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Abstract

Carbohydrate amphiphiles are molecules of significant biological and industrial
importance, and show a strong tendency to self-assemble in aqueous solution to give micellar
structures. Recently, there has been considerable interest in the application of light as an
external stimulus for controlling the molecular conformation and amphiphilicity of surfactants.
By using carefully designed light-responsive compounds, the control of properties such as
phase behaviour, solubility, aggregation and adsorption can be achieved.
In this thesis, we have synthesised a range of novel, photoswitchable carbohydrate-based
amphiphiles incorporating an azobenzene moiety that undergoes clean and reversible trans–cis
photoisomerisation upon UV light irradiation. The self-assembly / disassembly of aggregates
formed from these molecules has been explored via small angle neutron scattering (SANS) and
surface tension studies under the influence of UV and visible light. A diverse range of
geometries and dimensions of self-assembled structures have been observed through variation
of the carbohydrate head group, and subsequent photoisomerisation of the hydrophobic tail
group.
By using these light-addressable carbohydrate amphiphiles, we reveal for the first time the
photo-control of ice recrystallization inhibition (IRI) activity (Chapter 2), bacterial
growth/biofilm formation (Chapter 3) and lectin binding properties (Chapter 4). In Chapter two,
weak-to-moderate IRI activity is observed for carbohydrate (fluoro)amphiphiles that could be
tuned through selection of carbohydrate head group, position of the trifluoroalkyl group on the
azobenzene ring, and isomeric state of the azobenzene unit. In Chapter three, the bacteria- and
photoisomer-specific inhibitory activity of these amphiphiles are observed against drug
resistant E. coli and S. aureus. These compounds also showed inhibition of biofilm formation
from Gram positive S. aureus, whereas they promote biofilm formation in Gram negative P.
aeruginosa. In Chapter four, the first example of the self-assembly and lectin binding properties
of photoswitchable glycodendrimer micelles is reported. Photoswitchable glycodendrimer
micelles were assessed as self-assembled, light-responsive inhibitors of soluble lectins LecA
and LecB from the opportunistic pathogen P. aeruginosa.
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Preface to Chapter 1
This chapter is a literature review of the research conducted on the design and synthesis of
photoswitchable glycoconjugates, and is an extension of the review article published in Organic
and Biomolecular Chemistry in 2015 (Org. Biomol. Chem., 2015, 13, 2216–2225).

5

This page is intentionally blank

6

1.1 Introduction
Carbohydrates bound to proteins and lipids are of pivotal importance as signaling
molecules that mediate cellular communication. These supramolecular recognition processes
are dependent on the precise configurational and constitutional arrangement of the carbohydrate
for presentation to the cognate receptor. Azobenzene-functionalized glycoconjugates have
attracted considerable interest in various research fields, since these molecules are able to
change molecular conformation and physicochemical properties upon UV-light irradiation in a
temporally- and spatially-resolved manner.1 Such responsive systems have emerged as
promising tools for modulating multivalent presentation for interrogating carbohydratebiomolecular interactions, host-guest inclusion complexation properties, as well as and
supramolecular and macromolecular self-assembly (e.g. gel-sol transitions).2, 3

Azobenzene is a well-characterized chromophore that undergoes clean and reversible trans-cis
photoisomerization in the presence of UV light (~350 nm). This venerable photoswitch offers
numerous advantages over other environmental stimuli and molecular photoswitches, in that
high recyclability and reproducibility of function can be achieved, along with the ability to tune
the photochemical and physicochemical properties through modification of molecular structure
(e.g. ‘push-pull’ azobenzenes and red-shifted systems with dual-visible light photoswitching
properties for in vivo applications).4, 5

The following chapter will highlight recent advances (since 2015) in the design and applications
of light-addressable glycoconjugates incorporating azobenzene photoswitches. Specific
developments have focused on their use as light-controllable lectin inhibitors and delivery
vehicles. A published review article is attached, which provides a more comprehensive
literature review prior to 2015, describing the design and application of azobenzene
glycoconjugates with applications in glycobiology, nanoscience and materials science.

7

1.2 Applications of azobenzene glycoconjugates
1.2.1 Photoswitchable lectin inhibitors
Azobenzene glycoconjugates have drawn considerable interest as investigational tools for
controlling carbohydrate-protein binding and bacterial/cellular adhesion. Recently, the phototriggered conformational change of glycoconjugates has been applied to investigate the
influence of carbohydrate conformation on bacterial adhesion, in particular the mannosidespecific adhesion of Escherichia coli.6,

7

The Jonkheijm group have recently reported the

photocontrolled immobilization of E. coli onto Cucurbit[8]uril modified surfaces (Figure
1.1a).8 Supramolecular supported lipid bilayers (SLBs) were functionalized with
Cucurbit[8]uril that served as the cavity to accommodate an azobenzene mannobioside through
host-guest inclusion complexation. Photoisomerization of the SLBs provided a trigger for
releasing the photoswitchable glycoside from the inclusion complex, thus releasing it from the
surface, as determined by quartz crystal microbalance measurements with dissipation
monitoring (QCM-D) and fluorescence techniques.

The surface immobilization strategy of bioactive ligands on smart surfaces is not limited to
SLBs, but has also been used on self-assembled monolayers (SAMs).9, 10 Recent work from the
Zhang and He groups has demonstrated the construction of SAMs based on
(galactose/mannose)-decorated azobenzene derivatives for controlling cellular adhesion of
Hep-G2 and M2 cells through lectin (PNA and ConA)-carbohydrate interactions.11 By
monitoring the electrochemical response following photoisomerisation, the binding and
adhesion performance of the smart surfaces could be determined.11

The first example of the photocontrollable adhesion of bacteria onto living cells has also been
demonstrated by the Lindhorst group (Figure 1.1b).12 In this study, metabolically engineered
endothelial cells (variant 1, HMEC-1) underwent biorthogonal click chemistry to install
photoswitchable glycoconjugates onto the cellular surface. The modified HMEC-1 cells were
then incubated with GFP-fluorescent E. coli and the number of adherent bacteria were counted
using high-resolution, live-cell fluorescence microscopy. The adhesion of E. coli cells was
8

reduced upon trans-cis photoisomerisation of the glycoconjugate, which could be quantified by
measuring the reduced bacterial GFP-signal after irradiation with UV light at 365 nm. These
studies demonstrate the effect of azobenzene trans-cis photoisomerization on modulating lectin
binding avidity for controlling bacterial adhesion onto biotic and abiotic surfaces.4, 6, 12

a)

b)

Figure 1.1. Photocontrolled adhesion and release of E. coli from a) SLB surface8 and b) HMEC1 cell surface.12 Reproduced with permission from references 8 and 12. Copyright 2015 WileyVCH and 2016 The Royal Society of Chemistry.

1.2.2 Photocontrollable delivery vehicles
Glycopolymers and synthetic sugar-containing macromolecules are of increasing interest in
biomedical and biochemical fields including controlled drug/gene delivery and biomimetic
chemsitry.13, 14 Due to their biocompatibility, biodegradability and water solubility, amphiphilic
glycopolymers are able to form well-defined aggregates in water that mimic the natural
size/shape and surface recognition properties of cells.15 Recently, azobenzene glycopolymer
aggregates were investigated as photocontrollable delivery vehicles by Das and co-workers
(Figure 1.2).15, 16 This study described the partial release and re-encapsulation of Nile red by
azobenzene glycopolymer aggregates.15 Exposure of the aggregates to alternating changes of
UV and visible light resulted in geometrical changes from spherical aggregates to fiber-like
9

aggregates.15 The self-assembly of azobenzene block copolymers into spherical micelles was
also reported by the Stenzel group, who demonstrated the successful loading and delivery of
Nile red to melanoma cells.16 However, the disassembly of the micelles was not observed upon
UV irradiation.16 Nonetheless, this work demonstrates the potential of azobenzene
glycoconjugates and their incorporation into polymeric scaffolds for photo-triggered release
applications.

Figure 1.2. Azobenzene glycoconjugates as delivery vehicles.15, 16 Reproduced with permission
from references 15 and 16. Copyright 2014 Wiley-VCH and 2015 Elsevier Ltd.

1.2.3 Photoswitchable cross-linkers
The ability to remotely control the conformational dynamics of biomolecules, including
proteins and nucleic acids, holds significant promise for studying biological signaling pathways
and protein folding.2, 17–21 Photoswitchable biomolecules have recently attracted significant
attention, especially azobenzene derivatives, as they provide a minimally invasive method for
the precise, spatiotemporal control over the conformation of biomolecules.20, 22 The Lindhorst
group have reported the synthesis of bifunctionalized azobenzene glycoconjugates as crosslinkers for reversibly controlling peptide and protein folding (Figure 1.3).23, 24 The ligation of
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these novel azobenzene glycoconjugates with peptides/proteins could be achieved via
chemoselective ligation involving nucleophilic substitution, thiol-ene reaction, click reaction
or Staudinger-Bertozzi ligation. The photochromic properties of the glycoconjugated peptides
and proteins were characterized using 1H NMR spectroscopy and UV/vis spectroscopy. The
photostationary states were found to be reached after 10–15 min irradiation at 365 nm and this
photoisomerization process could be repeated without loss of function over many cycles to
enable interconversion between the ‘contracted’ and ‘relaxed’ states (Figure 1.3). The changes
in the end-to-end distances of cross-linked peptides/proteins upon photoisomerization were
investigated through molecular dynamic simulations, whereby the most probable distances of
the trans-isomers varied from 15 to 18 Å.24 The bifunctionalized azobenzene glycoconjugates
could be readily functionalized with different linking chemistries, thus enabling access to
tailored chemical systems for studying a wide range of protein folding interactions.

*Variable structures in the dashed boxes, that can be glucose- or galactose-based
derivatives with different functional groups.

Figure 1.3. Representative azobenzene glycoconjugate to enable the cross-linking of
(modified)peptides/proteins.23,

24

Reproduced with permission from references 23 and 24.

Copyright 2015 Wiley-VCH.
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1.3 Conclusions
Within the last 10 years, photoswitchable glycoconjugates have emerged as promising
molecular tools for probing biomolecular interactions and cellular adhesion, as well as
controlling supramolecular self-assembly. Such materials have found wide-reaching
applications in glycobiology, biochemistry, drug/gene delivery and materials science. Pertinent
to this thesis, our group have highlighted the application of azobenzene trans-cis
photoisomerisation for tuning the adsorption and self-assembly properties of amphiphilic
carbohydrates. The following thesis describes the synthesis, physical characterization and
applications of photoswitchable carbohydrate-based amphiphiles and their application as
tunable antifreeze agents (Chapter 2), antibacterial agents (Chapter 3) and self-assembled lectin
inhibitors (Chapter 4).
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Sweetness and light: design and applications of
photo-responsive glycoconjugates
Yingxue Hu, Rico F. Tabor and Brendan L. Wilkinson*
Carbohydrate–protein binding is a supramolecular recognition process that underpins myriad biological
events. However, the precise conformational and conﬁgurational requirements for biomolecular recognition are often poorly understood, since such phenomena often occur in a strongly spatiotemporal
manner. Photoswitchable glycoconjugates have emerged as promising investigational tools for probing
carbohydrate–protein recognition and for controlling bacterial adhesion. Reversible photoisomerisation,
in particular that of azobenzene glycoconjugates, has also been exploited as a promising strategy for con-
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trolling supramolecular self-assembly and macroscopic properties, thereby facilitating the development
of light responsive carbohydrate-based materials. The following review will highlight the recent advances
in the design and applications of photoswitchable glycoconjugates, paying particular attention to the
application of light as a stimulus for modulating protein and cellular adhesion, amphiphilicity and supramolecular assembly of carbohydrate-based materials.

Introduction

The binding of a carbohydrate to its protein receptor is a
supramolecular recognition process mediates crucial biological functions.1–3 The presentation of a carbohydrate ligand to
its cognate receptor is dependent on the correct configurational and conformational arrangement of the ligand, which
occurs in a strongly spatiotemporal manner.4 Such processes
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ment of stimuli-responsive glycoconjugates for reversibly modulating glycan conformation. Of the stimuli that can be
employed, including changes in pH and temperature, light is
of particular advantage as it is a ‘clean’ stimulus that requires
only photons of a specific wavelength to elicit a molecular
response.5–7 To this end, various strategies have been reported
for controlling the properties of biomolecules using light, such
as the irreversible cleavage of light-sensitive protective groups
or “cages”.8–10 The reversible photoisomerisation of photochromic small molecules (or “photoswitches”) between at least
two photostationary states oﬀers an attractive alternative, as it
provides clean, spatiotemporal control over the molecular
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Fig. 1

Reversible trans–cis photoisomerisation of azobenzene.

structure and properties, and can be cycled many times
without loss of function.8,11 To date, this strategy has been
exploited as a tool for controlling supramolecular assembly
processes, probing biomolecular interactions and controlling
macroscopic properties of functional materials.12 Such lightresponsive materials have attracted considerable interest as
self-healing polymers, optical devices, hydrogels, surfactants,
and liquid crystals.
Of the photoswitches available, azobenzene has been the
most widely studied.13,14 This is not coincidental, as its robust
nature, simple synthesis and intense UV-visible absorption
properties provide accessible photoswitching wavelengths, and
has led to more than a century of study in these dye molecules.15 Azobenzene undergoes facile and reversible trans–cis
photoisomerisation upon near-UV irradiation, which occurs in
high quantum yields and is accompanied by a significant
change in molecular geometry (Fig. 1).11,16 This results in a
large variation in dipole moment: the thermodynamically less
stable cis isomer exhibits a greater dipole moment (μcis = 3.1
Debye) than the trans isomer (μtrans = 0.5 Debye) and accounts
for the hydrophilic and hydrophobic nature of these isomers,
respectively.8 In addition to the significant geometric changes
aﬀecting polarity and spatial orientation of attached groups,
the readily accessible covalent modification of azobenzene
ring(s) provides a means for fine-tuning electronic properties,
and hence photochemistry, which can be tailored to provide a
desired response.
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Review

Although receiving less attention than other classes of biomolecules, the covalent modification of carbohydrates with
photoswitchable moieties has emerged as an extremely promising strategy for probing the topological requirements for
carbohydrate–protein recognition, and as a mechanism for
tuning the macroscopic properties of carbohydrate-based
materials with precise spatiotemporal control. As such, these
smart, sugar-substituted materials have attracted significant
interest for their potential as responsive materials with diverse
biomedical and technological applications.
This review will highlight the recent advances in this burgeoning area, paying particular attention to the design and
application of azobenzene glycoconjugates as photoswitchable
lectin inhibitors, amphiphiles and nanomaterials. This review
does not aim to provide an exhaustive account of small molecule photoswitches, nor their application for the development
of advanced materials, which are subjects of previous, excellent reviews.11–13,17

2. Applications of azobenzene
glycoconjugates
2.1

Photoswitchable lectin inhibitors

Carbohydrate–protein interactions are essential for myriad biological functions, yet individual binding interactions are typically weak in water (Ka < 10−3 M−1).18 In order to enhance
binding avidity, multiple copies of carbohydrate ligands are
often presented to the receptor for binding, a phenomenon
known as the “multivalent eﬀect” or “glycoside cluster
eﬀect”.19 Such interactions display fast binding kinetics and
frequently occur at the fluid-membrane interface, suggesting
a degree of flexibility and adaptability is required for
binding.20 The correct presentation of a carbohydrate ligand to
a cognate receptor is a critical aspect of molecular recognition
and is often complicated by the three-dimensional shape and
orientation of highly branched carbohydrate ligands. In order
to improve our understanding of these supramolecular processes, multivalent neoglycoconjugates have been actively
pursued as biomolecular probes, antimicrobial drug candidates and biofilm inhibitors.21–25 In this respect, photoswitchable glycoconjugates have emerged as particularly promising
tools for reversibly modulating the spatial orientation of
glycan ligands using light irradiation.26–29 In their pioneering
work, Jayaraman and co-workers reported the synthesis and
photoisomerisation properties of a suite of azobenzene cluster
lactosides and mannosides, and measured binding aﬃnities
for the high-aﬃnity lectin peanut agglutinin (PNA) and concanavalin A (ConA), respectively.28,29 In addition to enhancing
the binding avidity relative to monomeric analogues, UV
irradiation resulted in a significant change in molecular geometry with a concomitant enhancement in binding aﬃnity
compared to the resting trans photostationary state.28 Given
the relatively short distances between each carbohydrate
ligand, a glycoside cluster eﬀect could not be detected.
However, a much higher binding constant for the low aﬃnity
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Fig. 2 Fabrication of glyco-SAMs with photoswitchable azobenzene
mannosides.31 Reproduced with permission from ref. 31. Copyright 2013
Wiley-VCH.

part of the interaction was observed (Kb1 = 5.1 × 104 M−1) for
the bivalent lactoside analogue compared with the monovalent
analogues, suggesting a co-operative eﬀect on ligand binding,
which was more pronounced for the cis-azobenzene isomer.
The photo-triggered change in glycan conformation has
recently been applied for probing the eﬀect of carbohydrate
conformation in relation to bacterial adhesion. Lindhorst and
co-workers recently reported the synthesis and photo-isomerisation of an azobenzene mannobioside and investigated the
aﬃnity of the cis- and trans-azobenzene isomers toward the
high-aﬃnity E. coli lectin, FimH.30 In this example, FimH was
shown to be insensitive to conformational changes in the
glycan, with both cis and trans isomers displaying equal inhibitory potency, with similar IC50 values to the well-studied
inhibitor, p-nitrophenyl α-D-mannoside.
In an eﬀort to probe the spatial requirements for lectin
binding at the fluid-surface interface, with a view of controlling cellular adhesion using light,12,32 the Lindhorst group
have recently reported the fabrication and photoswitching properties of a self-assembled monolayer (SAM) comprising
Au(111) nanoparticles immobilised with azobenzene glycosides
(Fig. 2).31 The trans–cis photoisomerisation of solid-supported
azobenzene glycosides was studied using infrared reflection
absorption spectroscopy (IRRAS). Upon photoirradiation of
SAMs at 365 nm, a characteristic reduction in intensity of the
prominent band at ca. 1250 cm−1 was observed, which
reflected the Caryl–OMan stretching frequency. This spectral
change was attributed to a change in molecular geometry following photoisomerisation. Conversely, irradiation of the
glycoSAM at 440 cm−1 resulted in restoration of the absorption
band at 1250 cm−1, therefore indicating successful reversion to
the trans photostationary state. This result demonstrates the
feasibility of photoswitching azobenzene glycosides on solid
surfaces, and paves the way for the future development of
light-controlled glycan arrays for high-throughput diagnostic
and screening applications.
Cyclodextrins (CDs) are naturally occurring carbohydrate
macrocycles and supramolecular hosts that have found longterm industrial use as excipients and carriers, owing to their
ability to form stable host–guest inclusion complexes with
hydrophobic guests in water. Both α-CD and β-CD have long
been known to form stable host–guest inclusion complexes
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with azobenzene guests in aqueous systems, and interestingly,
CDs show greater thermodynamic preference for trans-azobenzene over cis-azobenzene. Recently, CDs have been employed
as supramolecular hosts for reversibly binding photoswitchable guests, thus providing a mechanism for attenuating lectin
binding and microbial adhesion using light irradiation.
In their recent communication, Jonkheijm and co-workers
reported the photocontrolled immobilisation of proteins and
bacteria onto β-CD modified surfaces.33 Supramolecular selfassembled monolayers (SAMs) were prepared by functionalising gold surfaces with amphiphilic β-CD, which served as
supramolecular anchor points for a photoswitchable transazobenzene mannoside (trans-Azo-Man) through host–guest
inclusion complexation (Fig. 3). Photoisomerisation of the
supramolecular SAM provided a trigger for releasing the glycoconjugate from the inclusion complex, thus releasing it from
the surface. The photocontrolled functionalisation of SAMS
with trans-AzoMan was next employed to attenuate binding
aﬃnity to the high aﬃnity lectin ConA. Binding aﬃnities to
the functionalised surfaces were quantified using quartz
crystal microbalance (QCM) measurements (Ka = 5.8 × 103
M−1) and were shown to be in good agreement with values
obtained in solution using isothermal calorimetry (ITC). The
photo-induced assembly of whole E. coli cells onto β-CD functionalised SAMs was also performed and visualised using fluorescent microscopy.
The conformational prerequisites for lectin binding have
also been investigated using photoswitchable systems employing multivalent scaﬀolds in bulk solution. Hartmann and
co-workers have recently reported the synthesis of monodisperse, photoswitchable di- and trivalent glycooligomers
as multivalent tools for studying lectin binding in solution.34
Glycooligomers were comprised of monosaccharide ligands
appended to a polymer, with up to two azobenzene units

Fig. 3 Photo-controlled functionalisation of a β-CD fabricated SAM.33
Reproduced with permission from ref. 33. Copyright 2014 Royal Chemical Society.
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embedded within the backbone. Photoswitchable glycooligomers were capable of undergoing reversible photoisomerisation to control the intramolecular distance between
carbohydrate ligands, and hence the binding aﬃnity to lectins
with multiple binding domains. The relative binding aﬃnities
of the cis- and trans-azobenzene configured oligomers varied
considerably (IC50[AZO-Gal(1,3)-3 E] = 5.7 μM, IC50[AZO-Gal(1,3)-3 PSS] =
9.4 μM, IC50[AZO-Gal(1,3,5)-5 E] = 3.4 μM, IC50[AZO-Gal(1,3,5)-5 PSS] =
4.1 μM), demonstrating the capability of light for controlling
the conformational dynamics of multivalent glycoconjugates
in order to probe carbohydrate–protein recognition.
Protein immobilisation using azobenzene glycosides has
also been reported using photoswitchable supramolecular
ternary complexes. Recently, Jan Ravoo and colleagues
reported the phototriggered release of lectins from selfassembled ternary complexes (Fig. 4).35 These ternary complexes consisted of azobenzene lactosides non-covalently
bound through host–guest inclusion complexation to multiple
cyclodextrin (CD) hosts presented on a self-assembled bilayer
vesicle. In this manner, the multivalent presentation of an
azobenzene lactoside (G1) and maltoside (G2) facilitated
immobilisation of the respective lectin protein, thus promoting self-assembly of the respective photoswitchable multilamellar complex. The binding aﬃnity of supramolecular
complexes to the lectin was quantified using isothermal
titration calorimetry (ITC) (KaG1 = 8.42 × 103 M−1, KaG2 = 8.43 ×
103 M−1). UV irradiation resulted in a trans–cis photoisomerisation of the azobenzene linker, thus triggering its release from

Fig. 4 Photocontrolled lectin binding of supramolecular ternary
complex.35 Reproduced with permission from ref. 35. Copyright 2012
American Chemical Society.
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the CD host with concomitant disaggregation of the supramolecular complex, thus releasing the protein. Furthermore,
the photochemical control of lectin binding was shown to be
fully reversible, as demonstrated by UV/Vis spectroscopy,
dynamic light scattering and transmission electron microscopy
techniques.
2.2

Photoswitchable hydrogelators

Glycolipids are ubiquitous natural products comprising a
polar carbohydrate head group and hydrophobic tail group.
They mediate a number of key biological processes, including
membrane formation, immune regulation and microbial infection.36 Amphiphilic carbohydrates have found widespread
industrial application, owing to their favourable biocompatibility and physicochemical properties. Carbohydrates are powerful polar head groups as they are abundant natural products
endowed with rich stereochemical diversity and functionality,
providing access to a virtually unlimited number of designer
materials with tailored colloidal properties. The supramolecular assembly and self-organization of carbohydrate amphiphiles in water gives rise to diverse functional materials, such
as hydrogels, surfactants and liquid crystals.37 The coupling of
carbohydrate head groups to hydrophobic azobenzene tail
groups is a recent but exciting development in the field, since
it gives rise to photoresponsive systems for reversibly modulating key colloidal properties such as aggregation, viscosity and
phase stability. The azobenzene moiety delivers a strong
driving force for aggregation in water through both hydrophobic attractions and π–π stacking interactions, providing
also a mechanism for controlling amphiphilicity via trans–cis
isomerisation.
Carbohydrate hydrogelators are low molecular weight
amphiphiles that undergo hierarchical self-assembly through
non-covalent interactions in water, such as hydrogen bonding,
π–π stacking and van der Waals interactions. Their spontaneous self-assembly gives rise to complex, entangled networks of nanofibers, sheets, bundles, etc., with the hydrophilic
carbohydrate exposed at the surface. Since the early work of
Reinhoudt and Shinkai, who described the first ‘super’ hydrogelator incorporating an azobenzene tail and sugar head
groups, there has been considerable interest in the application
of light for controlling gel–sol transitions of photoswitchable
carbohydrate hydrogelators.38 As the gelation ability of such
materials is influenced by photoinduced trans–cis photoisomerisation, this allows for precise control over gelation,
molecular aggregation and morphological properties.39,40
Kitaoka and colleagues have recently reported the selfassembly of a panel of hydrogelators based on a variable disaccharide lactone head group appended to azobenzene and a
glycine spacer.18 The carbohydrate hydrogelators were shown
to spontaneously self-assemble in water to provide entangled
helical nanofibres, which were subsequently utilised as a biomimetic scaﬀold for lectin binding and cell adhesion studies.
Partial photoisomerisation resulted in a gel–sol transition,
resulting in ‘chopping’ of long fibres to give short nanofibres.
The photochemical control of gel–sol and sol–gel transitions
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Fig. 5 Reversible gel–sol transition of hydrogel induced by UV/Vis
irradiation.41 Reproduced with permission from ref. 41. Copyright 2008
Wiley-VCH.

has also recently been demonstrated to facilitate selective
removal of aromatic solvents from aqueous emulsions, making
these photo-addressable molecules attractive biomaterials for
environmental remediation.39
By adopting a similar strategy, Hamachi and colleagues
reported the synthesis of a library of fumaric diamide glycosides as photoresponsive hydrogelators (Fig. 5).41 The glycosides were comprised of variable carbohydrate head groups
linked to a hydrophobic alkyl tail, which incorporated a photoswitchable fumaric diamide unit. Hierarchical self-assembly of
trans configured monomers gave rise to hydrogels consisting
of extended fibrous networks, which was shown to be strongly
dependent on the carbohydrate head group, linker and tail
group.41 Irradiation of hydrogels with UV light resulted in
partial isomerisation from the trans fumaric diamide to the cis
maleic diamide form (>50%). The resulting bent molecular
geometry caused significant disruption to the hydrogenbonded network, thus triggering disassociation to result in
a gel–sol transition. The gel–sol transition was reversed by
irradiation with visible light in the presence of bromine. Subsequent studies focused on the use of an N-acetylglucosaminebased hydrogel (Fig. 5) possessing a bis-cyclohexyl tail, as it
was shown to provide transparent and shear-stable hydrogels.

2.3
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tuning surface and aggregation properties to derive surfactants
with tailored geometries, properties and applications.
Len and co-workers have recently reported a photoswitchable carbohydrate-based surfactant comprising a sodium glucuronate head group coupled to a butylazobenzene tail.44 In
this study, the authors demonstrated the phototriggered selfassembly of micelles to facilitate compartmentalisation and
solubilisation of hydrophobic organic molecules in water.
Surfactant micelles were shown to facilitate acylation of hydrophobic amines in water, with similar eﬃciency to the wellstudied surfactant, sodium dodecyl sulfate.
Despite their promising potential, the development and
application of photoswitchable, water-soluble carbohydratebased surfactants has received less attention compared to
other classes of carbohydrate amphiphile, with only one
example appearing in the literature to date.44 This may result
from the challenges involved in their synthesis or deployment
within colloidal systems, as attempting to couple the azobenzene chromophore to conventional tail-group chemistries
can result in water-insoluble materials that find limited
application.
In order to facilitate the first structure-function investigation of water-soluble, photoresponsive carbohydrate-based
surfactants, we recently reported the parallel synthesis of a
library of dual pH- and photoswitchable carbohydrate-based
surfactants and examined their surface and aggregation properties (Fig. 6).45,46 Using a modular synthetic strategy, carbohydrates of variable size and hydrophilicity, including a pHsensitive glucuronic acid head group, were introduced onto a
butylazobenzene tail group, and the resulting surfactants
characterized using small-angled neutron scattering (SANS),
tensiometry and UV-visible spectroscopy. A profound eﬀect of
carbohydrate choice on surfactancy, aggregation number and
morphology was revealed, with micellar structures ranging
from near-spherical to extended cylindrical geometries.
In recent work, our group has studied the structural
evolution of micelle size and composition by time resolved
SANS (TR-SANS).46 In this study, we identified three distinct
micelle behaviours at, near and well above the CMC. Photo-

Photoswitchable surfactants

Carbohydrate-based surfactants of synthetic and natural origin
are widely studied amphiphilic materials that combine a
hydrophilic carbohydrate head group and a hydrophobic/lipid
tail group. Such materials have been shown to give rise to
diverse self-assemblies and colloidal structures in aqueous solvents, such as micelles, vesicles, foams and emulsions, etc.42,43
Carbohydrates of various size, hydrophilicity and stereochemical configuration provide virtually unlimited options for fine
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Fig. 6 Photo-switchable carbohydrate-based surfactants.45 Adapted
with permission from ref. 45. Copyright 2014 Wiley-VCH.
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isomerisation to the cis form at surfactant concentrations just
above the CMC resulted in complete disaggregation; however,
when the concentration was increased slightly, a rod→sphere
transition was observed. Finally, when the concentration was
well above the CMC, photoisomerisation resulted in a pronounced thinning of cylindrical or ‘rod-like’ micelles. As rodlike micelles are well known for increasing solution viscosity
and providing solution structure, these observations have
clear implications for the design of photorheological fluids for
drilling and energy applications.
2.4

Liquid crystals

A vast number of glycolipids in nature exhibit thermotropic
and lyotropic liquid crystal (LC) phases, owing to their softness
and self-organising properties.47,48 Such properties are
believed to confer structural fluidity and adaptability to biological membranes and directly influence their biological properties. Carbohydrates are attractive mesogens for forming LC
phases, owing to their high natural abundance, structural
diversity, low toxicity and potential to form chiral nanostructures. Carbohydrate LCs have therefore emerged as
promising tools for correlating mesophase behavior with biological activity, and for their wide-reaching technological
applications.
Azobenzene has been widely used as a mesogen and a
photoswitchable chromophore for controlling LC phase
behaviour.49–51 The addition of the azobenzene chromophore
serves to enrich LC phase behaviour, as the π-stacking characteristics have been shown to facilitate a range of smectic,
nematic, lamellar and conic LC phases.52 A number of groups
have reported the synthesis and properties of amphiphilic
LCs consisting of carbohydrates conjugated to azobenzene
(Fig. 7a–c).53–55 In their early work, Goodby and co-workers
reported the synthesis and thermotropic LC properties of a
panel of amphiphilic azobenzene glycosides (Fig. 7a),53 prepared with various carbohydrates that acted as hydrophilic,
microphase segregating and biocompatible head groups. The
thermotropic LC properties of the amphiphilic glycosides were
investigated using polarised light microscopy, diﬀerential
scanning calorimetry (DSC) and X-ray diﬀraction. From this
study, achiral smectic lamellar LC-phases were observed, with
the only exception being the D-gluco configured analogue,
which curiously exhibited an achiral lamellar LC phase.
Although carbohydrates possess an abundance of chiral
centres, carbohydrate LCs incorporating azobenzene mesogens
generally display achiral smectic and lamellar phases and do
not normally exhibit chiral macroscopic phases. This is
believed to arise from the strong hydrogen bonding between
carbohydrate head groups, resulting in layered, head-to-head
orientations. Although the disruption of such networks can be
achieved by site-selective functionalisation of the head group,
this can result in a pronounced loss of amphiphilicity and LC
properties. Jayaraman and Das have reported the chiral LC
phase of a series of azobenzene bolaamphiphile comprising
unmodified D-glucose head groups linked to an azobenzene
core via alkyl spacers of variable length (Fig. 7c).55 The LC pro-
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Fig. 7 Carbohydrate LCs containing azobenzene mesogens.53–55
Adapted with permission from ref. 53–55. Copyright 2003 American
Chemical Society, 2012 Elsevier and 2005 Wiley-VCH.

perties of these amphiphiles were studied using polarised
light microscopy, DSC and small-angle X-ray scattering. From
this study, a number of bolaamphiphiles were discovered that
displayed chiral smectic LC phases, a behaviour that was
dependent on the positioning of the azobenzene and length of
the spacer group.
Recently, Imrie and co-workers reported the synthesis and
LC properties of an amphiphilic azobenzene glycoconjugate
(Fig. 7c).54 The amphiphile exhibited glassy behaviour and an
interdigitated smectic A phase. The hydrogen bonding
strength during both glass and smectic A-isotropic transitions
was determined using variable temperature infrared spectroscopy and revealed no marked change from either the glass or
smectic A-isotropic phase transition. This suggests that the
smectic A-isotropic transition was dominated by van der Waals
interactions, with hydrogen bonding persisting into the isotropic phase.
It is clear that the combination of azobenzene and carbohydrate mesogens allows for rich and varied LC properties.
However, despite the demonstrated potential for controlling
LC phase behaviour using light,49 the application of this strategy for controlling LC phase behaviour of carbohydrate LCs is
yet to be realised, thus presenting exciting opportunities for
the future development of photoresponsive, biocompatible
colloids.

Org. Biomol. Chem., 2015, 13, 2216–2225 | 2221

View Article Online

Review

2.5

Organic & Biomolecular Chemistry

Photoswitchable cyclodextrins

The application of an external stimulus for controlling the conformation and dynamics of supramolecular and molecular
systems has also gained considerable interest in nanoscience
and technology. Light has emerged as particularly useful
stimulus for triggering and controlling conformation, which
can be further coupled to changes in the physicochemical properties of the material. In the previous section, we described
the recent applications of photoswitchable CD host–guest
complexes for attenuating lectin binding and microbial
adhesion. Reversible trans–cis photoisomerisation of intermolecular azobenzene-CD inclusion complexes has also been
widely exploited for modulating binding aﬃnity in order to
control supramolecular assembly processes.56–59 Such intermolecular host–guest strategies have shown great potential for
the development of functional nanodevices and materials,
including amphiphilic, tuneable delivery vectors and molecular machines. Such approaches are the subjects of some
recent reviews.60–62
On the other hand, intramolecular host guest complexes
comprising photoswitchable guests covalently attached to the
CD ring have emerged as promising materials for accessing
light-controlled
supramolecular
assemblies,
including
threaded rotaxanes and pseudorotaxantes. Early applications
of photoswitchable CDs focused on their use as photoswitchable sensors for low molecular weight organic molecules in
water.63,64 However, the burgeoning fields of nanoscience and
technology have stimulated renewed interest in the application
of light for controlling supramolecular assembly through
intramolecular host–guest inclusion complexation58,65 and
this has paved the way for the development of light-responsive
assemblies with promising applications as molecular
scale machines,66,67 switches,65 electronics68 and gated ion
channels.69
Work from the Harada group has provided several noteworthy examples where supramolecular assembly is controlled
using photoswitchable CDs, in particular azobenzene and stilbene-conjugated CDs using light.56,70,71 In an early example, a
dual thermo- and light-responsive azobenzene CD complex
was reported, which comprised a CD host covalently appended
to a hydrocinnamoyl linker via a polyethylene glycol spacer
that was terminated with an azobenzene host (Fig. 8).70 The
host–guest complexation of both cis- and trans-azobenzene
isomers was measured using 2D ROESY NMR spectroscopy.
The trans-configured complex was shown to form a threaded,
self-inclusion complex at 60 °C, whereby the CD cavity alternately binds trans-azobenzene and the hydrocinnamoyl linker,
respectively. This inclusion complexation behaviour of the
trans-configured complex was also shown to be temperature
and concentration dependent. Competing intermolecular
host–guest inclusion complexation was observed at higher concentrations, giving rise to threaded rotaxane formation. Such
behaviour was not mirrored for the corresponding cis-photostationary state, which provided only threaded self-inclusion
complexes. More recently, the authors reported the application
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Fig. 8 Proposed conformational changes of 6-Az-PEG600-HyCiOβ-CD in aqueous solution using temperature and light.70 Reproduced
with permission from ref. 70. Copyright 2007 American Chemical
Society.

