb and concentrate effective components in the blood, such as clotting factors and
platelets, to promote the hemostasis process. Catto et al. [56] prepared nanostructured
tubular scaffolds (ES-SF) using electrospinning technology. The study showed that these
ES-SF scaffolds allowed for the in vitro adhesion and growth of primary pig aortic smooth
muscle cells, promoting vascular tissue growth and serving as a scaffold for small-diameter
vascular regeneration.

3.2.4. Biodegradability

SF can be biodegraded both in vitro and in vivo, with non-toxic and harmless degra-
dation products and no adverse effects on tissue cells [57-59]. Since the human body lacks
specific enzymes for SF degradation, the degradation of SF in the body is non-specific.
Especially for some crystalline structures of SF, degradation can only proceed gradually
from one end of the protein, resulting in a slow degradation rate controlled by the aggre-
gated state structure of SF. Natural silk fibers used as surgical sutures lose their strength
in the body after about a year and disappear after two years, indicating that silk can be
completely biodegraded in the body. The degradation rate can be controlled by adjusting
the aggregated state structure of regenerated SF materials, modulating the porous structure
of SF materials, and combining it with other materials. Of course, the degradation rate
also depends on factors such as the implantation site, mechanical environment, and the
patient’s physiological state. The degradation time of SF can be controlled, ranging from
rapid degradation in a few weeks to slow degradation over several years.

3.2.5. In Vivo Implantation

SF induces a mild inflammatory response in the initial stage of implantation, which is
beneficial for eliminating pathogens at the injury site and promoting the release of growth
factors, aiding wound repair. Panilaitis et al. [60] studied the response of macrophages to
silk. It was shown that the low inflammatory potential of silk is based on the release of the
pro-inflammatory cytokine tumor necrosis factor-« (TNF-«). The inflammatory response at
the initial stage of silk implantation quickly subsides without the risk of developing into
chronic inflammation [48]. Additionally, SF can promote the expression of fibronectin and
vascular endothelial growth factor in fibroblasts, activate the NF-«B signaling pathway,
and induce wound re-epithelialization, thereby facilitating wound healing [61].

3.2.6. Promoting Tissue Repair

Wound dressings made from SF can modulate the cellular expression of pro-inflammatory
cytokines (IL-«, IL-6) and anti-inflammatory cytokines (IL-10) by stimulating NF-«B signaling
pathways after skin trauma, inhibiting the expression of vimentin, fibronectin, cyclin D1, and
vascular endothelial growth factors to promote wound healing [61,62].
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4. Preparation of Regenerated SF Soft Materials

SF fibers can be conventionally manufactured into woven, knitted, and non-woven
fabrics. With its diverse processability, SF solution can be prepared into various forms such
as porous scaffolds, hydrogels, films, nanofibers, microspheres, microneedles, etc. [63-65]
(Figure 4). These different forms of SF materials have been widely used in various fields,
including surgical sutures, drug delivery carriers, and tissue engineering scaffolds.

(A) Raw silk (B) Bombyx mori silkworm and cocoon
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Figure 4. Various forms of SF materials [47]: (A) Raw silk consists of two SF fibers coated with
sericin. After degumming to remove the sericin, the SF fibers are dissolved in lithium bromide
solution, followed by dialysis to obtain a regenerated SF solution. (B) Mature silkworms and the
cocoons they produce. (C) Silk-woven, knitted, and non-woven fabric matrices are composed of SF
fibers. (D) Sponge, hydrogel, film, nanofibers, microparticles, and microneedles constructed from
regenerated SF solution.
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4.1. Preparation of SF Films

Compared to other forms, SF film preparation and characterization are simple and
widely studied. SF films can be divided into dense films, porous films, and layered films
based on their structural form. Dense films are mainly prepared by solution casting or
spin coating methods [66,67]. However, compared to natural mulberry silk, the mechanical
properties of SF films are often significantly reduced. Therefore, SF is often mixed with
other substances to prepare composite SF films for various applications [68].

4.1.1. Control of Aggregate Structure

The preparation of dense films is the basis for the preparation of porous and layered
films. During the preparation of dense films using the solution casting method, the drying
temperature is the main factor affecting the aggregated structure of SE. Drying at lower
temperatures (below 40 °C) results in low 3-sheet content in the SE. Higher temperatures
(above 60 °C) accelerate the molecular movement of SF, forming more {3-sheet structures.
Porous films are usually prepared by adding a porogenic agent to the silk solution, followed
by solution casting. There are many methods for forming the pore structure of silk films,
commonly including freeze-drying and salt leaching [69,70]. The pore size, pore density,
and pore distribution all affect the structure of the SF film. Layered films are mainly
prepared by spin-coating multiple layers of dense films. The materials used for stacking and
appropriate stacking methods are crucial for the performance of the SF film. Post-treatment
of the films, such as soaking in small molecule alcohol solvents, reduces the random coil
structures in the SF film, increasing the (3-sheet structures. Water vapor annealing treatment
allows for finer control of the 3-sheet content by adjusting the temperature. Studies have
found that SF films formed at temperatures above 60 °C and below 95 °C have higher
[-sheet content and stronger interlayer interactions [71,72].

4.1.2. Chemical Crosslinking

Chemically crosslinked SF films help meet the stringent mechanical performance
requirements for practical applications. Common chemical crosslinking agents for SF film
modification include epoxy resin, glyoxal, glutaraldehyde, genipin, dialdehyde starch, and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS),
among others. Yang et al. [73] used epoxy resin to modify SF films. The results showed
that the original hydrogen bond interactions between SF chains were disrupted, allowing
the chains to slide against each other. The prepared SF films exhibited higher elongation
at break. On the other hand, the SF formed a crosslinked network structure, enhancing
the recoverability after chain slippage, resulting in good elasticity and increased strength.
Kharlampieva et al. [74] used glutaraldehyde for SF crosslinking and then mixed it with
nano-silica to construct a highly crosslinked silk-based nanocomposite film in one step.
Its elastic modulus and tensile strength increased several times compared to conventional
SF films. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) structural
analysis revealed that the 3-sheet content of SF increased after the introduction of glu-
taraldehyde as a crosslinking agent.

4.1.3. Preparation of Composite Films

The dense, non-porous structure, low wet film strength, and poor support of SF
films limit their application range. Mixing SF with polymers to prepare composite films
can effectively address these shortcomings. Suzuki et al. [75] mixed SF solution with
polyethylene glycol, crosslinked with genipin, to prepare blended SF materials. Compared
with untreated films, the mechanical properties of the blended materials were significantly
improved. This blended film showed good cell compatibility in the primary culture of
human corneal limbal epithelial cells. Ma et al. [76] prepared Poly 1(+) lactic acid/SF
(PLLA/SF) fiber films using coaxial electrospinning. The results showed that the addition
of SF increased the drug release efficiency in the fibers. Shao et al. [77] electrospun PLA /SF
fiber films with significantly improved mechanical properties. The composite film promoted
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osteoblast differentiation and could be used in bone tissue engineering. Song et al. [78]
added SF to electrospun porous PLLA fiber films, improving the material’s hydrophilicity
and cell compatibility.

4.2. Hydrogels

Hydrogels have a three-dimensional network structure containing a significant amount
of water and porous structures. The formation of SF hydrogels depends on the density of
intermolecular crosslinking points. Hydrogels can be formed through physical crosslinking
or chemical crosslinking methods.

4.2.1. Physical Crosslinking

Physical crosslinking is achieved by changing physical conditions to promote strong
hydrogen bonding crosslinking between SF molecules, mainly forming (3-sheet structures.
Sufficient crosslinking points constituted by 3-sheet structures ultimately complete the
sol-gel transition. For protein-based materials, temperature is a key factor in gel formation.
In temperature-triggered gelation, rising temperatures promote the frequency of molecular
collisions in the system, enhancing the aggregation of SF molecules. Additionally, the
hydrophobic segments of SF increase with rising temperatures, strengthening hydrophobic
interactions between molecules [79-81]. These factors collectively lead to the aggregation
and assembly of SE. In SF, the 3-sheet structures formed have thermodynamic stability,
making the sol-gel transition triggered by high temperatures irreversible. Generally, SF
solution can be stored at 4 °C for several weeks. However, placing the SF solution at room
temperature will quickly result in gelation [82]. Shear gelation is achieved by subjecting SF
solution to high-speed vortex shear treatment to form gels. The mechanism is that shear
forces cause fluid rotation and stretching, leading to the stretching and alignment of SF
macromolecules, and promoting their aggregation [83]. With increasing vortex time, the
[-sheet content in SF increases, and the crosslinking density gradually rises, promoting the
gelation of SE. Therefore, the SF solution should avoid high-speed stirring to prevent shear-
induced gelation. Ultrasound can affect other physical factors, such as local temperature
rise, shear force extension, and changes in gas-liquid interface balance. Ultrasonic waves
can promote the rapid gelation of SF solution [84]. In this method, ultrasonic power output,
ultrasonic duration, ultrasonic output power, and SF concentration are important factors in
regulating the state of hydrogels.

4.2.2. Chemical Crosslinking

The charge of SF affects the interactions between SF and other molecules. When the
pH of the SF solution is equal to its isoelectric point (PI), it is likely to aggregate into a
hydrogel state [85]. Adding acidic substances to the SF solution to adjust the pH near
the isoelectric point can induce SF gelation. An electric field can also induce the gelation
of SF solution. Under the influence of an electric field, a large number of protons in
the solution move toward the anode, leading to a local pH decrease near the isoelectric
point of SF [86]. SF molecules aggregate near the anode and form a hydrogel. Water-
soluble organic solvents such as methanol and ethanol can also induce SF solution to
form hydrogels. The addition of ethanol dehydrates the hydrophobic domains of SF,
bringing them closer together to form hydrogen bonds and (3-sheet structured crosslinking
points. Subsequently, the 3-sheet structured crosslinking points link together to form a
network structure, causing the SF solution to hydrogel [87]. Adding surfactants can induce
rapid gelation of SF solution [88]. This process is mainly based on the amphiphilicity of
surfactants, allowing them to encapsulate the hydrophobic segments of SF, reducing the
surface tension of the SF solution and forming hydrogen bonds with SE, promoting the
formation of 3-sheet structures.

Photopolymerized hydrogels are formed through photoinitiated polymerization reac-
tions in the presence of photoinitiators under visible or ultraviolet light. The photoinitiator
molecules absorb ultraviolet light energy, entering an excited state and generating free radi-
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cals upon cleavage. These free radicals subsequently initiate the unsaturated bonds (vinyl
bonds) in the monomer molecules, leading to free radical polymerization and eventually
crosslinking to form hydrogels [89]. Radiation can generate free radicals between unsat-
urated polymer chains and water molecules, inducing intermolecular crosslinking [90].
Its advantage is that the preparation of SF hydrogels does not require potentially toxic ini-
tiators and crosslinkers. Enzyme crosslinking reactions mainly utilize the catalytic action of
biological enzymes to activate specific groups on the side chains of SE, promoting chemical
crosslinking between molecular chains. This method features mild reaction conditions,
avoiding the introduction of toxic crosslinkers and organic solvents. Additionally, it of-
fers good biocompatibility and moderate reaction conditions. Commonly used enzymes
include horseradish peroxidase [91], tyrosinase [92], and laccase [93], among others. Natu-
ral polymers exhibit higher biocompatibility, excellent biodegradability, and non-toxicity.
To date, collagen, gelatin, chitosan, cellulose, alginate, starch, SF, and HA, either alone or in
combination, have been widely used in tissue engineering. The combination of SF with
cellulose, alginate, and chitosan has shown outstanding capabilities in tissue regeneration
engineering, wound healing, and drug delivery [94]. SF can also be mixed with synthetic
polymers. After blending, the properties of the macromolecular polymers can be adjusted,
altering the mechanical properties and degradability of the polymers to meet the needs of
different tissue regeneration applications [95].

In summary, physical crosslinking methods are relatively simple, involving no intricate
steps or chemical reagents. However, hydrogels prepared through physical crosslinking
tend to be brittle with inferior mechanical properties. Conversely, SF hydrogels prepared
via chemical crosslinking exhibit stable structures and superior mechanical performance.
Furthermore, chemical crosslinking effectively modifies the hydrogel’s pore size, swelling
properties, and biodegradability. Nonetheless, photo-initiators and chemical crosslinking
agents possess cytotoxicity, rendering them unsuitable for direct biomedical applications.
Enzymatic and radiation crosslinking methods are safer alternatives compared to photo-
initiators and chemical crosslinking agents. Therefore, to fabricate hydrogel materials with
excellent performance, a combination of multiple methods is advisable. The diversity in
crosslinking methods enriches the network structure of hydrogels, thereby enhancing the
multifunctionality of SF hydrogels (Figure 5).
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Figure 5. Preparation method of SF hydrogel [96].
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4.3. Porous Scaffolds

Porous scaffolds exhibit suitable mechanical properties and contain numerous internal
pores that facilitate cell adhesion, proliferation, and migration. The presence of these pores
supports the diffusion of nutrients and the removal of metabolic waste, making them
promising biomaterials. Various methods currently exist for preparing porous scaffolds
based on SF, such as freeze-drying, particle leaching, gas foaming, supercritical CO,
treatment, and 3D bioprinting (Figure 6) [97].
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Figure 6. Preparation methods of SF-based porous scaffolds [97].

4.3.1. Freeze-Drying

Freeze-drying is the primary technique used to prepare SF-based porous scaffolds.
By inducing the sublimation of ice crystals in the frozen SF aqueous solution under vac-
uum, pores are generated within the scaffold. The characteristics of these pores, including
their shape, quantity, and size, can be controlled by adjusting the freezing time, temper-
ature, and SF concentration [95]. SF can be directly used or doped with other materials
(such as collagen or hyaluronic acid) to form three-dimensional scaffolds via EDC/NHS
crosslinking and freeze-drying methods [98,99]. The freeze-drying method is simple, and
the preparation process generally does not involve organic solvents, ensuring the good
biocompatibility of the scaffolds and excellent connectivity between pores. However, scaf-
folds manufactured using the freeze-drying method typically exhibit smaller pore sizes
and weaker mechanical properties.

4.3.2. Particle Leaching

Particle leaching is another commonly used method in tissue engineering to prepare
scaffolds. This involves using porogens such as salt, sugar, or wax to form pores or channels.
By adjusting the size, shape, or quantity of the porogens used, one can control the pore size.
Nevertheless, this method has limited capability in adjusting pore openings, shapes, or the
mechanical properties of the scaffold. Sodium chloride (NaCl) particles are currently the
most widely used porogens. Xiao et al. [100,101] developed an SF scaffold with nanofiber
microporous structures and fewer 3-sheet structures through salt leaching. The mechanical
properties of this scaffold can be adjusted by modulating the interactions between SF
and water.
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4.3.3. Gas Foaming

Gas foaming methods primarily include physical foaming and chemical foaming.
Physical foaming involves adding Hy, CO,, and other inert gases to induce bubble forma-
tion, whereas chemical foaming uses chemical processes (such as the decomposition of
NH4HCO3 and NaBHy) to form bubbles in situ [102]. Although scaffolds obtained through
gas foaming usually have high porosity avoid the use of organic solvents, are cost-effective,
and have short processing times, the method cannot precisely control pore distribution
and porosity.

4.3.4. Supercritical CO, Processing

Supercritical CO, technology exposes materials to conditions exceeding critical pres-
sure and temperature, generating supercritical CO; fluid. Under these circumstances, the
gaseous and liquid phases of the material become indistinguishable. This non-solvent-
based method can be used to customize the internal porous structure of scaffolds [103].
The technology avoids the use of organic solvents and leverages the advantages of super-
critical gas, such as low temperature, non-toxicity, fast mass transfer, and the absence of
residual substances, thereby significantly improving the previous gas foaming method’s
requirement for high temperatures during material preparation. Additionally, under such
experimental conditions, when active factors form complexes with the scaffold, their activ-
ity can be well maintained.

4.3.5. Three-Dimensional Bioprinting

Three-dimensional bioprinting includes a series of printing technologies such as
inkjet bioprinting, laser-assisted bioprinting, microextrusion bioprinting, and two-photon
polymerization-based bioprinting. Materials suitable for 3D printing must have appropriate
rheological properties to meet the demands of the printing process and solidification
properties to ensure the formation of mechanically stable structures. Despite SF exhibiting
good shear-thinning and viscosity characteristics for 3D printing, its slow gelation rate and
relatively harsh gel formation conditions often necessitate printing it alongside another
polymeric material [104].

4.3.6. Electrospinning Nonwoven Fabric

During the electrospinning process [105], an SF solution is fed through a conical
nozzle via a conduit and extruded slowly. Under the stretching forces of a high electric
field, the surface tension of the spinning solution is overcome, forming jets. These jets
are refined under the electric field’s stretching forces, ultimately forming nanofibers that
deposit on a collecting plate, resulting in the production of electrospun nonwoven fabric
with nanopores.

5. Applications of SF Soft Materials
5.1. Applications of SF Hydrogels

SF hydrogels have extensive applications in the biomedical field. The biochemical
composition and properties of hydrogels, such as water content, viscoelasticity, and me-
chanical strength, are similar to natural tissues [106]. Hydrogels have the capability to
transport biologically active molecules, such as growth factors, hormones, and peptide
sequences, while maintaining structural integrity, making them applicable in tissue re-
pair [107]. Another advantage of using hydrogels in tissue repair is their mild preparation
conditions, which do not affect cell viability. During the production process, cells can be
encapsulated within the hydrogel, increasing the proliferation of cell populations near the
gel surface during application [108]. Consequently, hydrogels serve as versatile carriers
with substantial applications in biological tissue engineering.

SF hydrogels can be employed as bioactive materials implanted in damaged bone or
cartilage tissues to induce bone formation and ultimately lead to bone healing, displaying
superior capabilities in promoting cell metabolism and bone remodeling. Studies have
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shown that SF hydrogels, induced by acetic acid, can form injectable hydrogels. In vitro cell
experiments revealed that these hydrogels promote the proliferation of MG63 osteoblasts
and stimulate their secretion of more TGF-$1. When injected in vivo, these hydrogels
repaired critical-sized defects in the trabecular bone of rabbits and significantly improved
bone remodeling and maturation. Overall, bone healing rates, as well as the proliferation
and differentiation of osteoblasts in the presence of SF hydrogels, were superior to con-
trol groups [109]. However, due to the poor mechanical properties of pure SF hydrogels,
they can only be used for repairing non-load-bearing, irregular bone defects or cartilage
injuries. To meet the requirements of bone tissue repair, SF is typically combined with
other materials to prepare composite SF hydrogels. Hydroxyapatite (HAp), the primary
inorganic component of bone tissue, possesses good biocompatibility and osteoconductivity.
Composite materials of HAp and SF form ideal bone repair materials. Bai et al. [110] used
SF as a polymer to connect host ([3-cyclodextrin) and guest (cholesterol) bodies. Due to
the dynamic host-guest interactions, composite SF hydrogels prepared by this method can
self-repair when damaged, effectively mimicking the self-healing properties of natural bone
tissue. Additionally, the host-guest crosslinking confers strong mechanical properties to the
hydrogels, enabling them to withstand high mechanical loads. HA was also incorporated
into these hydrogels. Cell and animal experiments showed that the composite hydro-
gels effectively promoted cell proliferation and osteoblastic differentiation, accelerating
bone regeneration in critical-sized femoral defects in rats. Zheng et al. [111] combined
methacryloyl gelatin and SF under UV irradiation and ethanol treatment to form composite
hydrogels with interpenetrating network structures. Compared to pure SF hydrogels, these
composite hydrogels significantly increased mechanical strength, achieving a compressive
modulus of 300 kPa. In vitro studies have revealed that the formation of interpenetrating
network structures in composite hydrogels did not compromise their biocompatibility or
cell adhesion properties. When bone mesenchymal stem cells(BMSC) were seeded onto
the hydrogels, in vivo experimental results showed that cartilage was only partially regen-
erated in the group treated with hydrogels alone. However, cartilage repair was superior
in the group treated with cell-seeded hydrogels, indicating that additional cell seeding is
required in hydrogel-based cartilage treatments (Figure 7).
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Figure 7. Mechanism of thiol-oxidation and drug release curve schematic in dual-loaded RSF/HPC
hydrogel [112].
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5.2. Applications of SF Porous Scaffolds

The porous structure of SF scaffolds provides ample space for cell adhesion, prolifera-
tion, and migration. Additionally, nutrients and moisture can be transported directly to
cells through these voids. The formation of the extracellular matrix, growth of new tissue,
and transport of metabolic waste can all be facilitated by the porous structure. Leverag-
ing these characteristics, SF porous scaffolds have been widely applied in various fields
including skin, bone, cartilage, blood vessels, ligaments, nerves, tendons, and others [97].

