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Abstract (English) 
 

This PhD thesis aimed at studying enzymes confined in lipidic mesophases, including 

enzymatic synthesis, enzyme-assisted self-assembly and cryo-enzymology. Enzymes are 

fragile biologic catalysts, yet with high efficiency and selectivity. Their activity and stability 

show high dependence on their hosts and related environments. As biomimetic materials, lipidic 

mesophases simulate cell environments and are promising matrices to fulfill the excellent 

properties of enzymes in vitro. A comprehensive research on enzymes confined in lipidic 

mesophases would broaden the applications of enzymes in fields of chemical synthesis, 

biochemistry, materials and so on. 

The first chapter of this thesis gives a brief overview on enzymes, with focus on 

biosynthesis, enzyme-assisted self-assembly and cryo-enzymology. Afterwards, the self-

assembly behavior of lipids in water is introduced. Of special interests are lipidic cubic 

�P�H�V�R�S�K�D�V�H�V�����/�&�0�V�����D�Q�G���O�L�S�L�G�L�F���O�D�P�H�O�O�D�U���P�H�V�R�S�K�D�V�H�V�����/�.�������Gue to their membrane-biomimetic 

structures. The following is a brief overview on current states of enzymes in lipidic mesophases 

and this chapter concludes with an outline of the aim of this PhD action. 

The second chapter presents efficient asymmetric synthesis of carbohydrates by aldolase 

D-fructose-6-phosphate aldolase from E. coli (FSA) confined in lipidic cubic mesophases from 

hydrophilic reactants. This improved in-meso performance is referred to be achieved by optimal 

location of the FSA at the interface between the lipid bilayer and water in the LCMs. The 

continuous interface in LCMs ensures increased accessibility of the catalytic reaction center to 

substrates and high activity. 

The third chapter shows the nanoconfined environment provided by the LCMs plays a 

key role in the development of supramolecular chirality and subsequent crystallization. (R)-

Benzoin generated in situ from benzaldehyde in a reaction catalyzed by the enzyme 

benzaldehyde lyase (BAL), exhibits -when confined within LCMs- enhanced chirality 

compared to (R)-benzoin in solution or (R)-benzoin doped in LCMs. We infer that a metastable 

state is formed under kinetic control that displays enhanced supramolecular chirality. As they 

age, these metastable structures can further grow into thermodynamically stable crystals. 

In the fourth chapter, a novel unfrozen lipidic mesophase is developed based on 

commercial available lipid phytantriol. The dynamics of water confined inside is investigated 

in detail. Remarkably, the water can keep its liquid state down to -120 �•  when the water 

content is below 10 wt%. The integration of subzero liquid water with lipidic mesophase 

provides the potential of studying enzymatic reactions at subzero temperatures. A model 
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oxidization and a cascade reaction are successfully constructed in this lipidic mesophases at 25 

�• , 4 �•  and -20 �• . All these reactions at -20 �•  outperforms those at 25 �•  and 4 �• . The 

reason behind is the low temperature helps to stabilize the free radical product.  
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Zusammenfassung (Deutsch) 
 

Diese Doktorarbeit hat zum Ziel, Enzyme zu untersuchen, welche in lipidische Mesophasen 

eingearbeitet werden, einschliesslich enzymatische Synthesen in solchen Systemen, enzymunterstützte 

Selbstorganisation und Kryoenzymologie. Enzyme sind empfindliche biologische Katalysatoren mit 

hoher Effizienz und Selektivität. Ihre Aktivität und Stabilität zeigen eine hohe Abhängigkeit von der 

physiko-chemischen Umgebung, in welcher sie eingesetzt werden. Lipidische Mesophasen können als 

biomimetische Materialien die Zellumgebung simulieren und sind vielversprechende Träger, um die 

hervorragenden Eigenschaften von Enzymen in vitro zu entfalten. Eine gründliche Erforschung von 

Enzymen, die in lipidischen Mesophasen eingearbeitet werden, könnte die Anwendung von Enzymen 

in den Bereichen chemische Synthese, Biochemie, Materialien usw. erweitern. 

