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ABSTRACT 

Dynamic combinatorial chemistry (DCC) is an ideal tool used to create complex 
chemical systems, where a variety of components are produced in a combinatorial 
way by linking building blocks through reversible chemical bonds under 
thermodynamic control. When changing experimental conditions or adding 
templates in the library, the equilibrium is shifted, while some specific components 
that may have non-covalent interactions with the template will be selected and 
amplified. The dynamic nature of DCC makes it suitable for exploring new 
functional molecules, such as catalysts, receptors, drug discovery, and materials. 

In this thesis, several building blocks were synthesized for preparing functional 
macrocycles through DCC. In part 1, a molecular mutualistic relationship was found 
in a library containing three kinds of building blocks. Thermodynamic and kinetic 
analysis revealed the details of the emergence of mutualism in the library. 

In part 2, a building block containing an arginine group was synthesized, which 
could self-synthesize into macrocycles, and then assemble with doxorubicin and 
siRNA to form nanoparticles. The macrocyclic delivery system with high drug 
loading capacity showed pH- and redox-responsiveness for the release. In addition, 
the macrocyclic delivery system exhibited good biocompatibility, enhanced cellular 
uptake ability, and synergistic therapeutic effects against cancer cells. 

In part 3, an azobenzene-based building block was synthesized, which could self-
synthesize into dimeric macrocycles, and then self-assemble with a bolaform 
surfactant to form supramolecular hydrogel. The hydrogel demonstrated thermal 
sensitivity and self-healing capability, and could be processed into the humidity-
responsive films with considerable mechanical strength. A series kind of actuators 
that could programmable move triggered by humidity variation were designed. In 
addition, a new type of autonomous energy transducer was prepared that could 
transduce mechanical energy into electricity continuously. 

KEYWORDS: Dynamical combinatorial chemistry, macrocycle, catenane, drug 
delivery, smart materials 



 5 

TURUN YLIOPISTO 
Matemaattis-luonnontieteellinen tiedekunta 
Kemian laitos 
Kemia 
YONGLEI LYU: Funktionaaliset disulfidimakrosyklit dynaamisista 
kombinatorisista kirjastoista 
Väitöskirja, 137 pp. 
Eksaktien tieteiden tohtoriohjelma 
tohtoriohjelma 
Elokuu 2024 

TIIVISTELMÄ 

Dynaaminen kombinatorinen kemia (DCC) on ihanteellinen työkalu monimut-
kaisten kemiallisten järjestelmien luomiseen, joissa erilaisia komponentteja tuote-
taan kombinatorisella tavalla yhdistämällä rakennuspalikoita palautuvien kemiallis-
ten sidosten avulla termodynaamisen ohjauksen alaisena. Kun muutetaan koeolo-
suhteita tai lisätään templaatteja kirjastoon, tasapaino siirtyy, kun taas jotkin tietyt 
komponentit, joilla voi olla ei-kovalenttisia vuorovaikutuksia templaatin kanssa, 
valitaan ja vahvistetaan. DCC:n dynaaminen luonne tekee siitä sopivan uusien 
funktionaalisten molekyylien, kuten katalyyttien, reseptoreiden, lääkekehityksen ja 
materiaalien, tutkimiseen. 

Tässä opinnäytetyössä syntetisoitiin useita rakennuspalikoita funktionaalisten 
makrosyklien valmistamiseksi DCC:n kautta. Osassa 1 löydettiin molekylaarinen 
vastavuoroinen suhde kirjastosta, joka sisälsi kolmenlaisia rakennuspalikoita. 
Termodynaaminen ja kineettinen analyysi paljasti yksityiskohtia keskinäisyyden 
syntymisestä kirjastossa. 

Osassa 2 syntetisoitiin arginiiniryhmän sisältävä rakennuspalikka, joka pystyi 
syntetisoimaan itsensä makrosykleiksi ja sitten koota doksorubisiinin ja siRNA:n 
kanssa nanohiukkasten muodostamiseksi. Makrosyklinen annostelujärjestelmä, jolla 
oli korkea lääkelatauskapasiteetti, osoitti pH- ja redox-vastetta vapautumiselle. 
Lisäksi makrosyklisellä jakelujärjestelmällä oli hyvä biologinen yhteensopivuus, 
parantunut solujen vastaanottokyky ja synergistiset terapeuttiset vaikutukset 
syöpäsoluja vastaan. 

Osassa 3 syntetisoitiin atsobentseenipohjainen rakennuspalikka, joka pystyi 
itsesyntetisoimaan dimeerisiksi makrosykleiksi ja sitten koota itsekseen bolaform 
pinta-aktiivisen aineen kanssa supramolekyylisen hydrogeelin muodostamiseksi. 
Hydrogeeli osoitti lämpöherkkyyttä ja itsekorjautumiskykyä, ja se voitiin työstää 
kosteudelle herkäksi kalvoksi, jolla oli huomattava mekaaninen lujuus. Suunniteltiin 
sarja toimilaitteita, jotka pystyivät ohjelmoitavasti liikkumaan kosteuden vaihtelun 
laukaisemana. Lisäksi valmistettiin uudenlainen autonominen energiaanturi, joka 
pystyi muuttamaan mekaanista energiaa sähköksi jatkuvasti. 

KEYWORDS: Dynaaminen kombinatorinen kemia, makrosykli, katenaani, lääke-
annostelu, älykkäät materiaalit 
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1 Introduction 

1.1 Dynamic combinatorial chemistry 

1.1.1 Definition 
Combinatorial chemistry is a powerful tool that generates a very large number of 
different compounds by a collection of small molecules (building blocks).1 In the 
combinatorial approach2 (Figure 1), the selection of those compounds with specific 
desired properties could be achieved effectively. Compared with traditional 
chemistry, combinatorial chemistry increases the generating diversity of functional 
molecules in a controlled setting, and it is widely applied in drug discovery3 or 
catalysis development.4,5 

 

Figure 1. Combinatorial library made from different building blocks. The final composition of the 
library is fixed. Reprinted with permission from Drug Discovery Today 2002, 7 (2), 117-
125. 

Dynamic combinatorial chemistry (DCC),6,7 also known as constitutional 
dynamic chemistry (CDC),8,9 is a field of combinatorial chemistry, where simple 
molecular building blocks can react with each other to form complex compounds in 
a reversible chemical process under thermodynamic control. In a dynamic 
combinatorial library (DCL), all the constituents can interconvert due to the 
existence of reversible covalent or non-covalent bonds between the building blocks. 
The distribution of constitutes in a DCL tends toward the thermodynamic minimum 
of the whole system, known as thermodynamic equilibrium. When a DCL is exposed 
to external influences, the composition will be reorganized, and the equilibrium will 
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shift to maximize the overall thermodynamic stability of the system by changing the 
composition of the library in favor of members that are best adapted to the new 
conditions (Figure 2).6,10 

 

Figure 2. Dynamic combinatorial library made from different building blocks. The distribution of 
the library compositions depends on the free energy landscape of the library and can 
be altered by the addition of an external template. Reprinted with permission from 
Science 2002, 297 (5581), 590-593. 

1.1.2 Template effect 

1.1.2.1 External template 

The state of a DCL is influenced by various external factors, such as temperature,11 
pH,12 pressure,11 or molecules10 of the system. Following a stimulus, the equilibrium 
of a DCL can be altered until a new distribution of composition with the lowest 
energy emerges. Among these external factors, the most widely explored strategy 
for changing the distribution of thermodynamic products in DCLs is to introduce 
chemical molecules that can strongly bind with building blocks through reversible 
interactions, including hydrogen bonding,13 metal-ligand coordination,14 and 
electrostatic interaction15. For example, when a new species is added to the system, 
the equilibrium is shifted by the interaction between this template molecule and a 
specific member in the library, resulting in an increased concentration of the selected 
species, commonly referred to as “amplification”.16,17 This effect has been utilized 
to discover receptors and ligands for metal ions18,19 or biomolecules20,21 in previous 
works. It should be noted that, since the equilibrium of DCLs is governed by the 
lowest overall Gibbs energy, the final distribution is determined by the total sum of 
the thermodynamic stabilities of all components in the library, rather than the 
individually most stable one.16,17,22 
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1.1.2.2 Internal template 

Templating effects may also arise from internal changes in the DCLs, which is called 
internal templating. It means that molecular interactions occur between or within the 
components in the library. If the intramolecular non-covalent interactions occur 
inside an oligomer, it can be stabilized and amplified to generate a foldamer23or 
supramolecular oligomer assembly24 (Figure 3). Also, the constitutions in the library 
can bind intermolecularly and tend to self-assemble into fiber-like assemblies, which 
result from the self-replication of specific members that can take part in self-
assembly.25,26 

 

Figure 3. Internal recognition mechanism in DCLs. (a) folded structure formation by intramolecular 
recognition; (b) self-templating by intermolecular interaction. Reprinted with permission 
from Chem. Rev. 2006, 106 (9), 3652-3711. 

1.2 Reversible chemistry used in DCC 

1.2.1 Reactions involving covalent bonds 
Compared with traditional combinatorial chemistry, the main feature of DCC is to 
utilize reversible reactions to mediate the exchange of building blocks between 
different members in DCLs.1 For the purpose of exploring novel functional 
compounds, such as macrocyclic receptors or ligands for small or biomolecules, 
the experimental conditions of reversible reactions used in DCC including pH and 
solvent, should be suitable for the selection process between the template and 
components in the library. Also, a reasonable timescale of the applied reversible 
reaction is necessary, so that the libraries could respond to external stimuli, and 
reduce the risk of irreversible side reactions.6 In addition, the reactions should be 
carried out under experimental conditions that are compatible with the non-
covalent interactions between template and DCL members.6 Besides, the reversible 
reactions should be able to be turned off, so that the selection library members can 
be characterized and isolated for further applications. Scheme 1 summarizes the 
most popular reversible reactions used for DCC. Here, we only described disulfide 
exchange and hydrazone exchange, which are used in the experimental part. 
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Scheme 1. Overview of reversible reactions utilized in DCC. Reprinted with permission from Chem. 

Rev. 2006, 106 (9), 3652-3711. 

1.2.1.1 Disulfide exchange 

Disulfide exchange is one of the most popular reversible reactions employed in the 
creation of such library members in DCC.6 In 2000, Sanders’s group reported the 
first example of DCLs containing a large number of disulfide macrocycles 
synthesized from a variety of simple dithiol building blocks in solution.27 The 
essence of the disulfide exchange mechanism involves four steps (Scheme 2):6,28 the 
initial ionization of the thiol building blocks to the thiolate anions; the irreversible 
oxidation of the thiol building blocks into disulfide bond linkage; followed by the 
oxidation, nucleophilic attack of the thiolate anion on the disulfide bond, resulting 
in the replacement of one sulfur atom from the disulfide linkage. Since the ionization, 
oxidation, and exchange reaction are highly pH-dependent in solution, the neutral to 
mildly basic atmosphere is suitable to generate thiolate anions to be involved in the 
exchange process. Also, the disulfide exchange reaction can be slowed down after 
fully oxidizing the thiols to disulfides. Besides, the disulfide exchange process can 
be “frozen” by lowering the pH, resulting from the protonation of the thiolate anion. 
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Scheme 2. Mechanism of disulfide formation and disulfide exchange. 

1.2.1.2 Hydrazone exchange 

Compared with most common imine formation, hydrazones can be more stable and 
less prone to hydrolysis under neutral conditions in water, because of the mesomeric 
effect.29 Hence, hydrazone exchange has become a widely used reversible reaction 
in dynamic libraries recently, which is the condensation of a hydrazide and an 
aldehyde. The scheme of hydrazone exchange includes two steps (Scheme 3). In the 
initial step, a hydrazone is formed through the condensation of an aldehyde and a 
hydrazide. Then, the carbonyl carbon from the hydrazone group is attacked by a 
hydrazide group through nucleophilic substitution. The hydrazone reactions become 
significant under acidic conditions (pH 4 or below) when the aldehyde and the 
nitrogen atom of the C=N bond become protonation. Alternatively, nucleophilic 
catalysts such as aniline can be used to accelerate the formation and exchange of 
hydrazones in DCC.20,30 It is noticeable that as parent hydrazone is too stable for 
dynamic libraries, most of the applications in DCC are acyl hydrazone in which the 
acyl groups moderate the stability by somewhat disfavouring electron delocalization 
through the molecule.20, 30-32 

 

Scheme 3. Mechanism of hydrazone formation and exchange. 
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1.2.2 Reactions involving non-covalent bonds 
Except for the typical covalent reactions, non-covalent bonds (metal-ligand and 
hydrogen bonding) that take part in the self-assembly of supramolecular 
architectures have also been exploited in DCC. Timmerman, Reinhoudt, and co-
workers first reported a DCL containing hydrogen-bonded assemblies under 
thermodynamically controlled conditions in 1998.33 After mixing the individual 
homomeric assemblies [1a]3 and [1b]3 in apolar solvents with 5,5-diethylbarbiturate 
with a ratio of 1:1:2, four different assemblies were formed in the library, which is 
driven by the formation of 36 cooperative hydrogen bonds (Scheme 4). 

 
Scheme 4. Schematic representation of hydrogen bonded assemblies [1]3 and [2]3. Reprinted with 

permission from Chem. Commun., 1998, 1021-1022. 

To utilize metal-ligand interaction in DCC, the rate of ligand substitution 
reactions should be fast, which depends on a variety of factors, including the nature 
of the metal, charge, steric and electronic effect of ligand, and additives.6 So far, a 
series of complexes based on Co(II),34 Ni(II),35 Pd(II),36 Ru(II)37 and Zn(II)38 ions 
have been reported to generate DCLs through metal-ligand exchange. 
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1.3 Application of macrocycles in DCC 

1.3.1 Receptor 
Making artificial receptors that can bind small molecules through non-covalent 
interactions still remains challenging, as it needs to devote great effort in design, 
synthesis, evaluation, optimization, and re-evaluation.6 Scientists hope to explore an 
alternative method, and DCC becomes a particularly attractive choice to synthesize 
receptors, especially macrocyclic receptors. In the mid-1990s, the groups of 
Sanders,39 Lehn40,41 and others42,43 developed DCC as a novel method to efficiently 
produce components that can bind target molecules effectively. 

Compared with traditional methods for synthesizing macrocyclic receptors, in 
DCLs the initial di-functional building blocks are self-assembled into the possible 
macrocycles which are selected to complementary to target molecules (template) 
under thermodynamic control. Due to the interactions between the template and the 
components in the library, the preferred members with strong binding will be 
selected and amplified as a sacrifice of other members. Once the fittest macrocyclic 
receptors are synthesized and detected in DCLs, they can be either isolated, 
characterized, or resynthesized by traditional methods. Hence, the main application 
of DCC is to discover new synthetic receptors for target molecules. 