5.2.1. Skin Tissue Regeneration

Yan et al. [113] prepared an SF/chondroitin sulfate (CS)/HA ternary scaffold using
freeze-drying. By combining CS and HA with SF solution, they controlled the chemical
potential and water content around ice crystals to form smaller pores within the SF/CS/HA
ternary scaffold’s main pores, thereby improving the scaffold’s equilibrium swelling.
This feature benefits cell adhesion, survival, and proliferation. Results from in vivo experi-
ments on full-thickness wounds on the backs of rats showed that the SF/CS/HA ternary
scaffold promoted dermal regeneration, improved vascularization, and collagen deposition.
Furthermore, the expression and secretion of vascular endothelial growth factor (VEGEF),
platelet-derived growth factor (PDGF), and basic fibroblast growth factor (bFGF) in the
SF/CS/HA ternary scaffold accelerated the wound healing process. These SF/CS/HA
ternary scaffolds hold the potential for dermal regeneration.

SF scaffolds loaded with bioactive components, cytokines, cells, and tissues not only
provide physical support but also act as delivery systems for wound repair. Xie et al. [114]
developed an SF-based scaffold for delivering stem cells into burn wounds in rats. SF scaf-
folds significantly accelerated collagen synthesis and re-epithelialization of the skin. The his-
tological characteristics of the reconstructed skin and its appendages resembled those of
normal rat skin. Additionally, collagen/SF hybrid scaffolds loaded with bone marrow
mesenchymal stem cells demonstrated excellent skin affinity, breathability, and water
permeability [115].

5.2.2. Bone Tissue Regeneration

SF scaffolds also play a crucial role in bone tissue regeneration due to their excel-
lent biocompatibility, favorable for cell adhesion, growth, differentiation, migration, and
promoting osteogenesis and oxygen transport capabilities. Riccio et al. [116] found that
SF scaffolds repaired cranial defects irrespective of whether human stem cells were pre-
seeded into them or not. Higher levels of osteogenesis were observed in the SF scaffold
experimental group pre-implanted with stem cells. Wu et al. [117] manufactured PLLA /SF
composite nanofiber scaffolds using electrospinning and coated them with osteoblast-
derived extracellular matrix (O-ECM) on the scaffold. In vitro experiments demonstrated
that the novel nanofiber scaffold (O-ECM/PLLA /SF) significantly enhanced the osteogenic
differentiation ability of cultured stem cells. Compared to pure alginate and alginate/HAp,
alginate/HAp/SF composite materials exhibited significantly higher levels of new bone
formation and reduced TNF-« levels [118]. In a 3D porous HAp/SF/sodium alginate
scaffold, a higher SF/HAp to sodium alginate ratio improved cell proliferation and en-
hanced alkaline phosphatase activity. In another study, graphene oxide-modified SF/HAp
scaffolds loaded with stem cells promoted bone regeneration and immunomodulatory
effects [119].

5.2.3. Cartilage Regeneration

SF has been studied for decades for repairing cartilage. Aoki et al. [120] confirmed the
proliferation and differentiation phenotype of chondrocytes in SF sponges. In SF-based
scaffolds used for cartilage tissue regeneration, pore size, and porosity significantly affect
cell attachment and infiltration. Pores smaller than 300 um contribute to chondrogenesis,
while pores larger than 300 pm aid in osteogenesis [121]. Wuttisiriboon et al. [122] prepared
a composite scaffold consisting of SF, gelatin, chondroitin sulfate, hyaluronic acid, and aloe
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vera through freeze-drying. The scaffold had an interconnected porous structure with an
average pore size of approximately 209 pm. Additionally, it exhibited a high absorption
rate and good mechanical strength; moreover, it retained its structure for up to 21 days.
Cell experiments showed that human bone marrow mesenchymal stem cells (BM-MSCs)
proliferated more rapidly when using this scaffold compared to using a pure SF scaffold.

5.2.4. Vascular Tissue Regeneration

Studies have demonstrated that SF scaffolds support the adhesion, growth, survival,
and proliferation of three types of vascular cells: human aortic smooth muscle cells, human
coronary artery endothelial cells, and human aortic adventitial fibroblasts cells. SF-based
vascular grafts tend to develop a thin luminal layer, facilitating rapid endothelializa-
tion [123-125]. The ability of vessels to grow within SF scaffolds varies with the morphol-
ogy of the SF scaffold. Diameter and porosity are common influencing factors affecting
cell infiltration, adhesion, and proliferation behavior [126]. Sun et al. [127] manufactured
SF tubular scaffolds with different pore sizes. They found that micropores of 30-50 um
were suitable for the proliferation and growth of human umbilical vein endothelial cells
(HUVEQ). Yang et al. [128] developed a composite scaffold of SF and fibronectin using
electrospinning technology to simulate natural blood vessels. The scaffold exhibited a
smooth and uniform fiber structure with smaller fiber diameters, showing excellent blood
compatibility and an appropriate biodegradation rate. In addition, it increases the adhe-
sion and proliferation of MSCs. These results make it a potential material for artificial
vascular stents. Asakura et al. [129] studied the application of SF materials in vascular
repair. They found that SF has a unique reshaping function compared to polyester fibers
or expanded PTFE grafts. They coated woven SF grafts with SF solution and crosslinking
agent poly(ethylene glycol diglycidyl ether), producing small diameter vascular grafts with
diameters of 1.5 mm and lengths of 10 mm. The grafts exhibited excellent physical strength,
while the coating on them prevented blood leakage and increased elasticity.

5.2.5. Ligament and Tendon Regeneration

An important component of the knee joint is the anterior cruciate ligament (ACL).
Improper movements and excessive external forces can lead to ACL injury, resulting in
knee instability and progressive damage. Artificial ligaments can reduce the risk of donor
site morbidity or disease transmission associated with autografts or allografts. SF has
been shown to support the differentiation of adult stem cells into ligament lineages [52].
Geng et al. [130] prepared an SF/collagen porous scaffold characterized by a compositional
gradient that mimics the natural tendon structure. It exhibited good compatibility in cell
experiments and promoted tendon regeneration. Another method for ligament regenera-
tion is to seed cells into an SF-based scaffold prior to implantation to guide ligament-bone
insertion. Ribeiro et al. [131] studied a biomimetic composite scaffold composed of SF
hydrogel crosslinked by horseradish peroxidase containing ZnSr-doped -tricalcium phos-
phate particles. The scaffold exhibited sufficient structural integrity, swelling capacity, and
tensile strength. After 14 days of in vitro culture, it demonstrated vitality in cell adhesion
and proliferation.

In clinical practice, a commercial product used for posterior cruciate ligament replace-
ment is the Ligament Augmentation and Reconstruction System (LARS), composed of
polyethylene terephthalate (PET). However, LARS has disadvantages such as complications
like joint fibrosis and heterotopic ossification [132,133]. Jiang et al. [134] modified PET
surfaces with SF to alter their hydrophilicity and biocompatibility. A series of in vitro exper-
iments confirmed that the SF coating enhanced cell adhesion and proliferation, improving
the material’s biocompatibility and its “ligamentization” process. SF can compensate
for the deficiencies of PET, inducing autologous tissue ingrowth. A three-layer coated
scaffold was introduced on the surface of PET artificial ligaments using a stepwise depo-
sition method, incorporating heparin and bone morphogenetic protein-binding peptides.
This three-layer coated scaffold not only promoted the biocompatibility of PET grafts but
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also regulated early inflammatory responses in the joint cavity, promoting and improving
graft bone integration, showing enormous potential in enhancing ACL reconstruction
clinical efficacy [135].

5.2.6. Nerve Tissue Regeneration

The treatment of nerve defects poses a significant challenge. Autologous nerve trans-
plantation is one therapeutic approach. However, it is limited by the availability of au-
tologous donor tissues and issues such as reduced donor site sensitivity, adhesive scars,
and neurofibroma formation [136]. Many studies have combined SF with other materials
such as poly(lactic-co-glycolic) acid (PLGA), polypropylene (PPY), polyethylene oxide, and
collagen to explore better materials for nerve defect repair. Tang et al. [137] co-cultured
dorsal root ganglia and Schwann cells on SF-based scaffolds to form neuroequivalents of
nerve grafts in vitro. Twelve weeks after nerve transplantation, the graft induced better
nerve regeneration and functional recovery than pure SF scaffolds. Xue et al. [138] studied
electrospun SF conduits for bridging a 30 mm sciatic nerve gap in dogs. Histological and
functional evaluations after 12 months showed that SF-based nerve scaffolds had acceptable
regeneration outcomes comparable to autograft groups.

SF three-dimensional scaffolds can promote neural tissue regeneration by providing
oriented structural support and guidance for axonal growth. Future research may focus on
improving the three-dimensional spatial structure of scaffold structures and incorporating
neurotrophic factors to enhance axonal regeneration, especially in cases of spinal cord
injury or peripheral nerve injury.

5.2.7. Regeneration of Other Tissues

SF has also been explored for the repair of less common tissues, such as dental, gas-
trointestinal, and urethral tissues. Lopez-Garcia et al. [139] found that SF three-dimensional
scaffolds coated with graphene can differentiate human dental pulp stem cells by promoting
the mineralization of extracellular matrix. Algarrahi et al. [140] conducted an experiment in
a rat esophageal reconstruction model, indicating that SF scaffolds, when used as acellular
grafts, resulted in less inflammation and fibrosis compared to traditional small intestinal
submucosa implants. Niu et al. [141] successfully fabricated a biomimetic tubular HA-SF
nanofiber scaffold through electrospinning and crosslinking processes. This scaffold’s
structure, morphology, and mechanical properties closely resemble those of natural rabbit
urethral tissue. The nanofiber surface of this scaffold is more suitable for the growth of UC,
forming new urothelial tissue.

6. Microenvironment Control in Wound Healing
6.1. Hemostasis Control in the First Phase of Wound Healing

Adding SF to hemostatic agents can increase coagulation activity and reduce bleeding
time, thereby minimizing blood loss [142]. A combination of active (thrombin) and passive
(gelatin, cellulose, collagen, chitosan) hemostatic agents is a better choice for hemostatic ma-
terials, ensuring bleeding control in the shortest possible time [143,144]. Shefa et al. [145]
found that a combination of oxidized cellulose and SF is a good candidate for wound
healing. Loading thrombin onto oxidized cellulose/SF scaffolds can significantly improve
hemostatic performance. Sabarees et al. [146] evaluated the potential of chitosan hydrogel
(CHI-HYD) and chitosan/SF hydrogel (CHI-SF-HYD) in blood coagulation and wound
healing. Coagulation experiments showed that the composite hydrogel exhibited hemo-
static activity. The blood coagulation time for CHI-HYD and CHI-SF-HYD was shorter
than the natural coagulation process.

6.2. Antibacterial Control in the Second Phase of Wound Healing

Bacterial contamination in the wound healing process is a prevalent issue, posing a
serious threat to global human health. Therefore, developing multifunctional biomaterials
with antibacterial properties and infection resistance is a continuous goal for biomedical
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applications. SF has excellent mechanical properties, high biocompatibility, and good
biodegradability [147]. Due to the widespread application of SF-based biomaterials, many
researchers over the past decade have explored different strategies to impart antibacterial
properties to these materials.

Antibiotics are among the most commonly used drugs in combination with SF to
prevent and treat bacterial infections. Systemic administration of antibiotics may lead
to many adverse side effects. The solution is to use implantable biomaterials to allow
antibiotics to be slowly released in the scaffold, achieving higher doses and fewer side
effects through local release at the site of infection [148]. Lan et al. [149] prepared gelatin
microspheres loaded with vancomycin and embedded them into freeze-dried SF scaffolds
for wound repair. Pritchard et al. [150] studied the loading and release of various antibiotics
in different forms of SF materials, including films, microspheres, hydrogels, and coatings.
Gentamicin loaded on silk sponges had a release time of 5 days, while cefazolin had a
release time of 3 days. Additionally, SF hydrogels can be easily applied to wounds and
removed without causing discomfort or additional injury to patients [151].

In recent years, increasing research has focused on developing SF scaffolds with
antibacterial properties for wound dressings. Zhang et al. [152] found that incorporating
Pluronic polymers into SF can optimize its mechanical properties, hydrophilicity, and light
transmittance. The resulting SF scaffolds can be used to encapsulate antimicrobial agents
such as curcumin, Ag nanoparticles, and antimicrobial peptide KR-12. Furthermore, in vitro
studies showed that SF scaffolds can release antimicrobial agents continuously, killing
bacteria. In vivo tests indicated that these scaffolds not only cleared methicillin-resistant
Staphylococcus aureus from the wound area and reduced inflammation but also promoted
angiogenesis and epithelial reformation, accelerating the healing of infected wounds.

6.3. Promoting Cell Proliferation Control in the Third Phase of Wound Healing

The proliferation phase begins approximately 4-5 days after injury. It includes
processes such as angiogenesis, granulation tissue formation ECM formation, and re-
epithelialization. Many experimental and clinical reports suggest that oxygen plays a
crucial role in wound healing. Sen et al. [153] indicated that, under high oxygen conditions,
increased local ROS can induce a higher degree of angiogenesis. Kan et al. [154] conducted
in vitro studies on human fibroblasts, finding that collagen content in wounds decreased
due to increased synthesis of protease (MMP-1). Moreover, Kang et al. [155] conducted
another in vitro study, revealing that daily hyperbaric oxygen treatment at 2.0 atmos (ATM)
can stimulate fibroblast proliferation.

During the proliferation phase of wound healing, the polarization of macrophages
from the classically activated M1 phenotype to the alternatively activated M2 pheno-
type marks the transition from the inflammatory phase to the proliferation phase [156].
M2 macrophages can be further subdivided into three different phenotypes (M2a, M2b, and
M2c), participating in inflammation inhibition, re-epithelialization, and angiogenesis dur-
ing the cell proliferation phase. In the later stages of the proliferation phase, macrophages
also promote the regression of new capillaries by releasing thrombospondin-1 (TSP-1) to
prevent excessive angiogenesis [157]. When it comes to interactions between cells and
materials, SF scaffolds allow for cell attachment, proliferation, migration, and differenti-
ation. SF scaffolds stimulate cell migration by activating c-Jun N-terminal kinase (JNK),
methyl ethyl ketone (MEK), and phosphatidylinositol kinase (PI3K) signaling pathways.
Chouhan et al. [158] demonstrated that silk can assist in cell migration, recruiting them to
the wound site. The study showed that SF influences cell migration and promotes healing by
regulating the expression of cyclin D1, vimentin, vascular endothelial growth factor (VEGF),
and fibronectin, known markers of cell proliferation. Furthermore, Infanger et al. [159]
confirmed that SF can promote wound healing by modulating protein expression involved
in the proliferation and remodeling stages of the NF-«B signaling pathway.

Wu etal. [117] designed a Rat Bone Marrow Mesenchymal Stem Cells (Rb1)/ tranSForming
Growth Factor-3(TGF-{31)-loaded SF gelatin porous scaffold (GSTR). This scaffold creates a mi-
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croenvironment conducive to cartilage regeneration, promoting chondrogenesis in vivo, reduc-
ing inflammation levels, and enhancing hyaline cartilage regeneration in vitro. Chen et al. [160]
synthesized an SF scaffold loaded with tanshinone IIA (TAN), which can enhance the tran-
scription of genes related to chondrocyte activity, reduce oxidative stress, and thereby promote
cartilage regeneration. Maity et al. [161] developed a composite hydrogel that stimulates
fibroblast migration in vitro and controls oxidative stress for rapid healing of diabetic wounds.

6.4. Control of Tissue Remodeling in the Fourth Phase of Wound Healing

The wound remodeling phase occurs 2-3 weeks after injury. Fibroblasts are the
primary cell type responsible for the maturation of the ECM in wounds. Hyaluronic acid,
fibronectin, and proteoglycans replace the initial fibrin clot and form collagen fibers during
the later stages of repair. Proteoglycans help construct mature, crosslinked collagen fibrils
and serve as conduits for cell migration. Despite the peak in collagen content during this
phase, the wound strength is only about 30% of normal skin, and, after three months, it
reaches approximately 80% of the strength of normal skin [162].

Bhar et al. [163] developed a biomimetic hydrogel scaffold using a decellularized
extracellular matrix (dAECM) derived from omental tissue and SE. They found that the
presence of dECM components in the composite material promoted wound closure, granu-
lation tissue formation, and increased re-epithelialization rate by stimulating angiogenesis.
Rivero et al. [164] isolated human Wharton’s jelly mesenchymal stem cells (Wj-MSCs) using
an explant method and discovered that a combined treatment involving the injection of
Wj-MSCs at wound edges exhibited superior wound healing capabilities compared to
single treatments and cell-free SF scaffolds. The use of Wj-MSC-based SF constructs in cell
therapy contributed to the generation of high-quality, well-vascularized granulation tissue,
enhanced wound re-epithelialization, and reduced fibrotic scar formation by decreasing
myofibroblast proliferation.

6.5. Composite Control across Different Stages

Wound healing involves a series of complex and overlapping processes that engage
various cells and biomolecules. The application of SF in tissue engineering and regenerative
medicine is widespread. During normal wound healing, SF influences multiple media-
tors, such as VEGF, EGF, TGF, interleukin-10 (IL-10), interleukin-1p (IL-1p), fibronectin,
vimentin, and cyclin D1 by modulating NF-«B signal transduction [53]. Numerous experi-
ments have highlighted its potential application as a wound dressing in the biomedical field
by assessing cell viability, macrophage response, and angiogenesis capabilities (Figure 8).

Wang et al. [165] fabricated a bioactive SF scaffold with nanostructured textures to
mimic the chemical and biophysical properties of the ECM. In vivo experimental studies
demonstrated that nanostructured fibrin-based scaffolds not only significantly acceler-
ated wound healing but also regulated collagen alignment to prevent scar formation.
Ding et al. [166] developed an injectable desferrioxamine (DFO)-loaded SF fiber hydro-
gel. The study results indicated that the hydrogel promoted angiogenesis in diabetic
lesions and reduced chronic inflammation, thereby accelerating the healing process and
enhancing collagen deposition. In recent studies, SF has been used to enhance the re-
epithelialization, adhesion, and proliferation of human fibroblasts, keratinocytes, and
endothelial cells in sponges, gels, and microspheres, showing significant effects in wound
healing applications [167].
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Figure 8. Representative types of SF-based biomaterials [168]: Hydrogels: (A) Injectable PC-SF
hydrogels loaded with SDF-1, PLGA, and KGN can promote the recruitment and differentiation
of stem cells for cartilage regeneration. Scaffolds: (B) The mechanism of SF/GO scaffolds can
delay osteoarthritis (OA) and protect cartilage. (C) Fabrication of DCM/SF scaffold for repairing
cartilaginous tissue.

7. Summary and Outlook

In the process of wound healing, biomaterials need to provide a suitable environment
for the wound and protect it from bacterial infection. SF-based soft materials exhibit the
ability to create a moist microenvironment, support cell growth, possess antibacterial prop-
erties, and stimulate wound healing at the molecular level. Moreover, they demonstrate
good biocompatibility, indicating their potential application as wound healing materials.
Currently, research on SF-based wound healing materials is still in its early stages. Despite
the wide variety of SF-based materials with different functionalities, an ideal material that
integrates multiple functional advantages has not yet been developed. Therefore, this
article only introduces silk fibroin membrane, hydrogel, and porous scaffold, and does not
introduce a variety of composite materials. In addition, this article does not review the
details of the four stages of wound healing. Future research on SF-based soft materials
should focus on combining multifunctional properties and the control of various stages of
the wound healing process to develop ideal SF-based soft materials for wound repair.
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Abstract: This paper investigates the dissolution of two biopolymers, cellulose and silk fibroin, in
a mixture of 1-ethyl-3-methylimidazolium acetate (EmimAc) and dimethyl sulphoxide (DMSO).
EmimAc is a promising environmentally friendly solvent currently in wide use but can be limited
by its high viscosity, which inhibits the speed of dissolution. To mediate this, DMSO has been
used as a cosolvent and has been shown to significantly lower the solution viscosity and aid mass
transport. Dissolution experiments are carried out separately for both cellulose and silk fibrion
with a range of EmimAc:DMSO ratios from 100 wt% EmimAc to 100 wt% DMSO. Interestingly, the
optimal EmimAc:DMSO ratio (in terms of dissolution speed) is found to be very different for the two
biopolymers. For cellulose, a mixture of 20 wt% EmimAc with 80 wt% DMSO is found to have the
fastest dissolution speed, while for silk fibroin, a ratio of 80 wt% EmimAc with 20 wt% DMSO proves
the fastest. These dissolution trials are complemented by rheological and nuclear magnetic resonance
experiments to provide further insight into the underlying mechanisms. Finally, we produce hybrid
biopolymer films from a solution to show how this work provides a foundation for future effective
dissolution and the preparation of hybrid biopolymer films and hybrid biocomposites.