Fig. 9 A supramolecular ‘stretch-contract’ system based on photocontrolled [1]rotaxane formation.67 Reproduced from ref. 67. Copyright
2011 Royal Society of Chemistry.

of trans–cis photoisomerisation of CD-stilbene complexes for
controlling conformation and supramolecular assembly.72
Such molecules were shown to undergo broad changes in conformation and host–guest binding on photoisomerisation,
leading to a diverse range of threaded and non-threaded supramolecular assemblies.
Recently, Tian and co-workers have reported the synthesis
and light-driven supramolecular assembly of a symmetric
[1]rotaxane (Fig. 9).67 The switchable supramolecular system
was comprised on an azobenzene-modified CD dimer bridged
by a Co(III) Schiﬀ-base complex. The conformation of the metal
coordinated complex was determined before and after UV
irradiation. 1H NMR and induced circular dichroism (ICD)
spectroscopy were employed to investigate the movement of
the ‘stretch-contraction’ supramolecular system. This study
demonstrated the potential for combining host–guest complexation and metal ion coordination for modulating the geometry of light-responsive supramolecular assemblies.
Gin and co-workers have reported a light-controlled gated
ion channel employing intramolecular host–guest inclusion
complexation (Fig. 10).69 To this end, azobenzene was linked
to the secondary β-CD face, while multiple hydrophobic alkyl

This journal is © The Royal Society of Chemistry 2015

View Article Online

Organic & Biomolecular Chemistry

Review

a de-threaded complex. The reversible threading and dethreading process was addressed using ICD and RTP as
outputs, which were coupled to various input stimuli including
UV irradiation, temperature, oxygen purging and competing
host–guest complexation with phosphor bromonaphthalene
(α-BrNp), to derive a simple molecular device capable of
INHIBIT molecular logic functions.

3. Conclusions and future directions

Fig. 10 A light-controlled gated ion channel as reported by Gin and
co-workers.69 Adapted with permission from ref. 69. Copyright 2008
American Chemical Society.

tail groups were attached to primary face to mimic the lipid
membrane portion of the channel. UV irradiation of the tethered trans-azobenzene resulted in trans–cis isomerisation, thus
triggering conversion of the threaded self-inclusion complex to
give a dissociated structure. In this manner, the self-inclusion
complex incorporating the trans-azobenzene guest represented
the ‘closed’ gate and the dissociated cis-azobenzene complex
represented the ‘open’ gate. Using UV irradiation to trigger
this response resulted in an increase in transport of anions
with a concomitant reduction in transport of cations, as determined by a pH-dependent fluorescent assay.
There is considerable interest in the development of molecular scale devices capable of performing information processing, owing to their potential applications as nano-computers
and electronics. The development of sophisticated molecular
scale devices capable of performing Boolean logic gates (AND,
OR, NAND, etc.) has long been the primary goal in the field,
with many such systems now being realised. To date, such
supramolecular systems employ stimulus-responsive rotaxanes
and pseudorotaxanes that respond to an external stimulus by
changing molecular conformation, producing a recognisable
output signal such as fluorescence, UV-visible absorption,
circular dichroism, etc. Tian and co-workers have recently
reported the INHIBIT logic operations of a photoswitchable
β-CD pseudo[1]rotaxane using room temperature phosphorescence (RTP) and induced circular dichroism (ICD) output
addresses.68 To this end, the threaded pseudo[1]rotaxane was
obtained by conjugating an azobenzene chromophore to β-CD
in water, forming a threaded self-inclusion complex. UV
irradiation of the threaded pseudo[1]rotaxane resulted in
trans–cis isomerisation of the azobenzene guest to give rise to

This journal is © The Royal Society of Chemistry 2015

Carbohydrate–protein interactions mediate essential cellular
communication events, yet the conformational and configurational basis of these supramolecular interactions is often
poorly understood. Such challenges have prompted the development of photoswitchable glycoconjugates for controlling
molecular conformation and configuration in a spatially and
temporally resolved manner. Such light-controlled tools have
enabled investigations into the structural dynamics of carbohydrate–protein binding with good spatiotemporal control. To
date, this strategy has been applied for the photocontrolled
immobilisation of lectins and whole cells in solution, or at the
liquid–surface interface.
Looking to the future, it is anticipated that this strategy will
find broad application in high-throughput screening of carbohydrate–protein interactions, particularly in microarray format,
for diagnostic and drug development purposes. Reversible
photoisomerisation has also emerged as an extremely promising strategy for controlling supramolecular assembly and
triggering changes in the macroscopic properties of biocompatible materials, including responsive sugar surfactants and
hydrogels. The photocontrolled host–guest inclusion complexation of azobenzene and stilbene guests covalently bound
to CD hosts is a promising route to responsive supramolecular
assemblies with exciting technological applications, for
example as molecular scale machines, computers and electronics. The combination of typically hydrophobic photoisomerisable moieties with hydrophilic carbohydrates oﬀers a
vast range of potential amphiphiles with rich, complex and
stimulus-responsive adsorption and aggregation properties.
An underexplored avenue in this area is the application of
photoisomerisation for controlling the phase behaviour of
carbohydrate LCs, and this presents opportunities for the
development of new, light-responsive, carbohydrate-based LCs
and biocompatible colloids.
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Carbohydrate-based surfactants and fluorosurfactants as
photocontrollable inhibitors of ice recrystallization
This chapter is an expanded version of the following articles:

Ø Hu, Y.; Marlow, J. B.; Ramanathan, R.; Zou, W.; Tiew, H. G.; Pottage, M. J.; Bansal,
V.; Tabor, R. F. and Wilkinson, B. L. Synthesis and properties of photoswitchable
carbohydrate fluorosurfactants. Aust. J. Chem., 2015, 68 (12), 1880–1884.

Ø Adam, M. K.; Poisson, J. S.; Hu, Y.; Prasannakumar, G.; Pottage, M. J.; Ben, R. N. and
Wilkinson, B. L. Carbohydrate-based surfactants as photocontrollable inhibitors of ice
recrystallization. RSC Adv., 2016, 6 (45), 39240–39244.

Ø Hu, Y.; Adam, M. K.; Poisson, J. S.; Pottage, M. J.; Ben, R. N. and Wilkinson, B. L.
Photoswitchable carbohydrate-based fluorosurfactants as tuneable ice recrystallization
inhibitors. Carbohydr. Res., 2017, 439, 1–8.

2.1 Introduction
2.1.1 Cryopreservation
Cryopreservation is the process of using low temperatures (typically below -80°C) to freeze
and store biological materials with applications in stem cell storage,1 reproductive
technologies,2 blood transfusion3 and organ transplantation.4 An ideal cryopreservation
protocol results from the recovery of cells from ultra-low temperatures with no changes in
metabolism and cellular structure. Under normal cooling conditions, ice crystals first form
outside the cell, where they cause an increase in solute concentration, leading to the cells losing
intracellular water to compensate for this effective osmotic stress. Cells then become
dehydrated which causes damage to cellular components.5 Eventually, when reaching a
sufficiently low temperature – typically below -80°C, the solution within and outside the cells
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turns into a glassy matrix (vitrification) that is necessary for long-term preservation. Another
major source of cellular damage during cryopreservation involves the formation of intracellular
ice crystals that predominantly occurs during faster cooling processes. Although the exact
mechanism of damage from intracellular ice formation is still not clear, it can be lethal to cells
as the ice crystals cause organelle disruption.5 To avoid tissue damage during the freezing
process, exogenous antifreeze materials termed cryoprotectants are added during and prior to
freezing in order to reduce intracellular ice formation and encourage vitrification.

Another challenge of cryopreservation is to prevent additional damage caused by ice
recrystallization, which results in the growth of larger ice crystals at the expense of smaller
crystals.6 Ice recrystallization occurs predominantly during thawing cycles of cryopreservation,
and has been widely reported to reduce post-thaw cell viability and is a major cause of cell
injury.7 Whilst conventional cryoprotectants can be employed successfully to inhibit ice growth,
they are ineffective at inhibiting ice recrystallization.6 Current cryopreservation protocols often
require complex mixtures of chemical additives and adaptation of freeze-thaw rates, which is
highly cell- and tissue-dependent and provides only limited protection.5 Several studies have
highlighted the potential of ice recrystallization inhibitors (IRIs) for enhancing post-thaw
recovery and viability whilst mitigating the toxicity of conventionally used cryoprotectants.6, 8
Whilst the weak IRI activity of simple carbohydrates have been assessed, there are currently no
standard protocols that combine IRIs with conventional cryoprotectants for biomedical
applications, and there is a pressing need for new, non-toxic IRIs.

The first cryoprotectant was reported by Polge and co-workers in 1949, who demonstrated the
revival of fowl spermatozoa after vitrification at -80°C using 10–20% glycerol.9 Since then,
numerous efforts have been directed towards the discovery and application of cryoprotectants.
Currently, the most widely used cryoprotectants are dimethyl sulfoxide (DMSO), glycerol, 1,2propanediol, ethanediol, sucrose and trehalose.10–12 Such agents are believed to elicit antifreeze
activity through correcting osmotic balance leading to freeze dehydration and/or promoting
vitrification. However, many agents are toxic to cells, particularly at high concentrations, and
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also present significant challenges with respect to the removal of the agent to acceptable levels
following their use.13–14 Furthermore, these agents do not inhibit ice recrystallization. Thus, the
key properties needed to make a ‘universal’ cryoprotectant include the ability to pass through
lipid membranes, promote vitrification at relatively high sub-zero temperatures, and inhibit ice
recrystallization during freezing and thawing cycles.

2.1.2 Biological antifreezes
Nature has evolved biological antifreezes (BAs) to protect organisms from cryoinjury and
death.6 These biological antifreezes are mostly (glyco)peptides and proteins found in different
plants, insects and fish that inhabit cold environments.6 In the late 1950s and early 1960s,
Scholander and co-workers observed that Arctic fish did not freeze in water that was colder
than the freezing point of their blood plasma.15, 16 Later on, DeVries and Wohlschlag discovered
the presence of circulating glycoproteins in the fish blood plasma that were responsible for this
activity.17–19 These naturally occurring materials were later termed antifreeze glycoproteins
(AFGPs) 2.1 (Figure 2.1). The potent antifreeze activity of these BAs results from the
irreversible binding of hydrophobic faces of the AF(G)Ps to embryonic ice crystals, thus
reducing the localized freezing point and arresting further ice development. Owing to their
unique biophysical properties, there has been significant interest in the use of AFGPs and
structural mimics as a source of novel antifreeze agents.6, 20 Of those novel compounds, two Clinked AF(G)P analogues 2.2 and 2.3 previously reported by the Ben group21, 22 have been
shown to possess potent IRI activity at very low concentration (5.5 µM) (Figure 2.2). However,
limited success has been achieved when using BAs in cryopreservation protocols due to their
complex synthesis and isolation, as well as their undesirable thermal hysteresis (TH) activity
that gives rise to dynamic ice shaping and damaging ice spicule formation.6, 23, 24 Therefore, the
search for cryoprotectants with potent IRI activity and negligible TH activity, that are also low
in cost and readily available has been actively pursued.25
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Figure 2.1. Typical structure of native AFGPs 2.1.6

Figure 2.2. Structures of C-linked AF(G)P analogues 2.2 and 2.3.6 Adapted with permission
from reference 6. Copyright 2014 The Royal Society of Chemistry.

2.1.3 Low molecular weight carbohydrate derivatives as IRI agents
Carbohydrates are involved in many physiological and pathophysiological processes, including
cell recognition and adhesion, microbial infection and immune regulation.26 Simple mono- and
disaccharides, including glucose, sucrose, lactose and trehalose, are also widely found in
several plant and fungal species where they are believed to play an important role in inhibiting
ice recrystallization.27 The weak-to-moderate IRI activity of these sugars has also been
investigated, and they are believed to act by altering the structure of bulk water at low
temperatures, a property related to the degree or hydration – or hydration index (HI).27
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Since this discovery, various synthetic, low molecular weight carbohydrate analogues have
been investigated as potential inhibitors of ice recrystallization. In 2012, Ben et al. reported the
first example of low molecular weight, non-ionic carbohydrate surfactant 2.4 and hydrogelator
2.5 showing potent IRI activity at concentrations of 11 mM and 0.5 mM, respectively (Figure
2.3).23 In addition to surfactants, O-aryl-glycosides 2.6 have been shown to possess potent IRI
activity when used in combination with 15% glycerol for the cryopreservation of red blood
cells.28 Unlike AF(G)Ps, these small molecules do not bind to the ice surface and hence they
did not exhibit TH activity. Low molecular weight carbohydrate-based derivatives are
promising cryoprotectants that could be used in combination with DMSO to reduce its toxicity.7,
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Although the IRI activity of small sugars can be attributed to the degree of hydration, the

mechanism of the IRI activity for carbohydrate-based analogues and aryl glycosides is not well
understood, but several studies have highlighted the importance of increasing hydrophobicity
for invoking potent IRI activity.23, 29

Figure 2.3. Structures of low molecular weight carbohydrate derivatives 2.4–2.6.23, 28
Adapted with permission from references 23 and 28. Copyright 2012 The Royal Society of
Chemistry and 2016 American Chemistry Society.

Fluorosurfactants are an important class of amphiphile consisting of a hydrophilic head group
covalently linked to at least one hydrophobic, fluorinated or semi-fluorinated tail group.
Compared with hydrocarbon surfactants, fluorosurfactants exhibit several desirable properties
including enhanced surface activity, and excellent spreading and wetting characteristics, which
is attributed in part to the enhanced hydrophobicity and oleophobicity of the fluoroalkyl tail
group.30 Many specialized fluorosurfactants have been reported in the literature as
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biocompatible materials possessing low haemolytic activity, high fluidity and high gas
dissolving capacities.31 Hence, they have attracted considerable interest in biotechnology and
pharmaceutical applications as oxygen carriers32 and drug delivery systems.33 However, the
development of new fluorosurfactant systems is largely hampered by their high cost and issues
of persistence in the environment. Carbohydrate-based fluorosurfactants are an attractive
alternative because carbohydrates as polar head groups are abundant, readily biodegradable and
are derived from natural resources. In particular, these biocompatible materials are of great
interest for pharmaceutical applications, in particular as pulmonary drug delivery vehicles34–36
and blood substitutes.37 Despite their promising biomedical applications, the effect of tail group
fluorination/hydrophobicity on the IRI activity of this important class of amphiphile is yet to
be verified.

Through appropriate molecular design of carbohydrate-based surfactants, their molecular
geometry and polarity can be altered, and ultimately, their ability to inhibit ice recrystallization
can be tailored. To date, the IRI activity of fluorosurfactants has yet to be determined, and could
provide a valuable new source of these materials. This could also facilitate much needed
structure-function relationships for the rational design of improved IRI agents, as well as
improve our fundamental understanding of the phenomenon of ice recrystallization. In this
chapter, we describe the modular synthesis and IRI activity of a library of O-glycosidically
linked, photoswitchable carbohydrate-based surfactants (Library 1, 2.7–2.9), and regioisomeric
fluorosurfactants (Library 2, 2.10–2.21) (Figure 2.4). In addition to altering the molecular
structure of the head and tail groups, we reasoned the incorporation of an azobenzene moiety
within the hydrophobic tail group would provide an opportunity to tune hydrophobicity and
molecular conformation, and thus a mechanism for probing their IRI activity in a spatial and
temporally-resolved manner.
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Library 1: Photoswitchable carbohydrate-based surfactants 2.7–2.9.

Library 2: Photoswitchable fluorosurfactant library 2.10–2.21.

Figure 2.4. Molecular structures of phoswitchable, carbohydrate-based surfactants (2.7–2.9)
and fluorosurfactants (2.10–2.21).
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2.2 Results and Discussion
2.2.1 Library design and parallel synthesis of photocontrollable carbohydrate surfactants
Our investigation commenced with the synthesis and characterization of novel surfactants 2.7–
2.9 and fluorosurfactants 2.10–2.21. Variable mono- (D-glucose, D-galactose and D-mannose)
and disaccharide (D-cellobiose) head groups were selected, which enabled products with
diverse size, configuration and degrees of hydration.27 The hydrophobic tail groups
incorporated a photoswitchable azobenzene moiety incorporating a triethylene glycolate spacer
to provide additional water solubility. Azobenzene trans-cis photoisomerization has been
widely used as a strategy for modulating the adsorption and aggregation properties of
surfactants.38, 39 The trans conformation of azobenzene is thermodynamically more stable than
the cis isomer, and the molecular geometry of azobenzene can be altered from the less polar
and planar trans isomer, to the more polar and bent conformation of the cis isomer upon UV
irradiation (~340 nm).40 However, the application of UV-visible light as an environmental
trigger for tuning amphiphilicity of surfactant monomers for probing IRI activity of this class
of molecules has not yet been investigated.

For fluorosurfactants 2.10–2.21, their azobenzene units are substituted with an electronwithdrawing trifluoromethyl (–CF3) group in the ortho, meta or para position relative to the
N=N bond, which would give rise to regioisomeric fluorosurfactants with various
photochemical and physicochemical properties. Hence, we could explore the effect of tuning
polarity of the tail group through substituent effects, coupled with trans-cis photoisomerization
to facilitate structure-activity relationships.

The O-glycosides 2.7–2.9 were synthesized through Lewis-acid promoted glycosylation of perO-acetylated donors 2.22–2.24 with azobenzene-based acceptor 2.25 (Scheme 2.1).41 The crude
intermediates were immediately deprotected under Zemplén conditions42 to provide the desired
surfactants 2.7–2.9 in high purity following purification by reversed-phase, preparative HPLC,
followed by lyophilization.
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Scheme 2.1. Synthetic procedure for O-glycoside surfactants 2.7–2.9.

Glucose pentaacetate 2.22 and galactose pentaacetate 2.23 were acquired from commercial
sources. The mannose trichloroacetimidate donor 2.24 was used for the glycosylation reaction
due to the low yield of the corresponding surfactant from the glycosylation of 2.25 with
mannose pentaacetate as donor, as a result of intermolecular acyl migration.
Trichloroacetimidate 2.24 was synthesized over three steps using a known literature
procedure,43 starting from commercially available D-mannose 2.26 (Scheme 2.2). Specifically,
2.26 was treated with acetic anhydride in pyridine to afford mannose pentaacetate 2.27 in 97%
yield. Regioselective deprotection of the anomeric acetoxy group using hydrazine acetate in
DMF then gave hemiacetal 2.28.43 Treatment of the hemiacetal 2.28 with trichloroacetonitrile
and

1,8-Diazabicyclo[5.4.0]undec-7-ene

(DBU)

in

DCM

then

furnished

the

trichloroacetimidate donor 2.24.43
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Scheme 2.2. Synthetic procedure for mannose trichloroacetimidate 2.24.

The non-surface active and non-amphiphilic tail group 2.25 was synthesised over two steps
(Scheme 2.3)44 as follows: diazotization of n-butyl aniline 2.29 and subsequent coupling of the
diazonium salt with phenol in situ to derive azobenzene 2.30. Base promoted alkylation of the
phenol 2.30 with the triethylene glycol monotosylate 2.31 then gave the azobenzene acceptor
fragment 2.25 in 61% yield (Scheme 2.3).

Scheme 2.3. Synthetic procedure for azobenzene-based building block 2.25.
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Prior to the synthesis of the fluorosurfactant library 2.10–2.21 (Figure 2.4), the requisite head
and tail groups were synthesized. Glycosyl azides 2.32–2.35 were designed and synthesized as
using well-established literature procedures, which was achieved by nucleophilic displacement
of the corresponding a-D-glycosyl bromides 2.36 and 2.37 with sodium azide under phase
transfer catalytic conditions to give optically pure building blocks in 52–75% yield (Scheme
2.4). The D-manno configured glycosyl azide 2.34 and the D-cellobiosyl azide building block
2.35 were synthesized by reacting the corresponding acetates 2.27 and 2.38, respectively, with
trimethylsilyl azide and stannic chloride in dry DCM. Compound 2.27 and 2.28 were then
isolated in 75% and 61% yield respectively (Scheme 2.4).

Scheme 2.4. Synthetic procedure for glycosyl azides 2.32–2.35.

With respect to the fluorosurfactants library (Library 2), three functionalized azobenzene
compounds 2.39–2.41 were synthesized and served as tail groups for reaction with glycosyl
azide building blocks (Scheme 2.5). The same synthetic method was used for preparing 2.42–
2.44 as for the n-butylazobenzene derivative 2.25. The appropriate substituted fluoroaniline
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2.45–2.47 served as the starting material to derive compounds 2.48–2.50, respectively, which
were then alkylated with compound tosylate 2.31 to give azobenzene alcohol 2.42–2.44 in 67–
72% yield. Alcohols 2.42–2.44 were then deprotonated with an excess of sodium hydride,
followed by addition of an excess of propargyl bromide in the presence of tetrabutylammonium
iodide (Bu4NI) to obtain the substituted alkynes 2.39–2.41 in good yield (44–76%).45

Scheme 2.5. Synthetic procedure for azobenzene-based building block 2.39–2.41.

The carbohydrate-based fluorosurfactants 2.10–2.21 were synthesized by reacting glycosyl
azides 2.32–2.35 with alkyne fragments 2.39–2.41 using the well-established Cu(I)-catalyzed
azide-alkyne cycloaddition reaction (CuAAc) (Scheme 2.6).46 Following CuAAc reaction,
fluorosurfactants 2.10–2.21 were obtained by deprotection of the crude intermediates, followed
by purification by reverse-phase preparative HPLC and isolated in 40–78% yield.
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Scheme 2.6. Synthetic procedure for fluorosurfactants 2.10–2.21.

2.2.2 Photoswitching studies
Having synthesized photoswitchable surfactants 2.7–2.9 and fluorosurfactants 2.10–2.21, an
investigation into their optical properties was conducted. Surfactants 2.7–2.21 share an
azobenzene core that enables trans-cis photoisomerization in response to irradiation with UV
light (361 nm). To explore the photoswitching activities of surfactants 2.7–2.21, their optical
properties and rate of thermal relaxation were evaluated using UV-vis spectroscopy. A UV-light
source at 361 nm was used to trigger photoisomerization, the progress of which was monitored
by UV-vis spectroscopy by observing a decrease in the intensity of the peak at 350 nm
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corresponding to the π–π* transition of the trans isomer, and an increase of the peak at 440 nm
corresponding to the n–π* transition of the cis isomer (Figure 2.5). For fluorosurfactants 2.10–
2.12, the wavelength for the absorption bands remained unchanged regardless of the changes
in the position of the –CF3 group on the ring. However, the molar extinction coefficients at 350
nm wavelength were significantly increased for surfactant 2.11 Glc m-CF3 (15,000 M-1 cm-1)
compared with surfactant 2.10 Glc p-CF3 (8,000 M-1 cm-1) and 2.12 Glc o-CF3 (3,500 M-1 cm1

) (see Section 2.4.3 for details). The rate of thermal relaxation to the trans-isomer was

investigated and revealed only minor thermal cis-trans relaxation at 20°C within 24 h under
dark-adapted conditions (Figure 2.5, Table 2.1 and Table 2.2).

Figure 2.5. UV-vis spectra and thermal cis-trans relaxation of representative surfactants a)
2.7 GlcAzo, b) 2.10 Glc p-CF3, c) 2.11 Glc m-CF3 and d) 2.12 Glc o-CF3. (See Appendix I
for complete data).

The ratio of cis- and trans-isomers at either photostationary state (PSS) was determined by
integrating resolved methylene signals of the n-butyl group in the 1H NMR spectrum of
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ManAzo 2.8. Surfactant 2.8 was dissolved in deuterated methanol and irradiated at 361 nm for
10 min before acquiring the 1H NMR spectra of the cis-PSS. Using this method, 96% of transisomer was obtained in the trans-dominated state while 65% of cis-isomer was observed in the
cis-dominated state (Figure 2.6).

Figure 2.6. Expanded 1H NMR spectrum of surfactants 2.8 ManAzo (20 mM in CD3OD) in
the trans-dominated state (top) and cis-dominated state (bottom).

2.2.3 Photocontrollable surface activity
With the photosurfactants in hand and their optical properties examined, the photocontrollable
surface activity was then investigated and the critical micelle concentration (CMC) determined.
To this end, pendant drop tensiometry was carried out using a customized pendant drop
apparatus (Figure 2.7 a, see Section 2.4.2 for experimental details).47, 48 The surface tension at
the air-water interface was determined by fitting the shape of a droplet (captured by a digital
camera) to the Young-Laplace equation, which was achieved automatically by OpenDrop
pendant drop tensiometry software.47 The CMC can be extrapolated at the intersection of two
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near-linear regions when surface tension is plotted as a function of surfactant concentration
(Figure 2.7 b).

a)

c)
CMC point
CMC point

b)

Figure 2.7. a) Customized experimental setup for surface tension measurement, b)
determination of CMC values, c) a typical drop image captured by a digital camera.47

The CMC values of surfactants 2.7–2.21 were calculated using the method described above, in
the trans- and cis-PSS. The native trans isomers of surfactants 2.7–2.21 were converted into
cis isomers by irradiation of the respective sample solutions at 361 nm for 10 min. The surface
tension measurement of the cis isomers was carried out in the dark, using the lowest backlight
setting to obtain the interfacial profile of the drop. The air-water surface tension data for O34

glycoside surfactants, GlcAzo 2.7 and ManAzo 2.8, are shown in Figure 2.8 and the
corresponding CMC values listed in Table 2.1. The CMC values of GalAzo 2.9 could not be
detected due to its low solubility in water. As can be seen clearly from Figure 2.8 and Table 2.1,
an increase in CMC values of surfactants 2.7 and 2.8 was observed upon UV irradiation, which
can be attributed to the well-documented changes in geometry and polarity of the azobenzene
moiety upon trans-cis photoisomerization.49 However, the photocontrollable surface activity
for –CF3 substituted azobenzene compounds has not yet been investigated.

Figure 2.8. Air-water surface tension data for surfactants a) GlcAzo 2.7 and b) ManAzo 2.8.
To investigate the effect of trans-cis photoisomerization on the surface activity
fluorosurfactants with differently substituted –CF3 groups, the CMC values of fluorosurfactants
2.10–2.21 were calculated. The air-water surface tension data for representative surfactants
2.10–2.12 is shown in Figure 2.9 and complete CMC data are listed in Table 2.2. In order to
analyse the structure-function relationships of fluorosurfactants, a chart was plotted according
to the data listed in Table 2.2. Similarly to the CMC results for O-glycosides 2.7 and 2.8, there
was an increase in CMC values upon UV irradiation, which is reflective of the increased
polarity of the cis isomer compared with the trans isomer. The magnitude of the difference in
the CMC between the trans and cis isomers was dependent on the position of the –CF3 group,
and generally increased upon changing the substitution from para, meta and ortho relative to
the N=N bond. This was most likely a result of the difference in the dipole moments of the cis
35

and trans isomers of the variably substituted analogues, with the trans isomers showing a much
smaller difference than the meta- and ortho-substituted analogues. These observations are in
good agreement with the dipole moments of similar p-CF3 substituted azobenzene compounds
previously reported by Han et. al.50 and Zannoni et. al.,51 who reported a slightly larger dipole
moment for the trans-isomer (3.64 D,50 5.1 D51) compared with the cis-isomer (2.66 D,50
3.8 D51).

Figure 2.9. Air-water surface tension data for representative surfactants a) 2.10 Glc p-CF3, b)
2.11 Glc m-CF3 and c) 2.12 Glc o-CF3 (see Appendix II for complete data).
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Figure 2.10. CMC data plot for fluorosurfactants 2.10–2.21.

The 1-octanol/water partition coefficient (log P) is a useful measure of the lipophilicity or
hydrophilicity of a compound. This thermodynamic variable has been widely used in the
pharmaceutical industry to predict, characterize and quantify the partitioning of drugs between
a hydrophobic organic phase and a hydrophilic aqueous phase.52 Besides pharmaceutical
applications, log P is also used in agrochemical research,53 metallurgy,54 and environmental
science55 to estimate the solubility of a solute in a solvent,56, 57 with larger values indicating
higher solubility in the hydrophobic solvent (in this case 1-octanol). To quantitatively analyze
the change of hydrophobicity of surfactants 2.7–2.21 upon photoisomerization, as well as the
position of the –CF3 group, we measured the 1-octanol/water partition coefficient (log P) of
surfactants 2.7–2.21 in both trans- and cis-PSS (see Section 2.4.4 for experimental details and
Appendix III for raw data of log P measurements). The log P was determined using the shakeflask method58 and the concentration of surfactant in the aqueous phase was measured by UVvis spectroscopy. UV absorbance of the aqueous phase was detected before and after diffusion
equilibrium. The log P value was calculated using the following equation:
log P = log[(Abs before – Abs after)/Abs after]
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For surfactants 2.7–2.9, the log P values decreased upon trans-cis photoisomerization due to
the formation of the more polar cis isomers, which was in good agreement with the CMC results,
and is reflective of the formation of the more polar cis isomer (Table 2.1). Due to the poor
aqueous solubility, the log P values of GalAzo 2.9 could not be accurately determined.

Table 2.1. Photocontrollable CMC, thermal half-life of the cis-isomer at 20°C, and log P of
carbohydrate-based surfactants 2.7–2.9.

Surfactant

CMCvis/mM

CMCUV/mM

t1/2/hrs

log Pvis

log PUV

2.7 GlcAzo

0.21

0.45

54

-0.94

-1.56

2.8 ManAzo

0.23

0.49

58

-0.67

-0.83

2.9 GalAzo

N.D*

N.D*

44

-0.35

-0.85

* N.D=not detected, due to the low solubility of surfactant 2.9 GalAzo in MilliQ water.

In the fluorosurfactant series 2.10–2.21, it can be seen from Table 2.2 that the log P values of
the trans-isomers is dependent on the regiochemistry of the –CF3 group, with values generally
increasing upon changing the –CF3 group from para, to meta and ortho, which was also
reflected in the solubility of compounds in Milli-Q water. Somewhat surprisingly, and opposite
to that observed for the non-fluorinated derivatives (2.7 and 2.8), larger log P values were
generally observed upon UV irradiation of 2.10–2.21, thus suggesting a slight increase in
hydrophobicity for the cis isomer. Whilst these observations contradict the changes in the CMC
values between the cis and trans isomers for these compounds, and is the opposite to that
observed for non-fluorinated analogues, previous reports showing a decrease in the dipole
moment of the cis isomers incorporating a p-CF3 group supports these observations.50, 51, 59 The
changes in solubility accompanying photoisomerization may point to specific changes in the
tail group geometry and conformation, and hence packing parameters and self-assembly, rather
than exclusively to changes in the dipole moment between the cis and trans states.
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Table 2.2. Photocontrollable CMC, thermal half-life of the cis-isomer at 20°C and log P of
carbohydrate-based fluorosurfactants 2.10–2.21.

CMC/mM
Surfactant

log P
t1/2/hrs

vis

UV

vis

UV

Glc p-CF3 2.10

0.24

0.25

187

-0.32

-0.20

Glc m-CF3 2.11

0.26

0.91

151

-0.25

-0.26

Glc o-CF3 2.12

1.52

2.81

217

-0.67

-0.47

Gal p-CF3 2.13

0.23

0.53

178

-0.08

0.03

Gal m-CF3 2.14

1.41

1.70

141

-0.14

-0.03

Gal o-CF3 2.15

1.94

2.03

204

-0.02

-0.01

Man p-CF3 2.16

0.26

0.36

117

-0.32

0.47

Man m-CF3 2.17

0.17

0.54

114

-0.25

-0.37

Man o-CF3 2.18

0.13

0.51

147

-0.31

0.14

Cel p-CF3 2.19

0.48

0.49

165

-1.22

-0.10

Cel m-CF3 2.20

0.81

1.28

151

-1.27

-1.41

Cel o-CF3 2.21

0.59

2.29

224

-2.18

-1.01

2.2.4 Photocontrollable IRI activity
The ice recrystallization inhibition (IRI) activity of these carbohydrate surfactants was
investigated using a splat cooling assay.59, 60 This technique involves observing changes in the
average size of the ice crystals via an optical microscope, whereby smaller grain sizes are
indicative of greater IRI activity. In this experiment, phosphate buffered saline (PBS) in the
absence of surfactants was used as a control. The assay was done at a singular time point and
concentration (usually 22 mM), an approach developed by the Ben group that ignores both the
effects of time and concentration on IRI. Hence, surfactants 2.7–2.21 were dissolved in PBS
solution at a concentration of 22 mM except for surfactants GalAzo 2.9, Glc p-CF3 2.10, Gal p-
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CF3 2.13, Man p-CF3 2.16 and Cel p-CF3 2.19, which were assessed at 5 µM due to their poor
solubility in PBS solution. The ice crystals were represented as a percentage mean grain size (%
MGS) relative to the PBS control.