 
Scheme 5. New receptors were selected and amplified from DCLs containing different dithiol 

building blocks in presence of ammonium guests. Reprinted with permission from 
Chem. Rev. 2006, 106 (9), 3652-3711. 
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Inspired by cyclophane-based macrocycles published by Dougherty and co-
workers,44-46 the group of Sanders and Otto have earlier prepared a series of dithiol 
building blocks (3, 4, 5), and analysed the compounds in DCLs in the presence of 
different ammonium guests (Scheme 5).47,48 Above expectations, the Dougherty host 
prefers guest 6, induce the amplification of a different heterotrimer 9, rather than 
analogues of cyclophane host. The binding constant of this disulfide heterotrimer 
host 324 (2.5 ×105 M-1) was in the same order as the Dougherty host. Besides, when 
exposed to either the larger guest 7 or smaller guest 8, the amplification of new 
receptors in DCLs could happen, and both of them showed high affinities to relative 
hosts (7.1 ×105 M-1 for 7-33, 4 ×106 M-1 for 8-34). In 2019, Waters et al reported a 
synthetic 5-sided box-like shape receptor capable of selectively recognizing 
asymmetric dimethylarginine (Rme2a) by using building block 3 and 3,7-
dimercapto-naphthalene-2-carboxylic acid via DCC.49 Using this method, a 
thioether-linked analogue of the resulting receptor with greater stability was 
synthesized. 

1.3.2 Catalysis 
Catalysis is the process of increasing the rate of a chemical reaction by adding a 
catalyst, which is a substance that speeds up the reaction by lowering the activation 
energy, making the reactants transform into products easier. To date, several 
selection-based approaches to discover new synthetic catalysts are being developed. 
Since the selection of catalysts can be based on the affinity for the transition state of 
a certain reaction, a stable transition-state analogue (TSA) is designed to mimic how 
the actual transition state interacts with the catalyst.50,51 

In DCC, new chemical species are generated by the linkage of small building 
blocks through reversible reactions under thermodynamic control. When a DCL is 
exposed to a TSA, the compositions screened for the TSA are stabilized, and the 
equilibrium of the whole system shifts, resulting in amplifying the strong bind 
products at the expense of other library members.6 Based on this approach, DCC can 
be a fascinating tool in the discovery of synthetic catalysts, as a result, should have 
the potential to catalysing the corresponding reaction. Sanders, Otto, and co-workers 
used a library containing building blocks (3, 4, 5) to search for new catalysts for the 
Diels-Alder (DA) reaction between acridizinium bromide and cyclopentadiene.50 In 
this paper, the product was selected as a TSA, and trimer 33

 was amplified from a 
library containing equimolar amounts of 3, 4, and 5. After studying the binding of 
reactants and product to macrocycle 33, they found that it showed a stronger binding 
affinity to the product than the cyclopentadiene. Hence, host 33 should be potential 
in catalysis. In the kinetic experiments, macrocycle 33 could accelerate the rate of 
DA reaction with an approximately 10-fold. 
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Lehn’s group investigated on a co-catalysis strategy of bond-formation, which is 
achieved by combining metallo- and organo-catalysis in a DCL. In this paper, imine 
and hydrazone generation from 6-phenyl pyridine-2-carboxaldehyde, p-anisidine 
and N-methyl pyridine hydrazine showed large accelerations in presence of Ag(I) or 
Zn(II), up to 104 for the Zn(II)-(p-anisidine)imine complex.52 

1.3.3 Drug delivery 
To improve the delivery and therapeutic efficacy of drugs to specific target sites, a 
drug system, referred to as a vector/carrier is a technology that has been investigated 
by researchers in last several decades. A variety of functional delivery systems have 
been designed, such as polymers,53,54 liposomes,55,56 and inorganic nanoparticles,57,58 
among which polymeric carriers are most widely used. However, inefficient release 
rates and relatively low loading capacity are the main hinders need to overcome for 
polymer vectors.59,60 Hence, some researchers have started to explore stable but 
responsive delivery systems with high drug-loading ability. 

In recent years, reversible covalent bonds-based nanomaterials with stimuli-
responsive linkers have been used in drug delivery, as they exhibit flexible and 
responsive exposure to stimuli, while remaining stable under physiological 
conditions.61-63 Based on the dynamic features of reversible covalent bonds, some 
researchers began to design dynamic drug delivery systems directly using DCC. In 
a DCL, the building blocks can self-synthesize in assemblies or macrocycles linked 
by reversible bonds under thermal dynamic control, while specific members can be 
amplified in the presence of an external template. These features can be exploited 
for designing responsive delivery system. 

Our group described a drug delivery system using DCC, in which the octameric 
disulfide macrocycle was amplified from the dithiol building block 4 after 
introducing a cationic template and a drug molecule (DOX) during the co-self-
assembly process (Figure 4).64 The resulting nanorods not only showed the extremely 
high drug loading capability but also could release drug molecules inside the tumor 
cell rapidly, due to the redox- and pH-responsiveness of disulfide bonds in 
macrocycles. In addition, the responsive nanorods delivery system exhibited the 
enhanced ability to fight against DOX-resistant cancer cells both in vitro and in vivo.  
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Figure 4. Self-synthesizing nanorods emerging from DCLs against DOX resistant cancer in vitro 

and in vivo. Reprinted with permission from Angew. Chem. Int. Ed. 2021, 60 (6), 3062-
3070. 

1.3.4 Covalent organic frameworks 
COFs are two or three-dimensional polymeric materials formed through covalent 
reactions between organic precursors until porous, stable, and crystalline materials 
form.65 Different from classical short-range covalent polymers connected via 
irreversible condensation, COFs show highly ordered crystalline structures through 
reversible reactions. Because of their well-defined topologies, porous structure, and 
ease of functionalization, COFs have shown potential in various fields, including 
catalysis,66-68 gas storage and separation,69,70 sensing,71-73 biomedicine74,75 and so on.  
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In 2005, the first two COFs based on dynamic boroxine and catechol/boronate 
ester linkages were reported by Yaghi and co-workers,76 a number of distinct COFs 
architectures have been synthesized. Among these reports, boron-based COFs were 
the dominant. Dichtel’s group utilized a BF3∙OEt2-catalysed deprotection protocol to 
form boronate esters directly from protected catechols and arylboronic acids.77 Using 
this method, a crystalline boronate ester-linked COF composed of phthalocyanine 
macrocycles linked by phenylene bis(boronic acid) linker is fabricated, which has 
potential in organic photovoltaic devices.77 Afterward, Yaghi’s group successfully 
synthesized the first crystalline COF-300 linked through imine,78 followed by COF-
42 and COF-43 linked through hydrazone.79 All these materials were highly 
crystalline, displayed excellent chemical and thermal stability, and were 
permanently porous. 

Recently, Patra et al succeeded in achieving a transformation of discrete organic 
imine cage-to-COF film at the liquid-liquid interface directed by dynamic covalent 
chemistry.80 After adding aromatic amines linkers, the discrete organic imine cage 
COF1 in CDCl3 began to unfold and generate imine intermediates, followed by their 
interface-assisted preorganization and the growth of COF films with high 
crystallinity and porosity (up to 1790 ± 80 m2g-1) at interface (Figure 5). Further, the 
COF films exhibited excellent performance toward the size-selective molecular 
separation from water and high solvent permeance for polar protic and aprotic 
solvents. 

 
Figure 5. (a) The scheme of acid-catalysed interfacial transformation of the imine cage to COF 

film in the presence of diverse amine linkers at room temperature. (b) Digital 
photographs of COF1 films: free-standing film after 24 h of interfacial polymerization 
(top and middle) and solvent-induced delaminated transparent thin film (bottom). 
Reprinted with permission from Angew. Chem. Int. Ed. 2023, 62 (23), e202219083. 
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1.3.5 Soft materials 
Soft materials are a class of materials that are deformed or structurally altered by 
thermal or mechanical stress at about room temperature, as the interactions holding 
the material together are close to thermal energy, making them reversible and highly 
responsive to environmental changes. Soft materials include foams, polymers, gels, 
colloids, and most soft biological materials. There materials are typically composed 
of individual particles or molecules that are not tightly packed together. 

As a branch of soft materials, hydrogel is a three-dimensional network of 
physically or chemically crosslinked polymers that can entrap and retain a large 
amount of water.81,82 Because of the swelling, mechanical, optical, and 
biocompatible properties, hydrogels have been widely used in biomedicine, food, 
and industrial materials, etc.83-85 Different from the polymeric hydrogels made from 
covalently cross-linked networks of polymers, the network in supramolecular 
hydrogels is formed due to the non-covalent interactions between the 
hydrogelators.82 Recently, researchers found that the self-assembly and self-
replication from building blocks into macrocycles through DCC provide an 
alternative way to form unexpected supramolecular hydrogels. 

Otto and coworkers have reported a unique self-replicating model consisting of 
monodisperse self-assembled nanofibers, which is based on short peptide sequence-
derived building blocks that form macrocycles with different sizes.26 They also found 
that the length of the fibers could be affected by mechanical agitation or chemical 
methods, resulting in the production of fibers with controllable lengths and low 
polydispersity.86,87 After irradiating the solution containing hexamer fibers with a 
UV lamp, the hydrogel formed, resulting from disulfide exchange (Scheme 6).87 
Besides, by adding triblock copolymers with negatively charged motifs and salts that 
can interact with fibers, the mechanical properties of the hydrogel can be tuned 
precisely.88 
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Scheme 6.  A DCL made from a short peptide sequence-derived building block gives rise to stacks 
of hexameric macrocycles which are covalently captured upon photoirradiation (365 nm) 
to produce a hydrogel. Reprinted with permission from Angew. Chem. Int. Ed. 2011, 50 
(36), 8384-8386. 

Except the supramolecular hydrogel, some other soft materials have also been 
found in DCLs. Recently, our group has described a robust and sustainable 
supramolecular plastic formed by azobenzene-derived macrocycles (ADM), which 
was synthesized from a DCL by a highly selective gelation process with magnesium 
cation, with cationic surfactant cetyltrimethylammonium bromide (CTAB) via 
liquid-liquid phase separation.89 The ADM/CTAB supramolecular material 
exhibited self-healing properties after absorbing water, while it could be used as an 
eco-friendly adhesive bonding material in air after releasing water. 
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2 Aims of the Thesis 

Dynamic combinatorial chemistry (DCC) is a method to generate libraries of new 
molecules or complex structures from simple building blocks through reversible 
reactions. The library containing these reversibly interconverting components is 
called a dynamic combinatorial library (DCL), and the distribution of which is 
determined by the thermodynamic stability of the whole system. When a DCL is 
exposed to an external stimulus (such as pH, temperature, and specific molecules), 
the equilibrium will shift and those components whose Gibbs free energy is lowered 
by interactions can get amplified, allowing the whole library to reach a new 
equilibrium. Based on these features of DCC, it has been used in identifying ligands 
and receptors for small or biological molecules and discovering new catalysts for 
chemical reactions, and it still has the potential to produce functional dynamic 
macrocyclic molecules in other fields. 

This thesis aims to expand the applications of dynamic covalent macrocycles 
through DCC. In this thesis, several building blocks with specific functional groups 
are designed to prepare dynamic macrocycle systems through reversible reactions, 
and some applications are proposed based on their properties. 
 
The aims of this thesis are: 

1. To develop a system containing two orthogonal reversible reactions (disulfide 
exchange and hydrazone exchange) to investigate molecular mutualism, which 
is the co-synthesis of the minor species in a DCL. 

2. To develop a responsive macrocycle-based vector system for co-delivery of the 
drug and gene to fight against multiple drug resistance (MDR) cancer cells. 

3. To produce cell-like compartment embedded supramolecular materials for 
fabricating smart actuators using dynamic covalent macrocycles.  
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3 Materials and Methods 

3.1 General methods 
All the chemicals were purchased from Sigma-Aldrich, TCI, abcr, Fisher Scientific, 
BLD, or VWR and used without further purification. All the reactions were 
monitored by thin layer chromatography (TLC) performed on silica gel 60 F254 plate 
(Merck). The synthesis and characterization of novel compounds are described in 
the original publications. 

3.2 Characterization methods 

3.2.1 Composition and structure analysis 

3.2.1.1 NMR 
1H, 2D NMR (COSY, NOESY, DOSY) spectrum of the catenanes or complexes 
were recorded with deuterium oxide (D2O) as the solvent, using a Bruker AV500 
spectrometer. 

3.2.1.2 MS 

All ESI-MS spectra of macrocycles or catenanes were performed using a Hybrid- 
Quadrupole Orbitrap Mass spectrometers (Thermo Scientific) and a micrOTOF-Q 
(Bruker Daltonics, Bremen, Germany) using direct infusion. 

3.2.1.3 HPLC 

HPLC analysis of the DCLs was conducted on an Agilent 1100 series HPLC value 
system equipped with a diode array detector at 254 nm. The separation of the 
compounds in DCL was performed on a Symmetry C8 column (Waters™) at 25 °C 
with a gradient mixture of acetonitrile-water (5:95 → 95:5, v/v) with 0.1 % FA (v/v) 
as the mobile phase; flow rate: 1.0 mL/min. 
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3.2.1.4 DLS 

The size distribution and zeta potential of the nanoparticles or droplets were analysed 
using a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Worcestershire, 
UK). Each sample was measured three times. 

3.2.1.5 UV-Vis 

The drug concentration analysis was measured by a Lambda 35 UV/Vis spectrometer 
(PerkinElmer, U.S.A). The gene concentration analysis was measured by an ND-
1000 Spectrophotometer (Thermo Scientific). 

3.2.1.6 FT-IR 

FT-IR spectrum was recorded using an FTIR-1000 (PerkinElmer, U.S.A) at room 
temperature. Each sample was recorded with 64 scans from 4000 to 400 cm-1 with a 
resolution of 0.5 cm-1. 

3.2.1.7 PXRD 

The PXRD spectrum of samples was recorded by using a MicroMax 007 HF X-ray 
generator equipped with a HyPix-6000HE photon counting detector. The 
experiments were conducted at Turku Bioscience Centre. 

3.2.1.8 CLSM 

The morphology of coacervate droplets was observed by CLSM. The samples were 
stained with Nile red solution, and then dropped in confocal dishes and examined 
with a Zeiss LSM880 with air scan instrument. 