Keywords: silk fibroin; cellulose; composite; ionic liquid; biomaterial; biocomposite; dissolution;
EmimAc; DMSO; blend

1. Introduction

Petrochemical plastic use has burdened the environment and provides an impetus for
the research of sustainable and biodegradable alternatives [1]. Biopolymeric materials show
particular promise and offer sustainable solutions in the medical, structural, and aerospace
fields [2-8]. However, shortcomings in strength, hydrophobicity, and durability ultimately
limit their impact [5]. Hybrid biopolymer composites, composed of multiple different poly-
mers, can improve on material properties compared to non-hybrid alternatives [2,9-16]. In
particular, blends of silk fibroin (SF) and cellulose offer unique compatibility, blending at
the molecular level, and show improved properties in excess of other examples [5,17-21].
It is reported that hybrid composites of SF and cellulose show improved strength, biocom-
patability, and toughness [5,17-21], and retain carbon neutrality and biodegradability [22].
For example, most cellulosic materials will lose 50% of their mass within 30 days in any
natural water and break down into environmentally friendly chemicals [23]. To utilise
these biopolymers in large-scale applications, it is essential to understand their behaviours
intimately throughout the preparation process [24].

Silk is a fibrous protein extrusion, formed of a hierarchical structure with varied chem-
ical compositions. Silk is formed of silk sericin and SF proteins. SF, the structural protein,
commonly has a hexapeptide primary sequence of mostly glycine amino acid units [25].
Raw silks are remarkably tough, flexible, and strong but can contain inherent flaws [26,27].
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Existing voids allow degradation by allowing wetting and acting as water channels. Struc-
tural hydrogen bonds in biomaterials can then be broken by water molecules [27]. These
shortcomings can be overcome through their inclusion in hybrid composites [5,17].

Cellulose is an anisotropic, abundant, biocompatible polymer. It is formed of re-
peat units of glucose [28], with a polymer chain formed of B-1,4-glycosidic bonds be-
tween two anhydroglucose monomer units [28]. Glucose monomer units are present as
D-glucopyranose, the lowest energy ring conformation [5,29]. Cellulose is sparingly soluble
due to extensive inter- and intramolecular hydrogen bonding and amphiphilic behaviour
due to apolar hydrophobic stacking [30].

Cellulose, similarly to silk, forms complex and varied hierarchical structures at differ-
ing length scales. In nanocellulose (1-1000 nm) alone, three divisions are typically seen:
cellulose nanocrystals (up to 90% crystalline particles); cellulose nanofibrils (long entan-
gled fibrils with amorphous and crystalline phases); and bacterial cellulose (high-purity
ribbon-like fibres in a web) [29]. Biopolymer solubility and behaviour is dependent on the
structure, degree of polymerisation (DP), impurities, and temperature [31,32]. Typically,
the source affects the molecular weight of the given polymer and thus impacts solubil-
ity. Unprocessed cellulose can have a molecular weight of more than 500,000 g mol~!,
and standard microcystalline cellulose (MCC) has an approximate molecular weight of
29,000-36,000 g mol ! [33].

Cellulose solubility has been studied more extensively than that of SF and shows the
importance of researching improved solvation techniques. Historically, due to the insoluble
nature of cellulose, harsh and environmentally unfriendly chemical solvents have been
used to dissolve cellulose. Most commonly in industry, the viscose or lyocell process is
used [30]. The viscose process uses CS; to derivatise cellulose going from alkali cellulose to
cellulose xanthate. This is essential to improve the molecular rearrangement in the product
formation but produces sulphur byproducts: sodium sulphate and hydrogen sulphide. An
appropriate level of substitution controls solubility and kinetic hindrance [34]. The entire
viscose process is a major environmental concern due to the emission of CS; and HjS [34].
Some aqueous solvents have achieved solubility without harmful emissions or high energy
consumption, such as Yue Xi et al., who utilised an aqueous AlCl3/ZnCl; solvent system
to dissolve cellulose at room temperature. It was proposed that the smaller AI** ions first
penetrated to break hydrogen bonds and provide additional coordination sites. Larger
Zn?* ions then break more hydrogen bonds to trigger diffusion and dissolution [35,36].
These salts, however, can still impact aquatic environments [37]. Hence, it is essential to
utilise improved solvent systems where possible.

Ionic liquids (ILs) are a sustainable solvent class growing in popularity. These are
defined as salts that melt below 100 °C. Typically, these have a heterocyclic, non-hydrogen
bonding, organic cation with asymmetry and ‘awkward’ conformations that frustrate
crystallisation and reduce the T, [37,38]. They are valued due to their high dissolving
ability, negligible vapour pressure, chemical and thermal stability, non-flammability, and
potential recyclability but can be toxic by various mechanisms triggering membrane rup-
ture [30,39,40]. ILs allow for the customisation of nucleophilicity and ability to break
hydrogen bonds via alterations to the anion or cation [37]. 1-Ethyl-3-methylimidazolium
acetate (EmimAc) is the most commonly used cellulose solvent and can dissolve up to
27 wt% cellulose at room temperature and with low moisture content [30,37,39]. Despite
these benefits, the strong anion—cation association of ILs can cause high viscosity, which
can affect dissolution times and reduce effectiveness [36].

Viscosity-reducing polymer mobility can be combated with cosolvents or by increas-
ing temperature [24]. Dimethyl sulphoxide (DMSO) acts as an efficient, available, and
affordable cosolvent for this purpose [41-43]. DMSO is a suitable cosolvent, as it is aprotic
and highly polar and hence does not impede interactions between IL anions and cellu-
lose [42,43]. DMSO also offers environmentally friendly sustainability, as it is produced
as a by-product from paper production [43]. It can be easily recycled and separated from
cellulose/IL/DMSO mixtures by distillation [44]. Computational and experimental studies
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indicate that DMSO in these systems acts as an ‘innocent cosolvent’, which is a cosolvent
that does not affect the solvation mechanism [13,43,45]. Hawkins et al. showed that DMSO
addition affects the rate but not the activation energy (E,) of dissolution [43]. Similarly,
Tomimatsu et al. showed that the solubility of cellulose in binary IL/DMSO mixtures is
correlated with the hydrogen bond basicity B, and that f does not change with increasing
the DMSO mole fraction (up to 0.9 DMSO mole fraction [42]). Also, the preferential associ-
ation of DMSO around IL cations makes anions more available for dissolution in binary
systems [46,47]. Lastly, DMSO lowers viscosity and improves mass transport in systems
by reducing monomeric friction coefficients in biopolymer/IL/DMSO solutions [43,48].
Hence, the DMSO addition to IL systems can improve the total biopolymer solubility and
dissolution speed.

Despite this evidence, investigations into this solvent system in dissolution conditions
for application in composites are rare [6,13,43]. SF and hybrid systems also remain poorly
understood despite their intriguing applications [49-51]. Using solvent systems that are not
optimised for a specific process can impact material results. For example, longer dissolution
times at higher temperatures can incur biopolymer degradation [33]. Hence, optimising
the speed and effectiveness of the dissolution process offers both greater efficiency and
retained material quality.

In this study, the EmimAc:DMSO solvent system is tested and optimised for the disso-
lution of SF fibres and MCC in conditions similar to those utilised in composite preparation
studies [2,52,53] but not yet investigated with respect to their solution behaviours. The
EmimAc:DMSO ratio is systematically varied for the dissolution of SF fibres and MCC to
establish an optimal solvent composition for both biopolymers, which is found to differ.
Then, the established optimal solutions are tested at a range of weight percentages of the
biopolymer. Polarised optical microscopy is utilised to establish the presence or lack of
undissolved biopolymer contents, and the dissolution behaviour is probed with rheology
and nuclear magnetic resonance (NMR). Characterisation at multiple length scales allows
for the understanding of macroscopic and molecular dissolution behaviours. Ultimately,
the proposed systems are demonstrated to produce homogeneous solutions, which will
then have application in the production of hybrid biopolymer films and composites.

2. Materials and Methods
2.1. Materials

Degummed Bombyx mori silk thread was purchased online (mulberry undyed spun
silk from Empress Mills, Colne, UK) and stored under dry conditions. After dissolution,
this silk is referred to as SF, as it comprises mostly SF. PH-101 MCC was purchased from
Avicell with an approximate 50 um particle size. Images of silk fibres and MCC can be seen
in Figure S1. The IL, EmimAc, was purchased from Proionic, with a purity of 97%. All
EmimAc, cellulose, and silk were dried overnight at 60 °C under vacuum before use. DMSO
with a purity of 99.9% and silicone oil were purchased from Sigma-Aldrich (Darmstadt,
Germany). Methanol was purchased from Fisher Scientific (Loughborough, UK), with
purity of 98%.

2.2. Sample Preparation

MCC or silk fibres were weighed according to the biopolymer weight percentage
of the sample, and solvents were weighed according to the target solvent composition.
Polymeric solids were firstly dispersed in the relevant weight of DMSO, then stirred and
preheated to 100 °C for 30 min. The relevant weight of EmimAc was preheated at 100 °C
for 30 min then mixed with the dispersed solids in DMSO. Solutions were then stirred for
48 h, at 100 °C, at 200 rpm to produce pale yellow to dark amber transparent solutions. SF
solutions showed a darker colour than cellulose solutions. All dissolution was performed
in a sealed atmosphere to minimise water uptake. Throughout this study, the solvent
composition is referred to as the ratio of EmimAc to DMSO in the form EmimAc:DMSO.
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The biopolymer content is stated as a weight percentage of the total solution, for example,
“10 wt% SF”.

After preparation, all samples were stored in sealed vials at room temperature to
prevent moisture uptake. The results of subsequent analyses were averaged over at least
three measurements unless otherwise mentioned.

To indicate if the pretreatment of samples with DMSO affected the solution properties,
separate samples were prepared without dispersal in DMSO. This was performed in the
optimal solvent composition as described in Section 3.1. Imaging of these samples (see
Table S1) showed slower dissolution but no difference in the ultimate solution behaviour.

2.3. Optical Microscopy

During dissolution, representative 1 mL samples were taken at various dissolution
times up to 48 h and imaged on glass slides. Images were taken at 20 x magnification using
a Leica cross-polarised light microscope (London, UK) with a Nikon D7200 digital camera
(Tokyo, Japan). Multiple images were taken across the whole sample to ensure that the
results were fully representative of bulk sample behaviour, though they show an example
of a local region.

2.4. Rheology

Rheological measurements were performed using an Anton Paar MCR302 stress-
controlled rotational rheometer (Luton, UK) with 25 mm parallel plate geometry. The
temperature was controlled with a P-PTD200/62/TG Peltier system (Luton, UK) and a
circulating bath. Steady shear experiments were examined at a shear-rate range from 1 to
100 s~! at 100 °C. This range was chosen to minimise the effects of DMSO evaporation, by
reducing the run time of individual experiments. To minimise water uptake and DMSO
evaporation during experiments, the edges of the sample were coated in a low-viscosity
silicone oil, and a solvent trap loaded with DMSO was prepared around the sample.
This minimised the effects of solvent evaporation and water evaporation on solution
viscosity [54,55]. Each sample was heated to the desired measurement temperature for
1 min and then pre-sheared for 1 min at 1 s}, to ensure adequate heating throughout.

Measurements were repeated three times, and all values and sweeps were given from
averages of at least three runs. In samples with Newtonian behaviours, viscosities at 1 s~
before and after testing were taken to check the effects of water uptake and evaporation.
Values within the bounds of uncertainty indicated that the effect of solvent evaporation
was negligible during these tests. Due to the small shear rate range tested, and Newtonian
behaviours seen in the range, zero shear rate viscosities derived from a cross equation
fitting were deemed inappropriate. Instead, viscosity values were taken from an average
over plateaued regions without significant noise.

2.5. Nuclear Magnetic Resonance

'H NMR proton spectra were acquired using a Magritek Spinsolve desktop NMR
spectrometer at 25 °C. Sixteen scans were taken with a 3.2 s acquisition time, a 4 s repetition
time, and 90° pulse angle. In our analysis, spectral band ‘e’, as defined in Section 3.2.3 and
corresponding to the EmimAc cation methyl group, was used as an internal reference signal
and assumed to have a fixed chemical shift independent of the biopolymer concentration.
Other 'H NMR studies on imidazolium-based ILs indicate that the chemical shift of this
spectral band is largely independent of extrinsic variables, such as IL concentration in
water/IL solutions and cellobiose concentration when solvated in EMIMACc [56-58].

3. Results and Discussion
3.1. Effects of Binary Solvent Composition

The initial solvent composition was investigated at 10 wt% biopolymer content, as this
is well below the quoted saturation values of both cellulose and SF at 25 wt% and 20 wt%,
respectively [56,59]. A weight percentage of 10% was commonly used in studies and seen
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to produce the resulting materials of high strength [60]. It is of importance to note that
achieving a maximal polymer concentration in solution was a priority due to the associated
material property improvements [5]. This is due to the highly associated polymer chains
promoting crystallite formation and increasing interaction density improving network
strength [5].

3.1.1. Optical Microscopy

The birefringence of silk and cellulose biopolymers was used to ascertain the total
dissolution of solutions by polarised light microscopy of the sample [51,60,61]. Polarised
optical microscopy of 10 wt% solutions of cellulose in various EmimAc:DMSO ratios can
be seen in Table 1, sampled at various times up to a maximum of 48 h.

Table 1. Table showing the dissolution behaviour of Avicell MCC over time (up to 48 h) at different
EmimAc:DMSO solvent ratios. All images are taken at x20 magnification using transmission cross-
polarised light microscopy. Scale bars shown are equivalent to 1 mm. Table heading E:D refers to the
solvent ratio between EmimAc and DMSO.

E:D

1:0

8:2

6:4

4:6

2:8

0:1

Table 1 indicates that the system with a 2:8 EmimAc:DMSO solvent ratio dissolved
most quickly as shown by the lack of birefringent content after two hours. This shows
agreement with the studies by Ren et al. and Tomimatsu et al., who found system optima
at 0.09-0.5 and 0.2 IL mole fraction for the dissolution of MCC in EmimAc:DMSO solvent
systems [41,42]. As a control, no dissolution was seen in a 100% solution of DMSO (0:1)
in Table 1. Next, a similar set of experiments was conducted with silk fibres. Optical
microscopy of 10 wt% solutions of SF in various EmimAc:DMSO ratios can be seen in
Table 2, sampled at various times up to a maximum of 48 h.
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Table 2. Table showing the dissolution behaviour of SF over time (up to 48 h) at different Emi-
mAc:DMSO solvent ratios. All images are taken at x20 magnification using transmission cross-
polarised light microscopy. Scale bars shown are equivalent to 1 mm. Note the presence of undis-
solved solid after 48 h at 2:8 EmimAc:DMSO solvent composition. Table heading E:D refers to the
solvent ratio between EmimAc and DMSO.

E:D 24 h

1:0

8:2

6:4

4:6

2:8

0:1

Table 2 shows that the system with 8:2 EmimAc:DMSO solvent ratio dissolved most
quickly. Very interestingly, this shows a large difference from the optimal EmimAc:DMSO
ratio found for MCC, which was 2:8 EmimAc:DMSQO as described above. This deviation
in optimal solvent composition is impacted by biopolymer choice and physical form. The
hierarchical structure impacts the dissolution speed at the macroscopic level by changing
bulk viscosity and aggregation behaviour [24,33,62]. At the molecular level, biopolymer
chemistry can impact monomeric friction coefficients, solvent thermodynamic quality, and
IL dissociation [13,15,41-43,45-48,56,63].

3.1.2. Rheology of Samples

Rheology was performed to investigate the viscosity of solutions after 48 h, at which
time the cellulose and SF was completely dissolved in most samples. These tests were
performed between 1and 100s~!, and at the same temperature as the dissolution performed
in similar composite preparation studies of 100 °C [6,53,59,64]. Though total dissolution
was the primary concern of this study, a secondary priority was to reduce solution viscosity
to ease sample preparation for any future planned work on the manufacture of hybrid
biocomposites. Reduced viscosity increases matrix penetration into supporting fibres for
use in reinforced composites, though it must also be considered that too low a viscosity can
cause excess material loss during preparation [6]. The shear rate sweeps of both cellulose
and SF at different solvent compositions can be seen in Figure 1.
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Figure 1. Logarithmic plots of shear rate dependence of the steady shear viscosity of (a) 10 wt%
cellulose and (b) 10 wt% SF solutions at various EmimAc:DMSO ratios after dissolution for 48 h.

At the chosen temperature of 100 °C, Newtonian behaviour is noted across most of
the shear rate sweeps shown in Figure 1a,b. Deviations from Newtonian behaviour are
seen at 0:1 EmimAc:DMSO for 10 wt% cellulose solutions and at 2:8 EmimAc:DMSO for
10 wt% SF solutions. This is supporting evidence for the optical micrographs shown in
Figures 1 and 2, where these were the only two sampled solutions at 48 h that showed
remaining undissolved content. SF fibres in a 0:1 EmimAc:DMSO could not be rheologically
tested due to significant jamming from undissolved fibres. Similarly to Figure 1, Owens et al.
found that increasing the solution temperature of cellulose in EmimAc reduces viscosity
and increases the shear rate at which shear thinning behaviour is noted [24]. The intrinsic
viscosity was also reported to decrease with elevated temperature due to a decrease in
solvent quality and polymer chain size [33]. Conversely, in studies at lower temperatures
or without a DMSO cosolvent, shear thinning was commonly observed [24,32,33,48-50].

Average solution viscosities in terms of EmimAc:DMSO ratios and the biopolymer
type can be seen in Figure 2, highlighting the exponential decrease in viscosity seen with
the addition of DMSO.
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0 0.5 1
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Figure 2. Plot of logarithmic viscosities against the weight fraction of DMSO in solvent. The
DMSO/SF solution was unable to be tested, and the DMSO/MCC solution showed significant
deviation from Newtonian behaviour, so both were excluded.

Figure 2 indicates three main aspects. First, the average viscosities of the 10% weight
solutions for both cellulose and silk are two orders of magnitude higher than the equivalent
pure solvents at the same EmimAc:DMSO ratio. Second, as expected, the average viscosity
of the solutions falls as the DMSQO content is increased. And thirdly, the average viscosities
of the two biopolymer solutions are comparable for all EmimAc:DMSO ratios.
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The effect of organic cosolvents on the viscosity of ILs has previously been expressed by
an exponential equation [46,48]. This relationship between the viscosity of the IL/cosolvent
mixture and the concentration of the cosolvent can be described by the following equa-
tion [46,48]:

lnnzlnmL—xDﬂ (1)
where 77 and 775, are the viscosities of a given solution and the solution with a pure EmimAc
solvent; xpso is the mole fraction of DMSO in the solvent mixture; and « is a constant.
When xppso = 1, Equation (1) can be rewritten as the ratio of viscosities of solutions of
pure EmimAc and pure DMSO solutions. Therefore, this fitting tells us about the ratio
of solution viscosities in the conditions shown. To best represent the logarithmic fitting
behaviour modelled, the fit was performed between zero and the data point with the
highest DMSO content. The fittings for solvent mixture, 10 wt% SF, and 10 wt% cellulose
solutions at 100 °C are shown in Figure 3. The shear rate sweeps for pure solvent values
plotted can be seen in Figure S2.
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Figure 3. Logarithmic plot of viscosities against the DMSO mole fraction with linear fittings calculated
according to Equation (1). The DMSO/SF solution was unable to be tested, and the DMSO/MCC
solution showed significant deviation from Newtonian behaviour, so both were excluded from
the fittings.

The logarithmic fitting in Figure 3 shows that pure solvent solutions at this temperature
vary less with DMSO than solutions with biopolymer content. All fitting values can be
seen in Table 3 below.

Table 3. Table of a and R? values for log fitting of IL/DMSO solutions with Equation (1). Values for
25 °C pure solvent fitting are taken from the literature [48]. Errors in & values are estimated from the
least-squares fitting using the ‘jack-knife” or numerical substitution method [65].