For the O-glycosides 2.7–2.9, the mannose-based surfactant 2.8 showed potent IRI activity
compared with glucose-based (GlcAzo 2.7) and galactose-based (GalAzo 2.9) surfactants
(Figure 2.11), as seen by the smaller % MGS of ice crystals for 2.8. Following UV-vis
photoisomerization to the cis-PSS, weaker IRI activity was observed. Given the low
temperatures of the assay (-6.4°C), this difference could be due to changes in solubility.
However no precipitation could be observed and it was postulated that the attenuation of IRI
activity for the cis isomer could be attributed to the increased polarity of the of the tail group.
This observation is in good agreement with previous observations describing more potent IRI
activity upon increasing tail group hydrophobicity for peptide-based amphiphiles.29 Similar to
the control, surfactants 2.7 GlcAzo and 2.9 GalAzo showed weak IRI activity, with no
significant photomodulation observed following UV irradiation.

a)

b)

Figure 2.11. a) IRI activity surfactant 2.7–2.9 represented as a % MGS of ice crystals relative
to the PBS control. b) Images of the PBS control (top) and ManAzo 2.8 at 30 mM (bottom)
after 5 minutes annealing
.
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To probe the structure-function relationship of fluorosurfactants, the IRI activities of variably
substituted fluorosurfactants 2.10–2.21 were also investigated using the splat-cooling assay as
described above (Figure 2.12). Due to the poor solubility of the para-substituted
fluorosurfactants (2.10, 2.13, 2.16 and 2.19) in PBS solution, their IRI activities were assessed
at 5 µM concentration. In general, fluorosurfactants exhibited negligible IRI activity, with the
exception of Gal p-CF3 2.13 which was weakly IRI-active. Nevertheless, variable IRI activity
was observed among this series following UV-vis photoisomerization. Increased IRI activity
was observed for the o-CF3 substituted analogues (2.12, 2.15, 2.18, 2.21), and this activity was
reduced upon changing the position of the –CF3 to meta (2.11, 2.14, 2.17, 2.20) and finally para
(2.10, 2.13, 2.16, 2.19) to the N=N bond (Figure 2.12). Of the ortho-substituted
fluorosurfactants in the resting trans-PSS, the glucose-based fluorosurfactant 2.12 showed
strongest IRI activity in this series. This observation is in contrast with the results from nonfluorinated photosurfactants 2.7–2.9, whereby the mannose-based compound 2.8 was far more
potent than these incorporating glucose (2.7) or galactose (2.9) head groups. Taken together,
these observations reveal the sensitivity of IRI activity towards the size and configuration of
the carbohydrate head group (and therefore hydration) in carbohydrate-based amphipihles.
Following trans-cis photoisomerization, the IRI activity of the o-CF3 compounds was
significantly reduced, thus highlighting the importance of the tail group regiochemistry for
tuning IRI activity of carbohydrate-based fluorosurfactants.
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Figure 2.12. IRI activity of fluorosurfactants a) Glc-based 2.10–2.12, b) Gal-based 2.13–2.15,
c) Man-based 2.16–2.18 and d) Cel-based 2.19–2.21 represented as a % MGS of ice crystals
relative to the PBS control.

For compounds displaying moderate-to-potent IRI activity, an MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assay was performed using Hep G2 cells as a model
system to assess the cytotoxicity of varying concentrations in vitro (Figure 2.13). MTT is a
yellow tetrazole dye, which is reduced to its purple formazan form within living cells.61 In this
assay, MTT was added to each well and the absorbance of each well was then read at a
wavelength of 570 nm with a multiwell plate reader. Higher absorbance readings were
indicative of greater cell viability. Unfortunately, there was a significant decrease in cell
viability when incubated with the IRI-active, ortho-substituted analogues Glc o-CF32.12, Gal
o-CF3 2.15 and Cel o-CF3 2.21 (Figure 2.13). The mechanism responsible for this cytotoxicity
is unclear, however this could result from membrane damage and lysis caused by the high
concentration of surfactants,62 or the toxicity of some azobenzene dyes, or both.63
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Figure 2.13. Percent cell viability of Hep G2 cell treated with various concentrations of
surfactant a) Glc o-CF3 2.12, b) Gal o-CF3 2.15 and c) Cel o-CF3 2.21.

2.2.5 Quantitative analysis of IRI activity
As surfactant 2.8 showed very potent IRI activity compared with other compounds, the
inhibitory activity of the trans-isomer of ManAzo 2.8 was further quantified by a modified
splat-cooling assay.64 A dose-response curve was generated based on the results from the
modified splat-cooling assay, and a half-maximal inhibitory concentration (IC50 = 7 mM) could
be calculated from this curve (Figure 2.14 a). The TH activity of 2.8 was investigated using
nanoliter osmometry. No TH activity was observed for 2.8 at a concentration of 0.5 mg/mL,
and the ice crystals grew uniformly as the temperature decreased (Figure 2.14 b), which
indicated that the IRI activity of 2.8 did not arise through its interaction with developing ice
crystals.
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a)

b)

Figure 2.14. a) Dose-response curve for trans-dominated compound ManAzo 2.8. A twoparameter sigmoidal curve was fitted to the data. Vnorm is the normalized rate constant. b) Ice
crystal habit image in the presence of 0.5 mg mL-1 trans-dominated form of 2.8.

One major issue with current cryoprotectants is that they will reduce post-thaw cell viability
and even cause cell death. Given that surfactant 2.8 shows potent IRI activity but did not show
TH activity, we then investigated its cryoprotective ability using Tf-1α cells. The post-thaw cell
recovery, viability and apoptosis of Tf-1α cells were assessed after having been cryopreserved
with 30 mM of ManAzo 2.8 in the trans-PSS, in varying concentrations of DMSO (0–10%).
Unfortunately, significantly lower post-thaw cell recoveries were observed for samples
incubated with surfactant 2.8 when compared with DMSO alone, and the concentrations of
DMSO had negligible influence on the results (Figure 2.15). Encouragingly, when compared to
DMSO, the post-thaw cell apoptosis decreased when cryopreserved alone with 2.8 (Figure 2.16).
Although surfactant 2.8 inhibited ice recrystallization, it was unable to prevent cell damage
from freeze dehydration during freezing, which is why viability increased slightly only when a
small amount of DMSO was added. In order to investigate the toxicity of 2.8, TF-1α cells were
incubated with 30 mM of compound at 37°C and the cell recovery, viability and apoptosis were
measured without cryopreservation (Figure 2.17). After a 30 min incubation period, significant
cell death was observed. These results may not appear surprising, as the use of surfactants at
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high concentrations are known to induce cell lysis through membrane damage.62 Moreover,
azobenzene derivatives had been documented to show toxicity against cells, despite noteworthy
reports describing the apparent non-toxicity of neutral azobenzene compounds with potential
in vivo applications.40, 65, 66

Figure 2.15. Percent post-thaw cell recoveries of TF-1α cells cryopreserved with 30 mM
ManAzo 2.8 in varying concentrations of DMSO.

Figure 2.16. Percent post-thaw cell viability and apoptosis of Tf-1α cells cryopreserved with
30 mM ManAzo 2.8 in varying concentrations of DMSO.
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Figure 2.17. TF-1α cells incubated at 37°C for 30 minutes with or without 30 mM ManAzo
2.8, a) Percent cell viability and apoptosis and b) percent cell recovery.
2.2.6 Antibacterial performance of fluorosurfactants
The antibacterial activity of selected fluorosurfactants 2.10–2.12, 2.19–2.21 was evaluated
against Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli
(E. coli). The dose-dependent antibacterial activities were determined by optical density
measurements at 600 nm (OD600). These selected fluorosurfactants showed no, or limited,
toxicity against E. coli but dose-dependent toxicity against Gram positive S. aureus (Figure
2.18). Generally, glucose-based fluorosurfactants 2.10–2.12 exhibited greater toxicity than
cellobiose-based fluorosurfactants 2.19–2.21, perhaps on account of the higher surface activity
of the glucose-based analogues. Interestingly, the antibacterial activity also appeared sensitive
to the position of the –CF3 group within the ring. The bacterial activity of glucose-based
fluorosurfactants 2.10–2.12 decreased when changing the position of the –CF3 group from meta
(Glc m-CF3 2.11), para (Glc p-CF3 2.10) and ortho (Glc o-CF3 2.12), while for the cellobiosebased fluorosurfactants 2.19–2.21, the toxicity decreased in a different order: para (Cel p-CF3
2.19) > meta (Cel m-CF3 2.20) > ortho (Cel o-CF3 2.21). In order to investigate the influence of
the carbohydrate moiety on antibacterial activity, the substituted azobenzene tail compounds
2.39–2.41 were also evaluated for their antibacterial properties, however owing to the extremely
limited aqueous solubility reliable data could not be determined.
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Figure 2.18. Dose-dependent antibacterial activity of a) Glc o-CF3 2.12, b) Glc m-CF3 2.11, c)
Glc p-CF3 2.10, d) Cel o-CF3 2.21, e) Cel m-CF3 2.20 and f) Cel p-CF3 2.19 against Grampositive bacteria S. aureus over a period of 24 hrs.

2.3 Conclusions
Using an efficient synthetic strategy, we have synthesized a library of photoswitchable
carbohydrate-based surfactants and fluorosurfactants, and evaluated their photoswitchable
surface activity and biological properties. An increase in the CMC values of (fluoro)surfactants
2.7–2.21 was generally observed upon UV irradiation as a result of the change in the geometry
and polarity of the azobenzene tail group. However, for fluorosurfactants 2.10–2.21, the
magnitude of this difference was strongly dependent on the position of the –CF3 group relative
to the N=N bond, and followed the order of ortho > meta > para. The log P data in the cis- and
trans-PSS for fluorosurfactants showed a different trend to the non-fluorinated derivatives 2.7–
2.9, where the cis isomer was generally more hydrophobic than the trans form. Taken together,
these results suggest a strong correlation between tail group geometry and polarity for eliciting
changes in the adsorption behavior and solubility of non-ionic, carbohydrate-based
fluorosurfactants.
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In order to probe the relationship between tail group hydrophobicity and IRI activity, the IRI
activity of surfactants 2.7–2.9 and fluorosurfactants 2.10–2.21 was measured using a ‘splatcooling’ assay, before and after photoisomerization. The IRI activity of these molecules was
highly sensitive to carbohydrate head group size and configuration, as well as tail group
hydrophobicity. Among the non-fluorinated surfactant series, the D-mannose-based compound
2.8 was shown to be strongly IRI active, which is in contrast to previous studies prescribing Dgalactose head groups for potent IRI activity. Furthermore, photomodulation of IRI activity
could be achieved, where the cis isomer was less IRI active possibly on account of the lowered
hydrophobicity of the cis isomer relative to the trans form. For the fluorosurfactants 2.10–2.21,
very weak IRI activity was generally observed, with the o-CF3 substituted series showing the
strongest activity. Based on the log P data the o-CF3 analogues were slightly more hydrophilic
than the m- and p-CF3 substituted compounds. The increased IRI activity of o-CF analogues is
in contrast to previous studies that reveal the importance of increasing tail group hydrophobicity
for invoking potent IRI activity. The IRI activity in this series was also sensitive to the
carbohydrate head group, with the D-glucose-based derivative 2.12 displaying the strongest IRI
activity. Although these compounds were shown to be cytotoxic, weak photomodulation in IRI
activity was achieved, thus demonstrating a mechanism for tuning the IRI activity of
amphiphilic carbohydrates.

2.4 Experimental
2.4.1 General
Analytical thin layer chromatography (TLC) was performed on commercially prepared silica
plates (Merck Kieselgel 60 0.25 mm F254). Flash column chromatography was performed
using 230-400 mesh Kieselgel 60 silica, eluting with distilled solvents as described. Solvents
and reagents were purchased from Sigma-Aldrich and Merck and used without further
purification. 1H NMR and 13C NMR spectra were recorded on a Bruker Advance 400 NMR
spectrometer at frequencies of 400 MHz. Chemical shift is reported as parts per million (ppm)
downfield shift. The data are reported as chemical shift (δ), multiplicity, coupling constant (J =
Hz), relative integral and assignment where possible. IR spectra were recorded on a Bruker
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ATR spectrometer. Optical rotation was measured on an Optical Activity Polaer 2001 (546 nm)
polarimeter using a 1 mL cell. Please refer to this Google Drive link for complete NMR spectra:
https://drive.google.com/drive/folders/0B4_hvKQzd29admI0WWgtZkFMUkk?usp=sharing

LC-MS was performed on an Agilent 6120 LC-MS system operating in positive ion mode.
Separations were performed on an Agilent Poroshell-120 2.7 µm (3.0 mm ´ 50 mm) C18
column using a linear gradient of 0.1% formic acid in Milli-Q water (Solvent A) and 0.1%
formic acid in acetonitrile/Milli-Q water 95:5 mixture (Solvent B) as the mobile phase.
Separations were performed using a linear gradient of 0% solvent B to 100% solvent B over 15
minutes, operating at a flow rate of 0.3 mL min-1.

Deprotected carbohydrate-based surfactants were purified by reverse-phase (C18) preparative
HPLC using an Agilent 1260 preparative HPLC system equipped with an automated fraction
collector. Separations were performed on an Agilent Zorbax SB300 5 µm (20 mm×150 mm)
C18 column using a linear gradient of 0.1% formic acid in deionized water (Solvent A) and 0.1%
formic acid in acetonitrile/ deionized water 95:5 mixture (Solvent B) as the mobile phase.
Surfactants were purified using 10% solvent B for 10 min and then gradually increased to 100%
solvent B over 40 minutes (monitoring at 280 nm), operating at a flow rate of 10 mL min-1.
Purified fractions were subsequently combined and lyophilized.

2.4.2 Surface tension measurements
Surface tension measurements were made on a custom-designed pendant drop instrument.48 A
time series was taken (that is, surface tension as a function of time) and values were noted for
100 seconds to ensure full equilibration of interfacial adsorption. Once a stable surface tension
had been attained, this was recorded. Drop volumes were measured throughout and changes of
< 5% throughout the course of a measurement were a requirement for the data shown. Critical
micelle concentration (CMC) values were obtained from the intersection of lines extrapolated
from surface tension values in the near pre- and post-CMC regions.
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2.4.3 UV-vis spectroscopy
UV-visible spectroscopy was performed using a Cary 60 spectrophotometer. The native trans
isomers remained stable under ambient lighting conditions at least up to 24 h, as evident from
insignificant changes in their UV-vis absorbance spectra over this period. In the
photoillumination experiments, the trans-dominated and the cis-dominated spectra were taken
from samples immediately after dilution and after 10 minutes of irradiation under a gel curing
UV lamp (peak wavelength 365 nm, 36 W radiant power, Model W-818). The thermal
relaxation studies were performed in dark adapted conditions at ambient temperature
(approximately 20°C). The half-lives of the cis-isomers in water were estimated by plotting the
UV-vis absorbance at 325 nm versus time over a period of 24 h.

The molar extinction coefficients were measured and calculated by Joshua Marlow under the
supervision of Dr. Rico Tabor (Monash University, Australia). The molar extinction coefficients
of the two main peaks, at roughly 450 nm and 350 nm in the samples in each photo-stationary
state, were calculated for surfactants via analysis of five samples with a concentration ratio of
1:2:3:4:5, where the absorbance of the most concentrated sample was just below 1.0 to ensure
the applicability of the Beer-Lambert law.

2.4.4 Measurement of 1-Octanol/water partition coefficient (log P)
The log P of surfactants was determined by preparing a 50 µM solution of each surfactant in
Milli-Q water and adding an equal volume of 1-octanol. The sample was gently agitated and
UV-vis spectra were taken of the water layer before (t = 0 h) and after diffusion equilibrium (t
= 15 h). Samples were stored in the dark prior to the final reading. To minimize thermal
relaxation of the cis isomer under dark conditions, samples were further irradiated with UV
light for 10 minutes at 6–8 h following the initial reading.

2.4.5 IRI assay
The sample was dissolved in a phosphate buffered saline (PBS) solution. Using a micropipette,
a 10 µL droplet of the solution was dropped through a two-meter high plastic tube, having a 10
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cm diameter, onto a polished aluminum block cooled to approximately -80°C with dry ice. The
droplet froze immediately upon contact with the surface of the aluminium block, creating a
wafer approximately 1 cm in diameter and 20 µm thick. Using precooled tools, the wafer was
separated from the surface of the block and transferred to a cryostage, kept at -6.4°C. The wafer
was annealed for 30 minutes, and then photographed between crossed polarizing filters using a
digital camera (Nikon CoolPix 5000) fitted to a microscope. A programmable Peltier unit (S3
Series 800 temperature controller, Alpha Omega Instruments) was used to maintain the
temperature of the cryostage. Three images were taken from each wafer. During flash freezing,
small ice crystals from the solution are formed very quickly, and during annealing, the ice
crystals dramatically increase in size due to recrystallization. In order to quantitatively measure
the difference in recrystallization inhibition of two compounds, the difference in the dynamics
of ice crystal size distribution was examined. This was done using a novel domain recognition
software (DRS)22 program to analyze the image of the ice wafer. From this, domain areas from
each image were calculated and data was inputted into Microsoft Excel. Using Microsoft Excel,
the data was then plotted and analyzed. The ice crystal mean grain size (MGS) of the sample
was compared to the MGS of the PBS control for the same day of testing and IRI activity was
reported as percent mean grain size (%MGS). Error bars indicate the standard error of the mean
(%SEM). Each compound was performed in triplicate (n = 3). In GraphPad, significant
difference was determined using the unpaired Student’s T test (P < 0.05).

2.4.6 MTT assay with Hep G2 cells
In order to investigate the cytotoxicity of the ortho-substituted analogues (Glc o-CF3 2.12, Gal
o-CF3 2.15, Cel o-CF3 2.21), Hep G2 cells were incubated with varying concentrations of the
surfactants, with controls, and each test concentration performed at least in triplicate (n = 3).
Error bars represent the percent standard error of the mean (% SEM). Hep G2 cells (human
liver hepatocellular carcinoma cells, ATCC, HB-8065) were cultured in Eagle’s minimum
essential media (MEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillinstreptomycin, 1% non-essential amino acids, and 0.1% 1M sodium pyruvate in Corning® T75
(75 cm2) flasks. Cells were incubated at 37°C with 5% CO2. Passages 8–9 were used in this
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study. No evidence of overgrowth or morphological changes consistent with apoptosis was
observed. Cells were detached from plates using Accutase and incubated at 37°C for 15 minutes
for use in experiments. Using a hemocytometer, the cell count was obtained by preparing a 1/2
dilution of the cell solution with trypan blue.

The MTT assay was performed according to known literature.67 Hep G2 cells were plated in
96-well plates and treated with 100 µL of appropriate test compound dissolved in MEM (unless
indicated otherwise), and incubated at 37°C with 5% CO2 overnight. Unless stated otherwise,
cells incubated with MEM only were used as positive controls and cells incubated with 1%
Triton X-100 (in MEM) were used as negative controls. Following incubation, the plates were
centrifuged (1000 rpm for 5 minutes), the supernatants were removed by aspiration, and 200
µL of MEM and 50 µL of MTT (5 mg mL-1) in HBSS (Hank’s balanced salt solution) were
added to each well. The plates were incubated at 37°C with 5% CO2 for 4 h before being
centrifuged for 3 minutes at 700×g. The supernatants were removed, and 200 µL of MTT
solubilization solution (0.1 N HCl, 10% Triton X-100 in isopropanol) was added to each well.
The plate was incubated in the dark at room temperature for 2 h and the absorbance of each
well was then read at a wavelength of 570 nm with a multiwell plate reader (AD 34 °C
Absorbance Detector, Beckman Coulter, Inc., Mississauga, ON). Higher absorbance readings
were indicative of greater cell viability. Data was analyzed using Microsoft Excel and percent
cell viability was reported relative to the control.

2.4.7 Quantitative analysis of IRI activity
To quantify ice recrystallization inhibition (IRI) activity, a modified “splat cooling” assay
(described above) was employed.64 Five concentrations (1, 5, 10, 20, 30 mM) of ManAzo 2.8
were tested in triplicate as well as the PBS control. Instead of a 30-minute annealing period, the
wafer was annealed for 5 minutes at -6.4°C, and then photographed between crossed polarizing
filters using a digital camera (Nikon CoolPix 5000) fitted to the microscope. One image was
selected from each wafer for further analysis. Using ImageJ, ice crystals with well-defined
boundaries within the image were circled, and the area of each circled ice crystal was calculated.
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Using Microsoft Excel, the ice crystal areas were sorted into discrete bins based on size (bin
size increased in increments of 0.001 mm2). At time zero, all ice crystals could be contained
within a bin size of 0.001 mm2, and therefore, as crystals grew due to recrystallization, they
moved out of bin 1 and into higher bins. The proportionate area of each bin was calculated for
each sample wafer by adding the area of each crystal within a bin and dividing by the sum of
the areas of all crystals in the image. The rate constants were determined for each inhibitor
concentration tested and normalized based on the average rate constant determined for the PBS
control (zero inhibitor concentration). Using GraphPad, a dose-response curve was generated
using the normalized rate constants, vnorm, for each inhibitor concentration, [I], and the
corresponding log values of the concentration. A two-parameter sigmoidal curve was fit to the
data to obtain the half maximal inhibition concentration (IC50). Error was reported as the
standard error of the mean.

2.4.8 TH assay
Nanoliter osmometry, using a Clifton nanoliter osmometer (Clifton Technical Physics, Hartford,
NY), was performed in order to assess the TH activity and dynamic ice shaping (DIS) ability
of ManAzo 2.8.68 In this assay, a single droplet of an aqueous solution (Milli-Q water) of
compound was enclosed within an oil-filled well in a sample holder. Using a thermoelectricallycontrolled microscope stage, the sample was frozen and then slowly thawed until a single ice
crystal remained. At this point, the morphology of the single ice crystal was monitored as the
temperature of the sample was gradually decreased, through a Leitz compound microscope
equipped with an Olympus 20X objective, a Leitz Periplan 32X photo eyepiece, and a Hitachi
KPM2U CCD camera connected to a Toshiba MV13K1 TV/VCR system. Non-uniform ice
crystal growth is indicative of dynamic ice shaping (DIS) and TH activity is measured as the
depression of the freezing point in relation to a static melting point. Due to the amphiphilic
nature of ManAzo 2.8, a 10 mg mL-1 solution dissolved into the oil phase, creating a single
phase. As a result, the TH and DIS activity was assessed at 0.5 mg mL-1. At this concentration,
ManAzo 2.8 did not exhibit DIS nor TH activity.
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2.4.9 Cryopreservation of Tf-1 α cells
Tf-1α cells were cryopreserved with a 30 mM concentration of ManAzo 2.8 in 0%, 2%, 5%,
10% DMSO solutions with controls performed in duplicate and each test concentration
performed in triplicate. Error bars represent the percent standard error of the mean. TF-1α cells
(human bone marrow erythroblasts, ATCC CRL-2451) were cultured in RPMI-1640 media
supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS) in 150 mm
petri dishes. Cells were incubated at 37°C with 5% CO2. Media was changed every two days
by transferring suspended cells in the culture dish to a 50 mL falcon tube and centrifuging at
1000 rpm for 5 minutes at room temperature. Following this, supernatant was removed and the
pellet was re-suspended in RPMI-1640 media by vortex. This was transferred to a new culture
dish and 20 mL of media was added. Cells were split if cell count exceeded 5 × 106 cells per
plate. Using a hemocytometer, the cell count was obtained by preparing a 1/8 dilution of the
cell solution in an eppendorf tube with the dye, trypan blue.

Once enough cells had been cultured (2 ´ 106 cells/cryovial is required), the contents of the
culture dishes were transferred to 50 mL centrifuge tubes and centrifuged at 1000 rpm for 5
minutes at room temperature. Supernatants were removed and the pellets were re-suspended in
a small amount of media. The re-suspended cells were combined into one falcon tube and the
total cell count was obtained using a hemocytometer. The volume required to add 2 ´ 106 cells
per cryovial was determined and transferred to each vial. Cryovials were centrifuged at 1000
rpm for 5 minutes at room temperature. For data obtained in Figure 2.16, the supernatant was
carefully removed, and 100 µL of the appropriate cryosolution (0%, 2%, 5%, 10% DMSO
solutions in media with or without 30 mM of ManAzo 2.8) was added to each vial. Cryovials
were vortexed and transferred to a “Mr. Frosty” freezing container and placed in a -80°C freezer
for 18 hours. The cryovials were then placed in a -196°C storage dewar for a minimum of 12
hours prior to analysis. For the data obtained in Figure 2.17, 100 µL of either media or 30mM
surfactant 2.8 ManAzo in media was added to each vial. Cryovials were vortexed and incubated
for 30 minutes at 37°C with 5% CO2.

54

Cryovials were thawed under fast-thaw conditions (37°C water bath) followed by the addition
of 900 µL 1X Annexin V binding buffer to each cryovial. The contents were mixed and 400 µL
of each vial was transferred to eppendorf tubes. 10µL 7-AAD and 10 µL Annexin V FITC were
added, and the tubes were incubated in the dark for 15 minutes at room temperature. 20 µL
counting beads were added followed by the addition of 1X Annexin V binding buffer to a total
volume of 1mL. The solutions were filtered into flow tubes prior to flow cytometry. Flow
cytometry was performed on a Beckman Coulter Gallios Flow Cytometer using Kaluza for
Gallios as software. Annexin V-FITC was measured with 518 nm optical filter (FL-1), while 7AAD was measured with 570 nm optical filter (FL-4). Viability (Figure 2.16) was determined
as the amount of 7-AAD- cells detected and apoptosis was determined as the amount of 7AAD- cells that were also Annexin V FITC+. Bead counts and total post-thaw cell counts were
obtained for each sample. Cell recovery (Figure 2.15) was calculated as the concentration of
cells post-thaw/post-incubation divided by the pre-freeze/pre-incubation cell concentration.
The time between thawing and flow cytometry analysis was under 1 hour.

2.4.10 Antibacterial assays
The antibacterial activity of the fluorosurfactants was tested against Gram-negative E. coli and
Gram-positive S. aureus. A fixed concentration (OD600 – 0.1: log phase 108 CFU mL-1) of
freshly grown cultures were used for antibacterial assay, after determining the bacterial
concentration using a GENESYS 10S UV-vis Spectrophotometer. The bacterial suspension
(100 µL) was incubated with 100 µL of the fluorosurfactants in Milli-Q water at 37°C. Different
concentrations of the fluorosurfactants in Milli-Q water (0, 1, 10, 25, 50, 100, 250 µg mL-1)
were used to determine the concentration-dependent influence on bacterial growth and/or
inhibition. Appropriate controls were chosen wherein one of the controls contained no
fluorosurfactants while the other contained a mixture of different concentrations of
fluorosurfactants with the bacteria-free growth media. The bacterial growth curves were
monitored at OD600 over a period of 24 hours (0 h, 1.5 h, 3 h, 5 h, 21 h and 24 h) in 96-well
format using a Perkin Elmer EnVisionTM 2104 Multilabel Plate Reader. All antibacterial assays
were performed in triplicates, tests were repeated independently three times, and each well was
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read five times. The average of 45 readings (3 × 3 × 5) in each case was calculated and plotted
along with standard deviation. The data was background corrected by subtracting the OD600
value obtained from the control containing a mixture of fluorosurfactants and the bacteria-free
growth media.

2.4.11 Synthesis of 2.36 and 2.37 : General procedure 1
The synthesis of per-O-acetyl glycosyl bromide (2.36 and 2.37) was adapted from a literature
procedure.42 Glycosyl pentaacetate 2.22 or 2.23 (1 equiv.) was dissolved in dry DCM (50 mL).
To this, hydrogen bromide (33 wt.% in acetic acid, 30 mL) was added. The reaction mixture
was stirred vigorously at ambient temperature with a drying tube. After 2 hours, TLC indicated
the formation of a product with complete consumption of the starting material. The reaction
mixture was partitioned between DCM and water, and the combined organic layer was washed
with cold satd. aq. NaHCO3 (3 × 100 mL), cold brine (100 mL), dried over Na2SO4, filtered,
and evaporated under reduced pressure to afford the corresponding glycosyl bromide as a
colorless foam.

2.4.12 Synthesis of 2.32 and 2.33: General procedure 2
The synthesis of per-O-acetyl glycosyl azide (2.32 and 2.33) was performed using a known
literature procedure.69 The glycosyl bromide (1 equiv.) was dissolved in DCM (20 mL) and a
solution of NaN3 (3 equiv.) in saturated aqueous NaHCO3 (20 mL) was added.
Tetrabutylammonium hydrogen sulfate (1 equiv.) was added and the reaction mixture was
stirred vigorously at ambient temperature until TLC indicated complete consumption of the
starting material and formation of product. Following reaction completion, the organic layer
was washed with water (100 mL), dried over Na2SO4, filtered and concentrated under reduced
pressure. The crude product was purified by either recrystallization from methanol.

2.4.13 Synthesis of 2.30 and 2.48–2.50: General procedure 3
This synthesis of azobenzene tail groups (2.30 and 2.48–2.50) was achieved using an adapted
literature procedure.44 To a solution of the aniline (1 equiv.) in 32% wt. aqueous solution of HCl
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(24 mL) and water (30 mL), was added a drop-wise solution of NaNO2 (1.2 equiv.) in water (14
mL) over 30 min at 0°C. The mixture was allowed to stir at 0°C for 1 hour. A solution of phenol
(1.1 equiv.) in a 6 M Na2CO3 solution (50 mL) was then added to the mixture at 0°C, and TLC
was used to monitor the reaction. Finally, the solution was quenched with 1 M aqueous HCl
and the precipitate was collected and dried to give the final compound. Analytically pure sample
was acquired following purification by recrystallization from hexane.

2.4.14 Synthesis of 2.25 and 2.42–2.44: General procedure 4
This synthetic method was adapted from a literature procedure.44 In a round-bottomed flask
under N2, tosylate 2.31 (1.0 equiv.), K2CO3 (5.0 equiv.) and LiCl (0.03 equiv.) were dissolved
in acetonitrile (100 mL). A solution of substituted azobenzene (1.06 equiv.) in acetonitrile
(50 mL) was added dropwise. The mixture was refluxed under N2 for 18 hours. The solvent
was then cooled before being concentrated under reduced pressure. The residue was then redissolved in DCM (100 mL) and washed with brine (3×100 mL). The organic layer was dried
over Na2SO4, concentrated under reduced pressure and recrystallized from petroleum spirit to
give the product as bright orange solid.

2.4.15 Synthesis of 2.39–2.41: General procedure 5
This synthetic method was adapted from a literature procedure.45 To a solution of 2.42–2.44 (1
equiv.) in anhydrous THF (0.2 mol dm-3) was added NaH (60 wt.% in mineral oil, 1.5 equiv.)
at 0°C under N2. A catalytic amount of tetabutylammonium iodide (0.05 equiv.) and propargyl
bromide (80% in toluene, 1.5 equiv.) were added sequentially. The mixture was stirred at
ambient temperature overnight, before being concentrated under reduced pressure and purified
by column chromatography (EtOAc : hexane = 1:9).

2.4.16 Synthesis of 2.7–2.9: General procedure 6
This synthetic method was adapted from the literature.41 The carbohydrate donor (1 equiv.) and
alcohol acceptor 2.25 (1 equiv.) was suspended in anhydrous DCM (40 mL) under a nitrogen
atmosphere. The stirred solution was cooled to 0°C and BF3·Et2O (5 equiv.) was added drop57

wise. After 1 hour, the solution was warmed to room temperature and stirred overnight. The
reaction mixture was quenched with satd. aq. NaHCO3 (3 × 100 mL) and the aqueous layer was
extracted twice with DCM (50 mL). The combined DCM layers were dried and concentrated.
To the crude product in anhydrous methanol (20 mL) was added NaOCH3 (25 wt.% solution in
methanol, 0.5 mL) dropwise. Then the reaction mixture was stirred under ambient temperature
until TLC indicated the full consumption of the starting material and formation of product. The
reaction mixture was neutralized with Amberlite IR-120 acidic ion exchange resin, filtered and
concentrated under reduced pressure. The residue was purified by reversed phase preparative
HPLC to give the pure material.