3.2.1.9 TEM 

The morphologies of the nanoparticles or droplets were recorded on a JEM-1400 
Plus (JEOL Ltd., Japan). The sample was dropped on a carbon film-supported copper 
grid (size 100 mesh), and then observed after drying in the air. 

3.2.1.10 FE-SEM 

The surface morphologies of the hydrogels or films were observed by using an Apreo 
SEM (Thermo Scientific). All the samples were coated with a thin layer (a thickness 
of 5 nm) of platinum using a sputter coater. 
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3.2.2 Materials properties measurements 

3.2.2.1 DSC 

Differential scanning calorimetry (DSC) was performed on a DSC Q2000, TA 
Instruments differential scanning calorimeter. The calorimetry was operated with a 
nitrogen flow of 50 cm3/min. Aluminum crucibles were used for both reference and 
sample. The measurement was performed from 40 °C to -40 °C at a cooling rate of 
5 K/min, and then heating back to 40 °C at a heating rate of 5 K/min. 

3.2.2.2 Rheometer 

The rheological properties of the hydrogels were conducted on a HAAKE MARS 40 
rheometer (Thermo Scientific). The diameter of the parallel plate was 20 mm, and 
the gap was 1.0 mm. After loading the hydrogel on the plate, silicone oil was covered 
on the plate to avoid the evaporation of water. 

3.2.2.3 Tensile testing 

Stress-strain curves of the film were measured by using a homemade tensile tester 
with a stretching speed of 0.05 mm/s. The thickness of the sample was 20 μm. 
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4 Results and Discussion 

4.1 Molecular mutualistic synthesis in DCC 

4.1.1 Introduction 
Mutualism is an interaction between individuals of different species that results in 
beneficial effects on the reproduction or survival of the interacting populations.90 
This concept has been widely understood to operate on levels of ecosystems, 
organisms, cells, and even molecules.91 A typical example of molecular mutualism 
is the relationship between RNA and protein, where RNA carries out protein 
synthesis in the ribosome and protein (polymerases) catalyses the condensation of 
nucleotides to make RNA.92,93 Such cooperative relationships must have influenced 
prebiotic chemical evolution, which is crucial to exploring the origin of life. 

Among hypotheses about the origin of life, “RNA-peptide coevolution” suggests 
that life may start from these two biopolymers due to their cooperative synergies in 
biology. 93-97 Inspired by this, their mutualistic functions have been explored in 
synthetic systems. Lynn et al. ascertained that the recurring pattern of nucleic acid 
phosphates was a contributing factor to the compatibility, stability, and uniform 
consistency of the end cross-β formation.98 Similarly, Williams, Leman, and others 
have reported the potential for cationic proto-peptides to steer their interactions with 
RNA molecules, fostering mutual stability.92 These studies have investigated how 
peptides could promote folding or functions of RNA,99-102 while the evidence that 
can demonstrate how the two molecules originated concurrently is quite few. 
Pioneers like Sutherland and Powner have shown that precursors to RNA and 
peptides can be generated by chemical reactions in prebiotic conditions.103,104 

Therefore, to further strengthen this hypothesis from a perspective in synthetic 
chemistry, it is imperative to explore the potential for the products of two reactions 
to mutually enhance each other’s synthesis. 

In the first part of thesis, we designed two DCLs contains three kinds of building 
blocks, azobenzene-derived dithiol building block 1, β-cyclodextrin derived 
aldehyde CD, and adipic dihydrazide L (Figure 6).105 These building blocks could 
take part in two orthogonal reversible chemical reactions, respectively (Scheme 7a - 
b). When these two libraries were performed together at the same experimental 
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conditions, two species in DCLs that were minor products from the respective DCLs 
became the major products due to the reduction in Gibbs energy levels arising from 
the formation of a complex “handcuffs” catenane (Scheme 7c). These results 
suggested that the two species functioned as templates for each other’s co-
amplification through noncovalent binding between different libraries, 
demonstrating a mutualistic relationship in synthesis. Moreover, the inert reaction 
(hydrazone formation) could be powered on by another active reaction (disulfide 
exchange) in the pair of orthogonal reactions. Such a reciprocal synthesis stands for 
a way of coevolution of species in complex chemical systems, shedding some light 
on the hypothesis of “RNA-peptide coevolution” for the origin of life. 

 
Scheme 7. Schematic illustration DCLs containing a mixture of different compositions. (a) Disulfide 

exchange (1); (b) hydrazone exchange (1 + L); (c) disulfide and hydrazone exchange 
(1 + CD + L). 

Figure 6. Molecular structure of building blocks 1, CD and L in DCLs. 
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4.1.2 Experimental Section 

4.1.2.1 Synthesis of building block 1 and CD 

Building block 1 is an azobenzene-derived compound, and its synthetic procedure 
followed the previous literature.106 The building block 1 contains two thiol groups 
that can take part in disulfide exchange, and two carboxylic acid groups for 
increasing the solubility in solution. 

Building block CD is mono[6-O-(4-formyl-phenyl)]-β-cyclodextrin and its 
synthetic procedure followed the previous reports.107,108 The building block CD 
contains an aldehyde group that can react with hydrazide to form dynamic hydrazone 
bond. 

4.1.2.2 Coefficients of building block 1 and CD 

To convert HPLC-UV peak areas into concentration, a series of libraries containing 
building block 1 were prepared with different concentrations (0, 0.25, 0.5, 1, 1.5, 2 
mM) in borate buffer. Then, 20 μL of library samples were diluted with 80 μL of 
DMSO prior to analysis. The total peak area of the HPLC chromatogram was 
determined and plotted against the concentration of building block 1. The slope of 
the linear fit of the data gave a value for C1 of 4880.86 mAU∙min∙mM-1. Using the 
same method, the coefficient C2 of building block CD was calculated as 3811.06 
mAU∙min∙mM-1. For building block L, there was no absorbance at 254 nm in HPLC. 

4.1.2.3 Evaluation of equilibrium constants 

In the procedure of evaluating equilibrium constants, two sets of DCLs (control 
group: 1 + CD, experimental group: 1 + CD + L) were set up, with the concentration 
of building block 1 (1 mM), CD (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 mM), and L 
(0 and 1 mM), respectively. When all the DCLs were fully oxidized and equilibrated, 
the concentrations of DCL components were determined by HPLC. 20 μL of library 
samples were diluted with 80 μL of DMSO prior to analysis and the HPLC-UV peak 
areas of components 3, 4, 32, 4-2CD, 4-CD, 3-CD, and 4-L-2CD were integrated 
using Chemstation software from Agilent. 

4.1.2.4 Kinetics of thiol oxidation 

To measure the rate of the thiol oxidation model, 2-mercaptobenzoic acid was used. 
2-mercaptobenzoic acid was dissolved in borate buffer (50 mM, pH 8.2) at a 
concentration of 2.0 mM. The thiol oxidation is overall first-order reaction. We 
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analysed the kinetics based on the reaction M → M2, which was measured by using 
HPLC. The molar absorptivity of thiol M was determined as 7253.1 mAU∙min∙mM-

1. The rate constant for the thiol oxidation was then obtained by analysing the change 
in the concentration of M with time. 

4.1.2.5 Kinetics of breakage of catenane 

To measure the rate of breakage model, catenane 32 was used. 32 was dissolved in 
borate buffer (50 mM, pH 8.2) at a concentration of 0.3 mM. We analysed the 
kinetics based on the reaction 32 → 23, which was measured by using HPLC. The 
molar absorptivity of catenane 32 was determined as 29285.2 mAU∙min∙mM-1. The 
rate constant for breakage of catenane was then obtained by analysing the change in 
the concentration of 32 with time. 

4.1.2.6 Kinetics of thiol-disulfide exchange 

To measure the rate of the thiol-disulfide exchange model, we prepared 5-nitro-2-
mercaptobenzoic acid A and a disulfide molecule D2. A and D2 were dissolved in 
borate buffer (50 mM, pH 8.2) at a concentration of 1.5 mM. We analysed the 
kinetics based on the reaction A + D2 → AD + D, which was measured by using 
HPLC. The peak area of A and D2 was measured at 254 nm. The molar absorptivity 
of A and D2 were determined as 2346.5 mAU∙min∙mM-1 and 3806.3 mAU∙min∙mM-

1, separately. The rate constant for thiol-disulfide exchange was then obtained by 
analysing the change in the concentration of D2 with time. 

4.1.2.7 Kinetics of hydrazone formation 

To measure the rate of breakage model, 4-2CD and building block L were used. 4-
2CD and L were dissolved in borate buffer (50 mM, pH 8.2) at a concentration of 
0.4 mM, respectively. We analysed the kinetics based on the reaction 4-2CD + L→ 
4-L-2CD, which was measured by using HPLC. The molar absorptivity of 4-2CD 
was determined as 27145.5 mAU∙min∙mM-1. The rate constant for the hydrazone 
formation was then obtained by analysing the change in the concentration of 4-2CD 
with time. 

4.1.3 DCL preparation and analysis of components 
A disulfide DCL was prepared from a well-studied azobenzene-derived dithiol 
building block 1 (1.5 mM) in borate buffer at pH 8.2. After stirring 8 days in the air, 
the library was analysed by LC-MS. The results showed that building block 1 was fully 
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oxidised into a dominant product catenane 32 which was interlocked by two trimeric 
macrocycles 3, and two minor species trimer 3 and tetramer 4 (see Figure 7a), 
corresponding to the previous report.106 Then, a DCL containing the equivalent 
amounts of building block 1 and CD (1.5 mM) was prepared at the same condition. 
After fully oxidization, LC-MS showed that three new peaks appeared, which were 
correspond to catenane 4-2CD containing a tetrameric disulfide macrocycle 
interlocked by two aldehyde CDs, catenane 4-CD, and 3-CD consisting of tetrameric 
or trimeric disulfide macrocycle but interlocked by one aldehyde CD, respectively 
(Figure 7c, f-h). Besides, a hydrazone DCL was made from the aldehyde building 
block CD (1.5 mM) and an adipic dihydrazide building block L (1.5 mM) in the 
aqueous solution at the same condition (Figure 7b). However, the expected hydrazone 
product L-2CD didn’t appear, since the hydrazone formation is thermodynamically 
and kinetically unfavourable in water at the slightly basic pH.109-111 

 

Figure 7.  Partial HPLC traces of a DCL composed of (a) 1.5 mM of 1; (b) 1.5 mM of CD and L; (c) 
1.5 mM of 1 and CD; (d) 1.5 mM of 1, CD and L; ESI-MS spectrum of (e) 4-L-2CD, 
expected m/z for [4-L-2CD]3- = 1313.6120; (f) 4-2CD, expected m/z for [4-2CD]2- = 
1902.3766; (g) 3-CD, expected m/z for [3-CD]2- = 1116.6807; (h) 4-CD,  expected m/z 
for [4-CD]2- = 1282.6769.  

When the two DCLs were combined together with the same concentration ([1] = 
[CD] = [L] =1.5 mM) in the same condition (pH 8.2), HPLC analysis showed a new 
dominant peak appeared, and the MS analysis of this new peak was the sum of that of 
the disulfide tetramer 4 and that of the linear hydrazone L-2CD obtained by the 
condensation of one molecule of L and two molecules of CD (Figure 7d and e). 
Considering that the CD could interlock with azobenzene via host-guest interaction in 
water, the new product peak should be corresponded to a “handcuffs” catenane 4-L-
2CD interlocked by hybrid species, the disulfide 4 and a linear hydrazone L-2CD. This 
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neat production showed that the minor species 4 and L-2CD from the respective DCL 
dominated the complex chemical system when the two libraries were performed 
together, demonstrating that the 4 and L-2CD were a pair of mutualistic molecules. 

Due to the remarkable co-amplification of 4 and L-2CD, which should be 
mutually benefited from their binding, the interlocked structure should remain stable 
during the purification process from the reaction mixture. Hence, we isolated both 
of 4-2CD and 4-L-2CD as a mixture of isomers, including the parallel (head-to-head) 
and anti-parallel (head-to-tail) conformation106,112 using preparative HPLC. The 
interlocked structures 4-2CD and 4-L-2CD remain stable enough to be 
comprehensively characterised by a number of 1H NMR spectroscopic experiments. 
The DOSY spectrum of 4-L-2CD showed that both 4 and L-2CD had the same 
diffusion rate constant at 2.795×10-10 m2 s-1 (Figure 8b), which confirmed the 
interlocked structure of 4-L-2CD. In the 1H NMR spectrum of 4-L-2CD (Figure 8a), 
there were four sets of signals (A, B, and C) for tetramer 4, as the local symmetry of 
azobenzene was affected by the interlocked L-2CD.113-117 The presence of only one 
 

 
Figure 8. NMR analysis of catenanes 4-L-2CD. (a) 1H NMR spectra of 4-L-2CD. (D2O, pD = 8.2, 

500MHz, 298K); (b) the 2D DOSY spectra of 4-L-2CD. (D2O, pD = 8.2, 500MHz, 298K); 
(c) part of 2D 1H-1H NOESY spectra of 4-L-2CD. (D2O, pD = 8.2, 500MHz, 298K). 
Reprinted with permission from Angew. Chem. Int. Ed. 2024, e202412020. 
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Figure 9. 1H NMR analysis of catenanes 4-2CD (D2O, pD = 8.2, 500MHz, 298K). Reprinted with 

permission from Angew. Chem. Int. Ed. 2024, e202412020. 

set of phenyl signals of L-2CD at 7.21 and 6.51 ppm was consistent with a 
symmetrical structure, indicating that the parallel conformation p4-L-2CD was the 
dominant product in the mixture.114 The sharp peaks at 8.24 and 8.39 ppm were 
assigned to the protons A1 and A2 of azobenzene units included inside the CD, as 
they experienced varying degrees of shielding from the CD cavity. In the NOESY 
spectrum (Figure 8c), NOE signals were observed between A2-3,5,6, B-3,4,5, and 
C2-3,4,6, confirming the part of tetramer 4 was mechanically encapsulated in the CD 
cavity in 4-L-2CD. On the other hand, the 1H NMR spectrum of 4-2CD showed two 
sets of phenyl signals of CD at 7.44 and 6.59 ppm, indicating two possible isomers, 
with either a head-to-head or head-to-tail orientation of two CDs, have been obtained 
(Figure 9). Compared with catenanes 4-2CD, protons c and d on phenyl moieties of 
4-L-2CD were shifted upfield (from δ = 7.44 to 7.21 ppm for c and from δ = 6.59 to 
6.51 ppm for d), due to the formation of hydrazone bonds. Besides, some small peaks 
appeared at 7.05 and 6.41 ppm, which had NOE signals with the CD cavity. These 
may be attributed to the protons of the phenyl group in anti-parallel conformation 
ap4-L-2CD.105 

4.1.4 Determination of equilibrium constants of catenanes 

4.1.4.1 Determination of concentrations of catenanes 

To unravel the mechanism behind the mutualistic synthesis in DCL based on disulfide 
and hydrazone exchange, the equilibrium constants of catenanes formation in DCL 
were determined by HPLC. Since all the components of catenanes in the DCL had UV 
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absorption and appeared as well-separated peaks in the HPLC, their concentrations can 
be quantified by peak areas. According to the previous report on building block 1 and 
unmodified cyclodextrin, catenation does not affect the UV spectra of the macrocycles 
involved.106 Besides, the total peak area of each DCL was almost equal to the sum of 
that of building block 1 and CD. Therefore, the concentrations of the library members 
could be obtained from peak areas by using Equation 1.  