Biopolymer Solute Temperature/°C o R?
10 wt% Cellulose 100 0.31 +0.01 0.88
10 wt% SF 100 0.44 £ 0.01 0.95
None 100 0.49 +0.01 0.91

None 25 0.15 0.99

Both Figure 3, and the R? values in Table 3 show deviation from the logarithmic fitting.
It is reported that DMSO disrupts the dynamic ion clusters within ILs [33,46], and the small
increase in experimental viscosity above the theoretical mixing law indicates weak interac-
tions between the DMSO and IL system components [46]. The larger deviation shown in
10 wt% cellulose samples could indicate a larger effect on viscosity from DMSO/IL interac-
tions in these solutions. Interestingly, it has also been shown that cellulose dissolution is
dependent on ion mobility and IL hydrogen bond basicity B, conferring the importance of
IL and DMSQO interactions [42].
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Based on the speed of dissolution shown in Table 1, and the Newtonian behaviours
shown in Figure 1a, a solvent composition of 2:8 EmimAc:DMSO will be further investi-
gated for the effective dissolution of cellulose. This is a similar composition to the optima
proposed by Ren et al. and Tomimatsu et al. for the rapid dissolution of MCC but differs
from studies on the dissolution of cellulose fibres [6,41-43].

Based on Table 2 and Figure 1b, a solvent composition of 8:2 EmimAc:DMSO will
be further investigated for the dissolution of SF. Though this composition choice may be
influenced by the biopolymer type, Seoud et al. found system optima between 0.5 and
0.9 DMSO mole fraction in similar IL/DMSQO binary solvent mixtures [51]. This implies
the largest effect, dictating that optimal IL/DMSO compositions may be of a biopolymer
form or macroscopic hierarchical structure.

While studying flax fibre dissolution, Hawkins et al. reported a reduction in the
dissolution rate above 50 wt% DMSO [43]. This was attributed to a change in DMSO
preferential association from cation to anion above 0.6 mole fraction DMSO [46,47,66],
despite an activation energy of dissolution of 100 + 10 k] mol ! independent of the DMSO
concentration [43]. Conversely, lower DP cellulose forms have shown effective dissolution
at higher DMSO concentrations [41,42]. This contradiction implies that IL/DMSO systems
are effective solvents at high DMSO concentrations but are unable to disrupt larger, more
entangled biopolymer networks. This could indicate that longer chain biopolymers (like
MCC compared to fibres [5,33]) are governed primarily by macroscopic viscosity and
diffusive effects in these systems [5,35,42,67]. This supports Liang et al., who found a
difference in dissolution speed across three different arrangements of cotton fibre bundles,
despite a consistent activation energy of dissolution [62]. Most studies have focused
on dissolution mechanisms at the mesomolecular level as dictated by cellulose’s largely
insoluble amphiphilic structure [40], but the work by Cuissinat and Navard highlights five
modes of interaction for the dissolution of cellulose fibres in ionic liquids observable by
optical microscopy [62,68]. We can therefore rationalise the different dissolution speeds with
corresponding modes [68]: (1) fast dissolution by disintegration into fragments; (2) large
swelling by disintegration and complete dissolution; (3) large swelling by ballooning and
no complete dissolution; (4) homogeneous swelling and no dissolution; and (5) no swelling
and no dissolution.

Interestingly, this discrepancy may be exacerbated by differences in the definition of
dissolution across the literature. In some studies, dissolved sections are measured by total
coagulated content around a partially dissolved fibre after partial solvation in an IL and
coagulation in an antisolvent [6,43,62,69]. This implies that the coagulated content does not
disperse fully into the solution to achieve a full solvation cage. The term ‘dissolution” in
this case may more accurately refer to the entry of solvent ions into the polymer network
and the disruption of the crystalline content. Other techniques, such as small-angle X-ray
scattering and NMR, can indicate dissolution to the molecular level up to high biopolymer
concentrations [56,70-72]. In other studies, the saturation concentration is tested by the
timed addition of undissolved content [41]. This could impart a greater impact from
dissolution speed as opposed to truly finding a system’s saturation concentration.

3.2. Weight Percentage of Biopolymers in Optimal Solvent Systems

After establishing optimal EmimAc:DMSO solvent ratios for both biopolymers in a
10 wt% composition, we then investigated the total solubility of the given biopolymers in
these solutions between 0 and 20 wt% biopolymer. This was to confirm the solvation be-
haviour over the concentration range chosen, and to establish the saturation concentration
of the solvent systems used. Again, all solutions were stirred at 200 rpm, and 100 °C for
48 h to dissolve prior to testing.

3.2.1. Optical Microscopy

The optical microscopy of different weight percentage solutions of MCC in a solvent
composition of 2:8 EmimAc:DMSO can be seen in Table 4.
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Table 4. Table showing the dissolution behaviour of MCC at various weight percentages after 48 h of
dissolution with stirring at 100 °C. All images were taken at x20 magnification using transmission
polarised light microscopy. Scale bars shown are equivalent to 1 mm. Note: at 11 weight percent of
cellulose in solution, undissolved crystalline content can be seen on the pum length scale as highlighted.

Weight Percentage of Cellulose in Solution

0 wt% 5 wt% 9 wt% 10 wt%
11 wt% 15 wt% 20 wt%
e N b s

Table 4 shows that above 10 wt% cellulose for our dissolution conditions undissolved
particles at a um length scale remain in solution. This value indicates a saturation con-
centration below some literature examples with lower DMSO concentrations [32,41,56].
This could be linked to the lower total quantity of IL ions stabilising the solvation shell in
solution but only confirms the macroscopic behaviours [24]. Molecular behaviours with
changes in weight percentage are discussed in Section 3.2.3. The optical microscopy of
different weight percentage solutions of SF in a solvent composition of 8:2 EmimAc:DMSO
can be seen in Table 5.

Table 5. Table showing the dissolution behaviour of SF fibres at various weight percentages after
48 h of dissolution with agitation at 100 °C. All images were taken at x20 magnification using
transmission polarised light microscopy. The scale bars shown are equivalent to 1 mm.

Weight Percentage of Silk Fibroin in Solution
0 wt% 5 wt% 9 wt% 10 wt%

C——ly

G——ly

11 wt% 20 wt%

Table 5 shows SF solutions with undissolved fibres above 11 wt%. This implies a
saturation concentration between 11 and 15 wt% in this solvent system. This is above the
concentrations used in many literature examples [49-51], but lower than the maximum
of 20 wt% SF achieved by Zhang et al. in pure EmimAc [59]. This reduced saturation
concentration could indicate that the total solubility in this solvent composition is reduced
by the introduction of DMSO into the solvent composition.

3.2.2. Rheology

Shear rate sweeps were taken at various weight percentages of MCC in a solvent
composition of 2:8 EmimAc:DMSO; see Figure 4a. Viscosities were then plotted against
cellulose weight percentage; see Figure 4b. Equivalent plots for SF fibres dissolved in 8:2
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EmimAc:DMSO solutions can be seen in Figure 4c,d. The viscosity values in the semi-
dilute entangled regime were fitted with a power law dependency as described by Lefroy
etal. [33]:

n = k" )

where 77 is the sample viscosity, k is a constant, c is the biopolymer weight percentage, and
n is the power law exponent.
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Figure 4. Logarithmic plots of viscosity as a function of (a,c) shear rate at each given weight percentage
of cellulose and SF; and (b,d) the weight percentage of cellulose or SF with fits extrapolated according
to Equation (2).

Figures 4a,c and S2 highlight the low shear regime (of increased variation) shown
in EmimAc:DMSO solutions at 0 wt% cellulose or SE. This is likely caused by the hydro-
gen bonding of EmimAc ions causing weak cluster networks [33]. The presence of this
behaviour despite preshear indicates dynamic networks with rapid formation at low shear
rates. Lefroy et al. found that this behaviour disappears with cellulose introduction due
to the disruption of IL clusters by fully dissolved polymer chains [33]. We confirm this
finding for both biopolymer examples.

Figure 4a,c show predominantly Newtonian behaviours below the saturation con-
centrations proposed in Section 3.2.1. The lack of shear thinning differs from similar
weight percentage cellulose solutions in the literature at lower DMSO solvent contents and
lower temperatures [32,48]. This shows an increase in the onset value of shear thinning in
the samples tested at higher temperatures [24,33,48,49]. Viscosity is also reduced by the
introduction of DMSO and increased temperature [24,32,33,48,49].

Viscosities seen for SF solutions with 8:2 EmimAc:DMSO solvent ratios, in Figure 4c, are
higher than the equivalent weight percentages in cellulose solutions with 2:8 EmimAc:DMSO
solvent composition. This shows the DMSO content of the solvent system to be more
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impactful than the biopolymer in controlling solution viscosity in this case. Despite this,
SF solutions are noted to be less viscous than equivalent cellulose solutions due to greater
chain flexibility and/or lower molecular weights [5,7,64].

By fitting with Equation (2) for values up to 10 wt% cellulose in Figure 4b, and up to
11 wt% SF in Figure 4d, a transition from the semi-dilute entangled regime to incomplete
dissolution is shown. This deviation supports the optical micrographs in Tables 4 and 5
in showing showing a saturation concentration at 10 wt% and 11 wt% for cellulose and
SF respectively. All values tested are above the literature entanglement concentrations for
MCC Ce = 1.3+ 0.1 [48,73], so they show only the semi-dilute entangled regime. Our
fittings show an exponent of n = 2.3 £ 0.1 for cellulose solutions and n = 2.2 £ 0.1 for
SF solutions, which match the results by Gericke et al. for the equivalent region of pure
EmimAc/MCC solutions at 100 °C [32].

Predictions for neutral polymers give a power law index, #, of 1, 2 and 14/3 in a
6 solvent, and 1, 1.3 and 3.9 in a good solvent for neutral polymer solutions in dilute,
semi-dilute unentangled, and semi-dilute entangled regimes, respectively [73]. n values for
both SF and cellulose solutions are less than the theoretical predictions for 6 solvents. This
indicates a deviation from 6-solvent behaviour with increased temperature, as previously
shown with similar IL-biopolymer solutions, but that the solvent composition tested does
not effect the solvent quality [32,48,63,73].

Despite variations in the DMSO concentration, the entanglement state of the SF or
cellulose biopolymer in EmimAc:DMSO solutions tested is relatively unchanged. This
finding extends from the work by Lv et al., who showed that an increased DMSO con-
centration (50 wt%) does not affect the entanglement state but reduces the monomeric
friction coefficient and hence the viscosity and relaxation times [48]. Tomimatsu et al. also
confirmed a maximum cellulose solubility at approximately 0.8 DMSO mole fraction due
to an increase in ion mobility [42]. They showed that the IL solvation ability correlates with
hydrogen bond basicity 8, and that the  of EmimAc is largely constant up 0.9 DMSO mole
fraction [42]. This supports our conclusion that the solvent quality is maintained from 1:0
to 2:8 EmimAc:DMSO solvent compositions.

3.2.3. NMR

To investigate the molecular behaviour of solutions, NMR is performed. Cellulose
peaks cannot be clearly defined due to the relatively low population of protons in the
studied ranges [56], and hence the local interactions and molecular behaviours are studied
by the chemical shift dependence of EmimAc peaks on the biopolymer concentration as
shown in Figure 5.

Figure 5a,b show a shift in the EmimAc chemical environment up to 11 wt% MCC,
indicating that the local environment for EmimAc cations is changing [56]. This is consistent
with the coordination of IL ions with cellulose hydroxyl groups as proposed by Zhang et al.
for the dissolution and solvation mechanism of cellobiose in EmimAc [56,58]. The change
in chemical shift seen implies an increase in the cellulose content in solution and hence
confirms alterations in the molecular level behaviour of these samples.

A shift in spectral bands is also seen with increasing the SF content in Figure 5c,d,
indicating the association of IL cations with SF hydroxyl groups equivalent to that seen in
cellulose and cellulose-derived biopolymers [56,58,69]. This confirms the SF dissolution
mechanism theorised by Phillips et al. that IL ions disrupt the hydrogen bonding domains
in B-sheet/crystalline regions of SE, incurring solvation [5,69].

Figure 5d shows the continued chemical shift at concentrations in which fibres were
seen to be undissolved (15-20 wt% SF). This highlights the distinction between macroscopic
and microscopic dissolution behaviours [33,62,74]. Though the solution increased in con-
centration of SF molecules, the solvent system was not capable of dissolving the fibres as
seen in Section 3.2.1. The difference between local molecular (NMR) and bulk (rtheology and
optical microscopy) saturation concentrations indicates a distinction between the solvent
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thermodynamic quality at the molecular level, and the ability of a solvent system to disrupt
and disperse polymer networks.

Notably, peaks in Figure 5c are more clearly distinguished than those in Figure 5a due
to the larger relative population of EmimAc protons in the solvent composition. Samples
with higher weight percentages of biopolymers are also higher in viscosity, which reduce the
sample isotropy and hence signal quality [56]. Any data points omitted in Figure 5b,d are
excluded due to the peaks being poorly distinguished at higher biopolymer concentrations.
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Figure 5. (a,c) 'H NMR spectra of 2:8 EmimAc:DMSO solutions at various cellulose concentrations
and 8:2 EmimAc:DMSO solutions at various SF concentrations, respectively. The inset shows the
chemical structure of the [Emim]* and [Ac]~ ions of EmimAc. Peaks signals labeled a—g are attributed
to equivalent proton environments seen on the EmimAc diagrams. (b,d) show the concentration
dependence of the change in "H NMR chemical shifts for the proton environments labelled in the inset
molecular diagram. Linear fits are included as a guide to the eye. The error bars are approximately
equal to the size of the data points used. Samples above 11 wt% MCC are too viscous to be prepared
in the given NMR tubes. In SF fibre solutions with undissolved content, the solution is pipetted away
from the undissolved content for NMR analysis. All peak integrals and tabulated raw data can be
seen in Tables S2 and S3.

3.3. Preparation of Hybrid Solutions and Coagulated Films

Having achieved the dissolution of both SF and cellulose biopolymers and created
solutions of minimal viscosities, solutions of 10 wt% cellulose in 2:8 EmimAc:DMSO
solvent ratio and 10 wt% SF in 8:2 EmimAc:DMSQO solvent ratio are prepared by with the
method described in Section 2. Equal masses of these solutions are mixed at 200 rpm for
30 min at 100 °C to indicate the effectiveness in producing hybrid solutions for composite
preparation. This causes no coagulation or aggregation out of solution as indicated by
the optical microscopy in Figure S3 and the Newtonian behaviour with a viscosity of
142 + 2 mPa.s as seen in Figure S4. This implies the homogeneity and stability of the
biopolymers in solution and indicates the effectiveness of the dissolution method for future
hybrid biocomposite preparation.
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A film preparation method is then developed from the literature examples [53]. The
polymer solution is poured into a circular petri dish (10 cm diameter) and left to de-aerate
for 2 h at 70 °C under vacuum. The cast film is then coagulated in a methanol atmosphere
statically for 24 h, by placing under a vacuum environment with 200 mL of methanol. The
film is then washed in deionised water (5 L) for 48 h. The water is replaced twice in that
period. This wet gel is then dried at room temperature and humidity for 6 h. Films are
then pressed between flat metal sheets (=30 N using bulldog clips) to minimise warping
due to differential shrinkage during drying and cooling, then dried for 24 h at 60 °C [53].
By altering the weight percentage ratio of the mixed solutions, films are successfully
produced of 0-100 wt% SF content as shown in Figure 6. Having developed the optimal
EmimAc:DMSO ratios for dissolving the two biopolymers, and blended them, a subsequent
publication will examine the mechanical properties of a range of hybrid biopolymer films
with differing cellulose/silk ratios.

(a) (b)

Figure 6. Example photos of (a) wet gels with weight percentage of silk fibroin from 0-100 wt% and
(b) an example dried film of 15 wt% SF content.

4. Conclusions

The effect of the EmimAc:DMSO solvent ratio was first investigated for the dissolution
of a 10 wt% fraction of SF and MCC at 100 °C. MCC was most quickly and efficiently
dissolved in a 2:8 EmimAc:DMSO solvent mixture, and SF fibres were most efficiently
dissolved in an 8:2 EmimAc:DMSO solvent mixture. The steady-shear rheology of solutions
at various solvent compositions with 10 wt% biopolymer content (for samples dissolved
for 48 h) was measured and showed mostly Newtonian behaviours. Deviation from New-
tonian behaviour was only found for samples that showed undissolved material in optical
microscopy, offering an additional method to establish when full dissolution had occurred.
The steady shear viscosities were then plotted as function of the DMSO mole fraction, and
deviation from the exponential mixing rules of solvents indicated that EmimAc:DMSO
interactions affected the viscosity significantly in all solvent systems studied. This showed
the impact of solvent—cosolvent interactions on bulk viscosity. Comparison with trends
in the literature indicated that the dissolution behaviour of different solvent compositions
was greatly affected by the biopolymer form [41-43,62]. Larger hierarchical structures or
longer-chain biopolymer networks required solutions with a higher IL concentration to
effectively disrupt the polymer network.

The total solvation ability of the selected optimal solvent mixtures was then tested at
different biopolymer weight percentages. The macroscopic dissolution behaviours to the
um length scale were investigated with optical microscopy and rheology. Imaging showed
undissolved content at 11 wt% cellulose upwards and from 15 wt% SF upwards. This
implied a saturation concentration between 10-11 wt% and 11-15 wt% for cellulose and SF
respectively. This was confirmed by deviation from a power law dependency in viscosity
against sample concentration at these values. This fitting in the semi-dilute entangled
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region showed agreement with similar studies at lower DMSO contents, with power law
exponents, 7, of 2.2 and 2.3 & 0.1 for SF and cellulose solutions, respectively [32]. This
confirmed that the solvent systems thermodynamic quality and biopolymer conformations
remained relatively constant from 1:0 to 2:8 EmimAc:DMSO solvent compositions.

Having established that effective solvation conditions hybrid solutions were pre-
pared and then used to create blend hybrid biopolymeric materials, future investigation
will build on this finding and characterise biopolymer films as well as reinforced hybrid
biocomposite examples.

Lastly, a discrepancy between the molecular and macroscopic behaviours is evidenced
by the difference in the apparent saturation content in the SF fibres in this study. NMR
evidence shows continued solvation up to 20 wt% SF as expected from the literature [59],
beyond the optically observed saturation point between 11 and 15 wt% SF. Hence, the
thermodynamic quality of the solvent at the molecular level is shown to be beyond the
macroscopic dissolution achievable with this procedure. This highlights the necessity of
investigating multiple length scales in evaluating solvation behaviour.

In future studies, computational coarse-grained modelling may be able to bridge the
understanding between macroscopic, mesoscopic, and microscopic dissolution behaviour
in hybrids systems [15,75]. This could help elucidate further the effect of macroscopic
arrangement, hierarchical structure, biopolymer sources, and DP on complex solution
behaviours [62]. In particular, SF specific studies on this topic would add to the current un-
derstanding greatly. Investigation into composites manufactured with this understanding
could help greatly in fields of biomedical and materials research [4,76-79]. Further research
of ionogel devices created with the solutions studied here could aid the development of
next-generation sustainable electrochemical devices [13,80]. For example, ionic liquids can
act as high-performance electrolytes in cellulose-based flexible super-capacitors [80]. It is
important to note that this study lacks the direct observation of dissolution mechanisms
occurring in the solvent system. This could be improved by the use of cryogenic transmis-
sion electron microscopy imaging in future studies [72]. A more precise optimum could
also be derived for this system with more solvent/cosolvent ratio variations, through a
design-of-experiments approach.

This research improves the understanding of biopolymer dissolution in EmimAc:DMSO
systems and shows how this could be applied to produce hybrid biopolymer materials.
It provides further insights into the dissolution behaviours occurring on a macroscopic
and local level, which is crucial to understand the properties of materials coagulated
from IL solutions. The knowledge contributed will help to implement and hasten further
developments in the field of sustainable materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma17215262/s1, Figure S1: Polarized light microscopy image of
Avicel Ph-101 microcrystalline cellulose and degummed silk fibres; Figure S2: Logarithmic plots of
shear viscosity against shear rate in EmimAc/DMSO mixtures; Figure S3: Polarized light microscopy
image of 10 wt% hybrid biopolymer solution; Figure S4: Logarithmic plots of shear viscosity against
shear rate of a 10 wt% hybrid biopolymer solution; Table S1: Polarized light microscopy image of
10 wt% Avicell microcrystalline cellulose in 2:8 EmimAc:DMSO solvent composition without initial
dispersion; Table S2: Raw data from 'H NMR spectra of 8:2 EmimAc:DMSO solutions at various SF
concentrations; Table S3: Raw data from 'H NMR spectra of 2:8 EmimAc:DMSO solutions at various
cellulose concentration.
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Abbreviations

The following abbreviations are used in this manuscript:

SF Silk Fibroin

MCC Micro-Crystalline Cellulose
Dp Degree of polymerisation
IL Ionic Liquid

EmimAc 1-ethyl-3-methylimidazolium acetate
DMSO Dimethyl Sulphoxide

NMR Nuclear Magnetic Resonance
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Abstract: Prolamins, proteins derived from plants, have extensive applications in pharmaceutics
and food science. Jiuzao is a byproduct of the Baijiu brewing industry, and is a great source of
prolamin. Despite its importance, knowledge regarding the extraction techniques and the properties
of prolamin derived from Baijiu Jiuzao (PBJ) remains limited. Reverse micelles (RMs) extraction
offers an efficient and cost-effective method for purifying proteins. In the present study, prolamin
was extracted from Baijiu Jiuzao using RMs extraction and subsequently characterized in terms of
its secondary structure, morphology, and particle size distribution. Our findings indicate that the
purified prolamin extracted using further RMs extraction possessed higher a-helix content (+13.25%),
forming a large-scale protein network, and narrower particle size distributions compared to the
crude prolamin obtained by NaOH-ethanol method. This research suggests that RMs extraction
has potential applications in extracting prolamin from brewing industry byproducts, offering an
environmentally friendly approach to Baijiu Jiuzao recycling.