2.4.17 Synthesis of 2.10–2.21: General procedure 7
This method was adapted from the literature.69 A mixture of the glycosyl azide 2.32–2.35 (1
equiv.) and alkyne 2.39–2.41 (1.2 equiv.) was suspended in 0.1 M 2:1 tert-butyl alcohol/water
mixture. Then sodium ascorbate (0.4 equiv.) and CuSO4·5H2O (0.2 equiv.) was added
successively. The reaction suspension was stirred vigorously at 40°C under N2 until TLC
indicted the full consumption of the starting materials. The crude mixture was evaporated under
reduced pressure. To the crude mixture in anhydrous methanol (20 mL) was added NaOMe (25
wt.% in methanol, 0.5 mL) dropwise. Then the reaction mixture was stirred under ambient
temperature until TLC indicated the full consumption of the starting material and formation of
product. The reaction mixture was neutralized with Amberlite IR-120 acidic ion exchange resin,
filtered and concentrated under reduced pressure. The residue was purified by reversed phase
preparative HPLC to give the pure material.
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2.4.18 Note on nomenclature
Glycosyl compounds are named according to IUPAC-IUBMB “Nomenclature of Carbohydrate”
(http://www.chem.qmul.ac.uk/iupac/2carb/)70-72 and the literature.73 Compound 2.32 is given as
an example.
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2.4.19 Analytical data
2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D- glucopyranoside 2.748

Compound 2.7 was prepared from 2.22 and 2.25 according to general procedure 6 and isolated
as an orange solid (Yield: 39%). Mp = 41.2°C; [α]D20 -10.5 (c, 0.09 in CH3OH); FT-IR: νmax/
cm-1 3355, 2924, 2872, 1596, 1250; 1H NMR (400 MHz, CD3OD) δ 7.88 (d, J = 9.0 Hz, 2H, 2
× ArH), 7.78 (d, J = 8.4 Hz, 2H, 2 × ArH), 7.33 (d, J = 8.5 Hz, 2H, 2 × ArH), 7.09 (d, J = 9.1
Hz, 2H, 2 × ArH), 4.30 (d, J = 7.8 Hz, 1H, H-1), 4.25–4.22 (m, 2H), 4.03–3.98 (m, 1H), 3.90–
3.87 (m, 2H), 3.84–3.84 (m, 1H), 3.75–3.63 (m, 9H), 3.38–3.33 (m, 1H), 3.28–3.26 (m, 2H),
3.20 (dd, J = 9.1, 7.8 Hz, 1H), 2.70 (t, J = 7.7 Hz, 2H, CH2), 1.69–1.62 (m, 2H, CH2), 1.45–
1.35 (dq, J = 14.9, 7.4 Hz, 2H, CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3);

13

C NMR (100 MHz,

CD3OD) δ 162.7 (ArC), 152.3 (ArC), 148.3 (ArC), 147.2 (ArC), 130.1 (2 × ArC), 125.6 (2 ×
ArC), 123.5 (2 × ArC), 116.0 (2 × ArC), 104.4 (C-1), 77.9 (CH), 75.0 (CH), 72.4 (CH), 71.7
(CH), 71.6 (CH2), 71.5 (CH2), 71.4 (CH2), 70.7 (CH2), 69.6 (CH2), 68.9 (CH2), 62.7 (CH2),
43.8 (CH2), 36.4 (CH2), 34.7 (CH2), 23.3 (CH2), 14.3 (CH3); LC/MS: m/z 549.1 [M + H]+, 571.0
[M + Na]+; ESI-HRMS+ calculated for C28H41N2O9 = 549.2812 [M + H]+, found 549.2809 [M
+ H]+, the obtained melting point, optical rotation, FTIT, 1H NMR, 13C NMR and mass data are
in agreement with the reference 48.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethyl α-D-mannopyranoside 2.8

Compound 2.8 was prepared from 2.24 and 2.25 according to general procedure 6 and isolated
as orange solid (Yield: 26%). Mp = 191.2°C (decomp); [α]D20 27.3 (c, 0.16 in CH3OH); FT-IR:
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νmax/cm-1 3297, 2929, 2877, 1576, 1498, 1412, 1248, 1051, 840, 648; 1H NMR (400 MHz,
CD3OD) δ 7.87 (d, J = 9.07 Hz, 2H, 2 × ArH), 7.77 (d, J = 8.35 Hz, 2H, 2 × ArH), 7.32 (d, J =
8.38 Hz, 2H, 2 × ArH), 7.08 (d, J = 9.06 Hz, 2H, 2 × ArH), 4.82–4.79 (m, 1H, H-1), 4.23–4.20
(m, 2H), 3.89–3.56 (m, 17H), 2.68 (t, J = 7.66 Hz, 2H, CH2), 1.67–1.60 (m, 2H, CH2), 1.43–
1.34 (m, 2H, CH2), 0.95 (t, J = 7.33 Hz, 3H, CH3); 13C NMR (100 MHz, CD3Cl3) δ 161.4 (ArC),
150.9 (ArC), 146.9 (ArC), 145.9 (ArC), 128.8 (2 × ArC), 124.2 (2 × ArC), 122.2 (2 × ArC),
114.6 (2 × ArC), 100.3 (C-1), 73.2 (CH), 71.1 (CH), 70.7 (CH), 70.4 (CH), 70.2 (CH2), 70.0
(CH2), 69.4 (CH2), 67.6 (CH2), 67.1 (CH2), 66.4 (CH2), 61.3 (CH2), 35.1 (CH2), 33.4 (CH2),
22.9 (CH2), 21.9 (CH2), 12.9 (CH3); LC/MS: m/z 548.8 [M + H]+, 570.7 [M + Na]+; ESI-HRMS+
calculated for C28H40N2O9 = 548.2734 [M + H]+, found 571.2621 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D- galactopyranoside 2.948

Compound 2.9 was prepared from 2.23 and 2.25 according to general procedure 6 and isolated
as an orange solid (Yield: 20%). Mp = 43.4°C; [α]D20 -6.0 (c, 0.08 in CH3OH); 1H NMR (400
MHz, CD3OD) δ 7.88 (d, J = 9.1 Hz, 2H, 2 × ArH), 7.78 (d, J = 8.4 Hz, 2H, 2 × ArH), 7.34 (d,
J = 8.6 Hz, 2H, 2 × ArH), 7.10 (d, J = 9.1 Hz, 2H, 2 × ArH), 4.26–4.23 (m, 3H), 4.03–3.98 (m,
1H), 3.90-3.87 (m, 2H), 3.80 (dd, J = 3.3, 0.9 Hz, 1H), 3.78–3.69 (m, 10H), 3.55–3.44 (m, 4H),
2.70 (t, J = 7.7 Hz, 2H, CH2), 1.70–1.62 (m, 2H, CH2), 1.45–1.35 (m, 2H, CH2), 0.97 (t, J = 7.4
Hz, 3H, CH3); 13C NMR (100 MHz, CD3OD) δ 162.7 (ArC), 152.2 (ArC), 148.2 (ArC), 147.3
(ArC), 130.3 (2×ArC), 125.7 (2×ArC), 123.6 (2×ArC), 116.1 (2×ArC), 105.1 (C-1), 76.6 (CH),
74.9 (CH), 72.4 (CH), 72.3 (CH), 71.6 (CH2), 71.5 (CH2), 71.4 (CH2), 70.6 (CH2), 70.1 (CH2),
69.5 (CH2), 69.0 (CH2), 62.4 (CH2), 44.2 (CH2), 36.7 (CH2), 34.7 (CH2), 23.3 (CH2), 14.4 (CH3);
LC/MS: m/z 549.0 [M + H]+, 571.0 [M + Na]+; ESI-HRMS+ calculated for
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C28H41N2O9=549.2812 [M + H]+, found 549.2808 [M + H]+, the obtained melting point, optical
rotation, FTIT, 1H NMR, 13C NMR and mass data are in agreement with the reference 48.

2-[2-[2-(4-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-glucopyranosyl-1,2,3triazole 2.10

Compound 2.10 was prepared from 2.32 and 2.39 according to general procedure 7 and isolated
as orange solid (Yield: 42%). Mp = 95.7°C; [α]D20 -20.6 (c, 0.15 in CH3OH); FT-IR: νmax/cm-1
2859, 1596, 1421, 1037, 762; 1H NMR (400 MHz, d6-DMSO) δ 8.26 (s, 1H, CH(triazole)),
8.02–8.00 (m, 2H, 2 × ArH), 7.96–7.93 (m, 4H, 4 × ArH), 7.18 (d, J = 9.04 Hz, 2H,2 × ArH),
5.51 (d, J = 9.35 Hz, 1H, H-1), 5.35 (s, 1H, OH), 5.25 (s, 1H), 5.13 (s, 1H), 4.61 (s, 1H), 4.55–
4.52 (m, 2H), 4.25–4.22 (m, 2H, H-3), 3.79–3.70 (m, 3H, H-2), 3.62–3.51 (m, 10H), 3.44–3.41
(m, 3H);

13

C NMR (150 MHz, CD3OD) δ 162.19, 152.7, 146.6, 144.6, 124.9, 123.0, 118.3,

114.8, 88.2, 79.7, 77.1, 72.6, 70.4, 70.2, 69.5, 69.4, 69.3, 67.7, 63.5, 60.9; LC/MS: m/z 641.7
[M + H]+; ESI-HRMS+ calculated for C28H34F3N5O9=641.6012 [M + H]+, found 642.2379 [M
+ H]+, 664.2201 [M + Na]+.

2-[2-[2-(3-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-glucopyranosyl-1,2,3triazole 2.11

Compound 2.11 was prepared from 2.32 and 2.40 according to general procedure 7 and isolated
as orange solid (Yield: 67%). Mp = 97.7°C; [α]D20 -14.1 (c, 0.17 in CH3OH); FT-IR: νmax/cm-1
3351, 1599, 1498, 1325, 1247, 1055, 691; 1H NMR (400 MHz, d6-DMSO) δ 8.28 (s, 1H,
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CH(triazole)), 8.15–8.09 (m, 3H, 3 × ArH), 7.95 (d, J = 9.13 Hz, 2H, 2 × ArH), 7.89–7.80 (m,
2H, 2 × ArH), 7.17 (d, J = 8.96 Hz, 2H, 2 × ArH), 5.52 (d, J = 9.03 Hz, 1H, H-1), 5.37 (s, 1H,
OH), 5.27 (s, 1H), 5.14 (s, 1H), 4.62 (s, 1H), 4.54 (s, 2H), 4.24–4.22 (m, 2H, H-3), 3.80–3.70
(m, 3H, H-2), 3.62–3.51 (m, 8H), 3.45–3.24 (m, 5H); 13C NMR (100 MHz, d6-DMSO) δ 162.4
(ArC), 152.6 (ArC), 146.5 (ArC), 144.3 (C=CH(triazole)), 131.3 (ArC), 130.8 (ArC), 125.7 (2
× ArC), 123.7 (CF3), 118.6 (ArC), 115.7 (2 × ArC), 87.9 (C-1), 80.4, 77.4, 72.6, 70.4, 70.3,
70.2, 70.0, 69.6, 69.2, 68.2, 63.9, 61.2; LC/MS: m/z 641.7 [M + H]+; ESI-HRMS+ calculated
for C28H34F3N5O9=641.6012 [M + H]+, found 642.2381 [M + H]+, 664.2200 [M + Na]+.

2-[2-[2-(2-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-glucopyranosyl-1,2,3triazole 2.12

Compound 2.12 was prepared from 2.32 and 2.41 according to general procedure 7 and isolated
as orange solid (Yield: 52%). Mp = 189.9°C; [α]D20 -26.4 (c, 0.13 in CH3OH); FT-IR: νmax/cm1

2859, 1593, 1421, 1322, 1063, 854; 1H NMR (400 MHz, d6-DMSO) δ 8.28 (s, 1H,

CH(triazole)), 7.95–7.90 (m, 3H, 3 × ArH), 7.82–7.78 (m, 2H, 2 × ArH), 7.72–7.70 (m, 1H,
ArH), 7.19 (d, J = 9.07 Hz, 2H, 2 × ArH), 5.52 (d, J = 9.09 Hz, 1H, H-1), 5.37 (d, J = 5.94 Hz,
1H, OH), 5.26 (d, J = 4.38 Hz, 1H), 5.13 (d, J = 5.28 Hz, 1H), 4.63–4.61 (m, 1H), 4.56–4.52
(m, 2H), 4.24–4.22 (m, 2H, H-3), 3.79–3.76 (m, 3H, H-2), 3.62–3.54 (m, 8H), 3.46–3.39 (m,
3H), 3.32–3.27 (m, 2H); 13C NMR (100 MHz, d6-DMSO) δ 162.6 (ArC), 149.4 (ArC), 146.9
(ArC), 144.3 (C = CH (triazole)), 134.1 (ArC), 131.2 (ArC), 125.7 (2 × ArC), 123.6 (CF3),
116.7 (ArC), 115.8 (2 × ArC), 87.9 (C-1), 80.4, 77.4, 72.6, 70.4, 70.3, 70.2, 70.0, 69.6, 69.2,
68.2,

63.9,

61.2;

LC/MS:

m/z

641.7

[M

+

H]+,

ESI-HRMS+

calculated

for

C28H34F3N5O9=641.6012 [M + H]+, found 642.2380 [M + H]+, 664.2201 [M + Na]+.

63

2-[2-[2-(4-trifluromethylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl β-Dgalactopyranosyl-1,2,3-triazole 2.13

Compound 2.13 was prepared from 2.33 and 2.39 according to general procedure 7 and isolated
as orange solid (Yield: 78%). Mp = 212°C (decomp.); [α]D20 -30.9 (c, 0.13 in CH3OH); FT-IR:
νmax/cm-1 2870, 1597, 1452, 1321, 1251, 1060, 852, 773; 1H NMR (400 MHz, d6-DMSO) δ
8.20 (s, 1H, =CH(triazole)), 8.00 (d, J = 8.39 Hz, 2H, 2 × ArH), 7.95–7.92 (m, 4H, 4 × ArH),
7.17 (d, J = 9.07 Hz, 2H, 2 × ArH), 5.48 (d, J = 9.20 Hz, 1H, H-1), 4.25–4.22 (m, 2H), 4.07–
4.02 (m, 1H), 3.81–3.78 (m, 3H), 3.73–3.69 (m, 1H), 3.63–3.47 (m, 13H); 13C NMR (100 MHz,
d6-DMSO) δ162.5 (ArC), 154.8 (ArC), 146.6 (ArC), 144.5 (C=CH(triazole)), 127.1 (ArC),
125.6 (2 × ArC), 123.3 (CF3), 123.2 (ArC), 115.8 (2 × ArC), 88.6 (C-1), 78.9, 74.2, 70.5, 70.3,
70.2, 69.9, 69.6, 69.3, 68.9, 68.3, 63.9, 60.9 (CH2); LC/MS: m/z 641.7 [M + H]+; ESI-HRMS+
calculated for C28H34F3N5O9=641.2309 [M + H]+, found 664.2199 [M + Na]+.

2-[2-[2-(3-trifluromethylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl β-Dgalactopyranosyl-1,2,3-triazole 2.14

Compound 2.14 was prepared from 2.33 and 2.40 according to general procedure 7 and isolated
as orange solid (Yield: 51%). Mp = 196°C (decomp.); [α]D20 -28.3 (c, 0.26 in CH3OH); FT-IR:
νmax/cm-1 2851, 1593, 1428, 878, 781, 621; 1H NMR (400 MHz, d6-DMSO) δ 8.20 (s, 1H, =CH
(triazole)), 8.14–8.09 (m, 2H, 2 × ArH), 7.94 (d, J = 8.99 Hz, 2H, 2 × ArH), 7.89–7.79 (m, 2H,
2 × ArH), 7.17 (d, J = 8.96 Hz, 2H, 2 × ArH), 5.47 (d, J = 9.18 Hz, 1H, H-1), 5.18 (s, 1H),
4.69–4.56 (m, 4H), 4.24–4.22 (m, 2H), 4.06–4.02 (m, 1H), 3.80–3.78 (m, 3H), 3.72–3.69 (m,
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2H), 3.62–3.49 (m, 11H); 13C NMR (100 MHz, d6-DMSO) δ 162.4 (ArC), 152.7 (ArC), 146.5
(ArC), 144.5 (C=CH (triazole)), 131.3 (ArC), 130.6 (ArC), 125.5 (2 × ArC), 123.2 (CF3), 118.5
(ArC), 115.7 (2 × ArC), 88.6 (C-1), 78.9, 74.2, 70.4, 70.3, 70.2, 69.9, 69.6, 69.3, 69.0, 68.3,
67.9, 63.9, 60.9; ESI-HRMS+ calculated for C28H34F3N5O9=641.2309 [M + H]+, found
664.2196 [M + Na]+.

2-[2-[2-(2-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-galacopyranosyl1,2,3-triazole 2.15

Compound 2.15 was prepared from 2.33 and 2.41 according to general procedure 7 and isolated
as orange solid (Yield: 45%). Mp = 88°C; [α]D20 -53.3 (c, 0.13 in CH3OH); FT-IR: νmax/cm-1
2879, 1599, 1416, 1314, 1254, 1128, 1051, 765; 1H NMR (400 MHz, d6-DMSO) δ 8.21 (s, 1H,
=CH(triazole)), 7.93–7.89 (m, 3H, 3 × ArH), 7.83–7.77 (m, 2H, 2 × ArH), 7.71–7.67 (m, 1H,
ArH), 7.19 (d, J = 9.00 Hz, 2H, 2 × ArH), 5.49 (d, J = 9.19 Hz, 1H, H-1), 5.21 (s, 1H), 4.67–
4.56 (m, 4H), 4.24–4.22 (m, 2H), 4.08–4.03 (m, 1H), 3.81–3.78 (m, 3H), 3.74–3.71 (m, 1H),
3.63–3.49 (m, 12H) ; 13C NMR (100 MHz, d6-DMSO) δ 162.6 (ArC), 149.5 (ArC), 146.9 (ArC),
144.5 (C=CH (triazole)), 134.1 (ArC), 131.1 (ArC), 125.9 (2 × ArC), 123.2 (CF3), 116.7 (ArC),
115.9 (2 × ArC), 88.6 (C-1), 78.9, 74.2, 70.4, 70.3, 70.2, 69.9, 69.6, 69.3, 69.0, 68.3, 63.9, 60;
ESI-HRMS+ calculated for C28H34F3N5O9 = 641.2309, found 664.2197 [M + Na]+.

2-[2-[2-(4-trifluromethylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl α-Dmannopyranosyl-1,2,3-triazole 2.16
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Compound 2.16 was prepared from 2.34 and 2.39 according to general procedure 7 and isolated
as orange solid (Yield: 76%). Mp = 102°C; [α]D20 37.5 (c, 0.13 in CH3OH); FT-IR: νmax/cm-1
3349, 2878, 1597, 1503, 1322, 1251, 1128, 1062, 853, 668; 1H NMR (400 MHz, d6-DMSO) δ
8.21 (s, 1H, =CH (triazole)), 8.01–7.91 (m, 4H, 4 × ArH), 7.16 (d, J = 9.10 Hz, 2H, 2 × ArH),
5.91 (d, J = 4.07 Hz, 1H, H-1), 5.26 (s, 1H, OH), 4.99 (s, 2H, 2 × OH), 4.61–4.54 (m, 3H),
4.44–4.42 (m, 1H), 4.24–4.21 (m, 2H), 3.87–3.84 (m, 1H), 3.79–3.78 (m, 2H), 3.61–3.54 (m,
9H), 3.37–3.32 (m, 3H); 13C NMR (100 MHz, d6-DMSO) δ 162.5 (ArC), 154.7 (ArC), 146.6
(ArC), 144.4 (C=CH (triazole)), 127.0 (ArC), 125.6 (2 × ArC), 124.1 (CF3), 123.2 (ArC), 115.7
(2 × ArC), 86.3 (C-1), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.2, 68.6, 68.2, 68.1, 63.9, 61.3 (CH2);
ESI-HRMS+ calculated for C28H34F3N5O9=641.2309, found 642.2384 [M + H]+ 664.2200 [M +
Na]+.

2-[2-[2-(3-trifluromethylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl α-Dmannopyranosyl-1,2,3-triazole 2.17

Compound 2.17 was prepared from 2.34 and 2.40 according to general procedure 7 and isolated
as orange solid (Yield: 66%). Mp = 72°C; [α]D20 29.6 (c, 0.26 in CH3OH); FT-IR: νmax/cm-1
3369, 2877, 1599, 1501, 1326, 1249, 1059, 799, 692; 1H NMR (400 MHz, d6-DMSO) δ 8.21
(s, 1H, =CH (triazole)), 8.13–8.08 (m, 2H, 2 × ArH), 7.93 (d, J = 9.02 Hz, 2H, 2 × ArH), 7.88–
7.79 (m, 2H, 2 × ArH), 7.16 (d, J = 9.08 Hz, 2H, 2 × ArH), 5.92 (d, J = 4.07 Hz, 1H, H-1), 5.26
(d, J = 5.01 Hz, 1H, OH), 5.03–4.98 (m, 2H, OH), 4.62–4.55 (m, 3H), 4.45–4.42 (m, 1H), 4.23–
4.21 (m, 2H), 3.86–3.85 (m, 1H), 3.80–3.77 (m, 2H), 3.62–3.54 (m, 9H), 3.36–3.33 (m, 3H);
13

C NMR (100 MHz, d6-DMSO) δ 162.4 (ArC), 152.6 (ArC), 146.4 (ArC), 144.4 (C=CH

(triazole)), 131.3 (ArC), 130.8 (ArC), 125.5 (2 × ArC), 124.1 (CF3), 118.5 (ArC), 115.7 (2 ×
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ArC), 86.3 (C-1), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.2, 68.7, 68.2, 68.1, 63.9, 61.3; ESIHRMS+ calculated for C28H34F3N5O9=641.2309, found 642.2380 [M + H]+ 664.2200 [M + Na]+.

2-[2-[2-(2-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl α-D-mannopyranosyl1,2,3-triazole 2.18

Compound 2.18 was prepared from 2.34 and 2.41 according to general procedure 7 and isolated
as orange solid (Yield: 47%). Mp = 60°C; [α]D20 51.6 (c, 0.06 in CH3OH); FT-IR: νmax/cm-1
3364, 2873, 1598, 1312, 1104, 1050, 841, 764, 669; 1H NMR (400 MHz, d6-DMSO) δ 8.20 (s,
1H, =CH (triazole)), 7.94–7.89 (m, 3H, 3 × ArH), 7.82–7.78 (m, 2H, 2 × ArH), 7.72–7.70 (m,
1H, ArH), 7.19 (d, J = 9.05Hz, 2H, 2 × ArH), 5.91 (d, J = 4.07 Hz, 1H, H-1), 5.26 (s, 1H, OH),
5.00 (s, 1H, OH), 4.56 (s, 2H), 4.43–4.41 (m, 1H), 4.24–4.22 (m, 2H), 3.85–3.83 (m, 1H), 3.80–
3.78 (m, 2H), 3.62–3.52 (m, 10H), 3.36–3.31 (m, 3H); 13C NMR (100 MHz, d6-DMSO) δ 162.6
(ArC), 149.4 (ArC), 146.9 (ArC), 144.4 (C=CH (triazole)), 134.1 (ArC), 131.2 (ArC), 125.7 (2
× ArC), 124.1 (CF3), 116.7 (ArC), 115.8 (2 × ArC), 86.2 (C-1), 78.7, 71.7, 70.4, 70.3, 70.2,
69.6, 69.2, 68.6, 68.2, 68.1, 63.9, 61.2; ESI-HRMS+ calculated for C28H34F3N5O9=641.2309,
found 642.2389 [M + H]+ 664.2200 [M + Na]+.

2-[2-[2-(4-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-cellobiosyl-1,2,3triazole 2.19
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Compound 2.19 was prepared from 2.35 and 2.39 according to general procedure 7 and isolated
as orange solid (Yield: 42%). Mp = 154.6°C (Decomp); [α]D20 -10.0 (c, 0.13 in CH3OH); FTIR: νmax/cm-1 2858, 1629, 1424, 1061, 824; 1H NMR (400 MHz, d6-DMSO) δ 8.28 (s, 1H, =CH
(triazole)), 8.01 (d, J = 8.27Hz, 2H, 2 × ArH), 7.96–7.93 (m, 4H, 4 × ArH), 7.18 (d, J = 9.06
Hz, 2H, 2 × ArH), 5.62 (d, J = 9.33 Hz, 1H, H-1), 5.54 (d, J = 5.96 Hz, 1H, OH), 5.25 (d, J =
4.00 Hz, 1H, OH), 5.00 (s, 2H, OH), 4.88 (d, J = 1.92 Hz, 1H, OH), 4.68 (s, 1H), 4.60 (s, 1H),
4.54 (s, 2H), 4.31 (d, J = 7.74 Hz, 1H), 4.25–4.22 (m, 2H), 3.86–3.70 (m, 5H), 3.64–3.54 (m,
11H), 3.25–3.16 (m, 2H), 3.07–3.03 (m, 2H); 13C NMR (150 MHz, CD3OD) δ 168.9, 162.3,
160.0, 154.8, 146.8, 125.9, 124.9, 123.7, 122.9, 122.5, 119.8, 114.8, 114.3, 103.2, 87.9, 78.2,
76.8, 76.5, 75.5, 73.5, 70.3, 70.1, 69.9, 69.4, 69.3, 67.7, 63.5, 61.0, 60.0; LC/MS: m/z 803.6 [M
+ H]+, ESI-HRMS+ calculated for C34H44F3N5O14=803.7422 [M + H]+, found 804.2914 [M +
H]+, 826.2724 [M + Na]+.

2-[2-[2-(3-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-cellobiosyl-1,2,3triazole 2.20

Compound 2.20 was prepared from 2.35 and 2.40 according to general procedure 7 and isolated
as orange solid (Yield: 41%). Mp = 150.6°C (Decomp); [α]D20 -8.7 (c, 0.16 in CH3OH); FT-IR:
νmax/cm-1 3574, 2845, 1627, 1426, 1022, 779; 1H NMR (400 MHz, d6-DMSO) δ 8.29 (s, 1H,
=CH (triazole)), 8.15–8.09 (m, 2H, 2 × ArH), 7.95 (d, J = 9.10 Hz, 2H, 2 × ArH), 7.89–7.80
(m, 2H, 2 × ArH), 7.17 (d, J = 9.08 Hz, 2H, 2 × ArH), 5.63 (d, J = 9.36 Hz, 1H, H-1), 5.55 (d,
J = 5.79 Hz, 1H, OH), 5.26 (s, 1H, OH), 5.00 (s, 2H, OH), 4.89 (d, J = 1.81 Hz, 1H, OH), 4.69
(s, 1H), 4.61 (s, 1H), 4.54 (s, 2H), 4.32 (d, J = 7.95 Hz, 1H), 4.24–4.22 (m, 2H), 3.88–3.72 (m,
5H), 3.64–3.52 (m, 11H), 3.25–3.16 (m, 2H), 3.11–3.02 (m, 2H);

13

C NMR (100 MHz, d6-

DMSO) δ 162.4 (ArC), 152.6 (ArC), 146.4 (ArC), 144.4 (C=CH (triazole)), 131.2 (ArC), 127.2
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(ArC), 125.5 (2 × ArC), 123.7 (CF3), 118.5 (ArC), 115.7 (2 × ArC), 103.5 (C-1), 87.5, 79.9,
78.2, 77.3, 76.9, 75.6, 73.8, 72.3, 70.5, 70.4, 70.3, 70.2, 69.6, 69.2, 68.2, 63.9, 61.5, 60.4;
LC/MS: m/z 803.6 [M + H]+, ESI-HRMS+ calculated for C34H44F3N5O14=803.7422 [M + H]+,
found 804.2911 [M + H]+, 826.2733 [M + Na]+.

2-[2-[2-(2-trifluoromethylazophenyl phenoxy)ethoxy]ethoxy]ethyl β-D-cellobiosyl-1,2,3triazole 2.21

Compound 2.21 was prepared from 2.35 and 2.41 according to general procedure 7 and isolated
as orange solid (Yield: 40%). Mp = 206.8°C (Decomp); [α]D20 -10.7 (c, 0.14 in CH3OH); FTIR: νmax/cm-1 2829, 1596, 1428, 1038, 878; 1H NMR (400 MHz, d6-DMSO) δ 8.29 (s, 1H, =CH
(triazole)), 7.94–7.90 (m, 3H, 3 × ArH), 7.84–7.78 (m, 2H, 2 × ArH), 7.72–7.68 (m, 1H, ArH),
7.19 (d, J = 9.06 Hz, 2H, 2 × ArH), 5.63 (d, J = 9.50 Hz, 1H, H-1), 5.55 (d, J = 5.44 Hz, 1H,
OH), 5.25 (s, 1H, OH), 5.00 (s, 2H, OH), 4.89 (s, 1H, OH), 4.69 (s, 1H), 4.61 (s, 1H), 4.54 (s,
2H), 4.32 (d, J = 7.86 Hz, 1H), 4.23–4.21 (m, 2H), 3.86–3.71 (m, 5H), 3.65–3.50 (m, 11H),
3.26–3.17 (m, 2H), 3.11–3.04 (m, 2H); 13C NMR (100 MHz, d6-DMSO) δ 162.5 (ArC), 149.4
(ArC), 146.9 (ArC), 144.4 (C=CH (triazole)), 134.1 (ArC), 131.2 (ArC), 125.7 (2 × ArC), 123.6
(CF3), 116.7 (ArC), 115.8 (2 × ArC), 103.5 (C-1), 87.5, 79.9, 78.2, 77.3, 76.9, 75.6, 73.8, 72.2,
70.5, 70.4, 70.3, 70.2, 69.6, 69.2, 68.2, 63.8, 61.5, 60.4; LC/MS: m/z 803.6 [M + H]+, ESIHRMS+ calculated for C34H44F3N5O14=803.7422 [M + H]+, found 804.2918 [M + H]+, 826.2728
[M + Na]+.
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2,3,4,6-tetra-O-acetyl-α-mannopyranosyl trichloroacetimidate 2.2443

Compound 2.28 (1 equiv.) and trichloroacetonitrile (10 equiv.) were dissolved in dry DCM and
DBU (0.1 equiv.) was added dropwise. The reaction mixture was stirred overnight at ambient
temperature under N2 and the solvent was evaporated under reduced pressure. The crude
product was purified by chromatography to afford the product as colorless oil (Yield: 31%).
[α]D20 11.4 (c, 0.07 in CH3OH); FT-IR: νmax/cm-1 2958, 1731, 1366, 1213, 1045, 823, 676; 1H
NMR (400 MHz, CDCl3) δ 5.42–5.39 (m, 1H, CH), 5.31–5.22 (m, 3H, H-1, H-2, H-3), 4.25–
4.11 (m, 3H, H-4, H-5, H-6), 2.20 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.99 (s,
3H, OAc); LC/MS: m/z 515.2 [M + H]+, the obtained optical rotation, FTIT, 1H NMR, 13C NMR
and LC/MS data are in agreement with the reference 43.

(E)-2-(2-(2-(4-((4-butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol 2.2544

Compound 2.25 was prepared from 2.30 and 2.31 according to general procedure 4 and isolated
as orange crystal (Yield: 61%). Mp = 74.1°C; FT-IR: νmax/cm-1 3285, 2874, 1594, 1497, 1249,
1107, 923, 843; 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.98 Hz, 2H, 2 × ArH), 7.79 (d, J =
8.30 Hz, 2H, 2 × ArH), 7.29 (d, J = 8.42 Hz, 2H, 2 × ArH), 7.02 (d, J = 9.02 Hz, 2H, 2 × ArH),
4.22–4.19 (m, 2H, OCH2), 3.76–3.69 (m, 6H, 3 × OCH2), 3.63–3.61 (m, 2H, OCH2), 2.67 (t, J
= 7.80 Hz, 2H, CH2), 1.92 (s, 1H), 1.68–1.60 (m, 2H, CH2), 1.40–1.35 (m, 2H, CH2), 0.94 (t, J
= 7.33 Hz, 3H, CH3); LC/MS: m/z 386.9 [M + H]+, the obtained melting point, optical rotation,
FTIT, 1H NMR, 13C NMR and LC/MS data are in agreement with the reference 44.
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D-mannose pentaacetate 2.2743

DMAP (0.1 equiv.) was added slowly to a solution of 2.26 (1 equiv.) and Ac2O (7.5 equiv.) in
dry pyridine (100 mL). The reaction mixture was stirred overnight at room temperature under
N2 and then diluted in EtOAc (150 mL), washed with 1 M HCl (2 × 100 mL), NH4Cl (50 mL)
and brine (100 mL). The organic layer was dried over Na2SO4 and concentrated under reduced
pressure to afford the product as a sticky colorless oil in quantitative yield. [α]D20 16.2 (c, 0.02
in CH3OH); FT-IR: νmax/cm-1 1739, 1367, 1205, 1023, 969; 1H NMR (400 MHz, CDCl3) δ 6.01
(d, J = 1.9 Hz, 1H, H-1), 5.30–5.16 (m, 3H, H-2, H-3, H-4), 4.26–4.17 (m, 1H, H-6), 4.10–3.97
(m, 2H, H-5, H-6), 2.17–2.08 (m, 6H, CH3, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.94 (s,
3H, CH3); 13C NMR (100 MHz, CDCl3) δ 170.5, 169.8, 169.6, 169.4, 167.9, 90.5, 73.1, 68.7,
68.2, 65.4, 61.9, 20.7, 20.6, 20.5, the obtained optical rotation, FTIT, 1H NMR and 13C NMR
data are in agreement with the reference 43.

2,3,4,6-tetra-O-acetyl-D-mannopyranose 2.2843

D-mannose pentaacetate 2.27 (1 equiv.) was dissolved in dry DMF (25 mL) and hydrazine

acetate (1.1 equiv.) were added dropwise. The reaction mixture was stirred overnight at ambient
temperature under N2 and then diluted in EtOAc, washed with brine, dried over Na2SO4,
concentrated under reduced pressure and purified by chromatography to afford the product as
colorless oil (Yield: 40 %). [α]D20 22.4 (c, 0.21 in CH3OH); FT-IR: νmax/cm-1 2919, 1734, 1365,
1208, 1039, 790; 1H NMR (400 MHz, CDCl3) for !-isomer δ5.30–5.19 (m, 4H, H-1, H-2, H3, H-4), 4.25–4.08 (m, 4H), 2.13 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.97 (s,
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3H, OAc); LC/MS: m/z 371.1 [M + Na]+, the obtained optical rotation, FTIT, 1H NMR,

13

C

NMR and LC/MS data are in agreement with the reference 43.

(E)-4-((4-butylphenyl)diazenyl)phenol 2.3044

Compound 2.30 was prepared from 4-butylaniline 2.29 according to general procedure 3 and
isolated as brown solid (Yield: 98%). Mp = 82.6°C; FT-IR: νmax/cm-1 2928, 1589, 1466, 1249,
1102, 836; 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 8.87 Hz, 2H, 2 × ArH), 7.79 (d, J = 8.24
Hz, 2H, 2 × ArH), 7.29 (d, J = 8.22 Hz, 2H, 2 × ArH), 6.94 (d, J = 8.87 Hz, 2H, 2 × ArH), 2.68
(t, J = 7.71 Hz, 2H, CH2), 1.68–1.60 (m, 2H, CH2), 1.41–1.35 (m, 2H, CH2), 0.94 (t, J = 7.30Hz,
3H, CH3); LC/MS: m/z 254.9 [M + H]+, the obtained melting point, FTIT, 1H NMR, 13C NMR
and LC/MS data are in agreement with the reference 44.

2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 2.3144

To a solution of triethylene glycol (6.67 mL, 198 equiv.), triethylamine (1.83 mL, 52 equiv.)
and DMAP (0.03 g, 1 equiv.) in 50 mL DCM was added tosyl chloride (2.36 g, 49 equiv.) at
5°C. The reaction mixture was stirred at 5°C for 4 hour then gradually warmed up to room
temperature and reacted overnight. The crude mixture was washed with 1N HCl, H2O and brine,
dried over Na2SO4 and concentrated under reduced pressure. The residue was purified by
chromatography (EtOAc/hexane 2:3) to obtain the title compound as yellow oil (2.81 g, yield:
75%). FT-IR: νmax/cm-1 3454, 2877, 1597, 1350, 1173, 1095, 913, 814, 662; 1H NMR (400 MHz,
CDCl3) δ 7.80 (d, J = 8.28 Hz, 2H, 2 × ArH), 7.34 (d, J = 8.59 Hz, 2H, 2 × ArH), 4.19–4.16 (m,
2H, CH2), 3.73–3.69 (m, 4H, 2 × CH2), 3.61–3.57 (m, 6H, 3 × CH2), 2.45 (s, 3H, CH3); LC/MS:
m/z 305.0 [M + H]+, the obtained FTIT, 1H NMR and LC/MS data are in agreement with the
reference 44.
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2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide 2.3274

Compound 2.32 was prepared from 2.36 according to general procedure 2 and isolated as white
solid (Yield: 75%). Mp = 129.7°C; [α]D20 -2.4 (c, 0.2 in CH3OH); FT-IR: νmax/ cm-1 2113, 1748,
1366, 1204, 1032, 906, 673; 1H NMR (400 MHz, CDCl3) δ 5.24 (t, J = 9.49 Hz, 1H, H-1), 5.10
(t, J = 9.98 Hz, 1H, H-2), 4.96 (t, J = 8.82 Hz, 1H, H-3), 4.64 (t, J = 8.81 Hz, 1H, H-4), 4.29–
4.15 (m, 2H, H-6), 3.82–3.77 (m, 1H, H-5), 2.10 (s, 3H, CH3 (OAc)), 2.08 (s, 3H, CH3 (OAc)),
2.03 (s, 3H, CH3 (OAc)), 2.01 (s, 3H, CH3 (OAc)); LC/MS: m/z 396.0 [M + H]+, the obtained
melting point, optical rotation, FTIT, 1H NMR and LC/MS data are in agreement with the
reference 74.