[𝒙𝒙 − 𝒚𝒚𝒚𝒚𝒚𝒚] = 𝐴𝐴[𝒙𝒙−𝒚𝒚𝒚𝒚𝒚𝒚]/(𝑥𝑥𝐶𝐶1 + 𝑦𝑦𝐶𝐶2)                               (1) 

Where C1 = 4880.86 mAU∙min∙mM-1 and C2 = 3811.06 mAU∙min∙mM-1 were the 
coefficients relating peak areas of 1 and CD obtained to their corresponding 
concentrations; x and y represent the number of building blocks 1 and CD in 
catenanes, respectively. For example, the concentration of catenane 3-CD was 
calculated as: [𝟑𝟑 − 𝑪𝑪𝑪𝑪] = 𝐴𝐴[𝟑𝟑−𝑪𝑪𝑪𝑪]/(3 ∗ 4880.86 + 1 ∗ 3811.06). 

4.1.4.2 Determination of equilibrium constants in the library (1 + CD) 

In order to obtain accurate estimates of the equilibrium constants in the system, we 
first set up the control group (1 + CD), which contained the building block 1 (1 mM) 
and the building block CD (0 - 4 mM) in borate buffer (50 mM, pH 8.2) as the 
starting point to investigate their complex equilibrium of the system. After the DCLs 
were totally oxidized, the peak area of each library species is listed below in Table 
1, and the concentrations of these members were calculated by using Equation 1, 
which were listed in Table 2. As we were interested primarily in the equilibrium 
constants of binding templates to different catenane x-yCD, these were the only 
species that were explicitly considered. The other species in the system 
(overoxidized sulfinic acid side product) were not included in the table. 

Table 1.  HPLC-UV peak areas (mAU∙min) for members of DCLs that were made from building 
blocks 1 (1 mM) with varying concentrations of CD (M) as a template in 50 mM borate 
buffer at pH = 8.2. 

 HPLC-UV peak area (mAU∙min) 

CD (M) 

Member 

0 5.00E-
04 

1.00E-
03 

1.50E-
03 

2.00E-
03 

2.50E-
03 

3.00E-
03 

3.50E-
03 

4.00E-
03 

4-2CD 0.0 2832.1 3326.2 3652.9 3678.8 3711.0 3773.9 3836 3910.9 

4-CD 0.0 190.8 171.1 39.8 125.5 117.2 115.6 110.2 107.3 

3-CD 0.0 1590.1 1786.8 1694.2 1690.0 1662.6 1659.9 1641.4 1539.2 

3 246.8 117.1 101.7 87.3 70.6 67.4 55.1 53.7 53.9 

4 374.3 80.5 82.8 67.3 84.6 81.6 52.1 49.0 48.1 

32 4259.7 322.6 362.1 401.4 367.0 331.7 324.3 321.4 325.3 
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Table 2.  Calculated concentrations for members of DCLs (M) that were made from building 
blocks 1 (1 mM) with varying concentrations of CD (M) as a template in 50 mM borate 
buffer at pH = 8.2. 

 Calculated concentration of members (M) 

CD (M) 

Member 

0 5.00E-
04 

1.00E-
03 

1.50E-
03 

2.00E-
03 

2.50E-
03 

3.00E-
03 

3.50E-
03 

4.00E-
03 

4-2CD 0.00E+
00 

1.04E-
04 

1.23E-
04 

1.35E-
04 

1.36E-
04 

1.37E-
04 

1.39E-
04 

1.41E-
04 

1.44E-
04 

4-CD 0.00E+
00 

8.18E-
06 

7.33E-
06 

5.99E-
06 

5.38E-
06 

5.02E-
06 

4.95E-
06 

4.72E-
06 

4.60E-
06 

3-CD 0.00E+
00 

8.62E-
05 

9.68E-
05 

9.18E-
05 

9.16E-
05 

9.01E-
05 

8.99E-
05 

8.89E-
05 

8.34E-
05 

3 1.69E-
05 

8.00E-
06 

6.94E-
06 

5.96E-
06 

4.82E-
06 

4.61E-
06 

3.76E-
06 

3.66E-
06 

3.68E-
06 

4 1.92E-
05 

4.12E-
06 

4.24E-
06 

3.45E-
06 

4.33E-
06 

4.18E-
06 

2.67E-
06 

2.51E-
06 

2.46E-
06 

32 1.45E-
04 

1.10E-
05 

1.24E-
05 

1.37E-
05 

1.25E-
05 

1.30E-
05 

1.11E-
05 

1.10E-
05 

1.11E-
05 

 
Then, a simple model of the control group (1 + CD) that was able to produce a good 

fit in the presence of a series of catenanes was established in Figure 10a. It is noticeable 
that these equilibria do not represent realistic reaction pathways, since disulfide reduction 
does not occur under the condition of our experiments. Therefore, only specific 
equilibrium constants that are fitted include those that relate library members to their 
appropriate building blocks. Since the concentrations of the components in the libraries 
could be calculated, we can use Equation 2 to calculate the equilibrium constant. 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]/[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚][𝐶𝐶𝐶𝐶]        (2) 

 For example, the equilibrium constant of K3-CD is equal to [3-CD] [3]-1 [CD]-1, while 
the equilibrium constant of K4-2CD is equal to [4-2CD] [4-CD]-1 [CD]-1. Then, to 
iterate and adjust the values of the equilibrium constants until the error between 
observed and fitted data was minimal, the dataset of quantified concentrations from 
HPLC peak areas in the control group was fitted to the model in Figure 10a by using 
DCLFit software, which has been implemented in previous works.106,118,119 We used 
the ordinary least squares error method, Nelder Mead Simplex minimizer, and 
repeated the procedure 500 times using the Monte-Carlo approach to ensure that the 
global error minimum was found. The comparisons between observed concentration 
and fitted profiles of catenanes in the control group (1 + CD) were shown in Figure 
10b-d. As the peak areas in DCLs cannot be normalized into a certain value, the 
equilibrium constants were calculated by averaging. The difference between 
observed data and fitted data probably resulted from the error in the measurement. 
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Figure 10. (a) The model used to fit the library distributions in control group (1 + CD); the 

relationship between the concentrations of catenanes and the aldehyde CD (0 - 4 mM) 
in the control group (1 + CD). (b) 4-2CD; (c) 3-CD; (d) 4-CD. Black represents the 
observed data in HPLC, red represents the fitted data in DCLfit.  

The equilibrium constants of catenanes in the control group (1 + CD) were 
shown in Table 5. The association constant for the first binding of CD to the tetramer 
4 (log K4-CD) was 3.01 ± 0.30, whereas the binding constant for incorporating the 
second CD to yield 4-2CD (log K4-2CD) was 4.11 ± 0.09, implying that the tetramer 
4 had the cavity suitably for the interaction with two CD to form catenane 4-2CD, 
while the trimer 3 cavity was large enough to fit only one CD. Besides, in the 
molecular dynamic (MD) simulation of the system, 4-2CD had a lower binding 
energy than that of 4-CD.105 These results proved that in the library of (1 + CD), 
catenane 4-2CD was a thermodynamically favorable product, which may become 
the prerequisite to catalyse hydrazone formation in the library (1 + CD + L). 

4.1.4.3 Determination of equilibrium constants in the library (1 + L + CD) 

To further confirm pre-organised 4-2CD was crucial to catalyse the mutualistic 
synthesis of its two minor components, 4 and L-2CD, the experimental group (1 + 
CD + L), a series of DCLs consisting of the building block 1 (1 mM), hydrazide L 
(1 mM), and the aldehyde CD (0-4 mM), were analysed by HPLC after oxidation 
(Table 3). The concentrations of these members were calculated by using Equation 
1, which was listed in Table 4. Repeating the same analysis for (1 + L + CD), the 
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equilibrium constants of 4-2CD, 4-CD, and 3-2CD were obtained in Table 5 using 
Equation 2, which were close to those in the control group. 

Table 3. HPLC-UV peak areas (mAU∙min) for members of DCLs that were made from building 
blocks 1 (1 mM) and L (1 mM) with varying concentrations of CD (M) as a template in 
50 mM borate buffer at pH = 8.2. 

 HPLC-UV peak area (mAU∙min) 

  CD (M) 
Member 

0 5.00E-
04 

1.00E-
03 

1.50E-
03 

2.00E-
03 

2.50E-
03 

3.00E-
03 

3.50E-
03 

4.00E-
03 

4-L-2CD 0.0 3508.1 4383.6 4628.4 4851.1 5043.5 5105.3 5248.3 5258.4 

4-2CD 0.0 353.2 461.2 436.1 430.1 405.8 401.6 391.7 397.8 

4-CD 0.0 120.7 85.7 64.1 58.3 53.4 46.4 33.9 23.5 

3-CD 0.0 445.8 363.3 297.8 237.1 229.0 210.7 200.5 192.8 

3 246.8 183.7 104.2 68.9 63.1 59.8 57.9 44.5 39.3 

4 374.3 34.5 92.9 47.8 33.7 36.6 37.3 36.6 33.3 

32 4259.7 498.8 395.1 326.8 287.9 316.4 308.3 323.6 316.7 

Table 4. Calculated concentrations for members of DCLs (M) that were made from building 
blocks 1 (1 mM) and L (1 mM) with varying concentrations of CD (M) as a template in 
50 mM borate buffer at pH = 8.2. 

 Calculated concentration of members (M) 

CD (M) 
Member 

0 5.00E-
04 

1.00E-
03 

1.50E-
03 

2.00E-
03 

2.50E-
03 

3.00E-
03 

3.50E-
03 

4.00E-
03 

4-L-2CD 0.00E
+00 

1.29E-
04 

1.61E-
04 

1.70E-
04 

1.78E-
04 

1.86E-
04 

1.88E-
04 

1.93E-
04 

1.94E-
04 

4-2CD 0.00E
+00 

1.30E-
05 

1.70E-
05 

1.61E-
05 

1.58E-
05 

1.49E-
05 

1.48E-
05 

1.44E-
05 

1.47E-
05 

4-CD 0.00E
+00 

5.17E-
06 

3.67E-
06 

2.75E-
06 

2.50E-
06 

2.29E-
06 

1.99E-
06 

1.45E-
06 

1.01E-
06 

3-CD 0.00E
+00 

2.42E-
05 

1.97E-
05 

1.61E-
05 

1.28E-
05 

1.24E-
05 

1.40E-
05 

1.09E-
05 

1.04E-
05 

3 1.69E-
05 

1.25E-
05 

7.12E-
06 

4.71E-
06 

4.31E-
06 

4.08E-
06 

3.95E-
06 

3.04E-
06 

2.68E-
06 

4 1.92E-
05 

6.89E-
06 

4.76E-
06 

2.45E-
06 

1.73E-
06 

1.87E-
06 

1.91E-
06 

1.87E-
06 

1.71E-
06 

32 1.45E-
04 

1.70E-
05 

1.35E-
05 

1.12E-
05 

9.83E-
06 

1.08E-
05 

1.05E-
05 

1.10E-
05 

1.3E-05 
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Since the concentrations of free L and L-2CD were not readily detectable in the 
present DCLs, the equilibrium constant of hydrazone formation (L + 2CD → L-
2CD) cannot be calculated using Equation 2. Hence, we iterated the dataset in DCLfit 
and obtained a fitted constant of 1.16 ± 0.02 for 4-L-2CD, while L-2CD could not 
be synthesized directly by only L and CD (Figure 11-12). The difference between 
observed data and fitted data of 4-CD mainly resulted from the error in the 
measurement. These results demonstrated that the pre-organised catenane 4-2CD 
structures could effectively catalyse the hydrazone formation at pH 8.2, while the 
formation of L-2CD made tetramer 4 stable through the formation of the complex 
handcuffs catenane 4-L-2CD in DCL. Hence, 4 and L-2CD were a pair of 
mutualistic molecules, leading to the high yield of “handcuffs” catenane 4-L-2CD.105 

Table 5. Equilibrium constants of libraries for catenane formation105 

 Log Ka 

 4-L-2CD 4-2CD 4-CD 3-CD 

1 + CDb / 4.19 ± 0.16 2.98 ± 0.25 4.06 ± 0.16 

Fittingc / 4.11 ± 0.09 3.01 ± 0.30 4.02 ± 0.10 

1 + CD + Lb / 4.07 ± 0.11 3.24 ± 0.24 3.79 ± 0.28 

Fittingc 1.16 ± 0.02 4.00 ± 0.12 3.20 ± 0.04 3.92 ± 0.08 
a Corresponding binding constant K are in M-1.  
b Equilibrium constants are calculated from Equation 2. Data are expressed as mean values ± SD. 
c Equilibrium constants are fitted by DCLfit. 

 
Figure 11. The model used to fit the library distributions in control group (1 + CD + L). 
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Figure 12. The relationship between the concentrations of catenanes and the aldehyde CD (0 - 4 

mM) in the control group (1 + CD + L). (a) 4-L-2CD; (b) 4-2CD; (c) 3-CD; (d) 4-CD. Black 
represents the observed data in HPLC, red represents the fitted data in DCLfit. 