Keywords: prolamins; Baijiu Jiuzao; reverse micelles extraction; secondary structure; protein structure

1. Introduction

Prolamins are cereal proteins, which are parts of the storage protein found in plant
seeds. The prolamin family includes zein (corn), kafirin (sorghum), gliadin (wheat), avenin
(oat), secalin (rye), and hordein (barley) [1]. Prolamins, containing a high proportion of hy-
drophobic amino acids (proline, leucine, alanine) and some polar amino acids (glutamine),
would be dispersed in alcoholic solutions [2,3]. Due to the low solubility in water, prolamins
can be easily transformed into spherical colloidal nanoparticles by anti-solvent precipitation
techniques, which makes it an ideal material to encapsulate active compounds [4,5]. Thus,
prolamins could be applied to extending the shelf life of perishable food, stabilizing picker-
ing emulsions, controlling release fertilizer and drug delivery systems [3,5]. As prolamins
have shown outstanding hydrophobicity and film-forming ability, these proteins have
attracted growing attention in the field of biodegradable polymeric nanoparticles.

Jiuzao is the by-product of baijiu production, which is the fermented residue of grains
and rice husk. As one of the six most famous worldwide distilled beverages, Baijiu could
be annually generated as high as ~3 x 10! kg [6]. Besides the remarkably high production
volumes of Baijiu, there is approximately 40 million tons of Jiuzao produced every year [7].
Because of the limitation and low efficiency of traditional distillation technology and solid-
state fermentation, there are abundant proteins and fibers remaining in Jiuzao [7]. Jiuzao
exhibits an acidic environment due to the organic acids produced by microorganisms such
as yeast, acetic acid bacteria, molds, and bacteria [8]. If not properly managed, Jiuzao
can pose environmental challenges, including air quality issues and soil contamination,
with large-scale accumulations leading to foul odors and fly breeding [9]. At present,
approaches to Jiuzao utilization can be majorly divided into four categories: (i) feeding,
(if) high-value component extraction, (iii) biomass energy production, and (iv) agriculture
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application (composting and soil conditioner) [7]. Nowadays, the majority of Jiuzao is
merely used as a constituent of fodder for livestock [10]. The abundance of rice husks in
Jiuzao results in poor feeding quality, ultimately contributing to a low price and small-scale
consumption, thus leading to difficulties in making use of the large quantity of Jiuzao
produced every year.

Despite rice husk, Jiuzao is the fermented residue of high-quality grains, such as
sorghum, wheat, rice, corn, etc. These grains contain large amounts of prolamins. For
example, around 70-90% of the total protein in sorghum [11] and approximately 80-85% of
the total protein in wheat [12] is prolamins. During the fermentation process, large amounts
of starch and saccharides are consumed while most prolamins are left over. Studies show
that prolamins account for approximately 45% of the total protein of Jiuzao [13]. Studies
show from 2014 and up to 2019, around 247 investigations have been published dealing
with the obtention of nanoparticles and nanofibers using prolamins, of which only 2.0%
correspond to materials obtained from cereals by-products [5]; even fewer reports are
about prolamins obtained from Jiuzao. Recycling the prolamins in Jiuzao (PBJ) might be an
efficient and environmentally friendly alternative strategy with economic value.

Studies show that prolamin molecules like kafirins from sorghum are polymeric and
monomeric, easily forming a cross-linked aggregation. Alao prolamins tend to form more
highly extended, strong web-like microstructures during the brewing processing [14].
In addition, Jiuzao is rich in bioactive components, including peptides, flavonoids, organic
acids, and polyphenols, which have complex components [15]. These all indicate that
prolamins might not be easy to extract from Jiuzao. It is reported that extraction efficiencies
of kafirin from sorghum distillers dried grains were achieved at 44.2, 24.2, and 56.8% by
using acetic acid, HCl-ethanol, and NaOH-ethanol, respectively [16]. It is also reported
that the extraction efficiency of PB] was attained at the highest (43.63%) when 70% ethanol
(w/w) was used as the extraction solvent, followed closely by glacial acetic acid (40.11%),
and 55% isopropanol had the lowest efficiency (32.11%) [1]. Despite the highest extraction
efficiency, the PBJ extracted by 70% ethanol (w/w) had a darker color and lower purity
than that via glacial acetic acid. Some impurities, such as polysaccharides, were easier to
be co-extracted with 70% ethanol (w/w) [1]. In order to meet the requirements of forming
nanocarriers to deliver bioactive compounds such as pharmaceutical molecules, a high
purity of prolamins is needed. Therefore, combined approaches to improve extraction
efficiency and purity of PB] is necessary.

Reverse micelles (RMs) are self-assembly aggregates formed by surfactants in an or-
ganic solvent [17]. The nanometer-sized water pools formed in the polar cores of RMs can
host various hydrophilic solutes, and provide a safe medium for bioseparation [18]. A typi-
cal reverse micelles (RMs) extraction includes two steps: forward and back extraction [19].
Highly efficient purification of the target molecules using RMs extraction can be achieved
by varying parameters in both the organic phase and the aqueous phase, including pH,
concentration of salts, ethanol volume fraction, and concentration of surfactant, etc. [20,21].
RMs extraction has been used to purify plant proteins such as soy protein [22], peanut
protein [23], walnut protein [24], bromelain [25], and papain [26]. Therefore, RMs extraction
has a high potential for downstream processing, especially in food science.

Some studies have found that there are conformational transformations of proteins
purified by RMs extraction [23,27,28]. The proportion of (3-sheet structure of 7S globulins
from soybeans, prolamin, and glutelin fractions from walnut protein increased after bis
(2-ethylhexyl) sulfosuccinate sodium salt (AOT) RMs extraction [23,28]. In our previous
study, some of the disordered structures (random coil) of the microbial transglutaminase
(MTGase) transformed into the ordered structures (x-helix) as the ionic strength increasing
in CTAB backward extraction. It was also found that solvent polarity induces the original
a-helices of prolamin (zein) to transform into (3-sheet [29]. The change in the secondary
structure of prolamin causes a difference in its self-assembly. Under this condition, the
prolamin prefers to form a weak hydrophobic shell, a strong hydrophobic intermediate
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region, and a relatively stronger inner hydrophobic core, in which various bioactives are
encapsulated [30].

The current research aims to use an NaOH-ethanol method and RMs extraction to
obtain purified PB] from Jiuzao. Secondary structures, morphology, and particle size
distribution of PBJs were observed. This study aims to establish a technique combining
NaOH-ethanol method and RMs extraction for prolamins recycled from Jiuzao.

2. Materials and Methods
2.1. Materials and Chemicals

Baijiu Jiuzao was obtained from Sichuan Wuliangye Co., Ltd. (Yibin, China). Cetyltrimethy-
lammonium bromide (CTAB) was purchased from Aladdin Industrial, Inc. (Shanghai, China).
BCA protein assay kit was purchased from Sangon Biotech Co., Ltd. (Shanghai, China).
N-octane, ethanol, n-hexanol, and other chemicals were purchased from Titan Scientific Co.
(Shanghai, China). All chemicals were of analytical grade.

2.2. Method
2.2.1. Preparation of Crude PBJ Powder from Baijiu Jiuzao

The frozen Baijiu Jiuzao was dried at 80 °C until its mass was constant, then smashed
and fitted with a 425 um opening screen. The smashed powder of Jiuzao was extracted using
NaOH-ethanol method according to the reference [1], and then defatted using n-hexane at
50 °C with a solvent-to-sample ratio of 10:1 (mL/g) three times to obtain crude PBJ powder.

2.2.2. Forward Extraction

The extraction method was conducted according to the method described by previous
references with some modifications [31]. A total of 1 mL 10-80% (v/v) ethanol solution
(10 mM phosphate buffer (pH 4-9) containing 0.1-0.6 M GuHCl or KBr) and 1.0 mg crude
PBJ powder was mixed with 1 mL of the CTAB/octane/hexanol solution (volume fraction
of hexanol and octane was 1:5, [CTAB] = 20 mM. Vaq:Vrm = 1:1), followed by mixing for
5 min at 25 °C (XW-80A, Chitang Electronics Co., Ltd., Shanghai, China). The mixture
was then centrifuged (TD5A, Xinchunlan Scientific Instrument Co., Ltd., Xiamen, China)
at 5310x g for 20 min at 4 °C to achieve phase separation. The precipitate was discarded,
and the organic phase (upper layer) collected from the forward extraction was subjected to
the backward extraction.

2.2.3. Backward Extraction

The stripping phase was prepared with ethanol (the volume fraction of ethanol was
30-80% (v/v)), 10 mM phosphate buffer (pH 5-11) containing 0.1-0.7 M KBr or chaotropes
(urea and GuHCI). The organic phase (upper layer) collected from the forward extraction
was mixed with equal volume of the stripping phase for 5 min, and then centrifuged at
5310x g for 10 min at 4 °C to achieve phase separation. The upper layer was discarded,
the lower aqueous phase was collected and dialyzed at 4 °C for 24 h to remove impurities,
salts, and excess surfactant. The water was refreshed three times daily. After dialysis, the
protein solution was frozen at —20 °C overnight and then freeze-dried (FD-1C-50, Chudin
Analytical Instrument Co., Ltd., Shanghai, China) for 48 h. The dried protein sample
(purified PB] powder) was stored at 4 °C for further analyses.

2.2.4. Extraction Performance

The protein content in the aqueous and organic phases was measured using the BCA
method according to references [23,31]. The protein extraction efficiency (%) was calculated
using Equations (1) and (2).

Forward protein extraction efficiency (Eg):

Crmys X V
B = = _me = Tmf s 100% (1)
aq,0
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Backward protein extraction efficiency (Ey,):

C xV
—agb 7 agb 1509, )

Ep, =
Crm,f X Vrm,f

M is the mass of crude PBJ powder added in forward extraction (mg), V is the volume
of the solution (mL), C is the concentration of prolamins (mg-mL~1!), aq is the aqueous
phase, rm is the organic phase, 0 is the initial phase, f is forward extraction, and b is
backward extraction.

2.2.5. Fourier Transform Infrared (FTIR) Analysis

To characterize the structures and impurities of the PB]Js, the purified PBJ (via further
RMs extraction) and crude PB] (via NaOH-ethanol method) powders were analyzed using
an FTIR spectrometer (Frontier, PerkinElmer, Waltham, MA, USA) in potassium bromide
tablets (spectrum pure). The absorbance spectra were obtained over the 4000-400 cm ™!
region and with a nominal resolution of 4 cm~! using 32 scans. The amide I band
(1600-1700 cm ™) was processed with PeakFit (v4.12) software to obtain the secondary
structures of PBJ in the solid-state.

2.2.6. Scanning Electron Microscopy (SEM) Analysis

The morphology of the PB] powders was observed using SEM (VEGA3, TESCAN,
Brno, Czech Republic). Before SEM observation, a small amount of PBJs powder was
spread onto an adhesive tape fixed onto a stainless-steel stub and coated with a layer of
gold. The defined electron acceleration voltage is 15 kV. Magnification was chosen as 300,
2000x, 5000, and 10,000 x. The software VegaTC was applied to analyze the SEM images.

2.2.7. Dynamic Light Scattering (DLS) Analysis

The particle size distribution of the PBJs was measured using DLS method. The
PBJ was dissolved into 10 mM phosphate buffer (pH 7.0) to prepare a solution with a
concentration of 0.18 M. Then the particle size distribution of the PB] was determined using
a DLS microscope (Nano Z590, Malvern, UK) with a JDS Uniphase He-Ne laser (vertically
polarized beam, wavelength 632.8 nm).

2.2.8. Statistical Analysis

All tests were carried out three times, and the mean values and the standard deviations
were calculated. Data visualization was performed by using Origin software (v2021,
academic applied). Significant differences among samples were determined using IBM
SPSS Statistics 25 (SPSS, Chicago, IL, USA) (p < 0.05).

3. Results and Discussion
3.1. Reverse Micellar Extraction of PBJ from Baijiu Jiuzao
3.1.1. Optimized Forward Extraction

The pH of the aqueous phase is one of the significant factors influencing the extraction
efficiency [32]. As shown in Figure 1A, when the pH of the aqueous phase was adjusted
from 4 to 9 (10 mM sodium phosphate buffer, with no salts and ethanol), the protein
efficiency of forward extraction is nearly 15% at pH 8.5, which was the highest. So, the
optimum pH for the PBJ forward extraction was pH 8.5.

Prolamins are plant-derived proteins that can be soluble in alcohol [33]. Since prolamin
solubility in water is relatively low, in order to reduce the mass transfer resistance during
forward extraction, ethanol was added into the aqueous phase. As shown in Figure 1B,
when the volume fraction of ethanol in the aqueous phase was adjusted from 30% to 80%
(10 mM sodium phosphate buffer, pH 8.5, with no salts), the protein efficiency of forward
extraction was the highest, nearly 35%, when the volume fraction of ethanol is 30%. So, the
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optimum volume fraction of ethanol in the aqueous phase for the forward extraction of
PBJs was 30%.
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Figure 1. The effects of different factors on forward extraction efficiency of PBJ. (A) pH of the aqueous
phase. (B) Ethanol volume fraction of the aqueous phase. (C) Concentration of KBr in the aqueous
phase. (D) Concentration of GuHCI in the aqueous phase. Different letters above the lines and bars
represent significant variations (p < 0.05).

KCl is commonly used in reverse micelles extraction [34]. Figure 1C shows the effect
of the concentration of KCl on the extraction of PBJ in forward extraction. The pH of initial
aqueous feed was all adjusted to 8.5, and the volume fraction of ethanol was 30%. Figure 1C
shows that the maximum efficiency (nearly 63%) was achieved when the concentration of
KCl is 0.2 M. The extraction of PBJ increased slightly then decreased dramatically with the
increasing salt concentration. Such behavior can be explained by a change in the size of
the reverse micelles. Experimental data showed that the water content in organic phase
decreases with an increase in salt concentration [35], which may cause a decrease in the
reverse micellar size. This causes a size exclusion effect, thus it is difficult for the PBJ
molecule to stay in reverse micelles. As the PBJ molecules release from reverse micelles,
the protein efficiency of forward extraction decreases.

GuHCI was also added into the initial aqueous phase to achieve higher extraction
efficiency. As shown in Figure 1D, the extraction efficiency of PBJ achieved 75.02% when
the concentration of GuHCI] was 0.2 M. This may be because it is advantageous to prevent
the protein from denaturing under an alkaline pH condition when adding guanidium salt
at a low concentration [36].

According to the experiment, the optimum extraction conditions of PBJ in CTAB
forward reverse micelles extraction were as follows: pH was 8.5 (10 mM sodium phosphate
buffer), ethanol volume fraction was 30%, GuHCI concentration was 0.20 M, and the
extraction efficiency of PBJ under the optimum conditions was 75.02%.

3.1.2. Optimized Backward Extraction

The backward extraction parameters, including the pH, ethanol volume fraction, ionic
strength, and chaotropes concentration in the stripping solution were studied. Figure 2A
shows the effect of the volume fraction of ethanol in the stripping solution on the extraction
of PBJ in backward extraction. When the volume fraction of ethanol was 75%, the extraction

161



Materials 2024, 17, 2901

efficiency reached nearly 32%. Since prolamin is hydrophobic, which prefers to dissolve in
organic solvents, increasing volume fraction of ethanol in the stripping solution makes an
effort to achieve relatively high extraction efficiency of prolamins in backward extraction.

N

(V)]
[9%]
W

. 40 30
£35 S
£30 £
5 £
820 g1s
10 10
5 1 1 1 1 1 1 1 5 1 | 1 1 1 1
5 6 7 8 9 10 11 30 40 50 60 70 80
Ethanol volume fraction (%)
45 45D a
<40 = b
2 a0
g 35 g 351
30
g S30}
525 3
< s L
E 20 E z —— GuHCl| \¢
m 15 m 20+ g u
urea
10 1 1 1 L 1 1 1 15 1 1 1 1 1 I 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 03 04 0.5 0.6 0.7
Concentration of KBr (M) Concentration of chaotropes (urea and GuHCI)(M)

Figure 2. The effects of different factors on backward extraction efficiency of PBJ. (A) Ethanol volume
fraction of the stripping solution. (B) pH of the stripping solution. (C) Concentration of KBr in the
stripping solution. (D) Concentration of chaotropes (GuHCI and urea) in the stripping solution.
Different letters above the lines and bars represent significant variations (p < 0.05).

Figure 2B shows the effect of pH on the PB] backward extraction. It can be seen that
the extraction efficiency of PBJ increased with increasing pH value in the stripping solution.
Almost 40% of PBJ transferred into the aqueous phase after backward extraction at pH 10.

As shown in Figure 2C, the extraction efficiency of PBJ first increased and then de-
creased with increasing concentration of KBr (0.1-0.7 M). Such behavior can be explained
in terms of two effects: salting-in and size exclusion. With the increase in ion strength at a
low concentration range (0.1-0.2 M), salting-in effect occurs, so that the solubility of PBJ in
the stripping solution increases. Also, the increase in the ionic strength leads to a decrease
in the size of reverse micelles [37], which causes the size exclusion effect where the protein
is “squeezed” out of the reverse micelles. It is precisely because of these two reasons that
the extraction efficiency of PBJ backward extraction increased.

Figure 2D shows the extraction efficiency of PB] with increasing chaotropes (urea and
GuHCI) concentration. When adding chaotropes at a low concentration in the stripping
solution, water content in reverse micelles decreased [38], and the size of reverse micelles
reduced, causing a reduction in extraction efficiency of backward extraction. Hence, accord-
ing to the obtained results (Figure 2D), the maximum backward extraction efficiency (Ey,)
of PBJ is 43.04% at 0.5 M urea (pH 10, 10 mM sodium phosphate buffer, volume fraction of
ethanol is 75%), which was slightly higher than 42.96% at 0.5 M GuHCL

Therefore, the optimum extraction conditions of PBJ in CTAB backward reverse mi-
celles extraction were as follows: pH was 10 (10 mM sodium phosphate buffer), ethanol

volume fraction was 75%, urea concentration was 0.50 M, and the extraction efficiency of
PBJ under the optimum conditions was 43.04%.

The total extraction efficiency is the product of the forward extraction efficiency
(75.02%) and the backward extraction efficiency (43.04%). Thus, the total extraction effi-
ciency of PBJ is 32.29%. It is reported that the total extraction efficiency of bromelain from
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pineapple peel wastes using gemini surfactant-based RMs extraction was 59% [19]. The
AOT RMs extraction efficiency of hemp protein from defatted hemp flours was 52.44% [31].
The main reason why the total extraction efficiency of PB] is lower than that of bromelain
and hemp protein may be that the surfactant CTAB and its concentration (0.02 M) are not
the most suitable conditions for RMs extraction of PBJ.

3.2. Appearance of PB] Powders

There were large differences between the colors of crude and purified PB] powder
(Figure 3). The crude PBJ obtained by NaOH-ethanol method had a darker color compared
with the purified ones obtained by further RMs extraction. It is reported that the PBJ ex-
tracted by glacial acetic acid (Lab = 79.99/1.01/13.20) with the lightest color had the highest
purity, 98.36%, followed by the PB] extracted by 70% ethanol (w/w, Lab = 55.79/7/28.12)
with a light color and 55% isopropanol (w/w, 63.96/6.24/29.01) with a dark color, which
had 93.65% and 62.42% purity, respectively [1]. The color differences demonstrated the
different purities of the products [1]. The lighter the color, the higher the purity. Thus, the
purified PBJ with a lighter color may have higher purity than the crude ones.

A - B

Figure 3. Appearance of PBJ] powders. (A) Crude PBJ obtained by NaOH-ethanol method; (B) purified
PBJ obtained by further RMs extraction.