Das erste Kapitel dieser Arbeit gibt einen kurzen Überblick über Enzyme mit dem Fokus auf 

Biosynthese, enzymunterstützte Selbstorganisation und Kryoenzymologie. Anschließend wird das 

Selbstorganisationsverhalten von Lipiden in Wasser vorgestellt. Von besonderem Interesse sind 

�O�L�S�L�G�L�V�F�K�H�� �N�X�E�L�V�F�K�H�� �0�H�V�R�S�K�D�V�H�Q�� ���/�&�0�V���� �X�Q�G�� �O�L�S�L�G�L�V�F�K�H�� �O�D�P�H�O�O�D�U�H�� �0�H�V�R�S�K�D�V�H�Q�� ���/�.�� aufgrund ihrer 

membranbiomimetischen Strukturen. Anschliessend folgt eine kurze Übersicht über den aktuellen 

Forschungsstand von Enzymen in lipidischen Mesophasen. Dieses Kapitel schließt mit einem Überblick 

über das Ziel dieser Doktorarbeit. 

Das zweite Kapitel präsentiert eine effiziente asymmetrische Synthese von Kohlenhydraten 

durch die D-Fructose-6-phosphat-Aldolase aus E. coli (FSA), die in kubischen Lipidmesophasen 

zusammen mit den hydrophilen Reaktanten eingeschlossen ist. Die hohe Effizienz dieser in-meso 

Reaktion  wird durch die optimale Position der FSA an der Grenzfläche zwischen Lipiddoppelschicht 

und Wasser in den LCMs erreicht. Die kontinuierliche Grenzfläche in LCMs gewährleistet, dass die 

Substrate eine verbesserte Zugänglichkeit an die katalytischen Reaktionszentren haben und eine hohe 

Enzymaktivität bewirken. 

Das dritte Kapitel zeigt, dass die von den LCMs bereitgestellte räumlich eingeschränkte 

Reaktionsumgebung eine Schlüsselrolle bei der Entwicklung der supramolekularen Chiralität und der 

anschließenden Kristallisation spielt. (R)-Benzoin, das in situ aus einer durch das Enzym 

Benzaldehydlyase (BAL) katalysierten Reaktion aus Benzaldehyd erzeugt wird, zeigt - wenn das Enzym 

in LCMs eingeschlossen ist - eine erhöhte Chiralität im Vergleich zu (R)-Benzoin in Lösung oder (R) -

Benzoin, das in LCMs eingearbeitet ist. Wir schließen daraus, dass unter kinetischer Kontrolle des 

beschriebenen in-situ Ansatzes ein metastabiler Zustand des Produktes gebildet wird, der eine erhöhte 

supramolekulare Chiralität zeigt. Während der Alterung können aus diesen metastabilen Strukturen 

dann thermodynamisch stabile Kristalle wachsen. 

Im vierten Kapitel wird die Entwicklung einer neuartige Lipidmesophase beschrieben, die auf 

dem im Handel erhältlichen Lipid Phytantriol basiert und bei tiefen Temperaturen nicht kristallisiert. 
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Die Dynamik des darin eingeschlossenen Wassers wird im Detail untersucht. Bemerkenswerterweise 

bleibt das Wasser  bis auf -���������•  im flüssigen Zustand, wenn der Wassergehalt unter 10 Gew.-% liegt. 