4.1.5 Kinetics analysis of the system 
We started by investigating a DCL composed of 1 (1.5 mM) in borate buffer (50 
mM, pH 8.2). The composition of the mixture was monitored over time using HPLC. 
A rapid increase in the amount of catenane 32 (around 76 %) was followed by a slight 
decrease after 36 h, which coincided with the gradual concentration growth of 3, 
probably attributed to the breakage of 32 (Figure 13a). In the DCL containing an 
equimolar of solution 1 and CD (1.5 mM), the species 4-CD formed rapidly in 12 h, 
followed by decreasing to 1.6 %, while 4-2CD became the dominant species after 
24 h (Figure 13b). The phenomenon should be attributed to the high affinity between 
one molecular disulfide tetramer 4 and two molecular CDs. Then, in the DCL 
containing 1.5 mM 1, CD, and L at the same condition, once 4-L-2CD emerged, it 
grew dramatically over 50 % in 36 h at the expense of other species, suggesting that 
4-L-CD rich state was a stable system (Figure 13c).  

To further investigate the mutualistic relation of 4 and L-2CD in the library, we 
constructed the model as a set of ordinary differential equations (ODEs), where three 
building blocks (1, CD, and L) have influences on each other in DCL (Table 6). In 
the model, building block 1 is oxidized to give non-assembled trimer 3, tetramer 4, 
and catenanes 32. Dimer 2 is metastable and will be consumed quickly during 
oxidization (Table 6 reaction 1 to 3). These steps are modelled as first order in overall 
building block concentration, as observed experimentally for thiol oxidation. The 



Yonglei Lyu 

42 

thiol-disulfide exchange process, by which macrocycles and catenane can 
interconvert via disulfide exchange (reaction 4 to 7). These exchange reactions 
involve multiple steps but are approximated by single rate laws that are second order 
in a building block and macrocycle (based on the fact that the rate law for the 
disulfide exchange reaction has this form). The breakage of catenane also occurs 
during this process (reaction 8). Due to the host-guest interaction of azobenzene and 
β-CD, macrocycles (3 and 4) will be combined with CD to form different complex 
structures (3-CD, 4-CD, 4-2CD), and interconvert may also occur (reaction 9-12). 
The existence of hydrazide L, makes the hydrazone formation possible (reaction 13-
14).  

Then, we determined the majority of the involved rate constants and reaction 
orders experimentally, including the rates of thiol oxidation, thiol-disulfide 
exchange, breakage of catenane, and hydrazone formation (Figure 14). These 
experimentally measured data were used to parameterize this kinetic model,120,121 
with which we analysed the reactions through pathways. 

Figure 13.  Kinetics study of catenane formation in DCLs in borate buffer (50 mM, pH 8.2). (a) 1.5 
mM of 1; (b) 1.5 mM of 1 and CD; (c) 1.5 mM of 1, CD and L; (d) kinetic modelling results 
of the catenanes in DCL containing 1.5 mM of 1, CD, and L. Reprinted with permission 
from Angew. Chem. Int. Ed. 2024, e202412020. 
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Figure 14.  Kinetic data of (a) oxidation of thiol of M. The fitting rate constant was 0.2695 h-1; (b) the 

breakage of catenane 32. The fitting rate constant was 0.1782 h-1; (c) thiol-disulfide 
exchange of A and D2. The fitting rate constant was 382.87 M-1 h-1; (d) hydrazone 
formation. The fitting rate constant was 12.81 M-1 h-1. Reprinted with permission from 
Angew. Chem. Int. Ed. 2024, e202412020. 

Table 6. Reactions and rate equations considered in the kinetic model. Rate equations are given 
from the point of view of the reactants, and the ODEs are constructed using the equations 
and the stoichiometry of the reactions. Rate constant values used for kinetic simulations. 

No Reaction Rate equation Value 
1 1 + 1/2O2 → 2 kox1 [1] 0.02831 h-1 
2 2 + 1/2O2 → 3 kox2 [2] 338.5 h-1 
3 2 + 1/2O2 → 4 kox3 [2] 0.09266 h-1 
4 3 + 1 → 4 kex4 [1] [3] 0.2918 M-1 h-1 
5 4 + 2 → 23 kex5 [2] [4] 1.589×10-5 M-1 h-1 
6 23 → 32 kex6 [3]2 0.7698 M-1 h-1 
7 1 + 32 → 3 + 4 kex7 [1] [32] 0.7179 M-1 h-1 
8 32 → 23 kbreak8 [32] 0.1796 h-1 
9 3 + CD ⇌ 3-CD kc9 [3] [CD] 0.1467 M-1 h-1 
  k-c9 [3-CD] 0.09037 h-1 
10 4 + CD ⇌ 4-CD kc10 [4] [CD] 0.9753 M-1 h-1 
  k-c10 [4-CD] 0.5897 h-1 
11 4 + 2CD ⇌ 4-2CD kc11[4] [CD] 0.4652 M-1 h-1 
  k-c11[4-2CD] 2.6054×10-5 h-1 
12 1 + 3-CD ⇌ 4-CD kex12 [1] [3-CD] 7.8855×10-10 M-1 h-1 
  k-ex12 [4-CD] 0.01844 h-1 
13 4-2CD + L ⇌ 4-L-2CD kh3 [4-2CD] [L] 14.9493 M-1 h-1 
  k-h3 [4-L-2CD] 3.1866 h-1 
14 CD + H2O → CD-H2O kh4 [CD] 0.007808 h-1 
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The experimental kinetic analysis of hydrazone formation showed that the 
reaction 4-2CD + L → 4-L-2CD in solution occurred rapidly and the rate constant 
of hydrazone formation was measured as k = 12.81 M-1 h-1, which was close to the 
calculated value 14.95 M-1 h-1 (Table 6, Figure 13d) using the kinetic model for the 
hybrid library. The high reaction rate of the hydrazone formation offered a 
potentially fast competing pathway to equilibrium, suggesting that the 
thermodynamic stable 4-2CD from a disulfide library acted as the transition state to 
promote the hydrazone formation.105 

4.1.6 Conclusion 
In this chapter, we have demonstrated the concept of molecular mutualistic synthesis 
involving species from orthogonal reversible chemical reactions (disulfide exchange 
and hydrazone exchange). When these reactions occurred concurrently in a DCL, 
two initially minor products, disulfide tetramer 4 and linear hydrazone L-2CD 
became predominant. Specifically, the building block CD from the inert reaction 
(hydrazone exchange) served as a template at first, selectively amplifying a minor 
library species (tetramer 4) from the active reaction (disulfide exchange). This 
process led to the formation of a thermodynamically stable catenane 4-2CD through 
non-covalent binding. This catenane, acting as a transition state, catalysed the inert 
reaction between its associated reactant CD and the other freely present reactant 
dihydrazide L in the solution. This interaction resulted in the dominant products 4-
L-2CD, of which both reactions aiding each other's formation, demonstrating a 
mutualistic relationship. We envision this challenge can be addressed by adjusting 
noncovalent affinities among species in new molecular systems to enable these 
species to cross-catalyse the orthogonal reactions more effectively. 
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4.2 Dynamic covalent macrocycles for drug and 
gene co-delivery 

4.2.1 Introduction 
Over the last few decades, multiple drug resistance (MDR), a major challenge in 
cancer treatment, often occurs during the course of treatment or upon recurrence of 
the disease after traditional chemotherapy.122 Researchers have investigated many 
different mechanisms responsible for the MDR of cancer cells during chemotherapy, 
including enhanced efflux of drugs, the mutation of oncogenes, activated cell growth 
factors, and elevated metabolism of xenobiotics.122-124 Among these mechanisms, the 
most widely studied are those associated with drug efflux mechanisms involving 
adenosine triphosphate-binding (ATP-binding) cassette (ABC) membrane 
transporters.125 P-glycoprotein (P-gp/ABCB1), a 170 kDa plasma membrane protein 
encoded by the MDR1 gene, is correlated with the reversal of the MDR phenotype 
in many different types of cancers, resulting in the lack of response to 
chemotherapies and poor prognoses in breast and ovarian cancers.125-127 To 
overcome MDR at the genetic level, combination therapy with effective anti-cancer 
drugs and functional genes, such as siRNA, is a powerful tool in cancer treatment.128-

130 
To achieve the simultaneous delivery of siRNA and anti-cancer drugs to MDR 

cancer cells, several strategies for designing vectors have been reported, such as 
polymer-based carriers,131 inorganic nanoparticles,132 and liposomes.133 Among 
these carriers, polymeric delivery systems are most widely used due to their stability 
and availability of different synthetic routes. Yet, this strategy has individual 
disadvantages. For example, the drug loading capabilities of polymeric carriers are 
relatively low,134 and it is challenging to control the effective release of drug and 
genes in cancer cells.59,135,136 

 In the second part of the thesis, a simple building block 2 containing thiol groups 
was synthesized, which could self-synthesize into macrocycles through disulfide 
exchange.137 After adding the anti-cancer drug DOX and siRNA, the macrocycles 
could self-assemble into nanoparticles under thermodynamic control. Various 
techniques were utilized to characterize this macrocycles-based co-delivery system, 
and its enhanced cellular uptake ability and anti-MDR cancer cells efficiency have 
been investigated. 
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4.2.2 Experimental Section 

4.2.2.1 Synthesis of building block 2 

 
Scheme 8. Synthetic route of (a) Arg-NH2; (b) building block 2. 

The starting compound 3,5-bis(tritylthio)benzoic acid a was synthesized according 
to the previous described procedure.138 Then compound a was activated by NHS, 
after mixing with coupling reagent EDC∙HCl in DMF, giving 3,5-
bis(tritylthio)benzoic acid-N-hydroxysuccinimide ester b. The NHS-activated acid 
b and 11-aminoundecanoic acid were dissolved in DMF with TEA, and then the 
reaction was conducted overnight to generate 11-[3,5-
bis(tritylthio)benzoyl)amino]undecanoic acid c. Subsequently, condensation of Arg-
NH2

139
 and compound c afford 11-[3,5-bis(tritylthio)benzoyl)amino]undecanoyl-

arginine amide d. Finally, after being treated with TFA and TES, compound d gave 
the building block 2 (Scheme 8). 

4.2.2.2 Preparation of 23+24/DOX nanofibers 

DOX (100 mg) was accurately measured and dissolved in 1 mL of deionized water. 
Building block 2 (0.21 mg) was accurately measured and dissolved in pH 7.4 PBS 
(1 mL), and then DOX solution (2 μL) was introduced into the mixture. After full 
oxidation, the prepared 23+24/DOX nanofibers were purified by dialysis for 1 day. 
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4.2.2.3 Preparation of 23+24/DOX/siRNA nanoballs 

Typically, 2 mg of 23+24/DOX was dissolved in 1 mL PBS and sonication for 10 
min. Then, the 23+24/DOX solution was incubated with siRNA for 1 h at different 
N/P ratios (0, 1, 2, 3, 4, 5, 6, 8, 10, 15, and 20) to form the 23+24/DOX/siRNA 
nanoballs. The N/P ratio represents the molar ratio of cationic nitrogen in 23+24/DOX 
to phosphate in siRNA. The complex solutions at different N/P ratios were added 
into Amicon Ultra-4 centrifugal filter devices (50 kD, Millipore, Massachusetts) and 
centrifuged (speed: 5000 rpm, time: 10 min). 

4.2.2.4 Agarose gel electrophoresis analysis 

The 23+24/DOX/siRNA nanoballs solutions at different N/P ratios (0, 1, 2, 3, 4, 5, 6, 
8, 10, 15, and 20) were sampled in an agarose gel plate (2% (w/v), ethidium bromide 
(0.5 mg/mL)) which was submerged in an electrophoresis tank filled with an 
appropriate amount of Tris-acetate-EDTA buffer. The system was running for 20 
min at 120 V. Then, a Bio-Rad Imager was used to obtain the visual result.  

In resistance to heparin replacement experiment, 23+24/DOX/siRNA solutions at 
different N/P ratios (0, 1, 2, 3, 4, 5, 6, 8, 10, 15, and 20) were mixed with heparin 
(heparin/siRNA (IU/mg) = 10) for 10 min. After that, the mixtures were incubated 
at 25 °C for 60 min. Then, the samples were electrophoresed at 120 V for 20 min. 

4.2.2.5 In vitro release of 23+24/DOX/siRNA in response to pH/redox 
stimuli 

Phosphate buffers at different pH (7.4 and 5.5) with/without 5 mM GSH were 
selected as the media to simulate biological and early/late endosomal conditions. The 
23+24/DOX/siRNA solutions were added into dialysis bags and put into a conical 
flask with 10 mL PBS solution at different pH (7.4 and 5.5) with/without 5 mM GSH. 
The flasks were then placed into a shaking incubator for 72 h at 37 °C. At a scheduled 
point, the sample was taken out and an equal medium was added. The amount of 
DOX in the medium was measured and analysed by UV-Vis spectrophotometer at 
480 nm. The release of siRNA from the 23+24/DOX/siRNA was detected with a ND-
1000 as described before. 

4.2.2.6 Cell proliferation for cytotoxicity 

Breast cancer cell line (MCF-7S), MDR ovarian cancer cell line (NCI/ADR-RES), 
and human embryonic kidney 293 cell line (HEK293) were cultured in the medium 
and used to determine the cytotoxicity of 23+24/DOX/siRNA nanoparticles. In brief, 
different cells (8×103 cells∙well-1) were seeded onto 96-well flat bottom plates 
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(Corning) and incubated overnight. Then, the cell culture mediums containing 
different concentrations of drug or 23+24/DOX/siRNA nanoparticles were added into 
the plates. After incubation for 24/48 h, the prepared MTT solution (5 mg/mL, 10 
μL∙well-1) was added into each well of the plates. After incubation for 3-4 h, the 
medium in each well was removed carefully, and then DMSO (100 μL∙well-1) was 
added into the plate. The absorbance at 570 nm was recorded using a Cytation 5 
imaging reader (BioTek, U.S.A). 

4.2.2.7 Hemolytic evaluation 

Red blood cells were collected from a human blood sample by centrifugation (1200 
rpm, 5 min), followed by rinsing with PBS three times. 100 μL of red blood cell 
stock solution was added into a 96-well plate, and then treated with different 
concentrations of 23+24/DOX/siRNA nanoparticles for 2 h. After that, the 
supernatant in each well was collected, and the absorbance at 570 nm was recorded 
using a Cytation 5 imaging reader (BioTek, U.S.A). 