2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl azide 2.3374

Compound 2.33 was prepared from 2.37 according to general procedure 2 and isolated as white
crystal (Yield: 52%). Mp = 99.1°C; [α]D20 -9.5 (c, 0.4 in CH3OH); FT-IR: νmax/ cm-1 2119, 1737,
1372, 1208, 1042, 950, 715; 1H NMR (400 MHz, CDCl3) δ 5.43–5.41 (m, 1H, H-1), 5.19–5.14
(m, 1H, H-4), 5.05–5.02 (m, 1H, H-3), 4.59 (d, J = 8.74 Hz, 1H, H-2), 4.19–4.15 (m, 2H, H-5,
H-6), 4.03–3.99 (m, 1H, H-6), 2.17 (s, 3H, CH3 (OAc)), 2.09 (s, 3H, CH3 (OAc)), 2.06 (s, 3H,
CH3 (OAc)), 1.99 (s, 3H, CH3 (OAc)); LC/MS: m/z 396.0 [M + H]+, the obtained melting point,
optical rotation, FTIT, 1H NMR and LC/MS data are in agreement with the reference 74.
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2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl azide 2.3475

Trimethylsilyl azide (2 equiv.) was added under N2 to a solution of 2.27 (1 equiv.) in dry DCM
(50 mL), followed by tin (IV) chloride (0.6 equiv.). The mixture was stirred at ambient
temperature for 12 hours, then the solvent was removed under reduced pressure and the crude
product was purified by chromatography to afford the final product as a yellow syrup (Yield:
73%). [α]D20 73.8 (c, 0.28 in CH3OH); FT-IR: νmax/cm-1 2117, 1741, 1366, 1206, 1042, 949,
783; 1H NMR (400 MHz, CDCl3) δ 5.33 (d, J = 1.93 Hz, 1H, H-1), 5.25–5.17 (m, 2H, H-2, H3), 5.09–5.08 (m, 1H, H-4), 4.27–4.07 (m, 3H, H-5, H-6), 2.11 (s, 3H, OAc), 2.05 (s, 3H, OAc),
1.99 (s, 3H, OAc), 1.93 (s, 3H, OAc). LCMS: m/z 396.0 [M + H]+, the obtained optical rotation,
FTIT, 1H NMR and LC/MS data are in agreement with the reference 75.

β-azido-D-cellobiose heptaacetate 2.3576

The synthesis of this compound was the same as for compound 2.34, using D-cellobiose
heptaacetate 2.38 as starting material. The crude product was purified by chromatography to
afford the final product as a white solid (Yield: 61%). Mp = 188.5°C; [α]D20 75 (c, 0.02 in
CH3OH); FT-IR: νmax/cm-1 2115, 1739, 1366, 1213, 1036, 902; 1H NMR (400 MHz, CDCl3) δ
5.15–4.97 (m, 3H), 4.88–4.78 (m, 2H), 4.55–4.43 (m, 3H), 4.33–4.28 (m, 1H), 4.07–3.96 (m,
2H), 3.75–3.70 (m, 1H), 3.64–3.57 (m, 2H), 2.07 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.00 (s, 3H,
OAc), 1.97 (s, 3H, OAc), 1.96 (s, 3H, OAc), 1.94 (s, 3H, OAc), 1.91 (s, 3H, OAc). LC/MS: m/z
684.0 [M + H]+, the obtained melting point, optical rotation, FTIT, 1H NMR and LC/MS data
are in agreement with the reference 76.
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2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide 2.3642

Compound 2.36 was prepared from glucose pentaacetate 2.22 according to general procedure
1 and isolated as pale yellow oil (Yield: 99%). [α]D20 199.5 (c, 0.25 in CH3OH); FT-IR: νmax/cm1

1738, 1367, 1207, 1075, 909, 682; 1H NMR (400 MHz, CDCl3) δ 6.55–6.54 (m, 1H, H-1),

5.51–5.43 (m, 1H, H-3), 5.12–5.05 (m, 1H, H-4), 4.79–4.73 (m, 1H, H-2), 4.29–4.21 (m, 2H,
H-5, H-6), 4.09–4.02 (m, 1H, H-6), 2.03–1.94 (m, 12H, 4 × CH3), the obtained optical rotation,
FTIT and 1H NMR are in agreement with the reference 42.

2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 2.3742

Compound 2.37 was prepared from galactose pentaacetate 2.23 according to general procedure
1 and isolated as white crystal (Yield: 99%). Mp = 85.1°C; [α]D20 116.8 (c, 0.33 in CH3OH);
FT-IR: νmax/cm-1 1739, 1368, 1205, 1073, 910; 1H NMR (400 MHz, CDCl3) δ 6.68 (d, J =
3.96Hz, 1H, H-1), 5.51–5.49 (m, 1H, H-4), 5.41–5.37 (m, 1H, H-3), 5.05–5.02 (m, 1H, H-2),
4.47 (t, J = 6.72Hz, 1H, H-5), 4.19–4.07 (m, 2H, H-6), 2.14 (s, 3H, CH3 (OAc)), 2.09 (s, 3H,
CH3 (OAc)), 2.04 (s, 3H, CH3 (OAc)), 1.99 (s, 3H, CH3 (OAc)), the obtained melting point,
optical rotation, FTIT and 1H NMR data are in agreement with the reference 42.

(E)-1-(4-trifluoromethylphenyl)-2-(4-(2-(2-(2-prop-2-yn-1yloxy)ethoxy)ethoxy)ethoxy)phenyl diazene 2.39

75

Compound 2.39 was prepared from 2.42 according to general procedure 5 and isolated as
orange liquid (Yield: 76%). FTIR νmax/cm-1 2931, 2114, 1741, 1227, 1033, 852; 1H NMR (400
MHz, CDCl3) δ 7.96–7.93 (m, 4H, 4 × ArH), 7.75 (d, J = 8.34 Hz, 2H, 2 × ArH), 7.05 (d, J =
8.97 Hz, 2H, 2 × ArH), 4.25–4.20 (m, 4H, 2 × CH2), 3.92–3.89 (m, 2H, CH2), 3.77–3.68 (m,
9H, 4 × CH2, CH); 13C NMR (100 Hz, CDCl3) δ 161.9 (ArC), 154.6 (ArC), 146.9 (ArC), 126.2
(ArC), 125.1 (2 × ArC), 122.7 (2 × ArC), 114.9 (2 × ArC), 79.7 (CCH), 74.5 (CCH), 70.9 (CH2),
70.7 (CH2), 70.5 (CH2), 69.6 (CH2), 69.1 (CH2), 67.8 (CH2) 58.4 (CH2); LC/MS: m/z 436.8 [M
+ H]+; ESI-HRMS+(m/z) calculated for C22H23F3N2O4=436.4312 [M + H]+, found 459.1504 [M
+ Na]+, 437.1683 [M + H]+.

(E)-1-(3-trifluoromethylphenyl)-2-(4-(2-(2-(2-prop-2-yn-1yloxy)ethoxy)ethoxy)ethoxy)phenyl diazene 2.40

Compound 2.40 was prepared from 2.43 according to general procedure 5 and isolated as
orange liquid (Yield: 52%). FTIR νmax/cm-1 2862, 1503, 1329, 1092, 841; 1H NMR (400 MHz,
CDCl3) δ 8.14 (s, 1H, ArH), 8.05 (d, J = 7.89 Hz, 1H, ArH), 7.94 (d, J = 9.08 Hz, 2H, 2 × ArH),
7.69–7.60 (m, 2H, 2 × ArH), 7.05 (d, J = 9.00 Hz, 2H, 2 × ArH), 4.25–4.19 (m, 4H, 2 × CH2),
3.92–3.89 (m, 2H, CH2), 3.77–3.67 (m, 9H, 4 × CH2, CH); 13C NMR (100 Hz, CDCl3) δ 161.9
(ArC), 152.7 (ArC), 146.8 (ArC), 129.6 (ArC), 125.9 (ArC), 125.1 (2 × ArC), 119.2 (ArC),
114.9 (2 × ArC), 79.7 (CCH), 74.5 (CCH), 70.9 (CH2), 70.7 (CH2), 70.5 (CH2), 69.6 (CH2),
69.1 (CH2), 67.8 (CH2) 58.4 (CH2); LC/MS: m/z 436.8 [M + H]+; ESI-HRMS+(m/z) calculated
for C22H23F3N2O4=436.4312 [M + H]+, found 459.1503 [M + Na]+, 437.1683 [M + H]+.

(E)-1-(2-trifluoromethylphenyl)-2-(4-(2-(2-(2-prop-2-yn-1yloxy)ethoxy)ethoxy)ethoxy)phenyl diazene 2.41
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Compound 2.41 was prepared from 2.44 according to general procedure 5 and isolated as
orange liquid (Yield: 33%). FT-IR: νmax/cm-1 2876, 1598, 1314, 1096, 764; 1H NMR (400 MHz,
CDCl3) δ 7.95 (d, J = 9.24 Hz, 2H, 2 × ArH), 7.81–7.78 (m, 2H, 2 × ArH), 7.64–7.59 (m, 1H,
ArH), 7.52–7.48 (m, 1H, ArH), 7.03 (d, J = 9.04 Hz, 2H, 2 × ArH), 4.23–4.19 (m, 4H, 2 × CH2),
3.91–3.88 (m, 2H, CH2), 3.76–3.67 (m, 8H, 4 × CH2), 2.42 (t, J = 2.40 Hz, 1H, CH); 13C NMR
(100 MHz, CDCl3) δ 132.5 (ArC), 129.7 (ArC), 126.5 (ArC), 125.5 (2 × ArC), 116.2 (ArC),
114.9 (2 × ArC), 76.7 (CH), 70.9 (CH2), 70.7 (CH2), 70.5 (CH2), 69.6 (CH2), 69.1 (CH2), 67.8
(CH2), 58.4 (CH2); LC/MS: m/z 436.8 [M + H]+; ESI-HRMS+(m/z) calculated for
C22H23F3N2O4=436.4312 [M + H]+, found 459.1505 [M + Na]+, 437.1684 [M + H]+.

(E)-2-(2-(2-(4-((4-(trifluoromethyl)phenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol 2.42

Compound 2.42 was prepared from 2.31 and 2.48 according to general procedure 4 and isolated
as red liquid (Yield: 61.2%). FT-IR: νmax/cm-1 3286, 2878, 1594, 1504, 1318, 1099, 1005, 851,
667; 1H NMR (400 MHz, CDCl3) δ 7.95–7.92 (m, 4H, 4 × ArH), 7.75 (d, J = 8.38 Hz, 2H, 2 ×
ArH), 7.04 (d, J = 9.02 Hz, 2H, 2 × ArH), 4.24–4.22 (m, 2H, CH2), 3.92–3.89 (m, 2H, CH2),
3.76–3.69 (m, 6H, 3 × CH2), 3.63–3.61 (m, 2H, CH2); 13C NMR (100 MHz, CDCl3) δ 161.9
(ArC), 154.6 (ArC), 146.9 (ArC), 126.2 ´ 3 (ArC), 125.2 (ArC), 122.7 (ArC), 114.9 (ArC),
72.5 (CH2), 70.9 (CH2), 70.4 (CH2), 69.6 (CH2), 67.7 (CH2), 61.8 (CH2); LC/MS: m/z 398.8 [M
+ H]+; ESI-HRMS+(m/z) calculated for C19H21F3N2O4=398.3822 [M + H]+, found 399.1528 [M
+ H]+, 421.1346 [M + Na]+.

(E)-2-(2-(2-(4-((3-(trifluoromethyl)phenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol 2.43
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Compound 2.43 was prepared from 2.31 and 2.49 according to general procedure 4 and isolated
as red liquid (Yield: 53.9%). FT-IR: νmax/cm-1 3446, 2873, 1596, 1326, 1121, 909, 804, 693; 1H
NMR (400 MHz, CDCl3) δ 8.13 (s, 1H, ArH), 8.05 (d, J = 7.86 Hz, 1H, ArH), 7.93 (d, J =
9.00Hz, 2H, 2 × ArH), 7.69–7.59 (m, 2H, 2 × ArH), 7.04 (d, J = 8.99 Hz, 2H, 2 × ArH), 4.24–
4.22 (m, 2H, OCH2), 3.92–3.89 (m, 2H, OCH2), 3.76–3.62 (m, 8H, 4 × OCH2); 13C NMR (100
MHz, CDCl3) δ 161.8 (ArC), 152.7 (ArC), 146.9 (ArC), 129.6 (2 × ArC), 126.5 (ArC), 126.0
(ArC), 125.1 (2 × ArC), 119.2 (ArC), 114.9 (2 × ArC), 72.5 (CH2), 70.9 (CH2), 70.4 (CH2),
69.6 (CH2), 67.2 (CH2), 61.8 (CH2); LC/MS: m/z 398.8 [M + H]+; ESI-HRMS+(m/z) calculated
for C19H21F3N2O4=398.3822 [M + H]+, found 399.1527 [M + H]+, 421.1346 [M + Na]+.

(E)-2-(2-(2-(4-((2-(trifluoromethyl)phenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol 2.44

Compound 2.44 was prepared from 2.31 and 2.50 according to general procedure 4 and isolated
as red liquid (Yield: 61.2%). FT-IR: νmax/cm-1 3446, 2871, 1599, 1499, 1313, 1130, 839, 765;
1

H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.88 Hz, 2H, 2 × ArH), 7.81–7.78 (m, 2H, 2 × ArH),

7.64–7.60 (m, 1H, ArH), 7.52–7.48 (m, 1H, ArH), 7.04 (d, J = 8.97 Hz, 2H, 2 × ArH), 4.24–
4.21 (m, 2H, OCH2), 3.91–3.89 (m, 2H, OCH2), 3.76–3.61 (m, 8H, 4 × OCH2); 13C NMR (100
MHz, CDCl3) δ 161.9 (ArC), 149.7 (ArC), 147.3 (ArC), 132.5 (ArC), 129.7 (ArC), 126.5 (ArC),
125.5 (2 × ArC), 116.2 (2 × ArC), 114.9 (2 × ArC), 72.5 (CH2), 70.9 (CH2), 70.4 (CH2), 69.6
(CH2), 67.7 (CH2), 61.8 (CH2); LC/MS: m/z found 398.8 [M + H]+, ESI-HRMS+(m/z) calculated
for C19H21F3N2O4=398.3822 [M + H]+, found 399.1529 [M + H]+, 421.1348 [M + Na]+.
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(E)-4-((4-(trifluoromethyl)phenyl)diazenyl)phenol 2.4877

Compound 2.48 was prepared from 4-(trifluoromethyl)aniline 2.45 according to general
procedure 3 and isolated as orange solid (Yield: 92.8%). Mp = 129.2°C; FT-IR: νmax/ cm-1 3220,
1588, 1473, 1318, 1248, 1125, 851, 663; 1H NMR (400 MHz, CDCl3) δ 7.96–7.90 (m, 4H, 4 ×
ArH), 7.76 (d, J = 8.34 Hz, 2H, 2 × ArH), 6.96 (d, J = 8.89 Hz, 2H, 2 × ArH); LC/MS: m/z
266.8 [M + H]+, the obtained melting point, FTIT, 1H NMR and LC/MS data are in agreement
with the reference 77.

(E)-4-((3-(trifluoromethyl)phenyl)diazenyl)phenol 2.4978

Compound 2.49 was prepared from 3-(trifluoromethyl)aniline 2.46 according to general
procedure 3 and isolated as red-brown solid (Yield: 81.4%). Mp = 111.6°C; FT-IR: νmax/cm-1
3078, 1589, 1506, 1409, 1329, 1273, 1167, 1117, 803, 688; 1H NMR (400 MHz, CDCl3) δ 8.17
(s, 1H, ArH), 8.08 (d, J = 7.82 Hz, 1H, ArH), 7.94 (d, J = 9.02 Hz, 2H, 2 × ArH), 7.73–7.63 (m,
2H, 2 × ArH), 6.99 (d, J = 8.90 Hz, 2H, 2 × ArH); LC/MS: m/z 266.8 [M + H]+ the obtained
melting point, FTIT, 1H NMR and LC/MS data are in agreement with the reference 78.

(E)-4-((2-(trifluoromethyl)phenyl)diazenyl)phenol 2.50

Compound 2.50 was prepared from 2-(trifluoromethyl)aniline 2.47 according to general
procedure 3 and isolated as red liquid (Yield: 21.1%). FT-IR: νmax/cm-1 3309, 1702, 1589, 1505,
1311, 1128, 839, 763, 663; 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.98 Hz, 2H, 2 × ArH),
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7.69–7.65 (m, 2H, 2 × ArH), 7.51–7.47 (m, 1H, ArH), 7.37 (t, J = 7.75 Hz, 1H, ArH), 6.85 (d,
J = 8.89 Hz, 2H, 2 × ArH); 13C NMR (100 MHz, CDCl3) δ 159.5 (ArC-OH), 149.7 (ArC-N),
147.2 (ArC-N), 132.6 (ArC), 129.7 (ArC), 125.8 (3 × ArC), 116.3 (ArC), 116.0 (3 × ArC);
LC/MS: m/z 266.8 [M + H]+; ESI-HRMS+(m/z) calculated for C13H9F3N2O=266.2232 [M + H]+,
found 267.0746 [M + H]+.
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Photomodulation of bacterial growth and biofilm formation using
carbohydrate-based surfactants
This chapter is an expanded version of the article:

Ø Hu, Y.; Zou, W.; Julita, V.; Ramanathan, R.; Tabor, R. F.; Nixon-Luke, R.; Bryant, G.;
Bansal, V. and Wilkinson, B. L. Photomodulation of bacterial growth and biofilm
formation using carbohydrate-based surfactants. Chem. Sci. 2016, 7 (11), 6628–6634.

3.1 Introduction
3.1.1 Antibacterial drug resistance and biofilms
Antimicrobial resistance is a natural phenomenon exhibited by microorganisms — an
evolutionary mechanism by which bacteria, viruses, parasites and fungi develop immunity such
that they are no longer susceptible to antibiotics, therefore rendering the treatment ineffective.1
Both the World Health Organization and governments have proposed policies aiming to combat
antimicrobial resistance.2 Although the mechanism of how the bacterium disseminate resistance
is poorly understood, it is suggested to have some relationship with the complex communities
(biofilms) formed by bacteria, particularly from those strains inherently resistant to antibiotics.3
Biofilms are multicellular aggregates of bacteria, formed by the self-production of an
extracellular matrix.4 The biofilm matrix is generally composed of extracellular
polysaccharides, proteins and DNA, which not only allow the bacteria to adhere to the surface
but also facilitates communication and transfer of genetic information. The adhered/sessile
bacteria are metabolically dormant, thus enhancing bacterial survival and making them more
resistant to antibiotic therapies than their planktonic populations.5, 6

The development of biofilms is a complex process but can be generally divided into three stages:
attachment of bacteria to a surface, growth of bacteria into colonies and translocation of bacteria
from the colony to the surrounding medium (Figure 3.1).7 In the initial cell-to-surface
attachment, flagellar motility was treated as the most common mechanism governing this
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process.8 Bacterial motility can be classified into swimming, swarming, gliding, twitching and
sliding.9 Swimming and swarming motilities have been shown to require flagella, but unlike
swarming, which is the movement of a group of bacteria, swimming takes place as individual
cells.9, 10 Twitching motility is correlated with the presence of type IV pili. All other active
surface movement (translocation) that occurs without the aid of flagella or pili is classified as
gliding motility. Unlike flagella-mediated motility, such as swarming and twitching modes,
sliding motility is a passive translocation that is sensitive to surface tension changes.9, 10 Once
sessile bacterial adhere to a surface, the colony can grow in size through cell multiplication and
the formation of an extracellular polymeric matrix, eventually constituting a mature biofilm.7,
11, 12

Cells are then released from mature biofilms and dispersed into the surrounding

environment, hence making biofilm formation a cyclic pathway.7

Figure 3.1. Schematic diagram of biofilm development.13 Adapted with permission from
reference 13. Copyright 1991–2010 Center for Biofilm Engineering at Montana State
University.

Bacterial biofilms are responsible for many chronic and recurrent infections.14,

15

Approximately 80% of bacterial infections are biofilm-related, either from a single species or
a mixture of bacterial species and fungi.16 However, the mechanisms of biofilm formation are
poorly understood. Biofilm infections are rarely resolved by the host immune system and
normally antibiotics can only reverse the symptoms caused by planktonic bacterial cells.
Therefore, new treatments that target biofilm infections are required.
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3.1.2 Glycolipids
Glycolipids are naturally occurring, surface-active molecules consisting of a carbohydrate head
group(s) covalently bound to one or more alkyl chains. They are produced by every known
living organism, ranging from mammals, yeast and fungi, as well as several bacterial species.
In mammals, glycolipids play crucial roles in maintaining membrane structure and function,
and are also mediators of intercellular communication events underlying inflammation and
apoptosis.17, 18 Glycolipids originating from different microorganisms have been reported to
show inhibition of microbial growth and biofilm formation.19,

20

Among all glycolipids,

rhamnolipids, trehalolipids, sophorolipids, mannosylerythritol lipids, cellobiose lipids and
xylolipids are the most widely most-studied, and exhibit anti-microbial activity against a wide
range of pathogens (Table 3.1). In some cases, the inhibition of microbial growth is due to cell
wall damage and membrane lysis induced by the surface-active glycolipids.21

Table 3.1. Main glycolipids produced by several microorganisms and their minimum inhibitory
concentrations (MIC) against different pathogens.
Glycolipid

Producing microorganism

Target microorganism (MIC)

Rhamnolipids

P. aeruginosa22

A wide range of fungi and
pathogens (0.4-35 µg mL-1)21

Trehalolipids

Micrococcus luteus; R.
erythropolis; Rhodococcus sp.
TB-4223, 24

Fungi (300 mg L-1)25

Sophorolipids

Wickerhamiella domericqiae26,

Several Gram-positive bacteria
(50-29,000 µg mL-1)21

27

Mannosylerythritol Ustilago maydis; Candida
lipids and
antarctica; Pseudozyma
cellobiose lipids
fusiformata28-30

Gram-positive bacteria25

Xylolipids

Lactococcus lactis31

Escherichia coli and S. aureus31

Lipids of
oligosaccharides

Tsukamurella sp.32

Bacillus megaterium (50-150
µg mL-1)32
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Glycolipids have also been reported to show anti-adhesive and anti-biofilm activity and have
attracted considerable interest as selective antimicrobial agents. Rhamnolipids produced by P.
aeruginosa were reported to give a 41–71% inhibition of Listeria monocytogenes adhesion on
polystyrene surfaces.33 Lunasan produced by Candida sphaerica UVP 0995 showed potent
growth inhibition and anti-adhesive properties against S. aureus (90% inhibition, 100% antiadhesive), Candida albicans (64% inhibiton, 100% anti-adhesive) and Streptococcus
agalactiae (92% inhibition, 100% anti-adhesive).34 Candida lipolytica UCP 0988 is capable of
producing a glycolipid that provided anti-adhesive properties against S. aureus (88%) and
Lactobacillus casei (91%).35 Serratia marcescens has been reported to produce a glycolipid that
could prevent the biofilm formation of C. albicans, P. aeruginosa and Bacillus pumilus on
microtitration plates.36

In this respect, bioinspired carbohydrate amphiphiles have emerged as alternatives to microbial
glycolipids as potential anti-microbial agents, and as mechanistic tools to study carbohydrateprotein interactions and bacterial adhesion leading to biofilm formation. The self-assembling
nature of these amphiphiles enables the multivalent presentation of physiologically relevant
carbohydrates on the micellar/vesicular surface, and could be treated as a mimic of the
naturally-occurring glycolipids (containing oligo- or polymeric head groups). Recently,
Grinstaff and co-workers have reported a novel class of carbohydrate (poly-amido-saccharide
(PAS)) amphiphiles 3.1 that could inhibit the biofilm formation of P. aeruginosa (Figure 3.2).37
Chaveriat et al. have reported the synthesis of D-galactopyranose derivatives 3.2 that showed
anti-bacterial activities against Micrococcus luteus (MIC = 3.91 µg mL-1) (Figure 3.2).38 In
these studies, subtle structural modifications presented different antibacterial profiles, however,
the mechanisms underlying those findings were not clearly understood.
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Figure 3.2. Molecular structures of carbohydrate amphiphiles as reported by Grinstaff and coworkers (compound 3.1) (left) and by Chaveriat and co-workers (compound 3.2) (right).37, 38
Adapted with permission from references 37 and 38. Copyright 2014 Royal Society of
Chemistry and 2012 Elsevier Masson SAS.

Amphiphiles with tuneable properties offer new opportunities to probe bacterial adhesion
processes leading to biofilm formation, ultimately improving our understanding of bacterial
physiology. Towards this goal, the azobenzene chromophore has been widely used to probe
carbohydrate-protein interactions,39 provide optical control over anti-microbial activity and
bacterial adhesion,40-41 self-assembly and interfacial activity.42-44 However, the application of
azobenzene-based carbohydrate amphiphiles as photoswitchable inhibitors of bacterial growth
and biofilm formation is yet to be reported. In this chapter, we describe the parallel synthesis a
novel photoswitchable carbohydrate surfactant library 3.3–3.13, and investigate their
application as photoswitchable modulators of bacterial growth and biofilm formation against
drug-resistant, Gram-negative Escherichia coli and Pseudomonas aeruginosa, and Grampositive Staphylococcus aureus (Figure 3.3).
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Figure 3.3. Proposed photoswitchable carbohydrate-based surfactants 3.3–3.13.

3.2 Results and Discussion
3.2.1 Library design and synthesis
Our investigation commenced with the synthesis and characterization of a library of novel
photoswitchable glycosyl triazole surfactants 3.3–3.13. Various monosaccharides and
disaccharides were selected as head groups, including D-glucose (Glc), D-xylose (Xyl), Lrhamnose (Rha), D-mannose (Man), N-acetylglucosamine (GlcNAc), L-arabinose (Ara), Dgalactose (Gal), D-ribose (Rib), L-fucose (Fuc), lactose (Lac) and cellobiose (Cel). The
carbohydrate head groups served as structural motifs for biomolecular recognition, and were
selected on the basis of the bioactivities of glycolipids expressing these structures, along with
their important roles in bacterial adhesion.45 Reversible trans-cis photoisomerization of the
hydrophobic n-butylazobenzene tail was employed to control the interfacial and aggregation
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properties of surfactants, using surface tension measurements and small angle neutron
scattering (SANS), respectively.

Prior to the parallel synthesis of surfactants 3.3–3.13, the synthesis of the requisite head and
tail groups was carried out. Glycosyl azides 2.32–2.35 and 3.14–3.20 were key intermediates
for the synthesis of the proposed library using the well-documented CuAAc reaction.46 The
synthesis of azides 2.32–2.35 was previously described in Chapter 2. 2,3,4-tri-acetyl-β-Dxylopyranosyl azide 3.14 was purchased from Sigma-Aldrich and was used directly without
further purification. Known glycosyl azide 3.15 was obtained by reacting commercially
available 2-acetamido-2-deoxy-α-D-glucopyranosyl chloride 3,4,6-triacetate 3.21 with sodium
azide under phase transfer catalytic conditions (Scheme 3.1 Route A).47 For the synthesis of
compounds 3.16–3.18, the corresponding pentaacetates 3.22–3.24 were reacted with hydrogen
bromide solution to afford the corresponding glycosyl bromide 3.25–3.27 in good yield (40–
75%), followed by nucleophilic displacement with sodium azide under phase-transfer condition
to give the desired glycosyl azides 2.32–2.35 (Scheme 3.1 Route B).47 Ribofuranosyl azide 3.19
and lactosyl azide 3.20 were synthesized by the glycosylation of the glycosyl acetates 3.28 and
3.29 and trimethylsilyl azide using stannic chloride as Lewis acid promoter in anhydrous DCM
(Scheme 3.1 Route C).
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Scheme 3.1. Synthetic procedure for glycosyl azides 3.14–3.20.

The alkyne-functionalized azobenzene 3.30 was prepared by alkylation of alcohol 2.25
(Scheme 3.2). Compound 2.25 was treated with an excess of sodium hydride, followed by
addition of an excess of propargyl bromide in the presence of tetrabutylammonium iodide to
afford compound 3.30 in 44% yield
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Scheme 3.2. Synthesis of alkyne-functionalized fragment 3.30.

With the requisite azides (2.32–2.35 and 3.14–3.20) and alkyne fragment (3.30) in hand, the
library was assembled in a modular fashion using the well-known CuAAc reaction (Scheme
3.3). Following the CuAAc reaction and work-up, the crude protected products were treated
with sodium methoxide in dry methanol to effect removal of the acetate esters, followed by
purification by reversed-phase preparative HPLC to give the desired surfactants 3.3–3.13 in
acceptable yields.
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Scheme 3.3. Synthetic procedure for surfactants 3.3–3.13.

3.2.2 Photoswitching studies
In order to understand the photoswitching activity of surfactants 3.3–3.13, we evaluated the rate
of thermal relaxation and potential photodegradation through UV-vis spectroscopy and NMR
respectively as described in Chapter 2. The thermal relaxation studies were performed at
ambient temperature in Milli-Q water (Figure 3.4). Since bacterial experiments were performed
at 37°C, the rate of cis-trans thermal relaxation was also investigated at 37°C in deionized water,
as well as in nutrient broth (NB) and brain heart infusion broth (BHI), which were the growth
media employed for the antibacterial studies. The native trans isomers remained stable under
ambient lighting conditions for at least up to 24 h, as demonstrated from the insignificant
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changes in the UV-vis absorbance spectra over this period. The dark-adapted cis-isomers slowly
reverted to the trans state with a half-life of more than 20 hours at ambient temperature. Under
37°C conditions, a half-life of more than 10 hours in all three different media was calculated,
which provided sufficient time for the cis-isomers to elicit a biological response (Table 3.3).

Figure 3.4. Time-dependent cis–trans thermal relaxation of representative surfactant GlcTz 3.3
at 20°C in water and the corresponding first-order plot for cis-trans conversion (inserted).
Please see Appendix I for complete data.
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Table 3.2. Thermal half-lives (hours) of 3.3–3.13 in water, Nutrient Broth (NB) and Brain Heart
Infusion broth (BHI).
Surfactant

Water 20°C*

Water 37°C**

NB 37°C**

BHI 37°C**

GlcTz 3.3

53.32

12.45

10.63

11.02

XylTz 3.4

23.18

11.78

12.18

11.40

RhaTz 3.5

60.27

11.21

10.42

10.64

ManTz 3.6

27.51

12.06

10.88

11.01

GlcNAcTz 3.7

48.47

12.31

10.89

10.95

AraTz 3.8

55.01

11.92

10.54

11.18

GalTz 3.9

96.27

RibTz 3.10

41.26

FucTz 3.11

49.16

LacTz 3.12

60.80

CelTz 3.13

46.52

Not detected

* Surfactants were measured at 0.05 mM concentration
** Measurements were conducted by Wenyue Zou; Surfactants were measured at 200 µg mL-1
concentration

As previously described in Chapter 2, the trans-cis ratios at the respective photostationary states
(PSS), along with the potential photodegradation following trans-cis photoisomerization were
investigated using 1H NMR. It can be seen from Figure 3.5 that 6% cis-isomer existed in the
trans-dominated PSS, while 74% cis-isomer was found after UV irradiation. Approximately
90% of the trans-isomer was present after cis-to-trans relaxation and no photodegradation was
observed from the 1H NMR spectrum (Figure 3.6).
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Figure 3.5. 1H NMR spectra of GalTz 3.9 in the trans-dominated PSS (top), the cis-dominated
PSS (bottom) and expanded spectrum of triazole proton (inserted).

Figure 3.6. 1H NMR spectrum of GlcTz 3.3 before UV photoirradiation (top), after UV
photoirradiation (middle), and after visible (blue) light photoirradiation (bottom). Spectra were
recorded in CD3OD at 20 mM concentration.
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3.2.3 Photocontrollable surface activity
The photocontrollable surface activity of surfactants was determined using pendant drop
tensiometry. The critical micelle concentrations (CMCs) of the photocontrollable carbohydrate
surfactants 3.3–3.13 were measured by the pendant drop method using a customized apparatus
(Figure 3.7).48 To effect trans-cis photoisomerization, each compound was irradiated at 361 nm
for 15 min before measuring the CMC of the cis-isomer. The CMC is extrapolated at the
intersection of two near-linear regions when the surface tension is plotted as a function of
surfactant concentration. The CMC values before and after UV irradiation are summarized in
Table 3.3. To summarize the CMC data, a column chart was plotted according to the data listed
in Table 3.3 (Figure 3.8). The CMC values increased upon trans-cis photoisomerization, an
effect which was attributed to the geometry change and increased polarity of the cis-isomers
upon UV irradiation.49 It was also notable that the CMC difference between trans isomer and
the corresponding cis isomer varied widely, which was dependent on the carbohydrate head
group configuration (Figure 3.8). A significant change in the CMC was observed for GlcNAcTz
3.7 following photoirradiation, while there was no similar difference between the trans (0.33
mM) and cis isomers (0.34 mM) for XylTz 3.4. This result could be attributed to the overall
hydration of the molecule that is influenced not only by the degree of hydration of the
carbohydrate but also by the hydrophobicity change upon trans-cis photoisomerization. This
observation further highlights the possibility to modulate the interfacial activity of this panel of
surfactants by photoisomerization and head group configuration.
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Figure 3.7. Air-water surface tension data for representative surfactant GlcTz 3.3. Please see
Appendix II for complete data.

Table 3.3. Photocontrollable CMCs of surfactants 3.3–3.13.
Surfactants

CMCvis/mM (µg/mL) CMCUV/mM (µg/mL)

GlcTz 3.3

0.31 (195)

0.59 (372)

XylTz 3.4

0.33 (197)

0.34(204)

RhaTz 3.5

0.11 (68)

0.42 (258)

ManTz 3.6

0.13 (82)

0.49 (309)

GlcNAcTz 3.7

0.11 (198)

1.22 (2195)

AraTz 3.8

0.33 (198)

0.88 (528)

GalTz 3.9

0.05 (31)

0.32 (202)

RibTz 3.10

0.65 (409)

1.06 (667)

FucTz 3.11

0.26 (160)

0.58 (356)

LacTz 3.12

0.25 (198)

0.33 (261)

CelTz 3.13

0.86 (681)

0.91 (721)
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Figure 3.8. CMC data plot of surfactants 3.3–3.13.