Die Integration von flüssigem Wasser unter null Grad in eine Lipidmesophase bietet das Potenzial, 

enzymatische Reaktionen bei Temperaturen unter Null zu untersuchen. Eine Modelloxidation und eine 

Kaskadenreaktion bei 25 �• , 4 �•�� und -20 �•�� werden in diesen lipidischen Mesophasen erfolgreich 

durchgeführt. Die Effizienz all dieser Reaktionen bei -20 �•��übertreffen den Wirkungsgrad, der bei 25 �•��

und 4 �•�� erreicht wird. Der Grund dafür ist, dass die niedrige Temperatur zur Stabilisierung des 

Radikalprodukts beiträgt. 
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Chapter 1. Introduction 
 

1.1 Enzymes 
 

Enzymes are biocatalysts that accelerate reactions in vivo by factors of a million or more 

via lowering the activation energy of reactions.1 Enzymes are important biomolecules to our 

lives, almost all the metabolic processes are enzymes involved. For example, the signal 

transmission in vivo from one neuron to another neuron is performed by the neurotransmitter, 

acetylcholine. After the signal transmission, the acetylcholine will be hydrolysed by 

acetylcholine esterase in several tens of microseconds. Without this enzyme, acetylcholine will 

stay at the receptor and the signal will be continually transmitting.1,2 Due to their high 

importance and diverse applications, the field of enzymes has drawn many attentions for 

decades. 

 

1.1.1 Biosynthesis 
 

Biosynthesis has been recognized as an alternative to conventional chemical methods 

and arouses massive interests in the field of chemical synthesis.3 Getting access to molecules 

with several functional groups via chemical synthesis methods is particularly challenging, but 

these molecules are natural targets of enzymes. For example, large DNA and RNA molecules 

can be synthesized via enzymatic reactions with high efficiency, whereas it is still not achieved 

by equivalent chemical alternatives.4 Furthermore, the use of enzymes makes it possible to 

conduct the impractical synthetic manipulations of complex molecules such as carbohydrates 

in a mild manner. In addition, the intrinsic chirality of enzymes contributes to the easy access 

to stereo- and regio-chemically defined reaction products, which makes enzymes especially 

attractive in the pharmaceutical and agrochemical areas, where the synthesis of 

enantiomerically pure and specifically functionalized compounds is particularly important but 

highly difficult.5 

Unfortunately, there remain some drawbacks to harness the advantages of biocatalysis, 

like decreased stability in vitro and low reusability. The development of the enzyme 

immobilization progressively reduces these limitations.6-8 Low solubility of organic substrates 

in water is another major obstacle, which would lead to general low concentrations of reagents 

in enzymatic synthesis, thus requiring large reaction volumes and complicating the product 

recovery.6 The most straightforward and widely employed approach to address this is the use 
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of organic co-solvents, including the mixture of water and water-miscible organic solvents9, 

biphasic systems10, reverse micellar systems11 and organic solvent systems12. Theoretically, 

enzymes require the participation of water to fulfill their functionalities or activities. However 

it does not mean enzymatic reactions have to happen in pure water environment.13 The existence 

of a thin water layer tightly bounded to the surface of enzymes is enough to keep the enzyme 

active.14 In another word, enzymes can fulfill their properties well also in organic solvents, as 

long as the water layer is not interrupted. The use of organic solvent in biosynthesis addresses 

the problem of low solubility of substrates in water. Sometimes the use of organic solvent would 

bring up some additional advantages, including suppressing unwanted side reactions and 

enhanced selectivity.15 However, the toxicity of organic solvents to enzymes should always be 

taken into account.  

 

1.1.2 Enzyme-assisted self-assembly 
 

Besides accelerating reactions, enzymes are also used to control molecular self-

assembly processes and thus guide the formation of supramolecular structures, such as 

basement membranes.16,17 Inspired by this nature process, enzymatic catalysis is introduced into 

the molecular self-assembly process, called enzyme-assisted self-assembly or biocatalytic self-

assembly, where enzymes convert non-assembling precursors to building blocks of 

supramolecules.18 The successful integration of biocatalysis and molecular self-assembly is 

oriented into the bottom-up fabrication of novel soft materials and devices. Furthermore, 

catalytic control implemented by enzymes on self-assembly processes allows for unprecedented 

control of supramolecular order.19 Among various enzymes used in this field, phosphatases 

have attracted special attention because of the abundance of phosphorylation and 

dephosphorylation reactions that take place in vivo. Alkaline phosphatase (ALP) is 

overexpressed in some cancer cells, making it a valid target for localized anticancer therapies.20 