4.2.2.8 Cell uptake studied by CLSM  

The cellular uptake of drug and siRNA was observed by CLSM. NCI/ADR-RES 
cells (5×104 cells∙well-1) were seeded in a 6-well plate (Corning) that contained a 
coverslip in each well overnight. Then, the cell culture mediums containing DOX, 
FAM-siRNA, 23+24/DOX nanofibers, and 23+24/DOX/siRNA nanoparticles solution 
were added into the plates carefully. After incubation for 4 h, NCI/ADR-RES cells 
were washed with PBS to remove the samples. 4% paraformaldehyde (1 mL∙well-1) 
was added into the plate and incubated for 10 min to fix the cells, followed by rinsing 
with PBS. The cell nuclei were stained with the Hoechst 33342 solution (10 μg/mL, 
200 μL∙well-1) for 10 min and rinsed with PBS. The coverslip was placed on the glass 
slide with mounting medium, dried, and sealed with clear nail polish. The samples 
were observed with a Zeiss LSM880. 

4.2.2.9 Cell uptake studied by FC 

For the FC detection, the same procedure as for CLSM, DOX, 23+24/DOX 
nanofibers, and 23+24/DOX/siRNA nanoparticles solutions were added into 6-well 
plates. After incubation for 4 h, NCI/ADR-RES cells were washed with PBS three 
times to remove the samples. After that, the cells were detached by trypsin-EDTA, 
collected, and resuspended in the tubes containing 1 mL of PBS. The fluorescence 
analysis of samples was conducted on a BD LSRFortessa. 
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4.2.2.10 In vitro gene silencing 

Western blot was utilized to evaluate P-gp expression levels in NCI/ADR-RES cells. 
In brief, NCI/ADR-RES cells (105 cells∙well-1) were seeded in a 6-well plate 
overnight. Then, the cell culture medium containing DOX, siRNA, and 
23+24/DOX/siRNA solution were added into the plates carefully. After incubation, 
the cells were rinsed with pre-cooled PBS to remove samples. Lysis buffer (100 
μL∙well-1) was added into the plate, then agitated the plate for 20 min at 4 °C, 
followed by centrifuge (15000 rpm, 20 min). The supernatant was collected and the 
concentration of protein was measured by the BCA protein kit. After electrophoresis 
with SDS-PAGE, the separated proteins were transferred onto the PVDF membrane. 
After sealing with the blocking buffer for 1 h, the membranes were incubated with 
P-gp mouse monoclonal antibody overnight. After washing with buffer three times, 
the membranes were incubated with the secondary antibody solution for 1 h, and the 
bands were visualized by Enhanced chemiluminescence (ECL) on a film. 

4.2.2.11 Apoptotic analysis 

NCI/ADR-RES cells (105 cells∙well-1) were seeded in the 6-well plate overnight. 
Then, the cell culture medium containing DOX, siRNA, 23+24, 23+24/DOX 
nanofibers and 23+24/DOX/siRNA nanoparticles solution were added into the plates. 
After incubation for 24 h, the cells were detached by trypsin-EDTA, collected, and 
rinsed with PBS twice. The cell pellets in each well were resuspended in Annexin 
binding buffer (200 μL), followed by the addition of Annexin V-FITC (5 μL∙well-1) 
to stain for 15 min. Then, propidium iodide (PI) solution (5 μL∙well-1) was added to 
stain for 15 min. Finally, the cell suspensions were added into tubes containing 800 
μL of PBS. The fluorescence analysis of samples was conducted on a BD 
LSRFortessa. 

4.2.3 Synthesis of building block 2 
We used 3,5-bis(tritylthio)benzoic acid as the starting material to synthesize a dithiol 
building block 2. As shown in Scheme 8, a hydrophobic segment functionalized with 
an arginine was attached to building block 2. The hydrophobic segment was 
supposed to encapsulate anti-cancer drug molecule DOX and increase self-assembly 
ability, owing to hydrophobic effects. The arginine part could improve the cell 
penetration and nuclear localization of the target nanocarriers. To overcome the 
negative effects caused by MDR, anti-P-gp siRNA was chosen to inhibit the 
expression of pump proteins, which could be loaded by arginine moiety through 
ionic interaction. 
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Figure 15. (a) HPLC analysis of 23+24/DOX, 23+24 and polymer rapid oxidized by H2O2 in PBS 

buffer (pH 7.4); (b) ESI-MS spectrum of 23; (c) ESI-MS spectrum of 24; (d) PXRD of 
DOX, 23+24 and 23+24/DOX; (e) TEM image of 23+24. Scale bar, 200 nm; (f) TEM image 
of 23+24/DOX nanofibers. Scale bar, 200 nm; (h) FT-IR spectra of DOX, 23+24 and 
23+24/DOX; (i) an illustration of the self-assembled nanostructure of 23+24/DOX 
nanofibers. Reprinted with permission from Cell Rep. Phys. Sci. 2022, 3 (11), 101150. 

4.2.4 Preparation of 23+24/DOX nanofibers 
Subsequently, a library of 2 (0.4 mM) with DOX (0.25 mM) was prepared in a vial 
with PBS buffer (pH 7.4), and the solution was cloudy at first but became gradually 
clear after 7 days. After removing free DOX by dialysis, the LC-MS result of the 
library indicated that building block 2 was mainly oxidized into trimeric and 
tetrameric macrocycles (Figure 15a-c). The drug loading content (DLC) of the 
delivery system was determined by UV, which was approximately 30.2%. 

However, in the kinetic control group, building block 2 was rapidly oxidized in 
the same solution using H2O2, and the mixture was colorless after dialysis, indicating 
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that the DOX was not loaded. Moreover, a broad peak was observed in the HPLC of 
this mixture (Figure 15a), where the disulfide polymer could be reduced to building 
block 2 after adding excess amounts of reductant dithiothreitol (DTT). These results 
demonstrated that building block 2 could produce the self-assembling macrocycles 
with the DOX during the slow oxidative process, which can efficiently encapsulate 
the DOX molecules with a high DLC. 

The morphology of 23+24/DOX nanostructure was observed using TEM. In 
Figure 15f, the macrocycles (23+24) co-self-assembled with DOX to form nanofibers 
with a diameter of approximately 6 nm, which was nearly identical to the size 
(approximately 4.8 nm) of the macrocycles determined by Chem3D, suggesting that 
the macrocycles stacked into fibers. Moreover, the analysis of PXRD indicated a 
semi-crystalline nature of 23+24/DOX nanofibers (Figure 15d). The new peak at 
27.33° corresponded to the π-π stacking distance of 3.26 Å between macrocycles, 
and the peak at 31.70° resulted from the interaction of the hydrophobic chains in 
macrocycles.140 Besides, the signal of DOX in the spectra almost disappeared, 
indicating that DOX was fully encapsulated as non-crystalline within the nanofibers. 
These results demonstrate that the involvement of DOX aligned with the 
arrangement of the macrocycles. 

To further investigate the arrangement of DOX with macrocycles in the system, 
FT-IR spectrum was measured. After loading with DOX, the absorption bands of 
carbonyl groups at 1631 cm-1 and amide groups at 1548 cm-1 of 23+24 shifted to 1620 
and 1538 cm-1, respectively, indicating the presence of hydrogen bonds between DOX 
and the hydrophobic parts of 23+24 (Figure 15h).141-143 Considering the amphiphilicity 
of DOX, we proposed that DOX molecules may be buried in the hydrophobic branches 
of the macrocycles but adjacent to the arginine moiety (Figure 15i). 

4.2.5 Preparation of 23+24/DOX/siRNA nanoparticles 
23+24/DOX/siRNA co-delivery system was prepared by mixing 23+24/DOX 
nanofibers with siRNA. As the main interaction for loading siRNA was ionic 
interaction between the guanidine and the phosphate groups, their ratio would be 
crucial to the loading process, which was demonstrated by agarose gel electrophoresis 
(Figure 16a-b). The N/P ratio corresponds to the ratio between the cationic nitrogen 
(N) of macrocycles and the phosphate group (P) of siRNA. The results showed that 
when the N/P ratio was over 4, the 23+24/DOX could completely retard the siRNA 
migration. Moreover, in a heparin decomplexation experiment, when the N/P ratio was 
over 6, 23+24/DOX/siRNA could withstand the replacement of the anionic heparin. 
Therefore, we regarded the optimized N/P ratio as 6 for the subsequent experiment. 

After loading with siRNA with this ratio, the TEM analysis showed that the 
23+24/DOX/siRNA nanoparticles (d ≈ 260 nm) appeared through electrostatic 
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interaction between 23+24/DOX nanofibers and siRNA (Figure 16c-d), and the size 
of which was in agreement with the Z-average size (298.1 ± 37.1) measured by DLS. 
Besides, the zeta potential of the nanoparticles was 16.93 ± 0.06 mV, revealing that 
the nanostructure was positively charged. 

 
Figure 16.  (a) Agarose gel electrophoresis test of 23+24/DOX/siRNA at the various N/P ratios; (b) 

gel retardation test of 23+24/DOX/siRNA assay at the various N/P ratios in the presence 
of heparin; (c) TEM image of 23+24/DOX/siRNA nanoparticles. Scale bar, 500 nm; (d) 
schematic illustration of 23+24/DOX/siRNA nanoparticles formation. Reprinted with 
permission from Cell Rep. Phys. Sci. 2022, 3 (11), 101150. 

4.2.6 Redox- and pH-responsiveness of 23+24/DOX/siRNA 
Once the 23+24/DOX/siRNA co-delivery system was obtained, we continued to test 
its responsiveness, and we considered pH and redox stimuli for the release. In 
comparison with the normal cells, the cancer cells’ microenvironment is more acidic, 
where the phosphate groups of siRNA tend to protonate, weakening the ionic 
interaction between siRNA and the macrocycles. In addition, the higher 
concentration of  GSH in cancer cells (>5 mM) can reduce the disulfide bonds of 
macrocycles into building block 2, resulting in the break of nanostructure and 
releasing DOX and siRNA.144,145 Thus, by adjusting the concentration of GSH in 
buffers with different pH values, the release behaviors of 23+24/DOX/siRNA 
nanoparticles were studied. Figure 17a shows that, in the presence of 5 mM of GSH 
at pH 5.5, almost 60 % of DOX could be released within 12 h. In contrast, the 
cumulative leakage of DOX was quite limited in the other groups. Besides, a similar 
release behavior could be observed in the release of FAM-siRNA (Figure 17b). 
These results demonstrate that 23+24/DOX/siRNA co-delivery system has an 
efficient responsive release of the drug and gene but is stable in normal conditions, 
which is a desirable characteristic for co-delivery in cancer cells. 
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Figure 17. Drug and gene release performance of 23+24/DOX/siRNA co-delivery system. (a) DOX 

release curve and (b) siRNA release curve from 53 + 54/DOX/siRNA nanoparticles in 
PBS (7.4 or 5.5) in the absence or presence of GSH (5 mM). Data are expressed as 
mean values ± SD. Reprinted with permission from Cell Rep. Phys. Sci. 2022, 3 (11), 
101150. 

4.2.7 Biocompatibility of 23+24/DOX/siRNA 
Then, to evaluate the safety and biocompatibility of 23+24/DOX/siRNA system, a 
hemolytic study was conducted between the 23+24/DOX/siRNA nanoparticles and 
blood components (Figure 18a). The results showed that the hemolytic activity of 
the delivery system was less than 5% even at the concentration of 8 mg/mL, 
demonstrating the excellent blood compatibility of the co-delivery system. 
Furthermore, the cytotoxicity of macrocycles (23+24) to human embryonic 
kidney (HEK293) cell line was measured, and no significant cytotoxicity was 
observed even though the concentration was up to 0.2 mM (Figure 18b). These 
results showed that the 23+24/DOX/siRNA nanoparticles have good biocompatibility 
which can be used for intravenous administration. 

 
Figure 18. (a) In vitro hemolysis assay for 23+24/DOX/siRNA nanoparticles; (b) in vitro 

biocompatibility of 23+24 at different concentrations incubated with HEK293 cells. Data 
are expressed as mean values ± SD. Reprinted with permission from Cell Rep. Phys. 
Sci. 2022, 3 (11), 101150. 
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4.2.8 In vitro co-delivery of 23 + 24/DOX/siRNA 
To evaluate the ability of 23+24/DOX/siRNA system to deliver DOX and siRNA into 
drug-resistant NCI/ADR-RES cells, CLSM and FC were used to measure the 
samples. As shown in Figure 19a, in comparison to the naked FAM-siRNA, FAM-
siRNAs were delivered into cells at extremely high cellular uptake levels through 
the endocytosis of 23+24/DOX/FAM-siRNA nanoparticles, resulting from the high 
positive surface charge of the nanoballs that could enhance the interaction between 
the carrier and the cell membrane. Similarly, the DOX signal intensity of 
23+24/DOX/FAM-siRNA was significantly higher than that of the free DOX, which 
confirmed that DOX had partly and effectively entered the nuclei (Figure 19a-b). 
These results prove that the macrocycle system could efficiently deliver siRNA and 
DOX into NCI/ADR-RES cells. 

To investigate if the system could deliver and transfect P-gp siRNA into MDR 
cancer cells successfully, the western blotting assay was utilized to assess the gene 
expression. As shown in Figure 19c, a significant downregulation of P-gp expression 
was observed in 23+24/DOX/siRNA group, which indicated that the nanoparticle can 
effectively transport P-gp siRNA into NCI/ADR-RES cells, resulting in silencing the 
expression of P-gp. Based on these results, the 23+24/DOX/siRNA co-delivery 
system may have enhanced ability to kill MDR cancer cell through the combined 
effects of drug and gene therapy. 
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Figure 19. Cell uptake studies of 23+24/DOX/siRNA co-delivery system. (a) CLSM images of 

NCI/ADR-RES cells incubated with free DOX, FAM-siRNA, 23+24/DOX and 
23+24/DOX/siRNA for 4 h. The cell nuclei were stained with Hoechst 33342. Scale bar, 
50 μm; (b) flow cytometry curves of NCI/ADR-RES cells incubated with free DOX, 
23+24/DOX and 23+24/DOX/siRNA by measuring DOX fluorescence using PerCP 
channel; (c) western blot analysis measured the effect of siRNA-mediated knockdown 
of P-gp expression in NCI/ADR-RES cells. β-actin was used as an internal control. 
Reprinted with permission from Cell Rep. Phys. Sci. 2022, 3 (11), 101150. 
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4.2.9 In vitro anti-cancer cells of 23+24/DOX/siRNA 
To evaluate the combined chemo and gene therapeutic performance of 
23+24/DOX/siRNA co-delivery system in MDR cancer cells, the NCI/ADR-RES 
cells were incubated with free DOX, 23+24/DOX nanofibers, and 23+24/DOX/siRNA 
nanoparticles for 48 h, respectively to evaluate cell viability. When the 
concentrations of DOX were low, both 23+24/DOX and 23+24/DOX/siRNA showed 
better anti-tumor ability than free DOX (Figure 20a). When the concentration of 
DOX increased to 100 μg/mL, the viability of cells exposed to 23+24/DOX/siRNA 
nanoparticles was 21.6 %, which was lower than that of cells exposed to 23+24/DOX 
nanofibers (36.6 %), resulting from the success in delivery of siRNA silencing the 
expression of P-gp in cells. These results indicated the synergistic effect of DOX and 
siRNA on cells, demonstrating the enhanced anti-cancer cells efficacy of 
23+24/DOX/siRNA co-delivery system. Besides, in the MCF-7S cells, which were 
in the absence of pump activity, the cytotoxicity of nanofibers and nanoparticles 
were similar, which were higher than that of free DOX (Figure 20b). 