3.2.4 Characterization of self-assemblies
A fundamental property of surfactants is their ability to aggregate into self-assembled structures
of various types, including but not limited to spherical and rodlike micelles, as well as lamellar,
vesicular and sponge-like liquid crystal phases.50 In this respect, small-angle neutron scattering
(SANS) has emerged as a unique and powerful technique to investigate the structural properties
of self-assemblies in solution.51-53 Several studies have highlighted the application of SANS to
study the micellization of azobenzene-based surfactants in solution.51, 54 For a micellar system,
there are two basic quantities of interest: aggregation number (Nagg) and area per head group
(Ahg).51, 55 Aggregation number is the mean number of surfactant monomers in one aggregate at
a given solution condition. When surfactants start to self-assemble into aggregates, the
hydrophobic tails will form a core, while the hydrophilic head groups will distribute themselves
around the surface with an optimum surface area per monomer (head group). Both of the
parameters can be derived from SANS measurements by generating model fits to an assumed
geometry of an aggregate.55
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In order to investigate the self-assembling properties for our photosurfactants, SANS was
performed at three different concentrations of each surfactant in the resting, trans-PSS: close
to the CMC, slightly above the CMC, and well above the CMC in D2O. The three concentrations
used were selected based on their CMC values as measured by tensiometry. At a fixed
concentration (4 mM) well above the CMC, various geometries of different sizes were achieved
by simply changing the carbohydrate head group (Table 3.4 and Figure 3.9 a)). Model fits (see
section 3.4.4 for details) to the experimental data showed that a wide range of morphologies
were formed within this panel of surfactants, from relatively small ellipsoids, such as in
surfactant 3.8 (Ara) and 3.12 (Lac), to extremely long and flexible cylinders, such as in
surfactant 3.4 (Xyl), 3.10 (Rib) and 3.13 (Cel). In addition, the effects of concentration on
aggregation number were also explored using representative surfactants 3.8 (Ara), 3.11 (Fuc)
and 3.12 (Lac) (Figure 3.9 b) c) and d)). The aggregation number generally increased upon
increasing surfactant concentration, indicating the formation of densely packed aggregates at
high monomer concentration, which is in line with the general expectation for surfactant selfassembly.56
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Table 3.4. Aggregation properties of carbohydrate based surfactants 3.3–3.13*.
Surfactants

Morphologya

Radius a / nm

Radius b (Length) / nm

Naggb

Ahgc / nm2

GlcTz 3.3

C

2.83

59.1

1600

0.68

XylTz 3.4

FC

2.11

18.54 (kuhn length)

-

RhaTz 3.5

C

2.58

27.62

622

0.79

ManTz 3.6

E

2.28

6.03

141

0.84

GlcNAcTz 3.7

E

2.50

9.00

178

1.02

AraTz 3.8

E

1.99

4.77

89

1.12

GalTz 3.9

C

2.79

35.6

960

0.70

RibTz 3.10

FC

3.01

45.48 (kuhn length)

-

FucTz 3.11

E

2.12

5.25
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1.07

LacTz 3.12

E

2.46

4.60

105

1.17

CelTz 3.13

FC

2.45

18.54 (kuhn length)

-

a

E=ellipsoid, C=cylindrical, FC=flexible cylindrical with a length >100 nm.

b

Aggregation number. c Area per head group.

* Surfactants were measured in the trans-PSS at 4 mM (above the CMC) in D2O.
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-

-

Figure 3.9. SANS experimental data (symbols) and model fits (solid lines) of a) 3.3–3.13
(trans-dominated state) in D2O at 4 mM; b) AraTz 3.8 at different concentrations; c) FucTz
3.11 at different concentrations and d) LacTz 3.12 at different concentrations. In (a) only, data
have been offset vertically by multiplication for clarity of presentation. The SANS spectra for
GlcTz 3.3 and GalTz 3.9 have been reported previously.51

3.2.5 Photocontrollable antibacterial studies
In order to better understand the antibacterial activities of these surfactants, we introduced two
photoswitchable, non-surface active fragments 2.25 lacking the carbohydrate head group, and
the cationic photosurfactant 3.31(AzoTAB) as control compounds (Figure 3.10). The
photochemistry of compound 3.31 has been well studied, and it has the potential to be used in
antibacterial studies as a cationic surfactant.57, 58 The photocontrollable antibacterial activity of
control compounds 2.25 and 3.31 was evaluated against Gram-negative E. coli DH5α, Gram-
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negative P. aeruginosa and Gram-positive S. aureus using a standard minimum inhibitory
concentration (MIC) test, and the results are summarized in Table 3.5.59

Figure 3.10. Photoswitchable control compounds 2.25 and 3.31 in this study.

Table 3.5. MIC results of trans and cis isomers of control compounds 2.25 and 3.31 against E.
coli DH5α, P. aeruginosa and S. aureus at 37°C.
MIC µg/mL
E. coli DH5α P. aeruginosa S. aureus
2.25

3.31

trans

>2000

>1000

125

cis

>2000

>1000

31

trans

12.5

31.2

1.6

cis

12.5

125

1.6

The MIC was determined as the lowest concentration of the compound at which the bacterial
growth could not be seen by the naked eye, where a lower MIC value indicates stronger
inhibitory potency. The MIC was obtained at both the trans and cis PSS for all compounds. The
cis-isomers were obtained through irradiating a solution of the native trans state with UV light
(361 nm) for 5 min before incubation with bacteria at 37°C for 24 h in dark. For compound
2.25, no significant inhibition of E. coli (>2000 µg mL-1) and P. aeruginosa (>1000 µg mL-1)
was observed in the cis and trans PSS. However, moderate inhibition against S. aureus was
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observed for the trans-isomer (125 µg mL-1) and this inhibitory potency was enhanced by
photoisomerization to its cis-isomer (31 µg mL-1). This enhanced antibacterial activity upon
trans-to-cis photoisomerization was in line with a previous research on azobenzene-based
quinolone antibiotics as described by the Feringa group.40 For the cationic photosurfactant 3.31,
non-selective and potent bactericidal activity against E. coli, P. aeruginosa and S. aureus was
observed. Furthermore, no photomodulation in bactericidal activity against E. coli and S. aureus
was observed, however the cis-isomer of 3.31 was much less toxic against P. aeruginosa (MIC
125 µg mL-1) compared with the corresponding trans-isomer (31.2 µg mL-1). The high
antibacterial activity of 3.31 against E. coli and S. aureus is not surprising and was most likely
due to cell wall damage and lysis,60 while the reduced toxicity upon UV irradiation against P.
aeruginosa could be attributed to the lowered interfacial activity of the cis isomer.58

The antibacterial activities of surfactants 3.3–3.13 were tested against Gram-negative E. coli
and Gram-positive S. aureus using an optical density method (OD600) (Figure 3.11 and Figure
3.12). OD600 is a commonly used turbidometric assay for determining the concentration of
bacterial cell cultures based on spectrophotometer readings at a wavelength of 600 nm.61 The
concentration-dependent influence on bacterial growth could be determined by incubation of
the bacterial suspension with different concentrations of surfactants (0, 1, 10, 25, 50, 100, 250
and 500 µg mL-1) at 37°C in the dark for 24 h, so that the concentration-dependent influence
on bacterial growth could be determined (Figure 3.11, Figure 3.12). From this assay, dosedependent and bacteria-specific antibacterial activity was observed for the carbohydrate-based
surfactants against E. coli and S. aureus. At low concentration of surfactants (below the CMC)
the antibacterial activity increased sharply in a dose-dependent manner against E. coli and S.
aureus, regardless of the photostationary state. However, at higher concentrations of surfactants
near to, and above the CMC, the antibacterial activity could be modulated through
photoisomerization of the tail group, as shown in Figure 3.11 and Figure 3.12. In the case of E.
coli, the photoexcited cis-isomers of surfactants RhaTz 3.5 and GlcNAcTz 3.7 were more toxic,
while for the other surfactants, their native trans-isomers were more toxic against this bacterium.
In the case of S. aureus, these surfactants typically showed enhanced antibacterial activity after
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photoisomerization, with the exception of GlcNAcTz 3.7, which was more toxic in its trans
form. It is difficult to rationalize the heterogenous responses in bacterial activity of 3.3–3.13,
but generally points to the structural and physiological differences of these Gram-positive and
Gram-negative bacterial species. It is interesting to note that surfactant 3.5 and 3.7
incorporating L-rhamnose and D-glucosamine head groups, respectively, and the significance
of these carbohydrates in bacterial evolution could be attributed to their selective mode of action
against these bacteria. For example, L-rhamnose-based glycolipids expressed by some Gram
negative bacteria, in particular P. aeruginosa, and play important roles in the regulation of
bacterial motility sensing, thus are important endogenous agents in adhesion and biofilm
formation.62-64 Likewise, N-acetylglycosamine is a major component of the extracellular
polysaccharide matrix of S. aureus biofilms and the cell wall, which is implicated in the
virulence and biofilm formation of this species.65, 66

114

Figure 3.11. Normalized bacterial cell viability with a) GlcTz 3.3, b) XylTz 3.4, c) RhaTz 3.5,
d) ManTz 3.6, e) GlcNAcTz 3.7, f) AraTz 3.8, g) GalTz 3.9, h) RibTz 3.10, i) FucTz 3.11, j)
LacTz 3.12 and k) CelTz 3.13 against E. coli DH5α after 24 h.
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Figure 3.12. Normalized bacterial cell viability with a) GlcTz 3.3, b) XylTz 3.4, c) RhaTz 3.5,
d) ManTz 3.6, e) GlcNAcTz 3.7, f) AraTz 3.8, g) GalTz 3.9, h) RibTz 3.10, i) FucTz 3.11, j)
LacTz 3.12 and k) CelTz 3.13 against S. aureus ATCC1698 after 24 h.

It can be seen from Figure 3.11 and Figure 3.12 that some of the surfactants showed more
interesting and promising antibacterial activities than others. Surfactants RhaTz 3.5, ManTz 3.6
and GlcNAcTz 3.7 exhibited a moderate-to-potent inhibition of growth of E. coli and S. aureus,
while surfactant GlcTz 3.3, XylTz 3.4 and AraTz 3.8 all displayed bacteria-specific inhibition
of bacterial growth. Therefore, we selected these 6 surfactants (3.3–3.8) as representatives to
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further explore their antibacterial and biofilm modulatory activities. Surfactants were assessed
for activity against a multi-drug resistant strain of P. aeruginosa MDR283/1-6 in addition to E.
coli and S. aureus. The cis-isomers were obtained by irradiating the native trans-dominated
solutions with UV light for 5 min, before incubating with P. aeruginosa in dark conditions at
37°C for 24 h. The OD600 method was used to test the antibacterial activity, and the data were
background corrected by subtracting the OD600 value obtained from the control (Figure 3.13).
Interestingly, none of the representative surfactants showed significant toxicity against this
strain of P. aeruginosa, instead generally promoting its growth. This was with the exception of
AraTz 3.8, which exhibited dose-dependent inhibition of bacterial growth. The growthpromoting activity of these compounds could be photocontrolled, and the cis-isomers
demonstrated a stronger promotion of growth compared with the corresponding trans-isomers.
This observation further highlights the dose-dependent, bacteria- and photoisomer-specific
antibacterial activities of these surfactants.
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Figure 3.13. Concentration-dependent antibacterial testing of trans- and cis-isomers of a)
GlcTz 3.3 b) XylTz 3.4, c) RhaTz 3.5, d) ManTz 3.6, e) GlcNAcTz 3.7 and f) AraTz 3.8 against
P. aeruginosa at 37°C in nutrient broth after 24 h incubation in dark conditions.

3.2.6 Photocontrollable biofilm studies
Numerous efforts have been made to understand biofilm formation, however, the influence of
different photoisomers of carbohydrate surfactants has not yet been investigated. We reasoned
that these surfactants could be used as tools for probing the relationship between the interfacial
activity of amphiphilic carbohydrates and bacterial adhesion that is deemed an important early
step in biofilm formation. To this end, six representative surfactants that were selected owing
to their interesting antibacterial profiles, together with control compounds 2.25 and 3.31, which
were screened for their influence on the biofilm forming ability of a Gram-positive methicillinresistant S. aureus (MRSA-ATCC1698) and a multi-drug resistant clinical isolate of Gram-
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negative P. aeruginosa (MDR283/1-6). Both of these bacteria are known to cause serious
biofilm-associated infections.3, 67

The biofilm inhibition activity of these surfactants was determined by a microtiter dish method,
which allowed the formation of a biofilm on the wall and/or bottom of a microtiter dish, and
the crystal violet-treated bacterial biofilms were monitored at OD550.68 Consistent with the
antibacterial studies above, the trans- and cis-isomers showed similar effects on both S. aureus
(Figure 3.14) and P. aeruginosa (Figure 3.15) biofilms at low concentration, while the influence
of photoisomerization on biofilm formation became more evident at higher concentrations.

Similar to the antibacterial data, surfactants exhibited concentration-dependent inhibition of
biofilm formation from S. aureus, while generally promoting the growth of biofilm P.
aeruginosa, especially at higher concentrations. In the case of P. aeruginosa, surfactants were
shown to weakly inhibit biofilm growth at lower concentrations, while promoting growth at
higher concentrations. This biofilm modulatory activity could be tuned by trans-cis
photoisomerization of the tail group, whereby the promotion became more efficient after
photoexcitation, with the exception of AraTz 3.8, which was a slightly more effective promoter
of biofilm formation of P. aeruginosa in the trans-PSS. In the case of S. aureus, the trans-isomer
of surfactants 3.3, 3.5 and 3.8 showed stronger inhibition of biofilm formation, while the UV
excited cis-isomers of surfactants 3.4, 3.6 and 3.7 were more potent biofilm inhibitors. Similar
to the antibacterial results, surfactant 3.5 incorporating an L-rhamnose head group showed an
interesting trend, whereby at lower concentrations in the trans state was found to inhibit biofilm
formation of S. aureus regardless of its isomeric state, however the cis isomer started to promote
biofilm formation at higher concentrations. Interestingly, while surfactant 3.7 possessing a
GlcNAc head group inhibited growth from S. aureus in the trans state (Figure 3.12 e)), the
corresponding cis isomer was an effective inhibitor of biofilm formation from this species, thus
suggesting a mechanism that was independent of cell death.69
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Figure 3.14. Concentration-dependent influence of trans- and cis-isomers of a) GlcTz 3.3, b)
XylTz 3.4, c) RhaTz 3.5, d) ManTz 3.6, e) GlcNAcTz 3.7 and f) AraTz 3.8 on biofilm forming
of S. aureus at 37°C after 24 h.
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Figure 3.15. Concentration-dependent influence of trans and cis photoisomers of a) GlcTz 3.3,
b) XylTz 3.4, c) RhaTz 3.5, d) ManTz 3.6, e) GlcNAcTz 3.7 and f) AraTz 3.8 on biofilm
forming ability of P. aeruginosa at 37°C after 24 h of incubation.

3.2.7 Bacterial motility studies
Many bacteria exhibit motility that can assist surface colonization, biofilm formation, fruiting
body development, etc.9 In order to understand the intriguing biofilm modulatory activity of
these surfactants, we evaluated whether these surfactants could affect bacterial motility in
solution (swimming motility) and swarming motility on semi-solid surfaces (Wako Agar)
through photocontrollable changes in surface tension.

In order to characterize the effect of different surfactants on bacterial swimming motility,
differential dynamic microscopy (DDM) was performed. DDM is a recently described
technique that couples dynamic light scattering and optical microscopy for measuring the rates
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of motility of particles in solution, including cells.70, 71 In particular, this technique shows
particular promise for determining flagellar-dependent bacterial motility in solution; both the
dynamics and rates of swimming motility could be measured through DDM.70, 71 P. aeruginosa
MDR283/1-6 was chosen for the motility experiments since the swimming rates for this
bacterium are sufficient on the timescale required for DDM measurements. Two representative
surfactants RhaTz 3.5 and ManTz 3.6, together with the control, were selected for swimming
motility testing against P. aeruginosa in both the trans- and cis-dominated states (Figure 3.16).
Using this technique, no obvious effects on the swimming motility of P. aeruginosa using these
photosurfactants was observed. Therefore, these surfactants were unlikely to be modulating
biofilm formation through changes in bacterial swimming motility.

Figure 3.16. Influence of trans- and cis-isomer of a) RhaTz 3.5 and b) ManTz 3.6 on swimming
motility of P. aeruginosa MDR283/1-6.
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Swarming, as the fastest known bacterial mode of surface translocation, is documented to have
a clear affect the formation of biofilms.72 Therefore, the surfactants 3.3–3.8 and two control
compounds (2.25 and 3.31) were tested for their influence on swarming motility of flaggelladependent P. aeruginosa before (trans) and after (cis) photoswitching. An agar swarming
motility assay (Wako Agar, 0.8% nutrient broth, 0.5% glucose and 0.5% agar) was used to
assess the swarming motility of P. aeruginosa and the swarm plate was air dried for 5–10 min
before use. Cells were inoculated at the center of the agar media containing the compound being
tested, and the bacteria started to move out of the center towards the perimeter. A larger resultant
bacterial colony indicated more effective swarming motility.

After incubation at 30°C for 22 h, a dose-dependent enhancement in swarming motility of P.
aeruginosa MDR283/1-6 was observed for all surfactants in their native trans form. This
response was independent of the head group of the surfactants, as all surfactants showed a
similar effects in promoting swarming motility in this strain (Figure 3.17). Whilst carbohydratebased surfactants generally promoted swarming motility, control compounds 2.25 and 3.31
strongly inhibited swarming motility (Figure 3.17 g and h). The potent inhibition shown by 3.31
could be attributed to, at least in part, the potent bactericidal activity of this surfactant. However,
the inhibition of swarming motility using the non-surface active compound 2.25 is interesting
and more difficult to explain given the weak bactericidal activity of this compound against P.
aeruginosa, and may ultimately suggest a mechanism that is independent of cell death and/or
reduction in surface tension. The effect of tail group photoisomerization on bacterial motility
was also evaluated and generally showed a reduction in motility following conversion to the
cis-PSS. This was particularly noteworthy for XylTz 3.4, which exerted a significant difference
in swarming motility between the trans and cis forms (Figure 3.18 b). This observation could
be attributed to the lowered interfacial activity of the cis isomer than its trans isomer. Unlike
the carbohydrate-based surfactants, trans-cis photoisomerization of the tail fragment 2.25 and
the cationic compound 3.31 had no significant influence on the swarming motility of P.
aeruginosa, possibly due to the bactericidal activity of these compounds
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Figure 3.17. Photograph of agar swarming motility assay demonstrating the influence of the
increasing concentration of trans-isomer of a) GlcTz 3.3, b) XylTz 3.4, c) RhaTz 3.5, d) ManTz
3.6, e) GlcNAcTz 3.7, f) AraTz 3.8, g) 2.26 and h) 3.31 on swarming motility of P. aeruginosa
MDR283/1-6 (swarming-positive strain).

Figure 3.18. Photograph of agar swarming motility assay demonstrating the influence of a)
GlcTz 3.3, b) XylTz 3.4, c) RhaTz 3.5, d) ManTz 3.6, e) GlcNAcTz 3.7, f) AraTz 3.8, g) 2.26
and h) 3.31 at 100 µg mL-1 concentration in the trans and cis form on the swarming motility of
P aeruginosa MDR283/1-6 (swarming-positive stain).
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To gain a better understanding of the influence of the changes in interfacial activity of
surfactants on the surface-mediated motility of P. aeruginosa, we also investigated the influence
of surfactants on the gliding motility of P. aeruginosa MDR283/1-23, a swarming-negative and
non-motile strain. Controls containing no surfactant were employed in this study, and no
motility was observed for the control (Figure 3.19). Interestingly, strong promotion of gliding
motility of P. aeruginosa MDR283/1-23 was detected with surfactants 3.5–3.7 in both trans
and cis PSS, which was occurring most like by surfactant-mediated sliding.10 Similar to the
swarming positive P. aeruginosa stain, the trans isomers of surfactants 3.5–3.7 were more
effective at translocating bacterial colonies than the less surface-active cis isomer, especially
for surfactant 3.7, which shows the largest CMC difference before and after trans-cis
photoisomerization. These observations show the application of UV light for tuning the surfacemediated motility of P. aeruginosa, and this pbservation can be attributed to the changes in the
interfacial activity of surfactants following UV light irradiation.

Figure 3.19. Photograph of agar swarming motility assay demonstrating the influence of a)
RhaTz 3.5, b) ManTz 3.6 and c) GlcNAcTz 3.7 at 25 µg mL-1concentration in the trans and cis
form on swarming motility of P. aeruginosa MDR283/1-23 (swarming-negative strain). An
equal amount of deionized water without any compound was added to the agar media to serve
as a control.
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3.3 Conclusions
In this chapter, we have synthesized a library of eleven photoswitchable carbohydrate-based
surfactants as potential inhibitors of bacterial growth and biofilm formation. Through structural
variation of the head group and photoisomerization of the n-butyl azobenzene tail group,
diverse interficial activities and micellar geometries were observed as determined by surface
tension measurements and SANS, respectively. The ability of these surfactants to modulate
antibacterial activity against drug-resistant Gram-positive and Gram-negative bacterial strains
was also investigated. In general, these surfactants elicited dose-dependent, bacteria- and
photoisomer-specific inhibition of the growth of E. coli and S. aureus, while they generally
promoted the growth of P. aeruginosa. Using these photosurfactants we also demonstrated the
ability to control biofilm formation of drug-resistant S. aureus and P. aeruginosa. Generally,
surfactants inhibited the biofilm formation of S. aureus, whereas biofilm formation was
promoted in the case of P. aeruginosa, particularly in the cis isomeric state. To explore the
possible mechanism of this bioactivity, the influence of surfactants in the trans- and cis-PSS on
the swarming and swimming motility of P. aeruginosa was investigated. The rate of bacterial
‘swimming’ remained unaffected in the presence of these surfactants as determined by DDM
studies, regardless of the photoisomeric states. However, these surfactants generally promoted
the swarming and gliding motility of P. aeruginosa with more potent activity elicited from trans
configured compounds. The results suggest that the surfactants exert their effects in a largely
non-selective manner through photocontrollable changes in surface tension. Future work aims
to determine the precise molecular mechanisms involved, particularly for compounds that
display unusual and selective activity, as well as to investigate the effect of the trans and cis
forms of these surfactants on the structure and function of mature biofilms, and the ability to
promote (or inhibit) biofilm detachment from a surface.
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3.4 Experimental
3.4.1 General
For general materials and methods concerning reagents, purification and analysis, please refer
to section 2.4.1.

3.4.2 UV-vis stability studies on trans and cis isomers
The native trans-dominated carbohydrate surfactant solutions were converted into their cisdominated photostationary states by illumination of their aqueous solutions under ambient
temperature conditions using a UV lamp with λmax at 361 nm (approx. 12 W incident
illumionation power) in a time-dependent manner (1–90 min). One minute of photoexcitation
was found sufficient to convert the trans- to cis-dominated state. In all of the studies involving
bacteria, the cis isomers were obtained after 5 min of illumination with λ361nm. The thermal
relaxation of the cis-isomers of surfactants 3.3–3.13 in Milli-Q water at ambient temperature
were estimated by plotting the UV-vis absorbance at 325 nm versus time over 24 h period.
Please refer to section 2.4.3 for experimental and calculation details.

The thermal relaxation studies of surfactants 3.3–3.8 were performed by Wenyue Zou, at 37°C
for 24 h in deionized water as well as in the growth media employed for the antibacterial studies
against E. coli (NB) and S. aureus (BHI). The half-lives of the cis isomers in water and two
bacterial media were estimated from thermal relaxation studies by plotting the ratios of area of
the 350 nm peak and that of the 440 nm peak over a period of 24 h. These peaks were chosen
as cis–trans relaxation results in an increase in peak intensity at ~350 nm, with a corresponding
decrease in peak intensity at 440 nm.

3.4.3 Surface tension measurements
For the general method used, please refer to section 2.4.2

3.4.4 Small angle neutron scattering (SANS)
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SANS measurements were made on the Quokka instrument at the Bragg Institute, ANSTO,
Lucas Heights NSW, Australia. For all samples, raw scattering counts were collected on a
128×128 element area detector, where the sample–detector distances used were 2 m and 14 m,
with no detector offset. An incident neutron wavelength of 5 Å was used with a typical spread
of 10%, thus giving an effective q range of 0.004–0.4 Å–1. Since the SANS is obtained over a
limited low-q range, structures at micrometer size ranges (such as long rods or worms) cannot
be resolved. Typically information on features is obtained at scattering vectors q=2π/d where d
is the characteristic size (e.g. radius, length, contour length) associated with the feature. This
indicates that the minimum q value obtained with these measurements accesses length-scales
up to ~150 nm, and features larger than this will not be resolved. Samples were prepared in
circular 12.5 mm Hellma quartz cells with a path length of 2 mm, and a thermostaticallycontrolled automatic sample changer ensured that a temperature of 25 +/– 0.05°C was
maintained. Data were converted from raw counts at the detector into 1D scattering spectra by
first subtracting the scattering from an empty cell and then radially averaging the resulting
spectrum, normalizing for the measured sample transmission. A D2O background was then
subtracted from the final 1D sample data to ensure that the scattering signals seen are from the
surfactant only. Model fitting was performed using SasView software, using standard equations
for ellipsoidal and cylindrical form factors, from which the fitting parameters, such as radius
and length, could be obtained. Model fits were made by using a least squares routine employing
Levenberg-Marquardt optimisation to iterate floating parameters to convergent values, where
user input was used to ensure physically reasonable values resulted. Cylinders were modelled
using the Guinier equation73 for the form factor P(q,a):
! ", $ = 2 ∆( )*+,(". 01*2/2)/(". 01*2/2)
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where ∆( is the scattering length density difference between the scatterer and the D2O solvent,
V is the volume of the cylinder, L is the length of the cylinder, 2 is the angle between the axis
of the cylinder and the q-vector, J1 is the first order Bessel function, r is the radius of the cylinder.

For ellipsoids, the following form factor P(q,a) was used74:
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where Ra is the radius along the rotational axis of the ellipsoid, Rb is the radius perpendicular to
the rotational axis of the ellipsoid, and other parameters are as defined for cylinders above.

Aggregation number (Nagg) was calculated from the volume of the formed micelle divided by
the volume of a single surfactant that was obtained by calculating the molecular volume of the
structural components of the surfactant from their bulk densities. The volumes (Å3) used were:
triazole 96.2, triethylglycol 221.9, azobenzene 251.5, n-butyl 166.7, glucose 194.2, galactose
173.8, arabinose 157.3, lactose 372.7, mannose 194.4, rhamnose 193.3, ribose 148.3, xylose
163.5, cellobiose 321.5, fucose 175.2, N-acetylglucosamine 258.1. The area per head group
(Ahg) was calculated from the surface area of the formed micelle divided by the corresponding
aggregation number.

3.4.5 Antibacterial assays
The antibacterial activity of these surfactants was tested against Gram-negative E. coli and
Gram-positive S. aureus using the OD600 method.3 A fixed concentration (OD600 – 0.1: log
phase 108 CFU mL-1) of freshly grown bacterial cultures were used for the antibacterial assay,
after

determining

the

bacterial

concentration

using

a

GENESYS

10S

UV-Vis

Spectrophotometer. A 100 µL aliquot of the bacterial suspension (E. coli in NB and S. aureus
in BHI broth) was incubated with 100 µL of each surfactant at 37°C in dark for 24 h. Different
concentrations of the surfactant (0, 1, 10, 25, 50, 100, 250 µg mL-1) were used to determine the
concentration-dependent influence on bacterial growth and/or inhibition. Appropriate controls
were chosen wherein one of the controls contained no surfactant while the other contained a
mixture of different concentrations of surfactants with the bacteria-free growth media. The
bacterial growth curves were monitored at OD600 after 24 h in 96-well format using a Perkin
Elmer EnVisionTM 2104 Multilabel Plate Reader. All antibacterial assays were performed in
triplicates; tests were repeated independently three times; each well was read five times. The
129

average of 45 readings (3×3×5) in each case was calculated and plotted along with the
corresponding standard deviation. The data was background corrected by subtracting the OD600
value obtained from the control containing a mixture of surfactants and the bacteria-free media
growth from all other samples.

3.4.6 Minimum inhibitory concentration (MIC) test
The antibacterial activities of photoswitchable surfactant 3.31 and the non-amphiphilic tail
fragment 2.25 were tested against Gram-negative E. coli and Gram-positive S. aureus using a
standard MIC test.4 A fixed concentration of 3.31 or 2.25 containing Mueller-Hinton broth was
dispensed in volumes of 100 µL per well in round bottom 96-well microdilution plates. Inocula
were prepared by suspending E. coli grown on NA plate or S. aureus grown on BHI agar plate
for 18 h in saline (0.85% w/v NaCl in water) to match the turbidity of a 0.5 McFarland standard.
This suspension was further diluted to provide a final inoculum density of 5×105 CFU mL-1 in
the wells of the 96-well plates. Appropriate controls were chosen wherein one of the controls
contained only bacteria without surfactants (positive control) while the other contained only
media without surfactants or bacteria (negative control). After incubation at 37°C for 24 h in
dark, plates were studied for visual turbidity, and MIC was defined as the lowest concentration
at which bacterial growth (turbidity) could not be visibly observed by the naked eye. All MIC
tests were performed in triplicates and repeated independently three times.

3.4.7 Biofilm assays
The photoswitchable surfactants were screened for their influence on biofilm forming ability
of a Gram-positive methicillin-resistant S. aureus and a multi-drug resistant Gram-negative P.
aeruginosa. The amount of biofilm formation in 96-well plates was determined by a microtiter
dish method which allows for the formation of a biofilm on the wall and/or bottom of a
microtiter dish.5 A fixed concentration of overnight grown bacterial cultures were used for
biofilm assays after 1:100 dilution of the overnight-grown bacteria culture in a in a fresh broth
(BHI broth for S. aureus and TSB for P. aeruginosa) containing different concentrations of
surfactants. Appropriate controls were chosen wherein one of the controls contained only
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bacteria without surfactants (positive control) while the other contained neither bacteria nor
surfactant (blank). The samples (100 µL) were incubated in 96-well tissue culture plates in dark
at 37°C for 24 h to allow biofilm formation, following which the plates were gently washed 3
times with water to remove unattached bacterial cells and media components. The plates were
then kept at 55°C for 1 h to rigidly fix the biofilms to the plates, followed by staining the
biofilms with 125 µL crystal violet (0.1% w/v in water) at room temperature for 10 min. The
plates were then exposed to running tap water until free crystal violet stops releasing from the
biofilms. The biofilms were then dried overnight in air, followed by addition of 125 µL of acetic
acid (30% v/v in water) to each well to solubilize the crystal violet taken up by the bacterial
biofilms. The solubilized crystal violet was monitored at OD550 using a Perkin Elmer
EnVisionTM 2104 Multilabel Plate Reader. All biofilm assays were performed in triplicates;
tests were repeated independently three times; each well was read five times. The average of
45 readings (3×3×5) in each case was calculated and plotted along with standard deviation. The
data was background corrected by subtracting the OD550 value obtained from the blank control
from all other samples.

3.4.8 Bacteria preparation for differential dynamic microscopy (DDM)
Overnight cultures of P. aeruginosa were grown in Luria-Bertani (LB) broth (10% tryptone, 5%
yeast extract and 5% NaCl) using a shaking incubator at 37°C and shaking speed of 120 rpm.
A fresh culture was inoculated at 1:100 dilution of overnight grown cells in tryptone broth (TB)
and grown for a further 4 h to obtain actively growing late exponential phase bacteria. Bacterial
suspensions were gently mixed with the surfactant solutions before use.

3.4.9 DDM measurements
Experiments were performed on an Olympus IX-71 inverted optical microscope equipped with
a Mikrotron MC1362 CMOS camera and Euresys Grablink full frame grabber. The bacteria
were transferred into a rectangular capillary tube (Vitrotube W2540 8 mm width, 0.4 mm
internal diameter height) and sealed with Vaseline. Samples were left for one minute after
loading, and imaged with a 10× phase contrast objective under Köhler illumination. Videos
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were recorded with a frame size of 1024×1024 pixels at 100 frames per second for 60 seconds.
A custom written LabVIEW (National Instruments) program was used to extract the differential
intensity correlation functions g(q,t) (DICF) from the videos using the following equation:
G(", H) = I " 1 − K(", L) + M(")

(1)

where A(q) is related to the scattering properties of the sample and microscope, and B(q) is a
camera noise background. The variable f(q,τ) is the intermediate scattering function, which is
modelled using:
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The motile parameters obtained are the fraction of motile swimmers α, mean velocity d,
velocity distribution σ, and diffusion coefficient of non-motile cells D. Each video is
transformed into 511 data sets of g(q,t) vs. q and fitted with Eq. (1) using Igor pro (Wavemetrics)
to yield six parameters: A(q), B(q), v ̅, D, α, σ. The parameters are averaged over the range
where the fitted data is constant (q~0.5 to 2 µm-1).

3.4.10 Swarming motility assays
Compounds were tested for their influence on swarming motility of Gram-negative P.
aeruginosa. Each swarm plate (0.8% nutrient broth, 0.5% glucose, 0.5% agar) was air dried for
5–10 min before use. The compounds were dissolved in deionised water and then added to each
agar medium at a final concentration of 1 to 100 µg mL-1. An equal amount of deionised water
without any compound was added to the agar medium to serve as a control. A fixed
concentration of overnight grown bacterial culture (2 µL) was inoculated at the center of the
agar surface, and the plates were incubated at 30°C for 22 h.

3.4.11 Synthesis of 3.15–3.18: General procedure 1
See Section 2.4.12 for details.
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3.4.12 Synthesis of 3.3–3.13: General procedure 2
See Section 2.4.17 for details.