Thus, ALP is widely used as a diagnostic and prognostic marker in different pathologies. For 

example, the self-assembly of carbohydrate amphiphiles triggered by enzyme ALP would lead 

to selective inhibition of the cancer cellular metabolic activity.21 Furthermore, spatial 

confinement could pose an additional control on the behaviour of enzyme-assisted self-

assembly, leading to fewer defects and enhanced complexities.22 Enzymes immobilized on the 

cell surface or in specific subcellular space promote the self-assembly of peptides in the 

confined environment, which can cause apoptosis in cancer cells.23 - 25 
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1.1.3 Cryo-enzymology  
 

Cryo-enzymology, studying enzymes at subzero temperatures,26 constitutes powerful 

tools to investigate individual elementary steps in enzymatic reactions and identify various 

reaction intermediates, consequently obtaining a full understanding of the enzymatic reaction 

pathway.27,28 To achieve this, a fluid system at subzero temperatures is required to host the 

�U�H�D�F�W�L�R�Q�����7�K�H���P�R�V�W���V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G���P�H�W�K�R�G���Z�R�X�O�G���E�H���P�L�[�L�Q�J���Z�D�W�H�U���Z�L�W�K���³�D�Q�W�L�I�U�H�H�]�H�´�����X�V�X�D�O�O�\��

an organic solvent.29 Frequently used organic solvents include methanol, ethanol, dimethyl 

sulfoxide, dimethylformamide, glycerol, and ethylene glycol. This method has helped us better 

understand the catalytic mechanism of some enzymes, like trypsin, elastase.30,31 The limitation 

of this method arouses from the high concentrations of organic solvents, which would change 

reaction pathways. This might be avoided by alternatively employing pure water system for 

cryo-enzymology, which could be achieved by water-in-oil emulsions and microemulsions 

(also called reverse micelles).32,33 Water confined in emulsions (1 µm to 1 cm in diameter) 

could reach a minimal -22 �• , while the crystallization temperature of water can go down to -

50 �•  in microemulsions. However, within microemulsions, only water-soluble enzymes with 

hydrophilic reactants and ligands can be studied at subzero temperatures. If ligands and 

substrates are soluble in both water and nonpolar solvents, partition is the benefit of the latter, 

consequently changing the kinetics parameters, while some reactions are practically 

�³�T�X�H�Q�F�K�H�G�´.34 

 

 

1.2 Lipidic mesophases 
 

1.2.1 Self-assembly of lipid in water 
 

Lipids are amphiphilic molecules, which consist of a hydrophilic head group and 

one/two hydrophobic tail. Based on the structural differences of head groups and tails, lipids 

can be classified into following categories: fatty acid, glycerolipids, glycerophospholipids, 

sphingolipids, sterols, prenols, saccharolipids and polyketides.35 Lipids that are of particular 

relevance to this work are monolinolein and phytantriol, belonging to glycerolipids. The 

intrinsic amphiphilic property of lipids leads to their spontaneously self-assembly in water into 

various nanostructured materials.36,37 The main driving forces of the lipid self-assembly in 

water are the hydrophobic interactions and the hydrogen bond interactions. The self-assembly 

behaviour of lipids in water is determined by their molecular structures, which could generally 
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be rationalized by the concept of the critical packing parameter (CPP).38 CPP is a geometrical 

value defined by the volume of the hydrophobic lipid tail v, cross-sectional hydrophilic lipid 

head area A and the lipid chain length l. The CPP value of lipids is given by the following 

equation: CPP = v/(Al). Figure 1 schematically overviewed the relationship between distinct 

self-assembled structures and corresponding CPPs.39  

 

 

Figure 1 Schematic illustration of how lipid polymorphism in water vary with CPP. Reprinted with permission 

from ref 39. Copyright 2011 Royal Society of Chemistry.  