 
Figure 20. (a) Cell viabilities of NCI/ADR-RES cells exposed to free DOX, 23+24/DOX, and 

23+24/DOX/siRNA for 48 h; (b) cell viabilities of MCF-7S cells exposed to free DOX, 
23+24/DOX, and 23+24/DOX/siRNA for 24 h; (c) apoptotic effect of free DOX, siRNA, 
23+24, 23+24/DOX, and 23+24/DOX/siRNA on NCI/ADR-RES cells; (d) apoptosis rate and 
cell viability from flow cytometry test (n = 3). Data are expressed as mean values ± SD. 
*P<0.05, **P<0.01, and ***P<0.001. Reprinted with permission from Cell Rep. Phys. Sci. 
2022, 3 (11), 101150. 
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To further confirm the anti-MDR cancer cells effect of the nanoparticle system, 
Annexin V-FITC and PI were used to stain the cells incubated with different 
formations to determine their apoptotic efficiency by flow cytometer (Figure 20c-d). 
The proportion of later apoptosis and necrosis in NCR/ADR-RES cells treated with 
23+24/DOX/siRNA nanoparticles was 63.3 %, which was higher than that in 
23+24/DOX nanofibers (47.6 %) and free DOX (6.8 %). The phenomenon can be 
attributed to the successful delivery of siRNA, which suppressed the over-expression 
of pump protein in cells, resulting in the increase of accumulation of DOX and 
inducing cell apoptosis.137 It should also be noted that the macrocycles (23+24) 
showed extremely low cytotoxicity in cells, which was similar to free siRNA. 

4.2.10 Conclusion 
In this chapter, we constructed a responsive macrocycle co-delivery system that 
delivers drugs and genes to targeted MDR cancer cells. To enhance the loading 
capacity of the delivery system, the arginine-modified building block 2 had ample 
time to allow the thiol/disulfide exchange reaction to take place and reach an 
equilibrium, during which the disulfide macrocycle carriers (23+24) self-assembled 
with the DOX to form nanofiber with high DLC. However, when the reaction was 
significantly accelerated, disulfide polymers were obtained from the same building 
block, but they were not able to encapsulate the drug. The utility of our macrocycle 
system was demonstrated by further loading siRNA, and the resulting co-delivery 
system displayed the controllable release of drug and gene, as well as improved 
synergistic efficacy against NCI/ADR-RES cells in vitro.  
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4.3 Fabrication of moisture-responsive actuators 
using dynamic covalent macrocycles and 
surfactants via liquid-liquid phase separation 

4.3.1 Introduction 
Living tissues and organs are characterized by their intricate three-dimensional (3D) 
structures, made up of specialized cells that interact and collaborate, enabling 
complex functions within a unified system. The exceptional adaptability and 
functionality of these 3D biological architectures have motivated extensive research 
into creating macroscopic materials embedded with cell-like compartments. These 
materials are expected to transform fields like catalysis,146-148 sensing,149 
microreactors,150 wearable technology,151 and soft robotics.152  

Conventionally, microfluidic techniques and 3D printing have been employed to 
fabricate these compartmentalized materials by arranging droplets into tissue-like 
structures.153-155 However, these resulting materials often lack the mechanical 
strength required for the development of responsive smart devices,156 due to the low 
density of solute molecules within the compartments. Hence, researchers have 
therefore explored the use of droplets generated through liquid-liquid phase 
separation (LLPS) to enhance the stiffness of materials, given that LLPS droplets 
transition from a dilute to a dense phase following thermodynamic principles.157-159  

To achieve this objective, Ostwald ripening and coalescence, where larger 
droplets grow at the expense of smaller ones, undermining the materials' structural 
integrity and uniformity due to thermodynamic instability, is the barrier to be broken 
down.160-162 Recent efforts have concentrated on methods such as external forces, 
surface engineering, and chemical fueling to stabilize these phase-separated 
droplets.163-165 However, these approaches only offer a temporary solution; once the 
external energy supply stops, phenomena like Ostwald ripening and droplet 
coalescence resume. Over time, as the system approaches thermodynamic 
equilibrium, the structural integrity may falter, leading to droplet disruption. 

Addressing the limitations inherent in these approaches, we propose a 
thermodynamic approach - a multivalent ionic hierarchical self-assembly strategy. 
In this system, an anionic azobenzene-derived macrocycle (ADM)89 and a bolaform 
surfactant pentadecane-1,15-bis(trimethylammonium bromide) (A15) were 
employed to take part in the formation of coacervates with net charges (Figure 21), 
preventing Ostwald ripening and coalescence by finely tuning the charge ratio 
among components to balance repulsive forces and interactions with water. Then, 
the charged droplets subsequently form a colloidal hydrogel through the secondary 
self-assembly. This hydrogel can be processed into the moisture-responsive actuator 
containing cell-like compartments. Remarkably, the materials can be fabricated into 
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different types of actuators, which could transfer moisture change into mechanical 
energy. Besides, this spontaneous self-assembly process, requiring no external 
intervention, closely emulates natural biological tissue development processes. It 
highlights the immense potential of utilizing small molecules for the self-organized 
creation of functional structures, marking an advancement in the quest to replicate 
the complexity and efficiency of biological systems with synthetic materials. 

4.3.2 Experimental section 

 
Figure 21. Molecular structure of azobenzene-derived macrocycle (ADM) and pentadecane-1,15-

bis(trimethylammonium bromide) (A15). 

4.3.2.1 Synthesis of macrocycles ADM 

Azobenzene-derived macrocycle (ADM) was synthesized according to the previous 
literature.89 The ADM stock solution was prepared by dissolving the sample (94.81 
mg) into 800 μL of H2O, then add NaOH solution (2000 mM, 200 μL) dropwise until 
totally dissolved. The final concentration of ADM stock solution was 100 mM. 

4.3.2.2 Synthesis of bolaform surfactant A15 

Pentadecane-1,15-bis(trimethylammonium bromide) (A15) was synthesized by 
dissolving 1,15-dibromo pentadecane in EtOH, followed by adding trimethylamine 
EtOH solution and reacting. The final product A15 was obtained without purification. 
The A15 stock solution was prepared by dissolving the sample (48.62 mg) into 1 mL 
of H2O, and the final concentration of A15 stock solution was 100 mM.  

4.3.2.3 Preparation of ADM/A15 supramolecular hydrogel 

ADM/A15 hydrogel was prepared by mixing the stock solution of ADM (100 mM) 
and A15 (100 mM) equivalently and adjusting it into different concentrations if 
needed. The mixture was heated in a water bath at 60 °C until dissolved, followed 
by cooling to room temperature, then the orange transparent hydrogel was formed.  
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4.3.2.4 Preparation of ADM/A15 film and ADM/A15/PI bilayer actuators 

The ADM/A15 film was fabricated by drop-coating ADM/A15 hydrogel (30 mM) 
solution on a PTFE plate, followed by placing the sample in the fume hood overnight. 
The film was cut into different sizes of strips for experiments (Figure 22a). The 
ADM/A15/PI bilayer actuators were fabricated by drop-coating ADM/A15 hydrogel 
(30 mM) solution on a PI film. After evaporating the water in the fume hood overnight, 
the bilayer film was cut into different shapes for experiments (Figure 22b). 

 
Figure 22. (a) Preparation of ADM/A15 film; (b) preparation of ADM/A15/PI bilayer film. 

4.3.2.5 Evaluation of humidity responsiveness of ADM/A15 film under 
different RH environments 

A chamber with a square hole was prepared (internal dimensions = 8.5 cm × 10.5 
cm × 7 cm), and Relative Humidity (RH) in it was controlled by a humidifier and 
monitored by a hygrometer (Figure 23). The film was vertically taped on the edge of 
the hole. The processes of deformation were monitored by a camera. The 
performance of films under different RH was evaluated three times. Outside the 
chamber, RH was 30 % at room temperature. 

 
Figure 23. The glass chamber for humidity responsiveness tests. (a) Front view; (b) side view. 
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4.3.2.6 Evaluations of performance of piezoelectric ADM/A15/PVDF 
actuator 

In a chamber, the prepared ADM/A15 film was coupled with a commercial 
piezoelectric PVDF transducer (length: 4.0 cm, width: 1.6 cm), which was connected 
with an electrochemical workstation (PalmSens4) and monitored by using the Open 
Circuit Voltage-Time method. The humidity of the chamber was controlled by a 
humidifier and monitored by a hygrometer. In the absorption process, moisture flow 
was introduced inside the chamber to maintain a condition equivalent to RH = 70% 
environment. In the desorption process, air was introduced inside the chamber and 
finally the RH reached to 30%. All data were collected during three adsorption-
desorption cycles. 

4.3.3 Preparation of ADM/A15 supramolecular hydrogel 
A group of aqueous samples containing ADM (10 mM) and A15 with different mole 
ratios were prepared (Figure 24a), and a transparent supramolecular hydrogel was 
obtained when the ratio of ADM/A15 = 1:1. In contrast, the others were either 
solution or precipitation, indicating the critical role of the ADM/A15 ratio in 
selective gelation. In another group of ADM/A15 = 1:1 with different 
concentrations, the hydrogel could form when the concentration was higher than 10 
mM (Figure 24b), indicating the critical gel concentration (CGC) was 1.64 wt%. 

 
Figure 24. (a) The appearance of ADM (10 mM) to A15 (pH = 11, H2O) with different ratios after 

solution preparation; (b) the appearance of ADM/A15 = 1/1 with different concentration 
(pH = 11, H2O). 
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4.3.4 Structure analysis of ADM/A15 supramolecular 
hydrogel 

4.3.4.1 NMR analysis 

To further understand the temperature responsiveness and molecular interactions 
between ADM and A15 in the hydrogel, 1H NMR was used to characterize the 
ADM/A15 hydrogel. The record NMR spectra showed a significant reduction in A15 
signals within the gel state at 298 K, suggesting the self-aggregation of A15.  Upon 
a gradual temperature increase to 323 K, the gel melted and distinct NMR peaks 
became apparent (Figure 25a). The integration of proton signals for ADM and A15 
at a 1: 1 mole ratio provided definitive evidence for the disassembly of the gel phase. 
The DOSY results revealed the presence of a single aggregate type in the solution 
(Figure 25b), and the diffusion coefficient of the ADM/A15 complex (D = 5.747×10-

10 m2 s-1) was notably lower than that of pure ADM (D = 7.344×10-10 m2 s-1) and A15 
(D = 1.103×10-9 m2 s-1) in separate solutions under the same conditions. These results 
indicated the stability of the ADM/A15 complex when the hydrogel transitioned into 
a solution. In the NOESY spectrum (Figure 25c), there was a strong correlation 
between protons a and b from azobenzene moieties and protons 1 and 2 of A15 
because of the strong electrostatic interaction. These results demonstrated that the 
alkyl chain of A15 crosses the ADM macrocycle, giving rise to a host-guest 
substructure for subsequent supramolecular polymerization leading to LLPS (Figure 
25f). 

4.3.4.2 FT-IR and PXRD analysis 

In the analysis of PXRD, a semi-crystalline nature appeared in lyophilized 
ADM/A15 hydrogels (Figure 25d). The peaks at 21.44° and 22.83° correspond to 
the π-π stacking distance of 4.14 Å and 3.89 Å, respectively. The longer distances 
may be attributed to the interpenetration of the alkyl chain of A15 into the ADM 
macrocycle.89 In the FT-IR spectrum of the lyophilized ADM/A15 hydrogel (Figure 
25e), the absorption of Amide I band at 1635 cm-1 (νC=O), Amide II band at 1520 cm-

1 (βN-H) and Amide III band 1296 cm-1 (νC-N) of ADM shifted to 1594, 1490 and 1284 
cm-1, respectively, and a strong and broad band at 3372 cm-1 attributed to the O-H 
stretching appeared. These results indicated that hydrogen bonds between H2O and 
ADM exist in the hydrogel. 
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Figure 25.  (a) 1H NMR spectra of ADM (10 mM)/A15 = 1/1 (pD = 11, D2O) at different temperatures; 

(b) DOSY spectrum of ADM (10 mM)/A15 = 1/1 (pD = 11, D2O, 323 K); (c) partial 2D 
NOESY spectra of ADM (10 mM)/A15 = 1/1 (pD = 11, D2O, 323 K); (d) PXRD of lyophilic 
bulk ADM/A15 supramolecular hydrogel; (e) FT-IR spectrum of ADM/A15 
supramolecular hydrogel in dry; (f) chemical structure illustration of ADM/A15 complex. 

4.3.4.3 Microscopy analysis 

To analyse the substructure of the supramolecular hydrogel, the ADM/A15 hydrogel 
was dyed with Nile red and then observed by CLSM. In Figure 26a, discrete spherical 
LLPS droplets were observed within the hydrogel, and their shape and size remained 
stable after immobilization. This observation was corroborated by the TEM, which 
revealed the detailed morphology of the droplets with a diameter consistently around 
2 μm (Figure 26b). Contrary to previous studies on LLPS,89 the droplets maintained a 
steady diameter of approximately 2 μm over an extended period of 30 days, Then, 
lyophilized ADM/A15 hydrogel was characterized by using FE-SEM. The surface of 
the materials was the network structure responsible for gelation (Figure 26c). 