3.3. FTIR Curve-Fitting Analysis of PB]

FTIR is an efficient technique to analyze the second structure of proteins with sin-
gle sample preparation. Furthermore, FTIR is also a relevant technique that reveals the
chemistry of prolamins leading to the necessary single biomolecular interactions [39] to
develop smart encapsulation systems [40]. For quantitative determination of secondary
structural changes between purified PBJ obtained by further CTAB RMs extraction and
crude PBJ obtained by NaOH-ethanol method, curve-fitting analysis was used to the amide
I region (1700-1600 cm ™). The original amide I region spectra and the deconvoluted
spectra of PBJ are shown Figure 4A. The corresponding peaks of the fitted bands were
assigned according to references [40], as shown Table 1. The band numbers separated
from the deconvoluted spectra of purified PBJ obtained by further RMs extraction and
crude PBJ obtained by NaOH-ethanol method were both 11 (Figure 4B,C). For [3-sheet
and turn structures, the band numbers in PBJ did not change (Table 1). For the unordered
structure, the band number in purified PBJ decreased by 1, compared with that in crude
PBJ. Meanwhile, for x-helix structure the band number in purified PBJ increased by 1. The
frequencies at 1649 cm ! shifted to a little bit higher position at 1650 cm !, which indicated
that the unordered structure conversed into x-helix structure. This may be the result of
conformation changes of proteins in a different microenvironment [23].
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Figure 4. (A) FTIR spectra of PBJ. (B) The best fit for the amide I bands of the FTIR spectrum of crude
PBJ obtained by NaOH-ethanol method. (C) The best fit for the amide I bands of the FTIR spectrum of
purified PBJ obtained by further RMs extraction. A represents absorbance. Different colors represent
that the peaks has different locations.
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Table 1. Amide I frequencies for PB]. Crude PB] was obtained by NaOH-ethanol method, and purified
PBJ was obtained by further RMs extraction.

Deconvoluted Spectrum (cm—1)

llil/}(tr;ct(iion 3-Sheet Unordered o-Helix Turn
etho (1600-1640 cm (1640-1650 cm D (1650-1660 cm D (1660-1700 cm D
NaOH-ethanol 1666, 1674, 1682,
Method 1610, 1618, 1626, 1634 1642, 1649 1658 1690
Further RMs 1610, 1619, 1626, 1634 1642 1650, 1658 1667, 1674, 1682,
Extraction 1690

3.4. Quantification Assay of Secondary Structures from PBJ

Significant differences (p < 0.05) between sample points for different lowercase letters
in the upper-right corner of the data are shown in the same column as Table 1.

The quantity of peak area and contents of the corresponding protein secondary struc-
ture are given in Table 2. The percentage of x-helix structure in purified PBJ from further
RMs extraction, compared with that in crude PBJs from NaOH-ethanol method, was signif-
icantly increased by 13.25 percentage points. The conformation changes of proteins may
be caused by the electrostatic field between the enzyme molecule and the surfactant head-
groups [41]. There are some other cases reported that the percentage of a-helix structure in
protein increased after RMs extraction [42]. This indicated that RMs extraction purification
may increase the x-helix structure percentage in protein.

Table 2. Content of the secondary structure in PBJs by FTIR analysis.

Secondary Structure (%)
o—Helix p—Sheet Unordered Turn
NaOH-Ethanol Method  12.46 +0.91 ¢ 3048 £1.132 2415+ 0.44° 33.01+£3.792

Further RMs Extraction 25.71 + 1.28 P 27.12 + 1.18P 11.66 =143 ¢ 3552 4+1.022
Differences 13.25 —3.36 —12.49 2.51

Different letters in the upper-right corner of the data represent significant variations (p < 0.05).

Extraction Method

The percentage of 3-sheet structures in crude PB] obtained by NaOH-ethanol method
from 30.48% to down to 27.12% in purified PBJ obtained by further RMs extraction. This
is while the percentage of 3-turn structure in crude PBJ increased from 33.01% to up to
35.52% in purified PBJ. The reasons probably were attributed to the fact that the water
pool in reverse micelle system caused a greater hydration of proteins dissolved in, which
would further increase the proportion of turn structure at the cost of a reduction in (3-sheet
content [43].

The purified PBJ obtained by further RMs extraction showed a lower percentage of
unordered structures compared with the crude PBJ. This result suggested that the reverse
micelle system might increase the o-helix structure percentage in protein, and had not
completely destroyed the secondary structures of PBJ [44]. Since the surface hydrophobicity
of proteins and helical content has a negative correlation [45], thereby a higher o-helix
content in the purified PBJ indicated less hydrophobic side chains were exposed on the
protein surface. Compared with the crude PBJ, these purified PBJs with a higher proportion
of o-helix and less hydrophobicity may have a higher solubility in water.

3.5. The Morphology of PB]

The surface morphology of the PB] powder was observed by SEM. Six selected vision
fields of SEM images were collected, showing the surface morphology of the PB] powder
(Figure 5). Under 300, 2000x magnification, the crude PBJ powder obtained by NaOH-
ethanol method formed nano-particles of about 10-100 nm in diameter. Under 5000,
10,000 x magnification, the crude PBJ powder had a rough surface consisted of even globose
or dumbbell particles, which was similar to PB] powder extracted by acetic acid [1].
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Under 300x%, 2000 x magnification, compared with the crude PBJ powder via NaOH-
ethanol method, the purified PBJ powder via further RMs extraction formed a complex
protein network, illustrated by a big chunk of flaky texture with small pores. Under 5000,
10,000 x magnification, the purified PBJ powder consisted of flake or dumbbell particles,
which had smooth surfaces. It indicated that after further purification the PB] powder con-
tained less impurities, thus during freeze-dry the PBJ protein molecules could congregate
to form a complex large-scale network without disturbance of impurity molecules.

SEM HV: 15.0 kV WD: 10.01 mm VEGA3 TESCAN|  SEM HV: 15.0 KV WD: 10.21 mm
SEM MAG: 300 x | Date(m/dly): 05/24/22 | 100 pm SEM MAG: 300 x | Date(m/dly): 05/24/22 | 100 ym

- > \
SEM HV: 15.0 kV WD: 10.01 mm VEGA3 TESCAN| SEM HV: 15.0 kV ‘WD: 10.21 mm VEGA3 TESCAN
SEM MAG: 2.00 kx | Date(m/dly): 05/24/22 | 20 ym SEM MAG: 2.00 kx | Date(m/dly): 05/24/22 | 20 ym

.

SEM HV: 15.0 KV WD: 10.01 mm VEGA3 TESCAN|  SEM HV: 15.0 kV WD: 10.21 mm
SEM MAG: 5.00 kx | Date(midly): 0524122 | 5pum SEM MAG: 5.00 kx | Date(midly): 0524122 | 5um

X Bl v
SEM HV: 15.0 KV WD: 10.01 mm VEGA3 TESCAN|  SEM HV: 15.0 kV WD: 10.21 mm
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Figure 5. SEM image of PBJ] powder. SEM images of crude PBJ powder obtained by NaOH-ethanol
method, (A) (300x), (C) (2000x), (E) (5000x), (G) (10,000x). SEM image of purified PBJ powder
obtained by further RMs extraction, (B) (300 x), (D) (2000 x), (F) (5000x), (H) (10,000x).
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3.6. The Particle Size Distribution of PBJ

DLS was applied to study the particle size distribution of PBJ in the solution state
(Figure 6). As shown in Figure 6, purified PBJ obtained by further RMs extraction had nar-
rower particle size distribution, compared with the crude PBJ obtained by NaOH-ethanol
method, which indicated that the purified PB] was more uniform. The average particle size
of crude PBJ obtained by NaOH-ethanol method was 428.13 =+ 9.21 nm (Figure 6A), while
the average particle size of purified PB] obtained by further RMs extraction was 207.10
=+ 8.41 nm (Figure 6B). The average particle size of purified PB] is remarkably smaller
(p < 0.01) than those of crude PBJs. The reduction in the average particle size of PB] might
be attributed to the changes in the secondary structures of purified PBJ after RMs extraction.
The «-helix structure percentage of purified PBJs by further RMs extraction was signifi-
cantly increased by 13.25%, while unordered structure percentages decreased by 12.49%,
leading to more compactness of prolamin molecules and a lesser molecule size.
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Figure 6. Size of PBJ in the solution state. (A) The crude PBJ obtained by NaOH-ethanol method.
(B) The purified PBJ obtained by further RMs extraction.

4. Conclusions

In summary, this work recycled prolamin from Baijiu Jiuzao via NaOH-ethanol method
and further RMs extraction, and characterized the morphology, secondary structure, and
particle size distribution of PBJ. Impact factors such as the pH, ethanol ratio, concentration
of salts, and chaotropes were investigated and compared to confirm the optimum conditions
of RMs extraction. The forward extraction efficiency of PB] achieved 75.02%, and the
backward extraction efficiency of PBJ was 43.04%. Purified PB] powder obtained by further
RMs extraction had a lighter color than crude PB] powder obtained by NaOH-ethanol
method, which indicated a higher purity of the purified PB]. Morphology analysis showed
that the purified PBJ formed a larger-scale complex protein network than the crude PB]J.
The percentages of x-helix and f-turn structures in purified PBJ was higher than that in
the crude PBJ, while the percentages of 3-sheet and unordered structures were lower. This
result indicated an increase in compactness of PB] molecules after further RMs extraction,
which was proved by the DLS analysis. The average particle size of PBJs in the solution
state decreased from 428.13 + 9.21 (the crude PBJ) nm to 207.1 £ 8.41 (the purified PBJ) nm.
Compared with the crude PBJ, the purified PBJ with a higher proportion of x-helix and
smaller average particle size may have better water-solubility and application prospects in
food and feed additives.

The findings from the current study reveal that the reverse micelles have potential
to be a promising tool to recycle and modify the prolamin from Baijiu Jiuzao, and this
will promote the application of PBJ in the food and pharmaceutical industry. Further
investigation into the relationship of structure and functional properties of PBJ should be
carried out to improve functionality and industrial targets to develop products.
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Abstract: In the real world, active agents interact with surrounding passive objects, thus introducing
additional degrees of complexity. The relative contributions of far-field hydrodynamic and near-field
contact interactions to the anomalous diffusion of passive particles in suspensions of active swimmers
remain a subject of ongoing debate. We constructed a quasi-two-dimensional microswimmer-colloid
mixed system by taking advantage of Serratia marcescens’ tendency to become trapped at the air-water
interface to investigate the origins of the enhanced diffusion and non-Gaussianity of the displacement
distributions of passive colloidal tracers. Our findings reveal that the diffusion behavior of colloidal
particles exhibits a strong dependence on bacterial density. At moderate densities, the collective
dynamics of bacteria dominate the diffusion of tracer particles. In dilute bacterial suspensions,
although there are multiple dynamic types present, near-field contact interactions such as collisions
play a major role in the enhancement of colloidal transport and the emergence of non-Gaussian
displacement distributions characterized by heavy exponential tails in short times. Despite the
distinct types of microorganisms and their diverse self-propulsion mechanisms, a generality in the
diffusion behavior of passive colloids and their underlying dynamics is observed.

Keywords: colloid; enhanced diffusion; non-Gaussian; bacteria; active matter

1. Introduction

Active matter systems, composed of self-propelled agents, are prevalent across a
wide range of natural phenomena, from the microscale to the macroscale. These systems
include cytoskeletal filaments [1], bacteria [2,3], algae [4], sperm cells [5], fish schools [6],
and bird flocks [7]. The agents within these active systems generate internal driving
forces exerted on specific degrees of freedom and continuously exchange energy with
their environments, which propels the system far from equilibrium, exempting it from
conventional equilibrium constraints such as the detailed balance condition [8] and the
fluctuation—dissipation theorem [9]. As a result, active matter exhibits a broader and more
intricate array of physical behaviors than those typically observed in thermodynamic
systems at equilibrium.

In nature, nearly all swimming microorganisms inevitably interact with dispersed
particles in their surroundings, which from a physics perspective can be viewed as the
interplay between a passive colloid and self-propelled units comprising an active material.
The microswimmers act like a thermal bath, leading to universal two-timescale dynamics
where the colloid exhibits ballistic motion over short times, transitioning to diffusive
behavior over longer times. However, the diffusion of passive particles in suspensions
of active agents deviates significantly from classical Brownian motion driven by thermal
fluctuations, as evidenced by the enhancement in diffusivity [10-15], which can be up to
1-3 orders of magnitude higher than the Brownian diffusion coefficient [16-19], and the
anomalous non-Gaussian displacements, exhibiting heavy exponential [10,17,18,20] or
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power [14,19,21] tailed distributions. On short timescales, non-Gaussian and superdiffusive
behavior is often observed, but, on long timescales, repeated uncorrelated interactions
between active matter and passive units lead to enhanced diffusion dynamics characterized
by Gaussian displacements.

The pioneering experiments by Wu and Libchaber were the first to demonstrate
that colloidal particles in bacterial suspensions exhibit persistent random walks with
diffusivity up to even hundreds times higher than that predicted by classical Brownian
motion [16], laying the foundation for studies on active transport. Although the diffusion
of particles over long times is similar to Brownian motion, the physical origin of the large
positional fluctuations is different and attributed to the collective dynamics of bacteria.
In suspensions of the swimming alga Chlamydomonas reinhardtii, which are much more
dilute than the bacterial solutions studied by Wu [16], Leptos et al. observed that the
tracer trajectories involve both Brownian components and large displacements [10]. They
attributed the observed enhanced diffusion to the far-field advection induced by individual
swimmers [10], a hypothesis on hydrodynamic interaction subsequently corroborated by
further experimental findings in dilute microswimmer suspensions [13,21]. However, recent
experiments by Jeanneret et al. have shown that the dominant mechanism underlying
the enhancement of colloidal diffusion is a jump-diffusion process, which arises from the
entrainment of colloidal particles by swimming algae, necessitating head-on collisions [18].
Other experiments and theoretical models based on purely steric interactions also suggest
that the origin of enhanced diffusion is largely dependent on near-field contact interactions,
such as collision processes [17,22]. Despite significant advances in understanding the
dynamics of colloids in active particle suspensions, critical aspects of this field remain
elusive and contentious.

Here, we introduce a quasi-two-dimensional experimental system close to the air—
water interface with variable densities of swimmers, composed of a mixture of motile
bacteria and tracer colloids, to investigate the anomalous diffusion behavior of colloidal
particles and its underlying mechanisms. This study also has broader implications for
understanding biological and ecological processes, including the nutrient transport and
uptake by microorganisms accumulating near surfaces [15,23,24] and the diffusion of
floating microplastics in the marine environment [25], and medical applications, such as
developing drug-delivery micromachines [26,27].

2. Materials and Methods
2.1. Experimental Setup

Serratia marcescens (ATCC 274) is a rod-shaped, flagellated bacterium. A small amount
bacteria of the frozen stock was first inoculated into 4 mL of Terrific Broth (Sangon Biotech).
This initial culture was incubated overnight at 30 °C. Then, 500 uL of the overnight culture
(optical density ODg59 ~ 1.0) was transferred into 10 mL of fresh Terrific Broth and
incubated at 33 °C with shaking at 200 rpm for 2.5 h. The cultured bacterial suspension
was then diluted 1:1 with deionized water, resulting in a final bacterial concentration of
approximately 107 cells/mL in solutions. At this stage, the aspect ratio of cell bodies
was around 3.

In the diluted bacterial solution, a small amount of 2.8 um diameter superparamag-
netic beads (Invitrogen Dynabeads) was added as tracer particles. The mixture suspension
containing the tracers was placed into a closed chamber constructed from a glass slide,
cover slip, and a silicone spacer (Figure 1a). The spacer had an inner diameter of 15 mm
and a depth of 2 mm. Due to the hydrophobic nature of the bacterial surface [28,29],
S. marcescens cells tended to migrate to the air-liquid interface and adhere to the water sur-
face, gradually forming a monolayer bacterial film with increasing density, which enabled
the establishment of a bacterial density gradient. We also found that, if a small amount of
the surfactant Brij-35 is added to the bacterial suspension, S. marcescens can easily escape
from the confinement and return freely to the bulk liquid. However, S. marcescens needs
to have its flagella bundled in a water environment to propel itself at normal swimming
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speeds. Therefore, we believe that the majority of the bacterial bodies remain submerged
below the water surface.

(a) Objective

Permanent
magnet

0.4

e 11

Figure 1. (a) The schematic of the experimental setup. The red and black solid circles near the surface
of bacterial suspension represent the bacteria and passive tracers, respectively. (b) Instantaneous
velocity field of bacteria (yellow arrows) at an area fraction of ¢ ~ 0.4, overlaid on the raw exper-
imental image. The dark rod-shaped clusters in the raw image are S. marcescens bacteria. The red
circles indicate the identified tracer colloids. Scale bar = 50 um. (c) The mean speed v of bacteria as a
function of the area fraction ¢.

As superparamagnetic beads exhibit magnetic behavior only in the presence of an
external magnetic field, a vertically movable ring magnet was fixed above the stage of an
upright microscope (Nikon ECLIPSE Ni) to attract the beads to the interface. The ring
magnet was positioned around the objective lens (Figure 1a), aligning the central axis of
the ring magnet with the optical path of the lens, ensuring that the observation region
of the sample was directly below the center of the magnet, where the magnetic field
lines are oriented nearly vertically (i.e., parallel to the z-axis). When the magnetic field is
removed, the majority of the beads fall from the liquid surface. Thus, we consider that
most beads are very close to the interface but still below the water surface. As a result,
a quasi-two-dimensional system consisting of a mixture of active microswimmers and
passive colloids was constructed. Furthermore, the bead concentration was kept very low,
with an average distance of approximately 50 pm between neighboring beads to minimize
their interactions. Additionally, the observed central region of the sample (960 x 480 um?
under a 20 x phase-contrast objective lens) was sufficiently small compared to the area of
the central opening of the ring magnet, allowing us to assume that the observation area was
flat and the horizontal component of the magnetic field was negligible. These all avoid the
chain aggregation of the magnetized beads near the interface (Figure 1b). The image data
at different bacterial densities were acquired using a Basler camera (Basler acA2040-180 km,
Ahrensburg, Germany) at a frame rate of 90 frames/s. Each video was recorded for 25 s,
during which the bacterial density at the air-liquid interface remained relatively stable,
indicating a quasi-steady state.

2.2. Image Analysis

We utilized the image processing technique outlined in Ref. [30] to isolate and track
bacterial motion. Initially, a moving Hamming window was applied to smooth the raw
image, generating a background image, which was then subtracted from the original im-
age. Bacterial edges were then identified using a gradient-based edge detection algorithm,
with the pixels inside the detected edges set to white, defining the area fraction, ¢, as a
measure of bacterial density. To enhance the bacterial edges and eliminate lighting in-
consistencies, a high-pass filter was applied, followed by a median filter to remove noise.
The denoised grayscale image underwent morphological opening, closing reconstruction,
and multiple erosion operations to isolate individual bacteria. The bacterial properties,
including centroid position and size, were then identified using Matlab’s regionprops
function. These properties were tracked with a custom particle tracking algorithm based
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on the method described in [30], enabling the calculation of the instantaneous velocity field
of bacteria in dense populations.

For tracking the sparse tracer beads, we employed the Particle Tracking software
(https:/ /physics.emory.edu/faculty /weeks/idl/) developed by Crocker and Grier [31],
adjusting parameters appropriately. Figure 1b shows the instantaneous velocity field of
the bacteria and the identification of tracer colloidal particles at a bacterial area fraction of
¢ ~04.

3. Results

Given that bacteria are posited as an active thermal bath driving colloidal diffusion,
we first measured the mean speed v of bacteria at area fractions ¢ ranging from 0.1 to 0.4.
The sparse bacterial suspension (¢ ~ 0.1) can be likened to a dilute gas composed of weakly
interacting motile bacteria, with an average speed of approximately 30 pm/s. As the
bacterial density increases, intensified local interactions lead to enhanced collective behav-
ior, causing the emergence of jet- or vortex-like structures, analogous to those observed
in classical hydrodynamic turbulence (see Figure 1b). Within these localized structures,
bacterial motion tends to become highly aligned, often reaching velocities significantly
surpassing those of individual free-swimming bacteria, resulting in a concomitant increase
in the average speed v (Figure 1c).