 

Besides the internal structural properties described by CPP, the self-assembly of lipids 

in water is governed by external conditions, including compositions, temperatures and 

pressures.40 Monolinolein (MLO) is one of the most popular lipids. The self-assembly 

behaviour of MLO with various water ratios in a wide temperature range has been well studied 

by small angle X-ray scattering (SAXS) and polarized optical microscopy (POM) 

measurements, as shown by the phase diagram in Figure 2.41 At low water content (< 20 wt%) 

and room temperature (25 �• �������W�Z�R���N�L�Q�G�V���R�I���O�D�P�H�O�O�D�U���S�K�D�V�H�V�����/�F���D�Q�G���/�.�����D�U�H���L�G�H�Q�W�L�I�L�H�G�����8�S�R�Q��

�V�\�V�W�H�P�D�W�L�F�D�O�O�\�� �L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W���� �� �W�K�H�� �I�O�D�W�� �S�O�D�Q�D�U���O�D�P�H�O�O�D�U���S�K�D�V�H�� ���/�.���� �Z�R�X�O�G�� �M�X�P�S��

into more complex cubic phases (Ia3d and Pn3m). These self-assembled structures are highly 
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affected by temperature. Abundant phase transitions could be identified from the phase diagram. 

The introduction of CPP could help to understand these phase transition behaviours. Increasing 

the temperature could break the hydrogen bonds between water and polar lipid heads, thus 

decreasing the number of water connected to lipid heads. This would cause the decrease of A 

and consequently the increase of CPP value, which could induce the phase transition from cubic 

phase to hexagonal phase, as with experimental observation.42,43 Other temperature induced 

phase transitions conforms the same mechanism. 

 

 

Figure 2. Phase diagram of the MLO (or Dimodan) -water system, as obtained by cross-polarized optical 

microscopy and SAXS. Reprinted with permission from ref 41. Copyright © 2005 American Chemical Society. 

 

1.2.2 Lipidic cubic mesophases (LCMs) 
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Lipidic cubic mesophases (LCMs) have been identified in nuclear and mitochondrial 

membranes and the endoplasmic reticulum of cells, and also are involved in some cellular 

processes, like membrane fusion, transmembrane transport and protein function.44-47 LCMs 

have perfect triply periodic structures. Within LCMs, there is a single curved continuous lipid 

bilayer, which separates two sets of interpenetrating yet non-communicating water channels.48  

 

Figure 3. Representation of the topology of the three bicontinuous cubic phases: Ia3d double gyroid cubic phase, 

Pn3m double diamond cubic phase, and Im3m primitive cubic phase. Reprinted from ref.49, Copyright 2018 AIP 

Publishing. 

 

LCMs have several different structures and symmetries, like Im3m, Pn3m and Ia3d 

(Figure 3). Ia3d has a double gyroid symmetry with three-fold water channels, while the double 

diamond (Pn3m) is with four-fold water channels, and the primitive (Im3m) with six-fold water 

channels.49 Detailed and accurate information about LCMs could be obtained from SAXS 

measurements, including the lattice parameter, the diameter of water channels, the length of 

lipid bilayers. 

The lattice parameter for LCMs could be calculated using the following equation: 

�=
L
�6��

�ä�Û�3                        (1) 

where �M�Û  is the measured scattering vector of the Bragg reflection and �3 is the corresponding 

value in the specific spacing ratio. For the Ia3d, Q = �¾�x, �¾�z , �¾�s�v, �¾�s�x, �¾�t�r, and �¾�t�t; For 

the Pn3m, Q = �¾�t, �¾�u, �¾�v, �¾�x, �¾�z, and �¾�{; For the Im3m, Q = �¾�t, �¾�v, �¾�x, �¾�s�r, �¾�s�t, and 

�¾�s�v.  