To investigate the reason for the stable dispersion of droplets within the 
solution, the dilute solution of ADM (0.05 mM)/A15 was dyed and observed by 
CLSM, and the dispersed droplets were also observed (Figure 26d). The difference 
in the size of droplets in hydrogel and dilute solution may be attributed to the gelation 
limiting the growth of the droplets. In DLS measurements, a zeta potential of 
ADM/A15 dilute solution was -26.1 ± 3.3 mV for the droplets, in accordance with 
the excess negative charges at the ADM/A15 stoichiometric ratio. Based on these 
results, we inferred that the repulsive forces between the droplets hindered the 
merging of droplets within the solution (Figure 26e). 
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Figure 26. (a) Confocal micrograph of ADM/A15 hydrogel (10 mM) stained with Nile red (1 μM), 63 

×, bar 10 μm; (b) TEM image of ADM/A15 hydrogel (10 mM), bar 2 μm; (c) FE-SEM 
image of bulk ADM/A15 hydrogel, bar 10 μm; (d) confocal micrograph of ADM/A15 
solution (0.5 mM) stained with Nile red (1 μM), 40 ×, bar 20 μm; (e) an illustration of the 
self-assembly between ADM and A15 to form coacervate immobilizing in 
supramolecular hydrogel in one-pot strategy. 

4.3.4.4 Dehydration behaviours and DSC analysis 

We have shown that water molecules play a crucial role in the multivalent ionic 
hierarchical self-assembly process leading to gel formation, reversible to this 
hydration behaviour of the complex supramolecular system, we switched to examine 
the dehydration behaviour of the ADM/A15 hydrogel. When exposed to air, all 
hydrogel samples could form an elastic film within 6 hours, retaining approximately 
7.4 % water content (Figure 27a).  

Then, DSC analysis revealed two distinct water states within the hydrogels: non-
freezable bound and freezable water (Figure 27b). The part of water molecules that 
melts at a temperature close to 0 °C is assigned to non-freezable water, of which the 
mass could be obtained as Equation 3: 

𝑊𝑊𝑊𝑊 = 𝑄𝑄/𝛥𝛥𝛥𝛥                                                    (3) 
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Figure 27. (a) The water dehydration kinetic curves of ADM/A15 supramolecular hydrogels with 

different concentrations (n=3). Data are expressed as mean values ± SD; (b) DSC 
curves of ADM/A15 supramolecular hydrogels with different concentrations. 

Where 𝛥𝛥𝛥𝛥 is the melting enthalpy of this type of water, assumed to be the same as 
that of bulk water (𝛥𝛥𝛥𝛥 = 333.5𝐽𝐽 𝑔𝑔−1), and 𝑄𝑄 is the heat absorbed during the melting 
process, which was calculated according to the area of the endothermic peak. The 
mass of non-freezable bound water was obtained from the difference between the 
mass of absorbed water and that of the total mass of freezable water.166,167 The non-
freezable bound water content increased to approximately 36.6 % with higher 
ADM/A15 concentrations in the hydrogel (Table 7). This high level of non-freezable 
bound water underscores the strong water retention capability of the system, 
suggesting the hydrogel's potential for ultrasensitive water-sensing applications. 

Table 7. DSC data summary of ADM/A15 supramolecular hydrogels with different concentrations 
calculated from heating cycle. 

 ADM/A15 20 ADM/A15 30 ADM/A15 40 ADM/A15 50 

SUM WATER (%) 96.75 95.19 93.69 92.22 

FREEZABLE WATER (%) 64.76 62.59 59.28 55.67 

UNFREEZABLE WATER (%) 31.99 32.60 34.41 36.55 

4.3.5 Rheology and self-healing of ADM/A15 
supramolecular hydrogel 

The rheological properties of ADM/A15 supramolecular hydrogels were evaluated 
by conducting dynamic rheology tests. We measured both the storage modulus (G’) 
and loss modulus (G’’) across varying strains (in an amplitude sweep) and 
frequencies (in a frequency sweep). In frequency sweep, both G’ and G’’ exhibited 
a gradual increase with the frequency, with G’ consistently surpassing G’’ across the 
entire measured frequency range (Figure 28a). This pattern indicates that ADM/A15 
hydrogel behaves as a solid-like material with a stable gel state. During the amplitude 
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sweep, G’ and G’’ remained constant below the yield stress, suggesting that the 
hydrogel’s droplet structure remained intact under stress (Figure 28b). Beyond the 
yield stress, G’ began to decrease, signifying the transition of the hydrogel to a free-
flowing state. 

 
Figure 28. Rheology properties of supramolecular hydrogel. (a) Frequency sweep showing storage 

modulus (G’) and loss modulus (G’’) of ADM (30 mM)/A15 supramolecular hydrogel; (b) 
amplitude sweep showing storage modulus (G’) and loss modulus (G’’) of ADM (30 
mM)/A15 supramolecular hydrogel; (c) cyclic strain sweeps of ADM (30 mM)/A15 
supramolecular hydrogel. 

In the cyclic strain sweep (Figure 28c), when a small amplitude oscillatory shear 
(γ = 0.05%) was applied to the sample, G’ remained higher than G’’, maintaining 
stability over time and indicating the preservation of a fully crosslinked network. 
However, upon applying a strain beyond the linear viscoelastic limit (γ = 100 %), G’ 
and G’’ were inverted with a significant reduction, marking the transition to the sol 
state due to network disruption. Remarkably, after returning to a low strain (γ = 0.05 
%), the sample immediately restored the gel-like state (G’ > G’’) with no notable 
decline observed throughout the cycles. This behaviour, typical of hydrogels with 
reversible non-covalent crosslinking, is rarely observed in small molecule hydrogels, 
as the dynamics of crosslinking formation is relatively slow. The rapid self-healing 
mechanism of ADM/A15 hydrogel is probably facilitated by the reformation of 
reversible droplets within the gel network. 

4.3.6 Mechanical property of ADM/A15 film 
To explore the further application of this material, we prepared ADM/A15 film by 
drop-coating its hydrogel on a PTFE plate. The structure of ADM/A15 film was 
characterized by PXRD, and there was only a broad peak appeared, indicating the 
amorphous structure of the film (Figure 29a). Then, the surface morphology of 
ADM/A15 film was measured by using FT-SEM. As shown in Figure 29b, the 
surface of the film was covered with nanosheets approximately 120 nm in width and 
2 μm in length, suggesting a dense structure. 
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Figure 29. (a) PXRD of ADM/A15 film; (b) FE-SEM images of ADM/A15 film; (c) tensile-stress 

curves of ADM/A15 film (thickness is 20.5 μm). 

The mechanical property of ADM/A15 was measured by conducting the tensile-
stress tests. ADM/A15 thin film (thickness was 20.5 μm) exhibited an ultimate 
tensile strength of 33.4 MPa and strain of 4.27 % at the break, and Young’s modulus 
of 782.2 MPa (Figure 29c). Despite being assembled from small molecules through 
noncovalent interactions, the mechanical stiffness of material's is comparable to that 
of conventional polymers.168 

4.3.7 Humidity responsiveness of ADM/A15 film 
Due to the hydrophilic nature of ADM/A15, the film could sense small moisture 
fluctuation even from a finger, indicating its potential to fabricate a moisture-driven 
device (Figure 30a). Then, the bending performance of ADM/A15 film was 
investigated at different RH. The film bent over 180° within 6 s at 85 % RH and 
achieved a 60° angle in 20 s, even with a minimal RHs change of 5 %, showcasing 
immediate moisture responsiveness (Figure 30b). The deformation speed increased 
with higher ΔRH, which was attributed to the greater water adsorption capacity of 
the film at higher RH (Figure 30c). These results indicated that the instant response 
to moisture change of ADM/A15 film makes it potential to be used as a humidity 
actuator. 

 
Figure 30. Humidity-responsive properties of ADM/A15 supramolecular elastic film. (a) Photo of 

ADM/A15 sensing small moisture fluctuations (fingers, response time ≈ 2 s). Scale bar: 
1 cm; (b) photo of bending angle changes of ADM/A15 film at different RH. Scale bar: 
0.5 cm; (c) bending angle change vs time of ADM/A15 film from RH = 35 % to 85 %. 
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4.3.8 Humidity actuator made of ADM/A15 bilayer film 
To create hygroscopic gradients, ADM/A15/PI bilayer films were fabricated by 
solvent evaporation. This step was necessary as the hydrophobic PI film could only 
allow one side of ADM/A15 film to absorb water in a moisture environment, 
resulting in regular directional deformation.  

Various shapes of ADM/A15/PI actuators were designed, and the movements 
at different RH were recorded by a camera. A helix-shaped bilayer film actuator 
demonstrated reversible bending and unbending upon changing the humidity (Figure 
31a). Other shapes, i.e., crosses and stars, folded and flattened when exposed to water 
vapor, and recovered to their original shapes when the humidity level dropped 
(Figure 31b-c). Similarly, flower-shaped actuators exhibited natural-like opening 
and closing movements under varying RH levels (Figure 31d). 

 
Figure 31. Moisture-driven actuators made of ADM/A15/PI bilayer film in different shape. (a) helical 

strip; (b) cross shape; (c) star shape; (d) flower-shape. Scale bar: 0.5 cm. 

4.3.9 Electricity generator made of ADM/A15 film 
To further utilize the periodic deformation of ADM/A15 film driven by humidity 
change, the film was coupled with a commercial piezoelectric PVDF membrane 
transducer to fabricate a power generator (Figure 32a), which could convert the 
kinetic energy from cyclic mechanical motion into electricity. Under periodic 
variations of RH from 30% to 70%) in the environment, the ADM/A15/PVDF 
actuator could repeatedly bend and unbend, resulting in producing the continuous 
output of an electrical voltage signal. As shown in Figure 32b, each cycle produced 
an open-circuit voltage of up to 30 mV for the peak output of absorption in a short 
time, and at least 20 cycles could be executed without an obvious decay. These 
results highlight the potential of ADM/A15 film for the development of moisture-
responsive devices and actuators that can harvest energy from the atmosphere. 



Results and Discussion 

 69 

 
Figure 32. (a) Preparation of ADM/A15/PVDF generator; (b) open-circuit voltage signals generated 

by ADM/A15/PVDF at moist air exposure intervals. 

4.3.10 Conclusion 
In this chapter, we introduced an approach using multivalent ionic hierarchical self-
assembly to create small molecule-based colloidal hydrogels. Initially, the positively 
charged linear surfactant A15 threaded through the negatively charged azobenzene 
macrocycle ADM owing to hydrophobic effects. Driven by electrostatic forces and 
hydrogen bonding, the ADM/A15 complexes then underwent supramolecular 
polymerization, leading to the formation of condensed droplets that separated from 
the water solution phase. Owing to their negative charges, these droplets did not 
coalesce into the bulk phase but instead self-assembled into a colloidal hydrogel. The 
thermal sensitivity, recyclability, and self-healing properties of the ADM/A15 
hydrogel are characterized, which are attributable to the reconfiguration of the 
droplets within the gel network. The hydrogels were also used to create extremely 
humidity-sensitive actuators that could be crafted into various devices. These devices 
demonstrate the capability of periodic control over deformation through humidity 
changes, enabling unidirectional motion. Furthermore, we showcased the potential 
for converting mechanical energy into electrical energy as a proof of concept, 
illustrating the possibility of energy harvesting from environmental humidity. 
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5 Summary 

In this thesis, a series of building blocks with different functional groups were 
designed and synthesized. They were employed to synthesize functional 
macrocycles via dynamic combinatorial chemistry (DCC), which were utilized to 
construct different systems separately. The specific results are as follows: 

In part 1, the azobenzene-derived dithiol building block 1 (disulfide exchange), 
β-cyclodextrin derived aldehyde CD, and adipic dihydrazide L (hydrazone exchange) 
were prepared in a DCL, where a “handcuffs” catenane 4-L-2CD, consisting of a 
disulfide-bonded tetrameric macrocycle and a linear hydrazone L-2CD, became the 
dominant product. The thermodynamic and kinetic analysis suggested that the two 
minor species (4 and L-2CD) functioned as templates for each other’s co-
amplification through noncovalent binding, resulting in a mutualistic relationship in 
synthesis. Moreover, the inert reaction (hydrazone formation) could be powered on 
by another active reaction (disulfide exchange) in the pair of orthogonal reactions in 
a DCL. Such a reciprocal synthesis stands for a way of coevolution of species in 
complex chemical systems, not only lending robust support to the molecular 
mutualism in DCC but also exploring the untapped potential of minor products from 
different reactions. 
 In part 2, the arginine functionalized building block 2 was used to self-synthesize 
into disulfide-bonded macrocycles (23+24), which could load DOX via assembly to 
form 23+24/DOX nanofibers. The nanofibers encapsulated siRNA via electrostatic 
interaction to form 23+24/DOX/siRNA nanoparticles, the nanostructures of which 
were explored. Due to the existence of arginine groups and disulfide bonds, 
23+24/DOX/siRNA co-delivery system exhibited redox- and pH-responsive 
controllable release, good biocompatibility, and better cellular endocytosis, which 
make it enhanced synergistic therapeutic effects against MDR cancer cells. 
Compared with traditional polymeric carriers, this strategy provides a one-pot 
method to load drugs and genes into nanoparticles to fight MDR cancer cells, 
revealing the possibility of a dynamic covalent macrocycle mediated delivery system 
in the clinical therapies. 

In part 3, the anionic azobenzene-derived macrocycle (ADM) prepared from 
DCL and the bolaform surfactant pentadecane-1,15-bis(trimethylammonium 
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bromide) (A15) were employed to immobilize discrete coacervate droplets in a cell-
like compartment embedded hydrogel in a multivalent ionic hierarchical self-
assembly strategy. The complex structure of ADM/A15 and the formation of 
coacervate droplets via liquid-liquid phase separation was demonstrated. The 
ADM/A15 hydrogel exhibited thermal responsiveness, recyclability, and self-
healing, attributed to the reconstruction of the droplets in the gel network system. 
Then, the humidity-responsive ADM/A15 film was prepared from its hydrogel, of 
which rapid humidity response performance at different RH could drive repeatable 
mechanical movement. Hence, various shapes of bilayer humidity actuators 
(ADM/A15/PI) were fabricated that can programmable move triggered by humidity 
variation. Furthermore, a new type of autonomous energy transducer was designed 
by coupling ADM/A15 film with a commercial piezoelectric PVDF membrane 
transducer, resulting in the transducing of mechanical energy into electricity 
continuously. 

Overall, dynamic covalent macrocycles from DCC have garnered significant 
interest in a wide variety of research fields, ranging from artificial receptors, 
catalysts, to pharmaceutical chemistry and supramolecular materials. This thesis 
endeavours to construct several systems consisting of dynamic covalent macrocycles 
through DCC. These systems, based on functional disulfide macrocycles, have 
successfully explored molecular mutualism in synthetic chemistry, facilitated drug 
and gene co-delivery to fight against cancer cells, and the creation of heterogeneous 
hydrogels and smart materials. This research serves as a gateway to investigating the 
production of disulfide macrocycles from DCC for potential applications in various 
fields.
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