3.4.13 Analytical data
2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl β-D-glucopyranosyl-1,2,3triazole 3.3
OH
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Compound 3.3 was prepared from 2.32 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 44%). Mp = 44.6°C; [α]D20 -8.0 (c, 0.1 in CH3OH); FT-IR: νmax/cm-1
3334, 2926, 2871, 1596, 1249, 1498, 1451; 1H NMR (400 MHz, CD3OD) δ 8.2 (s, 1H,
=CH(triazole)), 7.86 (d, J = 9.1 Hz, 2H, ArH), 7.77 (d, J = 8.5 Hz, 2H, ArH), 7.33 (d, J = 8.5
Hz, 2H, ArH), 7.07 (d, J = 9.1 Hz, 2H, ArH), 5.58 (d, J = 9.2 Hz, 1H, H-1), 4.53 (s, 2H, 2×OH),
4.65 (s, 2H), 4.21 (m, 2H), 3.90–3.84 (m, 4H), 3.72–3.69 (m, 2H), 3.67–3.64 (m, 6H), 3.57–
3.46 (m, 3H), 2.69 (t, J = 7.7 Hz, 2H, CH2), 1.69–1.61 (m, 2H, CH2), 1.44–1.34 (m, 2H, CH2),
0.96 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (100 MHz, CD3OD) δ 162.7 (ArC), 152.2 (ArC), 148.3
(ArC), 147.2 (ArC), 146.0 (C=CH(triazole)), 130.1 (2×ArC), 125.6 (4×ArC), 123.6
(C=CH(triazole)), 115.9 (2×ArC), 89.5 (C-1), 81.1 (CH), 78.4 (CH), 74.0 (CH), 71.7, 71.5, 70.8,
70.76, 70.67, 68.9 (CH2), 64.9 (CH2), 62.4 (CH2), 36.4 (CH2), 34.7 (CH2), 23.4 (CH2), 14.3
(CH3). LC-MS: m/z 630.0 [M + H]+, ESI- HRMS calculated for C31H44N5O9 630.3139 [M +
H]+, found 630.3143 [M + H]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl β-D-xylopyranosyl-1,2,3triazole 3.4
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Compound 3.4 was prepared from 3.14 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 32%). Mp = 156.5 °C; [α]D20 3.1 (c, 2.65 in CH3OH); FT-IR: νmax/cm1

3338, 2940, 2876, 1628, 1449, 1375, 1252, 1099, 1021, 823; 1H NMR (600 MHz, CD3OD) δ

8.13 (s, 1H, =CH(triazole)), 7.86 (d, J = 8.98 Hz, 2H, ArH), 7.77 (d, J = 8.31 Hz, 2H, ArH),
7.32 (d, J = 8.34 Hz, 2H, ArH), 7.06 (d, J = 9.02 Hz, 2H, ArH), 5.50 (d, J = 9.14 Hz, 1H, H-1),
4.65 (s, 2H, CH2), 4.20–4.19 (m, 2H), 4.00–3.98 (m, 1H), 3.90–3.84 (m, 3H), 3.74–3.56 (m,
10H), 3.51–3.43 (m, 2H), 2.68 (t, J = 7.69 Hz, 2H, CH2), 1.67–1.62 (m, 2H, CH2), 1.42–1.36
(m, 2H, CH2), 0.96 (t, J = 7.40 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5 (ArC),
150.7 (ArC), 146.7 (ArC), 146.2 (ArC), 144.4 (C=CH(triazole)), 129.7 (2×ArC), 124.9
(2×ArC), 123.5 (C=CH(triazole)), 122.8 (2×ArC), 115.5 (2×ArC), 88.6 (C-1), 77.6, 72.5, 70.4,
70.3, 70.2, 69.6, 69.5, 68.8, 68.1, 63.9, 35.1 (CH2), 33.4 (CH2), 22.2 (CH2), 14.2 (CH3). LCMS:
m/z 599.8 [M + H]+, ESI- HRMS calculated for C30H41N5NaO8 622.2853 [M + Na]+, found
622.2850 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl α-L-rhamnopyranosyl1,2,3-triazole 3.5

Compound 3.5 was prepared from 3.16 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 67%). Mp = 64.9 °C; [α]D20 11.0 (c, 3.68 in CH3OH); FT-IR: νmax/cm1

3357, 2928, 2873, 1598, 1453, 1248, 1080, 1024, 842; 1H NMR (600 MHz, CD3OD) δ 8.15

(s, 1H, =CH(triazole)), 7.86 (d, J = 8.97 Hz, 2H, ArH), 7.77 (d, J = 8.37 Hz, 2H, ArH), 7.32 (d,
J = 8.38 Hz, 2H, ArH), 7.06 (d, J = 9.03 Hz, 2H, ArH), 5.95 (d, J = 1.14 Hz, 1H, H-1), 4.64 (s,
2H, CH2), 4.21–4.19 (m, 2H), 4.09–4.08 (m, 1H), 3.87–3.86 (m, 2H), 3.71–3.63 (m, 10H),
3.55–3.47 (m, 2H), 2.69 (t, J = 7.58 Hz, 2H, CH2), 1.67–1.62 (m, 2H, CH2), 1.41–1.36 (m, 5H,
CH3, CH2), 0.96 (t, J = 7.37 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5 (ArC),
150.8 (ArC), 146.7 (ArC), 146.2 (ArC), 143.9 (C=CH(triazole)), 129.7 (2×ArC), 124.9
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(2×ArC), 123.9 (C=CH(triazole)), 122.8 (2×ArC), 115.5 (2×ArC), 86.3 (C-1), 75.4, 73.4, 71.7,
71.1, 70.4, 70.3, 70.2, 69.5, 69.3, 68.1, 63.9, 35.1 (CH2), 33.4 (CH2), 22.2 (CH2), 18.3 (CH3),
14.2 (CH3); LCMS: m/z 613.8 [M + H]+, ESI- HRMS calculated for C31H43N5NaO8 636.3009
[M + Na]+, found 636.3004 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl α-D-mannopyranosyl1,2,3-triazole 3.6

Compound 3.6 was prepared from 2.34 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 51%). Mp = 164.6°C; [α]D20 70.3 (c, 0.72 in CH3OH); FT-IR: νmax/cm1

3297, 2928, 2873, 1598, 1442, 1248, 1088, 1032, 838; 1H NMR (600 MHz, CD3OD) δ 8.14

(s, 1H, =CH(triazole)), 7.86 (d, J = 9.05 Hz, 2H, ArH), 7.77 (d, J = 8.34 Hz, 2H, ArH), 7.32 (d,
J = 8.41 Hz, 2H, ArH), 7.07 (d, J = 9.05 Hz, 2H, ArH), 6.01 (d, J = 2.64 Hz, 1H, H-1), 4.69–
4.64 (m, 3H), 4.21–4.19 (m, 2H), 4.07–4.05 (m, 1H), 3.87–3.86 (m, 2H), 3.82–3.65 (m, 12H),
2.68 (t, J = 7.68 Hz, 2H, CH2), 1.66–1.63 (m, 2H, CH2), 1.41–1.37 (m, 2H, CH2), 0.96 (t, J =
7.39 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5 (ArC), 150.8 (ArC), 146.7 (ArC),
146.2 (ArC), 144.4 (C=CH(triazole)), 129.7 (2×ArC), 124.9 (2×ArC), 124.1 (C=CH(triazole)),
122.8 (2×ArC), 115.5 (2×ArC), 86.3 (C-1), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.3, 68.7, 68.1,
68.0, 63.9, 61.3, 35.1 (CH2), 33.4 (CH2), 22.2 (CH2), 14.2 (CH3). LCMS: m/z 629.8 [M + H]+,
ESI- HRMS calculated for C31H43N5NaO9 652.2959 [M + Na]+, found 652.2951 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl 2-acetamido-2-deoxy-β-Dglucopyranosyl-1,2,3-triazole 3.7
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Compound 3.7 was prepared from 3.15 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 38%). Mp = 173.2°C; [α]D20 -6.1 (c, 2.68 in CH3OH); FT-IR: νmax/cm1

3350, 2947, 2824, 1628, 1606, 1457, 1378, 1099, 1021, 823; 1H NMR (600 MHz, CD3OD) δ

8.16 (s, 1H, =CH(triazole)), 7.87 (d, J = 8.99 Hz, 2H, ArH), 7.77 (d, J = 8.37 Hz, 2H, ArH),
7.33 (d, J = 8.43 Hz, 2H, ArH), 7.08 (d, J = 9.04 Hz, 2H, ArH), 5.79 (d, J = 9.74 Hz, 1H, H-1),
4.63–4.60 (m, 2H), 4.23–4.19 (m, 3H), 3.90–3.87 (m, 3H), 3.76–3.53 (m, 13H), 2.69 (t, J =
7.79 Hz, 2H, CH2), 1.77 (s, 3H, COCH3), 1.68–1.63 (m, 2H, CH2), 1.43–1.37 (m, 2H, CH2),
0.96 (t, J = 7.44 Hz, 3H, CH3);
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C NMR (100 MHz, d6-DMSO) δ 169.6 (O=CCH3), 161.5

(ArC), 150.8 (ArC), 146.7 (ArC), 146.2 (ArC), 144.2 (C=CH(triazole)), 129.7 (2×ArC), 124.9
(2×ArC), 123.0 (C=CH(triazole)), 122.8 (2×ArC), 115.5 (2×ArC), 86.5 (C-1),80.6 (CH), 74.4
(CH), 70.4, 70.3, 70.2, 69.3, 68.1, 63.8, 61.2, 55.0, 35.1 (CH2), 33.4 (CH2), 23.2 (CH3), 22.2
(CH2), 14.2 (CH3); LC-MS: m/z 692.7 [M + Na]+, ESI- HRMS calculated for C33H46N6NaO9
693.3224 [M + Na]+, found 693.3218 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl α -L-arabinopyranosyl1,2,3-triazole 3.8

Compound 3.8 was prepared from 3.17 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 42%). Mp = 86.2°C; [α]D20 -15.8 (c, 3.36 in CH3OH); FT-IR: νmax/cm1

3372, 2932, 1598, 1449, 1378, 1252, 1088, 1024, 879, 823; 1H NMR (400 MHz, d6-DMSO)

δ 8.22 (s, 1H, =CH(triazole)), 7.87 (d, J = 8.97 Hz, 2H, ArH), 7.77 (d, J = 8.24 Hz, 2H, ArH),
7.37 (d, J = 8.39 Hz, 2H, ArH), 7.13 (d, J = 8.97 Hz, 2H, ArH), 5.43 (d, J = 9.16 Hz, 1H, H-1),
5.29 (d, J = 5.87 Hz, 1H, OH), 5.04 (d, J = 4.17 Hz, 1H, OH), 4.81 (d, J = 4.05 Hz, 1H, OH),
4.56 (s, 2H, CH2), 4.21–4.19 (m, 2H, CH2), 4.09–4.03 (m, 1H, CH), 3.85–3.75 (m, 5H), 3.62–
3.54 (m, 9H), 2.65 (t, J = 7.55 Hz, 2H, CH2), 1.62–1.55 (m, 2H, CH2), 1.37–1.28 (m, 2H, CH2),
0.90 (t, J = 7.30 Hz, 3H, CH3); 13C NMR (400 MHz, d6-DMSO) δ 161.5 (ArC), 150.7 (ArC),
146.7 (ArC), 146.2 (ArC), 144.4 (C=CH(triazole)), 129.7 (2×ArC), 124.9 (2×ArC), 123.2
136

(C=CH(triazole)), 122.8 (2×ArC), 115.5 (2×ArC), 88.8 (C-1), 73.7, 70.4, 70.2, 69.8, 69.5, 69.3,
68.9, 68.1, 63.9, 35.1 (CH2), 33.4 (CH2), 22.2 (CH2), 14.2 (CH3); LC-MS: m/z 599.8 [M + H]+,
ESI-HRMS calculated for C30H41N5NaO8 622.2852 [M + Na]+, found 622.2916 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxy)ethoxy]ethoxy]ethoxy]ethyl β-D-galactopyranosyl1,2,3-triazole 3.9

Compound 3.9 was prepared from 2.33 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 58%). Mp = 59.6°C; [α]D20 -7.1 (c, 0.08 in CH3OH); 1H NMR (400
MHz, CD3OD) δ 8.2 (s, 1H), 7.87 (d, J = 9.1 Hz, 2H, 2×ArH), 7.78 (d, J = 8.4 Hz, 2H, 2×ArH),
7.33 (d, J = 8.6 Hz, 2H, 2×ArH), 7.08 (d, J = 9.1 Hz, 2H), 5.55 (d, J = 9.2 Hz, 1H), 4.66 (s,
2H), 4.23–4.21 (m, 2H), 4.15 (t, J = 9.3 Hz, 1H), 3.98 (dd, J = 3.3 Hz, J = 0.8 Hz, 1H), 3.89–
3.86 (m, 2H), 3.84–3.81 (1H, m), 3.76–3.65 (m, 11H), 2.70 (t, J = 7.7 Hz, 2H), 1.69–1.62 (m,
2H), 1.45–1.37 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CD3OD) δ 162.7, 152.2,
148.2, 147.2, 146.0, 130.1, 125.6, 124.0, 123.5, 115.9, 90.2, 79.9, 75.2, 71.7, 71.5, 71.4, 70.7,
70.6, 70.3, 68.9, 64.9, 62.4, 36.4, 34.7, 23.3, 14.3. LC-MS: m/z 630.1 [M + H]+ 652 [M + Na]+.
ESI- HRMS calculated for C31H44N5O9 630.3139 [M + H]+, found 630.3133 [M + H]+.

2-[2-[2-(4-n-butylazophenyl phenoxyl)ethoxy]ethoxy]ethyl 4-O-β-D-ribofuranosyl-1,2,3triazole 3.10

Compound 3.10 was prepared from 3.19 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 60%). Mp = 182.8°C; [α]D20 5.2 (c, 0.18 in CH3OH); FT-IR: νmax/cm1

3341, 2924, 1596, 1407, 1248, 1096, 1046, 842; 1H NMR (400 MHz, d6-DMSO) δ 8.30 (s,
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1H, =CH(triazole)), 7.90 (d, J = 9.11 Hz, 2H, ArH), 7.81 (d, J = 8.20 Hz, 2H, ArH), 7.42 (d, J
= 8.44 Hz, 2H, ArH), 7.17 (d, J = 9.04 Hz, 2H, ArH), 5.68 (d, J = 8.86 Hz, 1H, H-1), 5.19–5.17
(m, 1H), 4.94 (s, 1H), 4.59 (s, 2H, CH2), 4.26–4.23 (m, 2H), 4.07–4.02 (m, 2H), 3.84–3.58 (m,
13H), 2.70 (t, J = 7.48 Hz, 2H, CH2), 1.66–1.60 (m, 2H, CH2), 1.39–1.34 (m, 2H, CH2), 0.95
(t, J = 7.34 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5, 150.7, 146.7, 146.2, 144.3,
129.7, 124.8, 123.6, 122.7, 115.5, 85.3, 71.5, 70.4, 70.3, 70.2, 69.7, 69.3, 68.1, 66.9, 65.6, 63.9,
35.1, 33.4, 22.2, 14.2; LC-MS: m/z 600.3 [M + H]+, HRMS (ESI-ToF) calculated for
C30H41N5O8 599.2955 [M + H]+, found 622.2847 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxyl)ethoxy]ethoxy]ethyl 4-O-α-L-fucopyranosyl-1,2,3triazole 3.11

Compound 3.11 was prepared from 3.18 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 57%). Mp = 195.8 °C; [α]D20 12.9 (c, 0.12 in CH3OH); FT-IR:
νmax/cm-1 3266, 2925, 1595, 1438, 1248, 1088, 842; 1H NMR (400 MHz, d6-DMSO) δ 8.12 (s,
1H, =CH(triazole)), 7.79 (d, J = 8.98 Hz, 2H, ArH), 7.69 (d, J = 8.31 Hz, 2H, ArH), 7.31 (d, J
= 8.53 Hz, 2H, ArH), 7.06 (d, J = 8.99 Hz, 2H, ArH), 5.38 (d, J = 9.12 Hz, 1H, H-1), 4.48 (s,
2H, CH2), 4.14–4.12 (m, 2H), 3.95–3.91 (m, 1H, OH), 3.83–3.79 (m, 1H, OH), 3.73–3.70 (m,
2H), 3.55–3.45 (m, 11H), 2.59 (t, J = 7.49 Hz, 2H, CH2), 1.56–1.49 (m, 2H, CH2), 1.29–1.23
(m, 2H, CH2), 1.07 (d, J = 6.40 Hz, 3H, CH3), 0.84 (t, J = 7.27 Hz, 3H, CH3); 13C NMR (100
MHz, d6-DMSO) δ 161.5, 150.7, 146.7, 146.2, 144.4, 129.7, 124.8, 123.1, 122.7, 115.5, 88.5,
74.3, 73.7, 71.6, 70.4, 70.3, 70.2, 69.5, 69.3, 68.1, 63.9, 35.1, 33.4, 22.2, 16.9, 14.2; LC-MS:
m/z 600.3 [M + H]+, ESI-HRMS calculated for C31H43N5O8 613.3112 [M + H]+, found 636.3009
[M + Na]+.
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2-[2-[2-(4-n-butylazophenyl phenoxyl)ethoxy]ethoxy]ethyl 4-O-β-D-galactopyranosyl-β-Dglucopyranosyl-1,2,3-triazole 3.12

Compound 3.12 was prepared from 3.20 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 55%). Mp = 147.7 °C; [α]D20 15 (c, 0.08 in CH3OH); FT-IR: νmax/cm1

3272,2932, 1598, 1432, 1249, 1051, 864; 1H NMR (400 MHz, d6-DMSO) δ 8.22 (s, 1H,

=CH(triazole)), 7.79 (d, J = 9.15 Hz, 2H, ArH), 7.69 (d, J = 8.44 Hz, 2H, ArH), 7.31 (d, J =
8.41 Hz, 2H, ArH), 7.06 (d, J = 9.06 Hz, 2H, ArH), 5.58–5.47 (m, 2H, 2×CH), 5.05 (s, 1H),
4.83–4.82 (m, 1H), 4.73 (s, 1H), 4.60–4.58 (m, 2H), 4.48–4.46 (m, 3H), 4.19 (d, J = 7.30 Hz,
1H), 4.15–4.12 (m, 2H), 3.82–3.76 (m, 1H), 3.73–3.70 (m, 2H), 3.62–3.39 (m, 16H), 3.30–3.27
(m, 3H), 2.59 (t, J = 7.53 Hz, 2H, CH2), 1.57–1.54 (m, 2H, CH2), 1.31–1.21 (m, 2H, CH2), 0.84
(t, J = 7.34 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5, 150.8, 146.7, 146.2, 144.4,
129.7, 124.9, 123.6, 122.7, 15.5, 104.3, 87.5, 80.3, 78.2, 76.1, 75.6, 73.7, 72.3, 71.0, 70.4, 70.3,
70.2, 69.6, 69.3, 68.1, 63.9, 60.9, 35.1, 33.4, 22.2, 14.2; LC-MS: m/z 792.3 [M + H]+, ESIHRMS calculated for C37H53N5O14 791.3589 [M + H]+, found 814.3492 [M + Na]+.

2-[2-[2-(4-n-butylazophenyl phenoxyl)ethoxy]ethoxy]ethyl 4-O-β-D-glucopyranosyl-β-Dglucopyranosyl-1,2,3-triazole 3.13

Compound 3.13 was prepared from 2.35 and 3.30 according to general procedure 2 and isolated
as an orange solid (Yield: 60%). Mp = 127.7°C; [α]D20 35.0 (c, 0.08 in CH3OH); FT-IR: νmax/cm1

3340, 2871, 1597, 1497, 1351, 1249, 1029, 841; 1H NMR (400 MHz, d6-DMSO) δ 8.22 (s,

1H, =CH(triazole)), 7.79 (d, J = 9.02 Hz, 2H, ArH), 7.69 (d, J = 8.34 Hz, 2H, ArH), 7.31 (d, J
= 8.39 Hz, 2H, ArH), 7.06 (d, J = 9.00 Hz, 2H, ArH), 5.57–5.49 (m, 2H, 2×CH), 5.20 (s, 1H),
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4.97–4.84 (m, 2H), 4.62–4.56 (m, 1H), 4.48 (s, 2H, CH2), 4.25 (d, J = 7.83 Hz, 1H), 4.15–4.12
(m, 2H), 3.81–3.76 (m, 1H), 3.73–3.65 (m, 4H), 3.59–3.27 (m, 15H), 3.18–3.10 (m, 2H), 3.04–
2.95 (m, 2H), 2.59 (t, J = 7.58 Hz, 2H, CH2), 1.57–1.51 (m, 2H, CH2), 1.31–1.21 (m, 2H, CH2),
0.84 (t, J = 7.33 Hz, 3H, CH3); 13C NMR (100 MHz, d6-DMSO) δ 161.5, 150.8, 146.7, 146.2,
144.4, 129.7, 124.9, 123.6, 122.8, 115.5, 103.6, 87.5, 80.0, 78.3, 77.3, 76.9, 75.7, 73.8, 70.4,
70.3, 70.2, 69.6, 69.3, 68.1, 63.9; LC-MS: m/z 792.2 [M + H]+, ESI-HRMS calculated for
C37H53N5O14 791.3589 [M + H]+, found 792.3659 [M + H]+, 814.3477 [M + Na]+.

3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-β-D-glucopyranosyl azide 3.1547

Compound 3.15 was prepared from 3.21 according to general procedure 1 and isolated as white
solid (Yield: 67%). Mp = 174.2°C; [α]D20 -36.3 (c, 0.01 in CH3OH); FT-IR: νmax/cm-1 2106,
1743, 1661, 1521, 1369, 1223, 1031, 896; 1H NMR (400 MHz, CDCl3) δ 5.71 (d, J = 8.87 Hz,
1H, CH), 5.22–5.17 (m, 1H, CH), 5.03 (t, J = 9.87 Hz, 1H, CH), 4.71 (d, J = 9.20 Hz, 1H, CH),
4.23–4.09 (m, 2H, CH2), 3.89–3.72 (m, 2H, 2×CH), 2.04 (s, 3H, OAc), 1.98, 1.96 (s, 6H,
2×OAc), 1.91 (s, 3H, OAc); 13C NMR (100 MHz, CDCl3) δ 170.9, 170.7, 170.4, 169.3, 88.4,
73.9, 72.2, 68.1, 61.9, 54.2, 23.2, 20.7, 20.6, 20.5; LCMS: m/z 373.1 [M + H]+, the obtained
melting point, optical rotation, FTIT, 1H NMR, 13C NMR and LCMS data are in agreement with
the reference 47.

2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl azide 3.1675

Compound 3.16 was prepared from 3.25 according to general procedure 1 and isolated as white
solid (Yield: 62%). Mp = 82.6°C; [α]D20 98.3 (c, 0.01 in CH3OH); FT-IR: νmax/ cm-1 2986, 2119,
1741, 1368, 1206, 1047, 887, 678; 1H NMR (400 MHz, CDCl3) δ 5.37–5.36 (m, 1H), 5.03–
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4.92 (m, 2H), 4.64 (s, 1H), 3.59–3.55 (m, 1H), 2.14 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.92 (s,
3H, OAc), 1.25 (d, J = 6.12Hz, CH3); 13C NMR (100 MHz, CDCl3) δ 170.0, 169.9, 169.7, 84.9,
70.9, 69.9, 69.6, 20.7, 20.5, 17.3; LCMS: m/z 314.0 [M + H]+, the obtained melting point,
optical rotation, FTIT, 1H NMR, 13C NMR and LCMS data are in agreement with the reference
75.

2,3,4-tri-O-acetyl-β-L-arabinopyranosyl azide 3.1776

Compound 3.17 was prepared from 3.26 according to general procedure 1 and was isolated as
white solid (Yield: 60%). Mp = 87.7°C; [α]D20 -15.7 (c, 0.02 in CH3OH); FT-IR: νmax/cm-1 2115,
1743, 1372, 1213, 1016, 744; 1H NMR (400 MHz, CDCl3) δ 5.24–5.22 (m, 1H, CH), 5.11–5.07
(m, 1H, CH), 5.00–4.97 (m, 1H, CH), 4.52 (d, J = 7.99 Hz, 1H, CH), 4.06–3.66 (m, 2H, CH2),
2.09 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.96 (s, 3H, OAc); 13C NMR (100 MHz, CDCl3) δ 170.2,
169.9, 169.4, 88.5, 70.1, 68.4, 67.5, 65.6, 20.9, 20.7, 20.6; LCMS: m/z 324.0 [M + Na]+, the
obtained melting point, optical rotation, FTIT, 1H NMR,

13

C NMR and LCMS data are in

agreement with the reference 76.

2,3,4-tri-O-acetyl-α-L-fucopyranosyl azide 3.1875

Compound 3.18 was prepared from 3.27 according to general procedure 1 and isolated as white
solid (Yield: 64%). Mp = 127.7°C; [α]D20 31.1 (c, 0.02 in CH3OH); FT-IR: νmax/cm-1 2102, 1744,
1364, 1213, 1057, 947, 794, 675; 1H NMR (400 MHz, CDCl3) δ 5.24–5.23 (m, 1H), 5.13–5.09
(m, 1H), 5.03–4.99 (m, 1H), 4.56 (d, J = 8.62 Hz, 1H), 3.91–3.86 (m, 1H), 2.16 (s, 3H), 2.06
(s, 3H), 1.96 (s, 3H), 1.22 (d, J = 6.39 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.5, 170.0,
169.4, 88.2, 71.5, 71.2, 69.9, 68.2, 20.7, 20.6, 20.5, 15.9. LCMS: m/z 338.0 [M + Na]+, the
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obtained melting point, optical rotation, FTIT, 1H NMR,

13

C NMR and LCMS data are in

agreement with the reference 75.

2,3,5-tri-O-acetyl-β-D-ribofuranosyl azide 3.1977

Azidomethylsilane (2.3 mL, 17.3 mmol, 2.0 equiv.) was added to a solution of ribose acetate
3.28 (2.8 g, 8.6 mmol, 1.0 equiv.) in anhydrous DCM (20.0 mL) under N2, followed by the
addition of tin (IV) chloride (7.8 mL, 43.2 mmol, 5.0 equiv.). After stirring at ambient
temperature for 12 h, the mixture was washed with aq. NaHCO3, extracted with DCM, dried
over Na2SO4, concentrated under reduced pressure and purified by flash chromotagraphy
(hexane: EtOAc 7:3) to afford the product as pale yellow liquid (2.5 g, yield 96%). [α]D20 -48.7
(c, 0.02 in CH3OH); FT-IR: νmax/cm-1 2114, 1741, 1369, 1209, 1041, 628; 1H NMR (400 MHz,
CDCl3) δ 5.27 (t, J = 3.11 Hz, 1H), 4.90–4.88 (m, 2H), 4.67–4.65 (m, 1H), 3.88–3.63 (m, 2H,
CH2); 13C NMR (100 MHz, CDCl3) δ 169.6, 169.3, 86.7, 68.3, 66.6, 66.0, 62.8, 20.6; LCMS:
m/z 324.1 [M + Na]+, the obtained melting point, optical rotation, FTIT, 1H NMR, 13C NMR
and LCMS data are in agreement with the reference 77.

hepta-O-acetyl β-D-lactose azide 3.2078

Trimethylsilyl azide (0.2 mL, 2.9 mmol, 2.0 equiv.) was added under N2 to a solution of Dlactose heptaacetate 3.29 (0.5 g, 1.5 mmol, 1.0 equiv.) in dry DCM (50.0 mL), followed by tin
(IV) chloride (0.1 mL, 0.9 mmol, 0.6 equiv.). The mixture was stirred at ambient temperature
for 12 hours, then the solvent was removed under reduced pressure and the crude product was
purified by chromatography to afford the final product as a white solid (0.4 g, yield 70%). Mp
= 76.8°C; [α]D20 -10.5 (c, 0.01 in CH3OH); FT-IR: νmax/cm-1 2121, 1742, 1369, 1208, 1036, 900;
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1

H NMR (400 MHz, CDCl3) δ 5.35–5.29 (m, 1H), 5.20 (t, J = 9.23 Hz, 1H), 5.13–5.08 (m, 1H),

4.97–4.94 (m, 1H), 4.86 (t, J = 9.02 Hz, 1H), 4.62 (d, J = 8.76 Hz, 1H), 4.52–4.47 (m, 2H),
4.15–4.05 (m, 3H), 3.89–3.79 (m, 2H), 3.72–3.68 (m, 1H), 2.15 (s, 3H, OAc), 2.14 (s, 3H, OAc),
2.07–2.04 (m, 12H, 4×OAc), 1.96 (s, 3H, OAc); 13C NMR (100 MHz, CDCl3) δ 170.3, 170.1,
170.0, 169.6, 169.5, 169.1, 101.1, 87.7, 75.7, 74.8, 72.5, 70.9, 70.7, 69.1, 66.6, 61.7, 60.8, 20.7,
20.6, 20.5; LCMS: m/z 684.0 [M + Na]+, the obtained melting point, optical rotation, FTIT, 1H
NMR, 13C NMR and LCMS data are in agreement with the reference 78.

1,2,3,4,-tetra-O-acetyl-α-L-rhamnopyranose 3.2279

L-rhamnose (5.0 g, 30.5 mmol, 1.0 equiv.), acetic anhydride (46.1 mL, 487.4 mmol, 16.0 equiv.)
and 4-dimethylaminopyridine (0.1 g, 0.9 mmol, 0.03 equiv.) were dissolved in 100.0 mL
pyridine. The mixture was stirred at ambient temperature for 8 h and was concentrated under
reduced pressure. The crude product was dissolved in EtOAc (100.0 mL), washed with 1N HCl
solution (200.0 mL), dried with Na2SO4 and concentrated, which was used directly for the next
step (10.0 g, yield 98%). [α]D20 18.0 (c, 0.26 in CH3OH); FT-IR: νmax/cm-1 1742, 1369, 1207,
966, 734; 1H NMR (400 MHz, CDCl3) δ 5.99 (d, J = 1.88 Hz, 1H, CH), 5.28–5.27 (m, 1H, CH),
5.24–5.22 (m, 1H, CH), 5.10 (t, J = 9.89 Hz, 1H, CH), 3.95–3.90 (m, 1H, CH), 2.15, 2.14, 2.04,
1.97 (s, 4×OAc), 1.22 (d, J = 6.19 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 170.0, 169.8,
168.3, 90.6, 70.4, 68.7, 68.6, 21.4, 20.8, 20.7, 20.6, 17.4; LCMS: m/z 331.1 [M + H]+, the
obtained melting point, optical rotation, FTIT, 1H NMR,

13

C NMR and LCMS data are in

agreement with the reference 79.

1,2,3,4-tetra-O-acetyl-L-arabinopyranoside 3.2380
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L-arabinose (5.0 g, 33.3 mmol, 1.0 equiv.), acetic anhydride (50.4 mL, 532.8 mmol, 16.0 equiv.)
and DMAP (0.1 g, 1.0 mmol, 0.03 equiv.) were added to 100 mL pyridine at 0°C, and
maintained at ambient temperature overnight. The mixture was concentrated, re-dissolved in
toluene, washed with 1N HCl, water, brine and concentrated to afford the product as white solid
(10.0 g, yield 94%). Mp = 69.3°C; [α]D20 71.8 (c, 0.04 in CH3OH); FT-IR: νmax/cm-1 3395, 1736,
1372, 1209, 1064, 941, 754; 1H NMR (400 MHz, CDCl3) δ 6.35 (d, J = 2.92 Hz, 1H, CH),
5.39–5.32 (m, 3H, 3×CH), 4.09–3.81 (m, 2H, CH2), 2.16 (s, 6H, 2×OAc), 2.03 (s, 6H, 2×OAc);
13

C NMR (100 MHz, CDCl3) δ 170.3, 170.1, 169.9, 169.1, 90.2, 68.5, 67.0, 66.7, 62.7, 20.8,

20.7, 20.5; LCMS: m/z 332.1 [M + H]+, the obtained melting point, optical rotation, FTIT, 1H
NMR, 13C NMR and LCMS data are in agreement with the reference 80.

2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl bromide 3.2579

In the dark, acetate 3.22 (2.0 g, 6.0 mmol, 1.0 equiv.) was added to DCM (50.0 mL, 0.1 M) into
a vacuum dried flask. The flask was maintained in an ambient temperature water bath, and to
the mixture was added HBr (33% in acetic acid, 7.6 mL, 42.1 mmol, 7.0 equiv.). After stirring
for 2 h, the reaction mixture was poured portion wise into a cold aqueous saturated NaHCO3
solution (150.0 mL), extracted with DCM, dried with Na2SO4 and concentrated under reduced
pressure to afford the product as white solid (2.1 g, yield 99%). Mp = 64.4°C; [α]D20 -59.1 (c,
0.56 in CH3OH); FT-IR: νmax/cm-1 1743, 1371, 1202, 1035, 914, 682; 1H NMR (400 MHz,
CDCl3) δ 6.24 (s, 1H, CH), 5.62–5.58 (m, 1H, CH), 5.39–5.38 (m, 1H, CH), 5.10 (t, J = 9.86
Hz, 1H, CH), 4.07–4.04 (m, 1H, CH), 2.09 (s, 3H, OAc), 2.01 (s, 3H, OAc), 1.94 (s, 3H, OAc),
1.23 (d, J = 6.27 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 169.9, 169.7, 169.6, 169.5, 83.9,
72.3, 71.1, 70.1, 67.9, 20.6, 20.5, 16.9, the obtained melting point, optical rotation, FTIT, 1H
NMR and 13C NMR data are in agreement with the reference 79.
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2,3,4-tri-O-acetyl-β-L-arabinopyranosyl bromide 3.2680

Tetraacetyl arabinose 3.23 (2.0 g, 6.3 mmol) was dissolved at ambient temperature in 20.0 mL
HBr (33% in AcOH). Acetic anhydride (3.0 mL) was added and the reaction was stirred at
ambient temperature overnight. The reaction mixture was poured onto ice, extracted with DCM,
washed with a.q. NaHCO3, dried over Na2SO4, concentrated under reduced pressure and
recrystallized from Et2O/hexane to afford the product as white solid (1.5 g, yield 70%). Mp =
121.4°C; [α]D20 54.2 (c, 0.02 in CH3OH); FT-IR: νmax/cm-1 1732, 1368, 1208, 1065, 928, 685;
1

H NMR (400 MHz, CDCl3) δ 6.63 (1H, d, J = 3.82 Hz, CH), 5.35–5.31 (2H, m, 2×CH), 5.04–

4.99 (1H, m, CH), 4.16–3.85 (2H, m, CH2), 2.09 (3H, s, OAc), 2.04 (3H, s, OAc), 1.96 (3H, s,
OAc);

13

C NMR (100 MHz, CDCl3) δ 170.0, 169.8, 89.7, 67.9, 67.8, 67.6, 64.7, 20.8, the

obtained melting point, optical rotation, FTIT, 1H NMR and 13C NMR data are in agreement
with the reference 80.

2,3,4-tri-O-acetyl-α-L-fucopyranosyl bromide 3.2781

To a stirred solution of tetra-O-acetyl-α-L-fucopyranose 3.24 (1.4 g, 7.1 mmol) dissolved in
10.0 mL glacial acetic acid, 15.0 mL of HBr (33% wt. in acetic acid) was added at 22°C. Stirring
was continued for 20 min and then the mixture was dissolved in 100.0 mL DCM, washed with
ice water and aq. NaHCO3, dried over Na2SO4 and concentrated at 25°C to afford the product
as pale yellow syrup (1.3 g, yield 93%). [α]D20 -36.2 (c, 0.004 in CH3OH); FT-IR: νmax/ cm-1
1743, 1369, 1211, 1074, 912; 1H NMR (400 MHz, CDCl3) δ 6.63 (d, J = 3.92 Hz, 1H, CH),
5.36–5.23 (m, 2H, 2×CH), 4.98–4.94 (m, 1H, CH), 4.37–4.31 (m, 1H, CH), 2.10 (s, 3H, OAc),
2.03 (s, 3H, OAc), 1.94 (s, 3H, OAc), 1.15 (d, J = 6.65 Hz, 3H, CH3); 13C NMR (100 MHz,
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CDCl3) δ 176.7, 170.3, 170.2, 169.8, 89.3, 70.1, 70.0, 69.8, 68.4, 67.9, 20.8, 20.7, 20.6, 20.5,
15.5, the obtained optical rotation, FTIT, 1H NMR and 13C NMR data are in agreement with the
reference 81.