Using the geometrical features of the lipidic cubic mesophases, the lipid length (llip) within the 

bilayer can be obtained by solving the following equation  

�î �ß�Ü�ã�Ü�×
L �t�#�4�@
�ß�×�Ô�Û

�Ô
�A
E

�8

�7
�è�ï�@

�ß�×�Ô�Û

�Ô
�A

�7
                                                                                            (2)  
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where���Ð�’�•�–�•�Š is the lipid volume fraction, A0 is the minimal surface in a unit cell to (unit cell 

colume)2/3 and �$���L�V���W�K�H���(�X�O�H�U�±Poincaré characteristic; 

For the Ia3d phase, A0 � �����������������$��� ���í������ 

For the Pn3m phase, A0 � �����������������$��� ���í������ 

For the Im3m phase, A0 � �����������������$��� ���í������ 

Once l lip is known, the radius of water channel is estimated using the following equation 

For the Ia3d phase, �N
L �r�ä�t�v�z�=
F�H�ß�Ü�ã                                                                                                             (3a) 

For the Pn3m phase, �N
L �r�ä�u�{�s�=
F�H�ß�Ü�ã                                                                                               (3b) 

For the Im3m phase, �N
L �r�ä�u�r�w�=
F�H�ß�Ü�ã                                                                                  (3c) 

 

1.2.3 Lipidic lamellar mesophases (L�.) 
 

Lipidic lamellar mesophases ���/�.����consists of a set of amphiphilic lipid bilayer planes and water 

layers. The hydrophilic head groups of lipids align together towards water and hydrophobic 

lipid tails align away from water.50,51 

�7�K�H���O�D�W�W�L�F�H���S�D�U�D�P�H�W�H�U���I�R�U���/�.���F�R�X�O�G���D�O�V�R���E�H���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q�� 

�=
L
�6��

�ä�Û�3                        (1) 

where �M�Û is the measured scattering vector of the Bragg reflection while �3 is the corresponding 

value in the specific spacing ratio. 

Then the thickness of the water layer can be obtained from the following equation: 

�@
L �=�:�s
F �î �ß�Ü�ã�Ü�×�;                                                                                                                   (4) 

 

 

1.3 Current state of enzymes confined in lipidic mesophases  
 

Finding suitable matrices for enzymes �W�R���I�X�O�I�L�O���H�Q�]�\�P�H�V�¶���S�U�R�S�H�U�W�L�H�V��in vitro is vital yet 

challengeable. Actually, enzymes in vivo function in the lipid related environments, inside or 

at the surface of lipid bilayer membranes. In light of this, a lipid bilayer environment would 

�K�H�O�S���W�R���P�D�L�Q�W�D�L�Q���H�Q�]�\�P�H�V�¶���Q�D�W�L�Y�H���V�W�U�X�F�W�X�U�H�V�����/�L�S�L�G�L�F��mesophases consist of lipids and water and 

simulate cell membrane structures, thus attracting lots of interests. Horseradish peroxidase 

(HRP) and glucose oxidase (GOD) are the most well studied enzymes in lipidic mesophases. 

Previous works in our group have proved that HRP confined in lipidic mesophase maintains its 

activity and exists prolonged stability, comparing with the HRP in bulk solutions.52-54 In 
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addition, the influences of the size of water channel and structures of the lipidic mesophase on 

the performances of enzymes was also investigated in detail.52-54 Furthermore, the integration 

of enzymes and lipidic mesophases allows the fabrication of enormous devices for biosensors 

and biofuel.55,56 The fundamental theory of the biosensors is to detect the enzymes converted 

products. The first successful attempt is to confine GOD in lipidic mesophases to construct 

biosensors for the detection of glucose in solutions and blood plasma.57 Afterwards, enzymes 

confined into lipidic cubic mesophases have been utilised in a vast range of electrochemical 

biosensors, monitoring glucose, fructose, cholesterol, dioxygen and hydrogen peroxide.58 An 

impressive work in this direction was done by Vallooran et al.59 The products converted by 

enzymatic reactions within lipidic cubic phases generated a detectable birefringence signal, 

which was used to rapidly detect a wide range of biomarkers, viruses, bacteria, and parasites. 