Driven by active turbulence, the tracks of tracer colloids over sufficiently long times
in a moderately dense bacterial suspension consist of long, straight segments of varying
lengths in random directions, resembling Brownian behavior (Figure 2a). In contrast,
in dilute suspension of motile bacteria, the tracer particles display a broader spectrum of
motion types due to a combination of dynamic effects (Figure 2b). The weakest of these
is thermal noise caused by Brownian motion, which, even at low bacterial densities, is
often imperceptible owing to the frequent disturbances from nearby swimmers. When
bacteria approach the colloids without direct contact, their far-field hydrodynamic flows
induce loop-like trajectories, as documented in previous studies [10,13,18,21]. However,
additional sources of looped trajectories were revealed in our experiments. Figure 2d
illustrates the influence of the rotating bacterial cells on the tracks of nearby particles within
the near field. In contrast to the rod-shaped bacteria, spherical-like S. marcescens trapped at
the air-water interface exhibit counterclockwise self-spinning about the vertical (z-) axis
owing to the bundling of their flagella perpendicular to the horizontal plane [32]. In this
experimental system, due to the non-uniformity in the aspect ratios of rod-shaped cell
bodies, a small number of spherical-like or short-rod-shaped bacteria also display rotating
behavior. The rotating cell generates a horizontal rotational flow field and hydrodynamic
attraction near the interface [32]. Such an effect induced by cell spinning can lead to
erratic small loopy or semi-loopy trajectories in place, as shown in Figure 2d. More
commonly, colloidal particles within the near field are continuously struck by surrounding
bacteria swimming in random directions, causing the particles to be ejected in various
directions over small time intervals. These combined mechanisms give rise to localized,
chaotic random walks indicated by the blue trajectories highlighted within the gray dashed
rectangle in Figure 2b.

On the other hand, when a particle is subjected to collisions and sustained push-
ing by one or several bacteria moving in a single direction, it can undergo a jump-like
large displacement (Figure 2e and the red solid line in Figure 2b). We calculated the
two-dimensional spatial distribution of the bacteria around the colloid during these jumps
and found that, within an approximately 3 um range from the colloid surface, the spatial
distribution of the bacteria is anisotropic, with a higher probability of being found in the
direction opposite to the instantaneous velocity of the colloid (Figure 2c). This supports that
the long-range migration is predominantly driven by near-field collisions and entrainments
by bacteria.
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Figure 2. (a) A typical trajectory (blue solid line) of a colloidal particle over 25 s at an area fraction

¢ =~ 0.4. (b) Trajectory of a colloidal particle over 25 s in a bacterial suspension at an area fraction
¢ =~ 0.1. The gray dashed rectangle highlights a region with localized random tracks (blue solid line),
while the red solid lines indicate the large jumps. In (a,b), the yellow and green solid circles mark the
starting and end points of the trajectories, respectively. (c) Two-dimensional spatial distribution of
bacteria around colloids in the moving coordinate frame of colloid during large jumps. The white
arrow indicates the instantaneous motion direction of the colloid. (d) Time series over a total duration
of 0.07 s of a small semi-loopy trajectory of a colloidal particle influenced by two self-spinning cells
(encircled by orange solid lines) in a dilute bacterial suspension of ¢ ~ 0.1. The body orientation
of the short-rod-shaped one of the two spinning bacteria is marked by an orange arrow. The green
solid line displays the entire trajectory of the colloid from entering the field of view until the end
of this semi-loopy track event. Scale bar = 4 um. (e) Time series over a total duration of 0.2 s of a
large jump in the trajectory (green solid line) of the same colloid in (d) propelled by a bacterium
(encircled by yellow solid line). The motion direction of the bacterium is indicated by a yellow arrow.
Scale bar =5 pm.

To investigate the anomalous diffusion dynamics of passive colloids, we computed
the mean squared displacements (MSDs) along the x-axis in the laboratory frame, denoted
as MSD,, = (Ax(At)?), where At is the lag time, Ax represents the x-component of
displacements of colloids, and (- --) indicates the ensemble average. MSD,, exhibits
the general two-timescale dynamic regimes as shown in Figure 3a. On short timescales
(At < 0.2s), the system displays superdiffusive behavior with a scaling exponent of 2 across
all density conditions. This suggests that colloidal transport is ballistic in nature over small
time intervals, primarily due to near-field contact interactions between swimmers and
passive particles. However, under multiple uncorrelated interactions between bacteria
and colloidal particles over a large lag time more than about 0.5 s, MSD transitions to a
scaling exponent of 1 (Figure 3a), indicative of Brownian-like diffusion behavior. Based
on the linearity observed in long-time diffusion (Figure 3a and the inset in Figure 3b),
an effective diffusion coefficient, Dog, can be defined as Degs = ((Ax)?)/2At. As shown in
Figure 3b, D, increases linearly with area fraction ¢ of bacteria, in agreement with previous
findings [10,16-18,21,22], and is significantly larger than the thermal diffusivity, which is
measured to be approximately 0.15 pm?/s at room temperature, indicating anomalously
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enhanced diffusion. With the onset of pronounced active turbulence as area fraction ¢
exceeding 0.25, D rises above 100 um?/s, consistent with the results reported by Wu in
bacterial suspensions exhibiting collective dynamics [16].
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Figure 3. (a) Mean squared displacement (MSD) of colloidal particles along x-axis in the laboratory
frame for various bacterial area fractions ¢. After a lag time of At 2 0.5 s (indicated by the gray dashed
line), the scaling of MSD transitions from 2 to 1. (b) Effective diffusion coefficient Deg (square [J),
obtained by fitting the MSD in linear coordinates shown in the inset with MSDj, = 2D, At as a
function of area fraction ¢. The gray dashed line represents a linear fit to the data.

We further analyzed the probability density function (PDF) of the x-component dis-
placements of colloidal particles in the laboratory frame at different time intervals, At,
which provides additional insights into the dynamics. As shown in Figure 4a, for the dilute
bacterial suspension, the PDF of the displacement over small lag times can be described by
a Gaussian center with exponential tails [10],

1-a —(awp/aed | O —laxl/e 1)

Jomagt 2,

where the standard deviation J; of the Gaussian diffusion, the characteristic length J, of the
enhanced displacements, and the fractional contribution a of the non-Gaussian component
owing to enhanced transport are fitting parameters. If removing the large jumps observed in
Figure 2b, the PDF for short-time displacements tends towards a Gaussian core (Figure 4b),
confirming that the non-Gaussian nature of the diffusion behavior originates from near-
field collisions and the entrainments of colloids by microswimmers. With the time interval
At increasing to over 0.2 s, the PDF gradually converges to a Gaussian distribution due
to the uncorrelation of multiple interactions regarding long times. As area fraction ¢ of
bacteria increases up to 0.4, the non-Gaussianity of displacements significantly diminishes
(Figure 4c), consistent with our observation of Brownian-like trajectories of the passive
colloids induced by active turbulence.
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Figure 4. The normalized probability density function (PDF) of the x-component displacements
of colloidal particles in the laboratory frame over different lag times At (open squares). o, is the
standard deviation of the x-component displacements. (a) The displacement PDF at a bacterial area
fraction ¢ ~ 0.12. The solid lines represent the fits to the short-time displacement distributions using
Equation (1) in the main text. (b) The short-time displacement PDF (open squares) and the PDF after
removing large jumps (solid squares) at a bacterial area fraction ¢ ~ 0.12. (c) The displacement PDF
at a bacterial area fraction ¢ =~ 0.4. The black dashed lines in (a—c) represent Gaussian fits.
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4. Discussion and Conclusions

Various studies have shown that the diffusion behavior of colloids in active suspen-
sions is influenced by factors such as the type of swimming particles [33,34], the concen-
tration of microswimmers, and the size ratio between the microswimmers and passive
objects [9,11-13,17,21,35-37]. Here, we investigated the dynamics and statistical charac-
teristics of the diffusion of the dispersed colloidal particles near an air-water interface,
which are comparable in size to the swimming microorganisms. We found that, as bacteria
transition from a sparse state to collective motion with the area fraction ¢ of the bacteria
increasing from 0.1 to 0.4, the diffusion behavior of passive colloids changes accordingly.
In dilute bacterial suspensions, the trajectories of colloidal particles often exhibit localized
Brownian-like random walks with loop-like perturbations, followed by rare large jumps.
These jumps dominate the significant enhancement in the diffusion of colloids within dilute
bacterial suspensions, causing their short-time displacement distributions to deviate from
paradigmatic Gaussianity and display strong exponential tails, a characteristic observed
in systems with different types of microorganisms [10,17,20,38]. Furthermore, we found
that these large jumps are predominantly caused by near-field collisions and pushing by
bacteria, resembling the jump-diffusion process induced by the microalgal entrainment
of micro-objects [18,19], although the influence of far-field hydrodynamic interactions on
colloidal trajectories cannot be entirely excluded. As a result, the effective diffusion coeffi-
cients of the colloids in our experiment and observed in Ref. [18,19] are one to two orders of
magnitude higher than those in systems of comparable scale [10,11,13,21] where the tracer
diffusion is primarily enhanced by far-field flow induced by swimming microorganisms.
This may suggest a generality in the underlying mechanism for similar enhanced diffusion
behaviors of colloidal particles in swimmer—colloid mixed systems.

To conclude, the enhanced diffusion of passive colloids originates from distinct dynam-
ics that depend on the density of microswimmers. In suspensions with moderate bacterial
densities, spontaneous collective dynamics of bacteria, known as active turbulence, drive
the enhancement of tracer diffusivity. However, at low bacterial densities, the colloid
particles exhibit large jumps in their trajectories, predominantly arising from near-field
contact interactions, along with a non-Gaussian displacement distribution characterized by
heavy exponential tails. These results provide broad insights for fundamental research as
well as applications across multiple fields.
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Abstract: Polyacrylic acid (PAA)-coated magnetic nanoparticles (MNP@PAA) were synthesized
and evaluated as draw solutes in the forward osmosis (FO) process. MNP@PAA were synthesized
by microwave irradiation and chemical co-precipitation from aqueous solutions of Fe?* and Fe3*
salts. The results showed that the synthesized MNPs have spherical shapes of maghemite Fe,O3
and superparamagnetic properties, which allow draw solution (DS) recovery using an external
magnetic field. Synthesized MNP, coated with PAA, yielded an osmotic pressure of ~12.8 bar at
a 0.7% concentration, resulting in an initial water flux of 8.1 LMH. The MNP@PAA particles were
captured by an external magnetic field, rinsed in ethanol, and re-concentrated as DS in repetitive FO
experiments with deionized water as a feed solution (FS). The osmotic pressure of the re-concentrated
DS was 4.1 bar at a 0.35% concentration, resulting in an initial water flux of 2.1 LMH. Taken together,
the results show the feasibility of using MNP@PAA particles as draw solutes.

Keywords: magnetic nanoparticles; microwave synthesis; polyacrylic acid; osmotic pressure; draw
solution; forward osmosis

1. Introduction

In the last decades, the need for drinking water is increasing and becoming a serious
global problem. Due to the fast population growth, and very fast industrialization, the
ability to reuse wastewater is becoming more and more important. Each year, 3.5 million
people die due to a lack of water [1]. In addition, the occurrence of persistent chemicals of
emerging concern in potable water remains a very big threat to human health [2]. Much
research has been devoted to comparing the efficiency of various water treatment tech-
nologies. Classical, albeit energy-intensive, technologies encompass desalination methods
including reverse osmosis (RO) and multistage flash distillation [3].

Among the emerging technologies, forward osmosis (FO) is showing promise in prod-
uct concentration and water extraction. FO, also called direct osmosis, is an evolving
technology for membrane separation used in water treatment and reclamation. FO wa-
ter treatment systems consist of three main components: draw solution (DS), FS, and a
selectively permeable membrane. The membrane is positioned between the FS and DS,
effectively separating the two. In this setup, water molecules migrate from the FS to the
DS side, with the FO process gradually decreasing as the osmotic pressure decreases. At
the same time, the solutes migrate from the DS to the FS side, which is an unwanted but
inevitable transport direction of matter. The process remains relatively stable until the
osmotic pressure on both sides reaches equilibrium [4]. FO uses the pressure differential
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between a FS and a DS to drive transport from the FS to the DS across a semipermeable
membrane. In water extraction, the FS can be an impaired water steam (e.g., brackish
water or wastewater) with low osmotic pressure compared to the DS [5]. FO is showing
great promise, particularly for the treatment of hypersaline, high fouling, or otherwise
challenging feed waters. Unlike pressure-driven membrane processes such as RO, where
the feed water is pumped at a high enough pressure to overcome the osmotic pressure
differential between the feed and permeate, the difference in osmotic pressure between the
feed water and a more concentrated DS drives the filtering process with FO. Consequently,
the first filtering phase uses less energy and experiences less fouling and scaling. Following
cleaning procedures, better fouling reversibility is also seen. The ultimate result of FO, in
contrast to other membrane processes, is a diluted DS rather than purified water. There-
fore, a second separation stage is required to both re-concentrate the DS for reuse and to
generate a purified water product, unless the diluted DS is beneficial in and of itself or the
process is only being run to dewater the feed rather than produce a useful water product [6].
FO is a multipurpose technology applied in many fields, such as desalination [7], power
generation [8], wastewater treatment [9], food processing [10-12], algae biomass dewa-
tering [13], and sludge treatment [14]. However, FO cannot be utilized as a stand-alone
system where water is moved over a membrane by a DS with high osmotic pressure. The
DS must be recovered or changed when it becomes diluted. For expanding the use of FO,
clever DS and efficient DS recovery techniques are still essential [15]. FO offers several
key advantages that position it as an attractive and efficient technology. Among the main
advantages of FO are low energy consumption, enabling an energy-efficient process that
has significant positive impacts on sustainability, and operating cost reduction [16,17].
Furthermore, FO enables a high percentage of water recovery, which is crucial in the con-
text of a sustainable water supply in water-scarce environments. Another advantage of
FO is its ability to reduce the membrane fouling propensity. Due to the use of smaller
molecular passages compared to other membrane-based methods, the risk of fouling and
sediment formation is decreased. This means that membrane maintenance and cleaning
are reduced, resulting in an extended lifespan and a higher system efficiency. Moreover,
the design of FO systems is relatively simple and adaptable. With reduced pretreatment
requirements and greater flexibility in utilizing different water sources, more efficient and
less complex system solutions can be achieved. This adaptability and design simplicity
contribute to lower installation and maintenance costs of FO devices. The combination of
low energy consumption, cost-effective operation, high water recovery, reduced membrane
fouling propensity, and a simple and adaptable system design positions FO as a promising
technology for advanced water treatment [5,17-20]. The effectiveness of the FO process in
water production heavily relies on the properties of the DS. The DS plays a crucial role as
it needs to exhibit adequate osmotic pressure while also being efficiently recoverable. A
key challenge lies in the re-concentration of the DS, which is necessary for the separation
process and the production of clean water [21].

The choice of an appropriate DS is of the utmost significance since the DS’s role in
the FO process is crucial in regulating both the water flow through the membrane and the
expenses associated with regeneration. A number of criteria must be met in order to select
an efficient DS. In order to effectively drive the FO process, it must be able to: (i) create
a high enough osmotic pressure, (ii) have a low viscosity that facilitates easy pumping
throughout the system and enhanced water fluxes, (iii) have a low reverse solute flow, (iv)
have a high diffusion coefficient that lowers the internal concentration polarization (ICP),
(v) be readily accessible in large quantities at a reasonable price, (vi) be affordable and
simple to re-concentrate, and (vii) the toxicity of the DS will be a key worry if there is a
chance that the water in the finished product will be contaminated [6].

DSs can be categorized according to the nature of the solute. Generally, three main
categories can be highlighted: organic-based compounds, inorganic-based compounds,
and synthetic materials [22]. Based on the solute categorization, the following DSs were
investigated: gas and volatile compounds, inorganic solutes, organic solutes (fertilizers),
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simple organics, amphiphilic organic ionic liquids, switchable polarity solvents, organic
ionic salts, polyelectrolyte DSs, pH-responsive polymers, thermo-responsive copolymer,
hydro-acid complexes, stimuli-responsive hydrogels, MNPs functionalized with simple
polymers, quantum dots, and stimuli-responsive nanoparticles [6]. Extensive research has
been conducted on various types of DS in FO. Among these, gas-phase compounds, organic
solutes, inorganic solutes, and hybrid organic-inorganic nanoparticles have emerged as
the most extensively studied options. Each of these DS types offer distinct advantages and
challenges. Gas-phase compounds, such as ammonia or carbon dioxide, have attracted
attention due to their high osmotic potential and easy recovery through gaseous separation
techniques. However, their application in FO systems requires careful consideration of gas
solubility, handling, and potential environmental impacts [23]. Organic solutes, including
sugars, alcohols, or polymers, have demonstrated favorable osmotic properties and the
ability for efficient re-concentration. They offer a wide range of options for customization
and optimization to suit specific water treatment requirements. Nonetheless, the selection
of organic solutes should consider factors such as solute leakage, potential fouling, and the
availability of cost-effective recovery processes [24].

Inorganic solutes, such as salts or brines, have been explored for their high osmotic
pressure and abundant availability. They present opportunities for utilizing waste or
saline water streams as DSs. However, challenges related to DS recovery, potential scaling,
and the impact on membrane performance must be addressed to ensure the viability and
sustainability of FO systems [25]. Hybrid organic-inorganic nanoparticles have recently
gained attention as innovative draw solutes [26]. These nanoparticles combine the ad-
vantages of both organic and inorganic components, offering unique properties such as
tunable osmotic pressure, enhanced stability, and potential functionalization for specific
applications. However, further research is needed to optimize the synthesis, recovery,
and potential environmental impacts of these novel DS candidates [26-29]. Recently, mag-
netic nanoparticles (MNPs) have received attention due to their easy surface modifiability,
magnetic properties, and biocompatibility. A significant advantage of MNPs compared
to other DSs is their easy regeneration using an external magnetic field, provided that
the MNPs in ferrofluids do not aggregate. Several papers report how to prevent aggre-
gation between MNPs and how stable ferrofluids can be prepared by the adsorption of
surfactants on the MNP particle surface [30-33]. Recently, MNPs have been proposed
as a potential alternative to traditional DSs in FO. The use of MNPs as DSs in FO offers
several advantages, including faster separation, high water flux, reusability, lower energy
requirements, and enhanced selectivity [32]. However, the colloidal stability of magnetic
fluids developed for use as DSs remains a challenge. MNPs can agglomerate or aggregate
in aqueous media with varying compositions, including pH, salt concentration, presence
of specific ions, or even microbiological activity, which can lead to a reduction in water
flux after several cycles. For suspensions of MNPs used as DS in the FO process, it is a
requirement that the DS osmotic pressure is higher than for the FS. This can be achieved by
surface functionalization with hydrophilicity polymers [34]. In our previous work [35], we
reported a two-pot synthesis of magnetite nanoparticles. In the first step, we synthesized
magnetite MNPs by precipitation, and the MNPs were determined to be about 13 nm
in size. In the second step, the MNPs were coated with (3-aminopropyl)triethoxysilane
(APTES), which served as a precursor for the polyacrylic acid (PAA) coating. We used
3-(3-dimethylaminopropyl)carbodiimide (EDC) as the crosslinker, which formed a strong
covalent bond (peptide bond) between APTES and PAA. The resulting MNP@APTES@PA A
nanocomposite exhibited good colloidal stability in an aqueous solution with an osmotic
pressure of 9.19 bar at a 0.59% concentration. The results from FO showed the recovery of
the MNP@APTES@PAA composite particles as DS, which confirmed our prediction about
the strong covalent bond (peptide bond).

Using a two-pot synthesis, we succeeded in obtaining MNP@APTES@PAA composite
particles with very strong covalent bonding. The process was complicated by the use of
the EDC crosslinker to form a strong covalent bond to the PAA. To alleviate this, we aimed
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at finding a faster one-pot synthesis to produce MNP@PA A nanocomposite particles for
use as DS in FO. Synthesis of direct covalent PAA coating of MNPs is also faster, cheaper,
and environmentally friendlier in comparison with more-pot synthesis. PAA modification
has a big influence on MNP characteristics. After surface modification, the nanoparticles’
dispersibility was improved, and the zeta potential of the nanoparticles decreased [36]. PAA
is a synthetic polymer with a high molecular weight. It is non-toxic and contains carboxyl
groups in each unit. PAA acts as a weak polyelectrolyte, and its degree of dissociation
depends on pH and ionic strength. Due to its solubility in water and high density of
reactive functional groups, PAA is widely used in applications involving FO. In order to
overcome the challenge of MNP agglomeration, considerable efforts have been made to
achieve the desired stability and dispersion of MNPs [32,37].