 

 

Aim of the PhD  
 

The aim of PhD project was to promote the research on the enzymes confined in lipidic 

mesophases, which is not fully explored. Lipidic mesophases are biocompatible and have 

membrane-mimicking structures, both hydrophilic and membrane-bounded enzymes could 

remain in their functionally active states. However, currently the choice of enzymes is mainly 

limited to oxidases, like HRP and GOD, despite there are thousands of enzymes. This PhD will 

go beyond oxidization reactions at room temperatures and will focus on biosynthesis, enzyme-

assisted self-assembly and cryo-enzymology confined in lipidic mesophases. First of all, the 

potential of using lipidic mesophases as matrices for biosynthesis will be explored, and of 

special interests to us is how self-assembled structures of lipids affect the performance of 

enzymes confined inside. Furthermore, both hydrophilic and hydrophobic substrates will be 

introduced to verify the generality of lipidic mesophases as matrices for biosynthesis. At the 

same time, attentions will be paid to the self-assembly behaviour and/or crystallization of the 

enzyme-converted products. 

Cryo-enzymology always suffers from the lack of suitable fluid systems at subzero 

temperatures. Unfrozen lipidic mesophases may be a good candidate, since where water can 

keep uncrystallised at subzero temperatures. To achieve that, a commercial available unfrozen 

lipid phytantriol is introduced and its phase diagram at subzero temperatures was established 

for the first time in this PhD project. The water dynamics will be well characterized. Then the 
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performances of both single and cascade enzymatic reactions incorporated in lipidic 

mesophases will be �F�K�D�U�D�F�W�H�U�L�]�H�G���D�W�������•�������•���D�Q�G��-�����• .  
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Chapter 2. Efficient Asymmetric Synthesis of Carbohydrates by 
Aldolase Nano-Confined in Lipidic Cubic Mesophases 
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Chapter 3. Supramolecular chirality and crystallization from 
biocatalytic self-assembly in lipidic cubic mesophases 
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Chapter 4. Designing cryo-enzymatic reactions in subzero liquid water by 
Lipidic mesophase nanoconfinement 
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Chapter 5: Conclusions 
 

This PhD thesis proves the broad applications of lipidic mesophases as biomimetic 

materials in hosting enzymes. First of all, this output of this work certifies the lipidic 

mesophase is an excellent matrices for biosynthesis. Both the activity and stability of 

enzymes can be significantly enhanced by incorporating the enzymes in lipidic mesophases. 

These results are rationalized in light of optimal location of the enzymes as a result of the 

interaction between lipids and enzymes, which consequently creates facilitated access to 

the catalytic reaction center. Furthermore, Lipidic mesophases generally contain both 

hydrophobic and hydrophilic regions and thus can host a wide range of substrates, 

including both hydrophobic and hydrophilic ones. Consequently this method address the 

limitation of low solubility of organic substrates in water. In addition, it was found that 

lipidic mesophases could provide a special nanoconfined environment for enzyme-assisted 

self-assembly. The chapter 3 reported a metastable state displaying supramolecular 

chirality was kinetically entrapped in lipidic mesophases, which was not achievable in bulk 

solutions. This confined biocatalytic self-assembly method give chemists additional tools 

to create more complex and functional materials. 

Finally, the chapter 4 reported the discovery that a commercially available lipid 

phytantriol is resistant to crystallize below 0 �• , giving access to subzero liquid water in a 

common lipidic mesophase system. Remarkably, the Ia3d cubic phase is preserved down 

to -10 �• , while a stable lamellar phase is detected down to -60 �• . This unfrozen 

phytantriol-based lipidic mesophases could serve as a universal platform for cryo-

enzymology on both a model enzyme, horseradish peroxidase (HRP), and a model 

enzymatic cascade reaction implying both hydrophilic and hydrophobic intermediates. 

Importantly, we proved the superior performance of in-meso cryo-enzymatic reactions 

over the control reactions run at room temperature, illuminating a bright future for low-

temperature nanobiotechnology performed on unfreezing lipidic mesophases. 
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