Specifically, we investigated microwave-assisted synthesis relying on efficient energy
conversion and uniform heat distribution in the reaction system [38]. In recent years, mi-
crowave synthesis has emerged as a promising and environmentally friendly method for the
large-scale synthesis of nanomaterials, including MNPs. This innovative synthesis process
offers several advantages over conventional methods. Microwave synthesis is known for its
simplicity, time-saving nature, and low energy consumption, making it an attractive option
for the efficient production of nanomaterials [39,40]. One notable benefit of microwave
synthesis is its ability to yield nanoparticles with a narrow size distribution. The controlled
and rapid heating provided by microwave irradiation promotes homogeneous nucleation
and growth, resulting in nanoparticles with uniform sizes. This narrow size distribution
is crucial for achieving a consistent and predictable performance in various applications,
including FO. Moreover, microwave synthesis facilitates the formation of nanoparticles
with high crystallinity. The rapid and efficient heating provided by microwaves promotes
the crystallization process, leading to well-defined and highly crystalline nanoparticles.
These crystalline structures contribute to enhanced material properties, such as magnetic
behavior, stability, and catalytic activity, which are advantageous for their use in FO appli-
cations. Additionally, the nanoparticles synthesized through microwave irradiation exhibit
high water solubility. The rapid and efficient synthesis process promotes the formation
of surface-functionalized nanoparticles that readily disperse and dissolve in water. This
high water solubility is essential for the successful integration of MNPs into the DS used in
FO processes, ensuring their effective performance [38,41]. Comparative studies between
conventional synthesis methods and microwave-assisted synthesis have demonstrated the
superiority of microwave irradiation in terms of reaction rates and yields. The controlled
heating and efficient energy transfer in microwave-assisted reactions result in accelerated
reaction kinetics and higher product yields. This advantage of microwave synthesis con-
tributes to increased productivity and cost-effectiveness, making it a favorable approach
for large-scale production of MNDPs. Here, we present a fast method for preparing function-
alized MNPs for use as DS in the FO process. The MNPs prepared by this one-pot synthesis
method are uniform in size and shape and water-soluble. Stability is ensured by the fact
that the PAA chemically bonded to the surface of the MNP, causing both electrostatic and
steric repulsion, preventing aggregation. MNPs synthesized with PAA maintain a high
osmotic pressure due to the presence of carboxyl groups. This enables efficient water
transfer through the membrane during osmosis, thereby enhancing the effectiveness and
capacity of FO. Direct covalent PAA bonded on bare MNPs enables the reproducibility of
MNP@PAA as DS [35].

2. Materials and Methods
2.1. Particle Synthesis and Coating

All chemicals were analytical-grade reagents and were used without further purifica-
tion. Iron (III) chloride (FeCl3 x 6H,O) was purchased from Carlo Erba reagents GmbH,
Germany, while the iron (II) sulphate (FeSO4 x 7H;O) was purchased from Acros Organics,
Thermo Scientific ™ products, USA. Sodium carbonate hydrate (Na,CO3; x H,O) was
purchased from Kemika, Croatia, and polyacrylic acid (C3sH4O,), from Sigma Aldrich,
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Corp. St. Louis, MO, USA. Ethanol (C;HsOH) from Sigma Aldrich, Corp., St. Louis, MO,
USA was used as a washing material. Deionized water (DI) was used for all reactions.

Microwave synthesis experiments were performed in a microwave oven (power
changing from 3 W to 6.5 W during synthesis; magneton frequency: 2455 MHz), Discover
SP, CEM, USA. In detail: In a 50 mL flask, 0.09 M FeClz x 6H,O and 0.1 M FeSO,4 x 7H,O
were dissolved. After the salts were completely dissolved, the solution was poured into
a 100 mL microwave flask. The microwave flask containing the dissolved salts was then
stirred and heated at 60 °C for 10 s. Then, 8000 uL of 1 M Na,CO3; was added to the
solution and heated at 60 °C for 1 h. After one hour, 0.325 g of PAA (M, = 1800 g/mol)
was added, and the reaction mixture was stirred at 60 °C for another hour. The product
was then separated and prepared for characterization. The MNPs were washed five times
with DI water and once with ethanol. The product was redispersed in DI water or dried in
an oven at 80 °C for analysis.

2.2. X-ray Diffraction Analysis (XRD)

X-ray diffraction measurements with monochromatic CuK« radiation were performed
to investigate the crystal structure of MNPs. X-ray diffraction patterns were recorded using
a BRUKER D2 PHASER 2ndGen, Karlsruhe, Germany. The patterns were recorded in the
range of 20 to 70° (20) with a step size of 0.02° 2@ and a rate of 30 s/step. All measured
samples were dried before the measurements.

2.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was performed using a JEOL JEM-210 TEM,
Tokyo, Japan (thermionic source operated at 200 kV). The colloid sample was dropped onto
a holey carbon-coated Cu grid and left to naturally dry in an atmosphere of air. The particle
size and size distribution were then determined using custom particle imaging software
2.11, Digital Micrograph Gatan Inc (Pleasanton, CA, USA).

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) spectra were measured using an
IRAffinity 1S Shimadzu FTIR spectrometer (Pekin-Elmer 5000 Inc., Beaconsfield, UK) in a
scan range of 4000-400 cm~!. For all measurements, a total of 260 scans were performed
with a resolution of 4 cm~!. All measured samples were dried before measurement.

2.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was measured using the TGA 2, Mettler Toledo,
Switzerland. Measurements of dried samples were performed under an N, atmosphere
with a gas flow of 100 mL/min between 30 and 600 °C at a heating rate of 10 K/min. The
weight loss was attributed to the PAA coating of the MNPs.

2.6. Dynamic Light Scattering

Particle size and zeta potential were measured using a Zetasizer Nano ZS, Malvern,
UK, operated with a 4 mW He-Ne laser at 633 nm. Analyses were performed on dilute
MNP@PAA suspensions, so multiple scattering was considered negligible. The isoelectric
points were determined by titration and measurement of the respective zeta potentials of
the samples.

2.7. Magnetic Measurements

Magnetization parameters were measured using a LakeShore 7304 vibration sample
magnetometer (VSM), Westerville, OH, USA. The magnetization curves were determined
at room temperature.
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2.8. Osmotic Pressure

Osmolality was determined using a freezing-point osmometer, Gonotec-Osmomat 030,
Berlin, Germany. Osmolality was determined for the dispersions prepared from MNP@PAA
and then the osmotic pressure was calculated using the following equation in [42].

2.9. FO Filtration Experiments

FO filtration experiments were performed using an AIM™ HFFO module with an
effective membrane area of 180 cm?, kindly provided by Aquaporin A /S, Kgs, Lyngby,
Denmark. The batch experiments were performed in cross-flow mode using a double-
headed peristaltic pump (Longer Pump® BT 100-1, Shijiazhuang, China), with the FS
and DS circulation of 120.1 mL-min~! in counter-current mode. The active side of the
membrane was facing the FS. The mass changes of the FS were continuously monitored
every 30 s by digital balance (Ohaus Scout Pro, NJ, USA). The specification of the AIM™
HFFO module is presented in a previous paper. The experimental FO setup used in the
study is presented in Figure 1.

Peristaltic Peristaltic
pump pum
It O\
oY) gaeXe;
Conductivity
probe
«—
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> )
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DI water -> MNP@PAA
-
T |
| o o .
’ O O
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Balance Stirrer

Figure 1. Experimental FO setup.

3. Results and Discussion
3.1. Synthesis and Particle Size Distribution

The XRD pattern in Figure 2 shows that the synthesized MNPs have a face-centered
cubic (fcc) and an orthorhombic crystal phase by comparing with the data from the JCPDS
file (00-004-0755) and the JCPDS file (00-029-0713), indicating the formation of maghemite
and goethite. The peaks at 2@ = 30.2°, 35.5°, 57.1°, and 62.9° can be indexed to the (220),
(311), (400), and (511) lattice planes of cubic maghemite, and the peaks at 2@ = 21.3°,
33.2°,36.9°, and 53.2° can be indexed to the (111), (200), (220), and (311) lattice planes
of orthorhombic goethite. XRD analysis showed that the maghemite content was about
90%, while the goethite content was about 10%. The particle size estimated from the above
peaks yielded an average value of 7 nm for maghemite and 9.5 nm for goethite, based on
the Scherrer equation. No impurities from other iron oxides were observed. The strong
magnetism can be seen from the inset pictures in Figure 2. The MNPs rapidly responded to
an external magnetic field. The MNPs can be sedimented from their suspension by being
attracted to a magnet, and they can be redispersed in water after the magnet is removed.
This property facilitates the separation of MNPs during their preparation.

Observation of MNP@PAA using TEM (Figure 3a) revealed that the maghemite
nanoparticles were of uniform size, with an average size drgy = 7.0 nm £ 1.9 nm (Figure 3
inset), which was in good agreement with the average size determined from the broadening
of X-ray lines. Observation at a higher magnification (Figure 3b) showed that individual
maghemite nanoparticles were single crystalline.
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Figure 2. XRD pattern of MNP@PAA synthesized by microwave synthesis.
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Figure 3. TEM image of MNP@PAA acquired at lower (a) and higher (b) magnification. The inset
is a number-weighed empirical size distribution function (red dots) fitted with a Gaussian function
(red line).

The saturated mass magnetization was determined using a vibrating sample mag-
netometer. Figure 4 shows the magnetization measured at room temperature for the
MNP@PAA prepared with the microwave oven. The MNP@PAA exhibited typical super-
paramagnetic behavior at room temperature with a saturation magnetization of 19.4 emu/g.
The saturation magnetization of the as-prepared nanoparticles was 65 emu/g [43]. When
the MNPs were coated with the selected coating, it can be observed that the magneti-
zation decreased. As can be seen in Figure 4, the magnetization showed no remanence
and coercivity.

20 4

10 MNP@PAA

M (emu/g)

-20

T T
-10000 -5000 0 5000 10000
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Figure 4. The measured room temperature magnetization curve for MNP@PAA prepared by a
microwave oven.
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3.2. Surface Characterization

MNPs were directly coated in the microwave flask by injecting PAA. This one-pot
synthesis and coating have the advantage of eliminating time-consuming washing and
cleaning steps common to conventional methods. The success of the coating was deter-
mined by FTIR spectral analysis. Figure 5a shows the FTIR spectrum of bare MNP. For the
typical spectrum of goethite, the main peaks at 3149, 886, and 791 cm~! were assigned to
the vibrations of -OH. The peak around 582 cm~! showed Fe-O bonding, which is typical of
maghemite [44,45]. If we compare the synthesis result with the XRD analysis, we can also
confirm the formation of goethite and maghemite with the FTIR analysis. Figure 5b shows
the FTIR spectrum of MNP@PAA (red) and pure PAA (black). For PAA, the main peaks at
2949, 1695, 1446, and 1417 cm~! were assigned to -CHj,- (stretching and bending), -COO
(stretching in -COOH), and C-O (stretching in -COOH), respectively [31]. The FTIR spec-
trum of MNP@PAA showed that the peak at 1695 cm~! shrank and a new peak appeared
at about 1450 cm !, which was due to the binding of carboxylic acid groups to the surface
of MNPs to form carboxylate groups. The new peak corresponded to the COO™ vibration,
which indicates the bonding of the carbonyl groups to the surface Fe atoms [31,46].
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Figure 5. (a) FTIR spectra of bare MNP. (b) FTIR analysis comparison of MNP@PAA (red curve) and
PAA (black curve).

Figure 6 shows the TGA of bare MNPs, the MNP@PAA synthesized in a microwave
oven, and the PAA (M,, = 1800). Weight loss below 200 °C can be attributed to the removal
of bound water (Figure 6a,b). After 200 °C, there was a mass loss of around 12% between
200 and 550 °C, and this was due to the conversion of goethite and maghemite to hematite
(Figure 6a, black curve). In Figure 6b (red curve), we can see a mass loss of around 24%, and
this was due to PAA on the surface of nanoparticles. The mass loss in the interval between
270 °C and 600 °C was attributed to the decomposition of the PAA polymer chains [47].
The main degradation temperature of the PAA was near 400 °C [31].
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Figure 6. (a) TGA of the MNPs and MNP@PAA and (b) PAA.
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In addition to FTIR and TGA characterization of the particle surface, the change in the
isoelectric point of the particle sample can be used to determine the success of the surface
modifications. The pH-dependent zeta potential of MNP@PAA was measured in a titration
study using HCl and NaOH. The pH measurement ranged from 2 to 9. At neutral pH, the
MNP@PAA were very negatively charged at about —35 mV. The negative zeta potential
indicated that the PAA was bound to the particle surface. When the solution became more
alkaline, the zeta potential became more negative, which could be due to the ionization
of PAA [31]. The ionization of PAA would cause the electrostatic repulsion against the
aggregation between MNPs. The isoelectric point for MNP@PAA was at pH 3.55 (Figure 7),
which indicates that the MNPs were coated with PAA [35].
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Figure 7. Change of zeta potential (red curve) and hydrodynamic radii (black curve) for MNP@PAA
with pH values.

3.3. Results of FO Experiments

Two FO filtrations were performed using a suspension of MNP@PAA as a DS and DI
water as an FS. In Figure 8, the results of the water flux versus time are presented, while in
Figure 9a—d, the results of the conductivity of the FS and DS, the osmotic pressure of the FS
and DS, and the pH value of the FS and DS are presented, respectively, versus time.

O FO1 > FO2

00 05 10 15 20
t(h)

Figure 8. Water flux for 2 h FO filtration test, using freshly synthesized MNP@PAA suspension as a
DS (blue curve) and MNP@PAA suspension out of the first filtration (red curve).
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Figure 9. Recorded parameters for the 2 h FO filtration test, using freshly synthesized MNP@PAA
suspension as a DS (blue curves) and MNP@PAA suspension out of the first filtration (red curves).
(a) Conductivity of the FS, (b) conductivity of the DS, (c) osmotic pressure of the FS and DS, and
(d) pH value of the FS and DS.

For the first filtration (blue curves in Figures 8 and 9), we used 190 mL of a freshly
synthesized 0.70% suspension of MNP@PAA with an osmotic pressure of 13.0 bar and
500 mL of DI water as an FS. During the first filtration, the water flux decreased from a
maximum value of 8.1 LMH to 3.4 LMH in two hours. During that time, the membrane
passed through 121.9 mL of water (water recovery was 24.5%), which corresponds to an
increase in the dilution factor of FS from 1 to 1.6. The osmotic pressure of the FS after two
hours increased to 2.45 bar, while an increment in conductivity from 11.0 uS cm 1 to13.4 S
cm~! was noticed. For DS, the conductivity values were scattered, and a slight decrease
was observed over the whole filtration time, from an average value of 28 pS cm~! to 22.7 uS
cm~! £ 8. uS cm~!. The osmotic pressure difference between DS and FS at the end of
filtration was 2.0 bar. The pH value of the FS was 6.9 at the beginning of the filtration and
6.8 at the end, and for the DS the initial pH value was 5.1, and the final value was 5.3. After
the first filtration, 310 mL of diluted DS (suspension of MNP@PA A) was obtained, which
means that about 110 mL of water permeated from FS to the DS. The osmotic pressure of
the diluted DS was 4.4 bar, corresponding to a w/w concentration of 0.35%.

In order to reuse the MNP@PAA from the diluted DS during the first filtration, a
permanent magnet was used for separation, followed by a rinsing procedure with ethanol.
The particles were then re-suspended. The second filtration (red curves in Figures 8 and 9)
was performed using 190 mL of a 0.35% suspension of the re-suspended MNP@PAA with
500 mL of DI water as an FS. The osmotic pressure of the DS at the beginning of FO testing
was 4.1 bar. During the second 2 h filtration, the water flux decreased from a value of
2.1 LMH to 1.4 LMH, where 51.1 mL of water permeated the membrane (corresponding
to a water recovery of 10.3%), which corresponds to an increase in the dilution factor
of FS from 1 to 1.3. The osmotic pressure of the FS after two hours increased to 0.6 bar,
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while the increment in conductivity was insignificant. For DS, the decrease in conductivity
was more pronounced than in the first filtration, over the filtration time, from an average
value of 55.2 uS ecm ! t0 22.7 uS ecm~! + 6.3 pS cm 1. The osmotic pressure difference
between DS and FS at the end of filtration was 1.0 bar. The pH value of the FS was 6.4 at the
beginning and 7.1 at the end. For the DS, the pH value was 5.3 at the beginning and 5.4 at
the end of the experiment. After the second filtration, 240 mL of diluted DS (suspension of
MNP@PAA) was obtained, which means that about 50 mL of water permeated from FS to
the DS. The osmotic pressure of the diluted DS was 1.6 bar, which corresponds to a w/w
concentration of 0.23%.

When comparing the freshly synthesized suspension of MNP@PAA with a suspension
of used and magnetically separated MNP@PAA, we observed a decrease in the concentra-
tion, and consequently in the osmotic pressure. The starting concentration of 0.70% (first
filtration) decreased to 0.35% (second filtration), which was reflected in the osmotic pressure
values, i.e., 13.0 bar decreased to 4.1 bar. When comparing the filtration performance, we
can see that the starting water flux for the first filtration was 8.1 LMH, while the starting
water flux for the second filtration was 2.1 LMH—3.8-times lower compared to the first
filtration. The starting osmotic pressure was 3.2-times lower if we compared the starting
driving force of the DS for both filtrations.

3.4. Characterization after the First and Second FO Processes

After both the first and second filtrations, we examined the particles to see if the PAA
remained bound to the MNPs. After both filtrations, the particles were stable in solution (no
aggregation) and maintained their pressure, indicating that they were still coated with PAA.
To confirm this, the MNP was characterized after both filtrations by TGA, DLS, and FTIR
analysis. Using TGA, we determined the mass loss before and after the first and second
filtrations. For all measurements and analyses performed after filtration, we used the same
conditions as for the characterization of MNP@PAA. The TGA results in Figure 10 show
the weight loss of MNPs after the first FO process (MNP@PAA _afterFO1) and after the
second FO process (MNP@PAA _afterFO2). The overall weight loss of MNP@PAA before
the FO process was determined as 23.47%, after the first FO as 23.83%, and after the second
FO process as 22.90%. The mass loss after FO did not significantly change, confirming that
PAA remained on the particles during the FO process and was not washed off, indicating a
strong covalent bond.
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Figure 10. TGA curve of MNP@PAA before and after the first and second FO processes.

We also characterized the MNPs after the first and second FO processes using DLS,
with the same measurement conditions as before the FO process. Particle titration was
performed before the FO process and the isoelectric point was determined to be 3.55 (see
Figure 7). We also performed titrations after the first and second FO processes and de-
termined the isoelectric point, as shown in Figure 11a,b. After the first FO process, we
determined the isoelectric point as 3.60 (Figure 11a), and the isoelectric point after the
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second FO process was determined as 3.75 (Figure 11b). Again, the values before and
after the FO process differed only slightly, and we can argue, similar to the TGA, that the
particles were still coated with PAA after FO.
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Figure 11. DLS analysis after the first FO process (a) and after the second FO process (b).

As a third characterization method after the FO process, we chose FTIR analysis,
which showed the following results (Figure 12). Figure 12 shows the spectrum after the
first (black curve) and after the second FO process (red curve). Comparing the spectra for
pure PAA and MNP@PAA before the FO process (Figure 5b), we see that the spectra did
not differ. From this, we confirmed that the particles remained coated with PAA after both
FO filtrations.
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Figure 12. FTIR analysis after the first FO process (black) and after the second FO process (red).

4. Conclusions

MNP@PAA were successfully synthesized by microwave irradiation. PAA was di-
rectly covalently bonded to the MNP surface without the help of an EDC crosslinker, as
in our previous studies on PAA-coated MNPs. The MNP@PA A nanocomposites showed
excellent colloidal stability in an aqueous solution, with an osmotic pressure of 12.8 bar
(0.7% suspension). To verify the stability of the nanoparticle coating with PAA, system-
atic analyses were performed using techniques such as dynamic light scattering (DLS),
Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray
diffraction (XRD), and transmission electron microscopy (TEM).

TGA, FTIR, and isoelectric point measurements confirmed the hydrophilic surface
chemistry of the MNP@PA A nanocomposites. XRD analyses indicated a maghemite crystal
structure, while TEM analysis revealed a single crystalline structure with an approximate
diameter of 7 nm. The saturated mass magnetization of the MNP@PA A nanocomposites
was 19.4 emu/g, while the as-prepared nanoparticles had a saturated mass magnetization
of 65 emu/g. The osmotic pressure of MNP@PAA was 12.8 bar (0.7% suspension). Two
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forward osmosis filtrations (FO) were performed using MNP@PA A nanocomposites as the
DS. TGA was performed after each FO filtration, and the results showed that the weight
losses of MNP@PA A before and after FO were almost identical (23.83% after the first FO
and 22.90% after the second FO). FTIR and isoelectric point measurements also confirmed
the presence of the PAA coating on the MNP surface after the FO process. The MNP@PAA
nanocomposites exhibited excellent colloidal stability in an aqueous solution with high
osmotic pressure. The hydrophilic surface chemistry ensured compatibility with aqueous
solutions and contributed to improved dispersion and system stability. These results
demonstrated the reproducibility of MNP@PA A nanocomposite particles as a reliable DS.
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