1,2,3,5-tetra-O-acetyl-β-D-ribofuranose 3.2882

D-ribofuranose (5.0 g, 33.3 mmol, 1.0 equiv.) was dissolved in 66.8 mL anhydrous pyridine,
the solution was cooled to 0°C in an ice bath, stirred vigorously, and then acetic anhydride (15.5
mL, 163.2 mmol, 4.9 equiv.) was added dropwise. The mixture was allowed to warm to ambient
temperature and keep stirring for 24 h. The crude mixture was concentrated under reduced
pressure, washed with water, extracted with EtOAc, dried over Na2SO4 and concentrated to
afford the final product as pale yellow oil (9.5 g, yield 90%). [α]D20 -21.6 (c, 0.05 in CH3OH);
FT-IR: νmax/cm-1 1736, 1367, 1208, 971, 735; 1H NMR (400 MHz, CDCl3) δ 6.00–5.96 (m, 1H,
CH), 5.43–5.27 (m, 1H, CH), 5.09–5.08 (m, 1H, CH), 4.98–4.96 (m, 1H, CH), 4.30–3.82 (m,
2H, CH2), 2.08–1.97 (m, 12H, 4×OAc); 13C NMR (100 MHz, CDCl3) δ 169.9, 169.8, 169.5,
168.8, 98.2, 90.9, 88.6, 79.3, 74.1, 70.5, 67.3, 66.2, 63.7, 62.7, 20.9, 20.8, 20.7, 20.6; LCMS:
m/z 341.0 [M + Na]+, the obtained optical rotation, FTIT, 1H NMR, 13C NMR and LCMS data
are in agreement with the reference 82.

(E)-1-(4-butylphenyl)-2-(4-(2-(2-(2-prop-2-yn-1-yloxy)ethoxy)ethoxy)ethoxy) phenyl diazene
3.30

To a stirred solution of compound 2.25 (0.5 g, 1.3 mmol) in dry DMF (5.0 mL) under nitrogen
was added portion-wise a 60% mineral oil dispersion of sodium hydride (80.0 mg, 1.9 mmol,
1.5 equiv). The thick suspension was stirred vigorously for 1 h. An 80% vol. solution of
146

propargyl bromide in toluene (0.4 mL, 2.5 mmol, 2.0 equiv.) was added drop-wise and the
resulting solution was then stirred at room temperature for 16 hours. The reaction was carefully
quenched by the drop-wise addition of ethanol. The solution was extracted into diethyl ether
(20.0 mL) and washed with water (10.0 mL). The aqueous layer was then back-extracted with
diethyl ether (20.0 mL) and the organic fractions combined. The combined organic layer was
washed with brine, dried over Na2SO4 and evaporated to a deep red oil, which was purified by
flash silica chromatography (ethyl acetate/petroleum ether 40–60, 1:4 v/v) to give the product
as a pale brown solid (0.4 g, 76% yield). Mp = 46.2°C; 1H NMR (400 MHz, CDCl3) δ 7.8 (d, J
= 8.0 Hz, 2H), 7.7 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.95 (d, J = 9.2 Hz, 2H), 4.16–
4.13 (m, 2H), 3.84–3.82 (m, 2H), 3.71–3.62 (m, 4H), 2.61 (t, J = 7.6 Hz, 1H), 2.35 (t, J = 2.4
Hz, 1H), 1.61–1.53 (m, 1H), 1.36–1.26 (m, 1H), 0.9 (t, J = 7.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3) 161.1, 151.0, 147.2, 145.8, 70.93, 70.72, 70.52, 69.69, 67.76, 58.46, 35.59, 33.51, 22.40,
14.01. LC-MS: m/z 425.3 [M + H]+, 444.1 [M + Na]+, ESI-HRMS calculated for C25H33N2O4
425.2440 [M + H]+, found 425.2438 [M + H]+.
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Preface to Chapter 4
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B: Biointerfaces.
In this chapter, we describe the synthesis, physical characterization and lectin binding activity
of a library of 12 photoswitchable Janus glycodendrimers. Amphiphilic ‘Janus’
glycodendrimers were designed to incorporate a range of hydrophilic carbohydrate head groups
as recognition motifs for lectin binding and hydrophobic alkyl chain groups appended to a
photoswitchable azobenzene core. These novel glycodendrimers were shown to undergo
supramolecular self-assembly into cylindrical micelles in water and were shown to possess low
polydispersity indices, as determined by small angle neutron scattering (SANS) and dynamic
light scattering (DLS). Aggregates were also shown to be moderate-to-potent, multivalent
inhibitors of soluble lectins LecA and LecB from Pseudomonas aeruginosa.
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Abstract The first example of the self-assembly and lectin binding properties of
photoswitchable glycodendrimer micelles is reported. Light-addressable micelles were
assembled from a library of 12 amphiphilic Janus glycodendrimers composed of variable
carbohydrate head groups and hydrophobic tail groups linked to an azobenzene core.
Spontaneous association in water gave cylindrical micelles with uniform size distribution as
determined by dynamic light scattering (DLS) and small angle neutron scattering (SANS).
Trans-cis photoisomerization of the azobenzene dendrimer core was used to probe the selfassembly behaviour and lectin binding properties of cylindrical micelles, revealing moderateto-potent inhibition of lectins LecA and LecB from Pseudomonas aeruginosa.

Keywords: Janus glycodendrimer, lectin inhibitors, photoswitchable amphiphiles.
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1. Introduction
Non-covalent carbohydrate-protein binding interactions mediate myriad biological processes,
yet the binding affinity of individual interactions are often very weak in highly competitive
aqueous environments (disassociation constants ranging from 10-3 to 10-4 M).1 Nature
overcomes this intrinsic limitation through the simultaneous binding of clustered, multivalent
glycans expressed on cellular surfaces to their cognate receptors, or lectins. The so-called
‘multivalent’ or ‘glycoside cluster’ effect results in several-fold enhancement in binding avidity,
with energies that are greater than the sum of individual interactions.2 The development of
multivalent mimics of natural glycans has been actively pursued as inhibitors of carbohydrateprotein binding events, which function as structural probes for understanding cellular signalling
and physiology or as therapeutic agents with potential anti-microbial, anti-inflammatory and
anti-tumour properties.3 Conventional approaches toward this goal involve the elaboration of
multivalent scaffolds with carbohydrate epitopes to yield nanoscale structures including
glycodendrimers,4

glycopeptides,5

glycopolymers,6

glycodynamers,7

fullerenes8

and

calixerenes, etc.9 In some cases, potent binding affinity and selectivity has been achieved
through careful ligand design resulting in favourable ligand preorganization, however such
molecular systems offer limited modes of spatial presentation due to the underlying rigid
scaffold and suffer drawbacks associated with complex multistep synthesis and purification.10
An alternative and promising approach towards multivalent glycan presentation involves the
spontaneous association of glycoamphiphiles in water to provide self-assembled, soft materials
including liposomes and micelles.10–12 Recently, Percec and co-workers have demonstrated the
self-assembly of glycodendrimer vesicles and micelles as biomimetic platforms for multivalent
carbohydrate presentation.11 Such materials offer several advantages over rigid molecular
assemblies, including ease of molecular synthesis of the monomer and the ability to program
ligand density and valency of the self-assembled structure through appropriate molecular
design. With this in mind, we were interested in exploring the application of light-addressable
self-assembled multivalent systems as inhibitors lectin-carbohydrate binding interactions. We
postulated that the incorporation photoswitchable units within a micelle core or vesicle bilayer
would enable spatiotemporal control over aggregate morphology and hence ligand topology
(e.g. carbohydrate-carbohydrate distance) as a strategy tuning lectin binding avidity. Such
responsive tools could also offer new opportunities for the development of light-addressable
multivalent tools for dissecting the subtle geometric requirements for lectin-carbohydrate
recognition.
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Reversible trans-cis photoisomerization of the well-characterized azobenzene chromophore has
been widely exploited for controlling the conformational dynamics of biomolecules,13 including
the three-dimensional arrangement of multivalent carbohydrates on cluster glycosides,14
cyclodextrin bilayer vesicles,15 polymers16 and self-assembled monolayers.17 Our group has
recently reported the photomodulation of bacterial biofilm formation using a library of
carbohydrate-based surfactants.18 Optical control over bacterial growth and biofilm formation
in drug-resistant Gram-positive and Gram-negative bacteria was shown to be highly sensitive
to the carbohydrate head group and isomeric state of the azobenzene tail group. Based on these
observations, we decided to explore the application of amphiphilic, azobenzene functionalized
glycodendrimers capable undergoing self-assembly to derive light-addressable, nanoscale
structures for probing lectin binding. Herein we report the modular synthesis of a library of 12
amphiphilic ‘Janus’ glycodendrimers as photoswitchable inhibitors of soluble lectins LecA and
LecB from Pseudomonas aeruginosa, an opportunistic pathogen known to cause serious
biofilm-related illnesses.19 Glycodendrimers underwent spontaneous association in water to
give light-responsive cylindrical micelles, as revealed from dynamic light scattering (DLS) and
small angle neutron scattering (SANS) data. Micelle structures could be tuned through UV light
irradiation, thus underscoring their potential application as addressable antimicrobial agents
and tools for studying carbohydrate–protein interactions.

2. Materials and Methods
2.1 General methods
Analytical thin layer chromatography (TLC) was performed on commercially prepared silica
plates (Merck Kieselgel 60 0.25 mm F254). Flash column chromatography was performed
using 230-400 mesh Kieselgel 60 silica eluting with distilled solvents as described. Solvents
and reagents were purchased from Sigma-Aldrich and Merck and used without further
purification. 1H NMR and

13

C NMR spectra were recorded on a Bruker Avance 400 NMR

spectrometer at frequencies of 400 MHz and 100 MHz respectively. Chemical shift is reported
as parts per million (ppm) downfield shift to the TMS internal standard. The data are reported
as chemical shift (δ), multiplicity, relative integral, coupling constant (J = Hz) and assignment
where possible. IR spectra were recorded on a Bruker ATR spectrometer. Optical rotation was
measured on an Optical Activity Polaer 2001 (546 nm) polarimeter using a 1 mL cell. LCMS
was performed on an Agilent Infinity 1260 HPLC coupled to an Agilent 6120B mass
spectrometer. Separations were performed on an Agilent Poroshel 120 high resolution column.
3

Preparative HPLC was performed on an Agilent Zorbax 300SB C3 column (20 mm ID x 150
mm) using a linear gradient of 8:1:1 water/AcN/i-PrOH (Solvent A) and 1:1 AcN/ i-PrOH
(Solvent B) as the mobile phase. Separations were performed using a linear gradient of 10%
solvent B to 100% solvent B over 30 minutes, operating at a flow rate of 10 mL/min.
2.2 UV-Vis spectroscopy
The native trans isomers of carbohydrate surfactants were converted into cis states by
illumination of their aqueous solutions under ambient conditions using a UV lamp with λmax at
361 nm in a time-dependant manner (1–30 min). Five minutes of photoexcitation was found
sufficient to convert trans isomers into cis state. All the studies involving cis isomers were
obtained after 10 min of illumination with λ361nm. Since many biological processes occur at 37
°C, the thermal stability of both the native trans isomer as well as the photoinduced cis isomer
was studied at ambient temperature (20 °C) and 37 °C using UV-visible spectroscopy.
Azobenzene trans-cis photoisomerisation was found to be complete within 5 minute of UV
irradiation. The native trans isomers remained stable under ambient lighting conditions at least
up to 24 h, as evident from insignificant changes in their UV-vis absorbance spectra over this
period. The thermal relaxation studies were performed at ambient temperature and 37 °C for 24
h in Milli-Q water. The half-lives of the cis isomers in Milli-Q water at different temperatures
were estimated from thermal relaxation studies by plotting the ratios of peak area under 325 nm
peak and that under 440 nm peak over a period of 24 h (Figure S1 and Figure S2). These peaks
were chosen as cis-trans relaxation results in increase in peak intensity at ~325 nm, with a
corresponding decrease in peak intensity at 440 nm.
2.3 Determination of CAC
The critical aggregation concentration was determined using Nile red encapsulation assay.20 A
1 mg mL-1 Nile Red stock solution was prepared in chloroform. A glycodendrimer stock
solution was made up in Milli-Q water at various concentrations depending on the starting
concentration for the assay. Encapsulation samples were made by adding 10 µL Nile red into 4
mL glycodendrimer solution. The fluorescence emission was measured on an Agilent
Technology Cary Eclipse fluorescence spectrophotometer using an excitation wavelength of
550 nm. Signals were recorded between 570–700 nm with 5 nm excitation/emission slit. To
investigate the relationship between conformational exchanges and the concentration of
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glycodendrimers, the UV-vis spectra of representative glycodendrimer 1–4 were measured at
concentrations related to their CAC values (Figure S8).
2.4 Dynamic light scattering (DLS)
DLS was performed with a Brookhaven NanoBrook Omni instrument. Instrument parameters
were determined automatically along with the measurement times. Experiments were
performed five times independently. The glycodendrimer was dissolved in Milli-Q water at 0.1
mM concentration and DLS experiments were measured at 20°C. Samples were irradiated with
UV light at 361 nm for 10 min before measuring DLS for compounds at cis-dominated PSS.
2.5 Small angle neutron scattering (SANS)
SANS measurements were made on the Quokka instrument at the Bragg Institute, ANSTO,
Lucas Heights NSW, Australia. For all samples, raw scattering counts were collected on a
128×128 element area detector, where the sample–detector distances used were 2 m and 14 m,
with no detector offset. An incident neutron wavelength of 5 Å was used with a typical spread
of 10%, thus giving an effective q range of 0.004–0.4 Å–1. Samples were prepared in circular
12.5 mm Hellma quartz cells with a path length of 2 mm, and a thermostatically-controlled
automatic sample changer ensured that a temperature of 25 +/– 0.05°C was maintained. Data
were converted from raw counts at the detector into 1D scattering spectra by first subtracting
the scattering from an empty cell and then radially averaging the resulting spectrum,
normalising for the measured sample transmission. A D2O background was then subtracted
from the final 1D sample data to ensure that the scattering signals seen are from the surfactant
only. Model fitting was performed using SasView software, using standard equations for
ellipsoidal and cylindrical form factors. Cylinders were modelled using the Guinier equation21
for the form factor P(q,a):
! ", $ = 2 ∆( )*+,(". 01*2/2)/(". 01*2/2)

56 ("7 *+,2)
("7 *+,2)

where ∆( is the scattering length density difference between the scatter and the D2O solvent, V
is the volume of the cylinder, L is the length of the cylinder, 2 is the angle between the axis of
the cylinder and the q-vector, J1 is the first order Bessel function, r is the radius of the cylinder.
Aggregation number (Nagg) was calculated from the volume of the formed micelle divided by
the volume of monomer obtained by calculating the molecular volume of the structural
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components of the monomer from their bulk densities. The volumes (Å3) used were: triazole
96.2, triethylglycol 221.9, azobenzene 251.5, galactose 173.8, mannose 194.4, fucose 175.2, 2bromoethanol 117.7, succinic anhydride 135.1, pae 161.5, 3,5-dihydrobenzoic acid 159.9, gallic
acid 166.2, 1-bromooctane 286.8, 1-bromododecane 398.7, 2-ethylhexyl bromide 295.3.
2.6 Competitive binding assays to LecA or LecB
LecA or LecB were recombinantly produced in E. coli and purified by affinity chromatography
as described.5b, 22 Measurements for competitive binding with LecA and LecB were performed
according to previously reported protocols.5b,22 A serial dilution of each tested compounds in
TBS/Ca (1000 - 0.013 µM) was prepared twice in two different 96-well plates (Carl Roth
GmbH, Germany, Item no. 9292.1). One of these plates was irradiated (with the plate put on
an ice tray to prevent heating) for 30 min using a UV light source which was comprised of three
9 Watt halogen tubes, delivering a total power of 27 W at λmax of 361 nm at the source (Nail
gel curing lamp). After 30 min of irradiation, 10 µL of a serial dilution of each tested
compounds from each plate were added in triplicates to one 384-well plate (Greiner Bio-One,
Germany, cat no 781900). Afterward, 10 µL of either LecA or LecB and fluorescent galactosebased compound 9 from reference 5b or fucose-based compound 6 from reference 31 were
added to each well at final concentrations of 20 µM for LecA and 150 nM for LecB and 10 nM
for both fluorescent ligands. After incubation for 1 h (LecA) or 4 h (LecB) at r.t., blank corrected
fluorescence intensity was recorded using a PheraStar FS microplate reader (BMG Labtech
GmbH, Germany) with excitation filters at 485 nm and emission filters at 535 nm and
fluorescence polarization was calculated. The data were analyzed using a four parameter fit of
the MARS Data Analysis Software (BMG Labtech GmbH, Germany). A minimum of two
independent measurements on two separate plates was performed for each compound before
and after irradiation by UV lamp.

2.7 Synthesis
See supplementary information for NMR spectra and analytical data for new compounds.
General procedure 1 (Synthesis of 18–21; 27–30)11a: Alcohol (1 equiv.), carboxylic acid (1
equiv.), DPTS (1 equiv.) and DCC (2.6 equiv.) were dissolved in dry DCM and stirred under
N2 for 12 hours. Then the reaction mixture was diluted with diethyl ether, filtered off the urea
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and washed with diethyl ether. The filtrate was concentrated and purified by flash
chromatography.
General procedure 2 (Synthesis of 22–25): Aldehyde 18–21 (1 equiv.), pentaerythritol (1
equiv.) and p-toluenesulfonic acid (PTSA, 0.2 equiv.) were dissolved in DMF and stirred at
50°C under N2 until TLC showed fully consumption of the starting materials. The crude mixture
was concentrated under reduced pressure and purified by flash chromatography.
General procedure 3 (Synthesis of 1–12)11a: Into a solution of 27–30 (1 equiv.) in THF was
added 31–33 (2.5 equiv.) in water, CuSO4·5H2O (0.61 equiv.) in water and sodium ascorbate
(0.61 equiv.) in water successively under N2. The reaction mixture was allowed to stir at room
temperature for 36 hours. Then dilute with THF, filtered, concentrated and purified by flash
chromatography (10-20% MeOH in DCM).
General procedure 4 (Synthesis of 13–16)11a, 23: A mixture of methyl benzoate (1 equiv.),
bromoalkane (2–3 equiv.) and potassium carbonate (1.2 equiv.) in 15 mL DMF was heated at
reflux at vigorous stirring for 4 hours. Then the hot reaction mixture was poured into ice-water,
the precipitate was filtered and dried. Purification was employed as required by each compound,
including recrystallization and flash chromatography. The purified methyl benzoate (1 equiv.),
KOH (5 equiv.) and water-ethanol (1:6 v/v) were heated at 60°C for 2 hours. Then the reaction
mixture was cooled to room temperature and concentrated HCL was added carefully until
pH=1. Then the acidic solution was diluted with water, extracted with DCM and the combined
organic phase was dried over Na2SO4, concentrated under reduced pressure to afford the final
compound.
General procedure 5 (Synthesis of 31–33)24–27 To a cooled solution of acetylated sugar (1
equiv.) and 2-bromoethanol (1.2 equiv.) in anhydrous DCM was added dropwise BF3.Et2O (4
equiv.). The ice-bath was removed after 1 hour and the reaction was continued at room
temperature until the starting material has been consumed (monitored by TLC). The reaction
mixture was poured into ice-water, the aqueous phase was extracted with DCM and the
combined organic phase was then washed with water, saturated NaHCO3, brine, dried over
Na2SO4 and concentrated under reduced pressure. The synthesized intermediate compound (1
equiv.) and sodium azide (10 equiv.) were dissolved in anhydrous DMF and stirred at 70°C for
2 hours. The reaction mixture was cooled to room temperature, extracted with EtOAc, washed
with water, dried over Na2SO4, concentrated under reduced pressure, purified by flash
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chromatography and deacetylated under Zemplén conditions using catalytic sodium methoxide
in methanol followed by neutralization with Amberlite IR120 acidic ion exchange resin.

3. Results and discussion
The synthesis of Janus glycodendrimers 1–12 is presented in Scheme 1. Glycodendrimers 1–
12 were composed of variable monosaccharide head groups designed as recognition motifs for
LecA and LecB, which show binding specificities to D-galactose and L-fucose or D-mannose,
respectively.28 To facilitate self-assembly in water, hydrophobic tail fragments bearing linear
and branched alkyl tail groups (13–16) were introduced by modified Steglich esterification of
the azobenzene core 17 using catalytic 4-(dimethylamino) p-toluenesulfonate (DPTS) to give
hydrophobic precursors 18–21.29 Divergent elaboration of core fragments 18–21 was then
carried out, firstly by acetalization of the aldehyde with pentaerythritol to give diols 22–25,
followed by esterification with carboxylic acid 26 to furnish the key alkyne scaffolds 27–30.
Finally, glycoconjugation of 27–30 was performed using the well-described copper(I)-catalysed
azide-alkyne conjugation reaction (CuAAc) of the corresponding deprotected azidoethyl
glycosides 31–33 to furnish glycodendrimers 1–12 (See supplementary information for
details).30

Scheme 1. Synthesis of photoswitchable Janus glycodendrimers 1–12. Reaction conditions: i)
DPTS, DCC, DCM, 56–61% ii) pentaerythritol, PTSA, DMF, 50 oC, 46–61% iii) DPTS, DCC,
DCM, 46–67% iv) CuSO4, sodium ascorbate, THF/water (2:1 v/v), 40 oC, 31–54% DCC = NN’-dicyclohexylcarbodiimide, DCM = dichloromethane, DMF = N,N-dimethylformamide,
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DPTS = 4-(dimethylamino)pyridinium p-toluenesulfonate, THF = tetrahydrofuran, PTSA = ptoluene sulfonic acid.
Having obtained glycodendrimers 1–12, we then investigated their photocontrollable
aggregation properties. Azobenzene trans-cis photoisomerization has been extensively studied
by our group for controlling the self-assembly and interfacial activity of amphiphilic
carbohydrates, and was shown to give clean conversion to the cis-dominated photostationary
state (PSS) with efficient conversion to the cis isomer (up to 75%).18,31 Preliminary
measurements involved the use of Man(3,5)12 (3) as the representative compound. The UVvis spectra of 3 were recorded in the (assumptively) trans-dominated photostationary state,
which indicated an intense band at around 325 nm corresponding to the azobenzene 8→8*
transition, accompanied by a much weaker band at around 425 nm corresponding to the n→8*
transition (Fig. 1). In order to induce trans-cis photoisomerization, compound 3 was irradiated
in water at either 325 nm or 361 nm for 30 min and the UV-vis spectrum recorded at 5 min
intervals. After this time, a small decrease in peak intensity at 325 nm, which was accompanied
by a slight increase in intensity of the peak at 425 nm and a blue shift in the 9max of
approximately 5 nm.32 The thermal half-lives of the cis isomer of glycodendrimers 1–4 was
then determined by measuring the relaxation rate of the dark adapted cis-PSS to the more stable
trans isomer at 20 oC and 37 oC, respectively (ESI, Fig. S1 and S2). Even at physiologically
relevant temperatures, relatively long lived cis-states were observed (10–14 h, Fig. S3), which
would provide ample opportunity to elicit a change in the lectin binding response. The ratio of
trans and cis isomers at either PSS could be estimated by integrating selected signals in the 1H
NMR spectrum, before and after UV irradiation (Fig. S4–S7). In the resting, trans-dominated
PSS, 7–9% of molecules existed in cis-form, while after UV irradiation 19–30% of molecules
were found in the cis-form. Whilst the cis-trans ratio in the cis-PSS ratio is low compared to
those observed in previously described azobenzene derivatives,31 these findings are consistent
with derivatives incorporating bulky substituents, particularly amphiphilic azobenzene
analogues leading to densely packed aggregate geometries that may impede light penetration
and/or inhibit photoswitching due to steric congestion in the micelle core. 32
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Fig. 1. UV-vis spectroscopy of Man(3,5)12 3 at 0.05 mM concentration in ultra pure water,
before and after UV irradiation with an UV LED at 325 nm (left), and a UV lamp at 361 nm
and 36W radiant power (right).
Having examined the photoswitching properties of glycodendrimers, our attention focused on
the aggregation behaviour of the assembled micelles in water. Interestingly, amphiphilic
glycodendrimers did not reduce the surface tension at the air-water interface, and so it was not
possible to determine the critical micelle concentration of these compounds by tensiometry.
Instead, the critical aggregation concentration (CAC) was evaluated using a Nile Red
encapsulation assay.20 The CAC was calculated by monitoring the wavelength at the maximum
intensity for the Nile red probe as a function of the glycodendrimer concentration, whereby the
inflection point is indicative of the CAC (Fig. 2). Low micromolar CAC values were obtained
for dendrimers 1–12 in water, which suggests a strong thermodynamic driving force for
aggregation as a result of the favourable hydrophobic interactions between azobenzene and
alkyl tail groups within the aggregate core.33 Furthermore, no clear photomodulation of the
CAC was evident for 1–12, which was most likely a result of the low photoisomerization yields
for these molecules. Because of their unusual aggregation behaviour, we then examined the
relationship between conformational exchanges and the concentrations of glycodendrimers.
Glycodendrimers 1–4 were dissolved separately in water at 20 oC at several different
concentrations: above the CAC (0.05 mM), at the CAC, and below the CAC (0.001 mM). UVvis spectroscopy was recorded for all these samples, and the absorbance at 325 nm was recorded
(ESI, Fig. S8). By plotting the absorbance against concentration, linear trends (R2>0.999 for all
compounds) were observed, indicating that the glycodendrimers undergo unimolecular
conformational exchanges upon self-assembly, which are not affected by changes in
concentration.31,34
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Fig. 2. Fluorescence spectra of Nile Red in the presence of Man(3,5)8 1 at different
concentrations (Left). CAC of Man(3,5)8 1 in ultra pure water before (open symbols) and after
(closed symbols) UV irradiation at 361 nm for 10 min (Right).
The aggregation properties of the glycodendrimers 1–12 in their respective trans and cis states
was further investigated using DLS to determine the hydrodynamic diameter and polydispersity
of the assembled structures (ESI, Table S1). Glycodendrimers 1–12 were dissolved in water at
a fixed concentration (0.1 mM) and DLS measurements were obtained before and after UV
irradiation. Aggregates were shown to be of limited polydispersity in water, with effective
diameters of around 100 nm and polydispersity indices (PDIs) of approximately 0.2, with the
exception of Fuc(3,5)2Et8 10 which had a larger diameter of 183 nm. In most cases, any
apparent change in diameter between the trans and cis states was modest, however the
hydrodynamic volume of these structures generally increased slightly following UV irradiation
(361 nm for 10 min), with the largest difference observed for Man(3,5)8 1.
In order to determine the precise geometry and size of these aggregates, along with any changes
following trans-cis photoisomerization of the azobenzene core, SANS measurements were
performed at fixed concentrations above the CAC in D2O (0.1 mM). Under these conditions,
cylindrical geometries of different sizes were observed in the trans state as shown in the SANS
spectra, with smaller aggregates generally observed for glycodendrimers incorporating n-octyl
and branched 2-ethylhexyl tail groups (Fig. 3, and ESI, Table S1). The SANS spectra revealed
cylindrical geometries of various length (104–915 Å) and radii (32–41 Å). Cylindrical
geometries are preferred when amphiphiles try to reduce their interfacial curvature, and the
aggregation size can be modulated by adjusting the relative volume occupied by the head and
tail group.35 The diameter of these cylinders is approximately equal to the length of two
glycodendrimers that construct the single layered cylindrical micelle structure, and this is
11

commensurate with a typical surfactant aggregate. From the fitted SANS spectra, the
aggregation number (Nagg) and area per head group (Ahg) of these micelles could be determined,
thus providing useful insight into the valency and density of carbohydrates exposed on the
micelle surface (ESI, Figure S9 and Table S1). In order to evaluate changes in self-assembly
properties following trans-cis photoisomerization, the SANS spectra were also recorded
following UV irradiation of representative compounds 1–4 (Figure S10). Although no notable
change in the geometry and size of these micelles was detected in the cis-PSS, this was in good
agreement with the CAC values and can be attributed to the low photoisomerization yields of
the dendrimers and the non-standard aggregation pathway.

Fig. 3. Representative SANS data (symbols) and model fits (lines) for glycodendrimers 1–4 in
the trans-dominated PSS (top) at 0.1 mM concentration in D2O. The legend inset shows crosssectional profiles of corresponding fitted micelle geometries.
Photoswitchable glycodendrimer micelles in this study are of particular interest as lightaddressable tools for studying lectin binding and for impeding pathogenic lectin-carbohydrate
interactions in a spatial and temporally-resolved manner. Such materials may also find
application as glycotargeted delivery vehicles with phototriggered release properties. LecA and
LecB were chosen as the target lectins owing to their strong potential for therapeutic
12

intervention and the important roles they play as virulence factors and in biofilm formation.19,
36

Furthermore, both lectins were shown to be present among a large set of strain isolates from

clinical sources.37 Since these soluble bacterial lectins show good affinity and specificity for Dgalactose and L-fucose/D-mannose residues, respectively, we measured the binding inhibition
of LecA/B against photoswitchable micelles incorporating these head groups (Table 1 and 2).
The affinity of glycodendrimer micelles were measured using a recently described, competitive
fluorescence polarization-based assay for LecA and LecB, both in the trans- and cis-PSS (See
ESI for details).5b,

22

All compounds were tested over a concentration range from a

concentration of inhibitor above the CAC value at 300 µM, serially diluted down to single digit
nanomolar concentrations. Methyl 2-D-galactoside (2GalOMe), methyl 2-L-fucopyranoside
(2FucOMe) or methyl 2-D-mannopyranoside (2ManOMe) were used as the monovalent
references in the same assay for LecA and LecB, respectively.5b,

22

In the case of LecA,

glycodendrimers 5–8 bearing a :-galactoside head group showed a modest enhancement
(approximately four-fold) in inhibition potency relative to the monovalent compound. Whilst
this may suggest a multivalent effect, no clear correlation between particle size and inhibitory
potency could be drawn as the relatively small micelles bearing two n-octyl and 2-ethyl hexyl
side chains of 5 and 6, respectively, were shown to be equally potent as the larger micelles
derived from glycodendrimers 7 and 8 incorporating three alkyl side chains. LecA is a
tetrameric protein that binds preferentially to 2-galactosides, although high valency ligands
presenting :-galactosides, as well as monovalent phenyl :-galactosides have been shown to be
potent inhibitors of this lectin. In our case, the weaker binding affinity for these
glycodendrimers may be a result of inappropriate ligand spacing due to the flexible linker,
which may disfavour a chelate binding mode between adjacent binding sites on the LecA
tetramer.3a, 38 Furthermore, no significant change in binding potency was observed for the
galacto-configured dendrimers following trans-cis photoisomerization, with the exception of 8
which showed a slight enhancement in inhibition. The negligible photomodulation of binding
affinity is in good agreement with the CAC and SANS data, and is most likely a result of the
low conversion to the cis isomer following UV irradiation.
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Table 1. Evaluation of photoswitchable compounds 5–8 with LecA using a competitive binding
assay based on fluorescence polarization.

Compound

na

2GalOMe

a

IC50 (;M)b

IC50 [;M] (UV361nm)b rp (rpUV)c

92.1 ± 23.2

5

324

22.6 ± 0.9

24.9 ± 5.6

4.1 (4.0)

6

296

20.3 ± 5.2

21.0 ± 5.3

4.5 (4.7)

7

2846

22.9 ± 5.5

23.0 ± 4.4

4.0 (4.3)

8

1072

24.6 ± 2.1

23.1 ± 1.0

3.7 (4.3)

Number of sugars in the aggregate; b Average of three independent experiments; c Relative

potency (rp) = IC50 (monovalent reference)/IC50 (glycodendrimer), values are expressed relative
to the monovalent reference 2GalOMe.
Table 2. Evaluation of photoswitchable compounds 1–4 and 9–12 with LecB using a
competitive binding assay based on fluorescence polarization.
Compound na

IC50 [;M]b

2FucOMe

0.35 ± 0.05

9

182

0.29 ± 0.07

0.32 ± 0.01

1.2 (1.0)

10

1603 0.20 ± 0.00

0.20 ± 0.03

1.7 (1.7)

11

799

0.29 ± 0.04

0.27 ± 0.02

1.2 (1.2)

12

996

0.25 ± 0.06

0.24 ± 0.11

1.4 (1.4)

87.7 ± 61.2

76.5 ± 38.1

2ManOMe

a

IC50 [;M] (UV361nm)b rp (rpUV)c

1

138

2.7 ± 0.5

3.5 ± 0.3

32.8 (21.5)

2

128

3.3 ± 0.2

3.8 ± 0.4

26.2 (20.2)

3

918

3.0 ± 0.2

2.6 ± 0.2

29.4 (29.4)

4

795

1.0 ± 0.2

1.2 ± 0.4

85.7 (62.6)

Number of sugars in the aggregate; b Average of three independent experiments; c Relative

potency (rp) = IC50 (monovalent reference)/IC50 (glycodendrimer), values are expressed relative
to the monovalent reference 2ManOMe for compound 1–4 or 2FucOMe for compound 9–12.
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In contrast to the inhibition of LecA with D-galactoside functionalized dendrimers,
glycodendrimers 9–12 incorporating 2-fucoside head groups showed good potency against
LecB, with sub micromolar IC50 values obtained in the trans and cis isomeric states. However,
these compounds showed no enhancement in potency relative to the monovalent reference
compound 2FucOMe (IC50 0.35 ;M). Many studies have revealed the importance of
multivalency for generating potent ligands for LecB.39 However, similar to the observations of
the inhibition of micelles of 5–8 against LecA, the binding potency of 9–12 to LecB was
insensitive to particle size. Furthermore, no clear photomodulation of inhibition could be
detected following UV irradiation, as the trans isomer was as equally potent inhibitor as the
cis-enriched state and is in good agreement with the self-assembly data.
Mannosides are usually weaker inhibitors of LecB when compared to fucosides, but through
chemical modification, mannose-derived compounds were also shown to achieve potent LecB
inhibition.40 Micelles assembled from mannosides 1–4 were also tested for inhibition of LecB
and low micromolar IC50 values were obtained. In contrast to all other compounds tested for
LecA and LecB, the relative potencies of mannosides 1–4 (IC50 values of 1.0–3.4 ;M) with
respect to 2ManOMe (IC50 87.7 ;M) were significantly increased up to >80-fold for 4. Due to
the identical aglycons for fucosides 9–12 and mannosides 1–4, this significant effect observed
for mannosides is likely to be a result of an optimal multivalent presentation of the carbohydrate
in the manno-series that matches the spatial requirements of two LecB binding sites in the lectin
tetramer.

4. Conclusions
In summary, we report the modular synthesis of a library of photoswitchable Janus
glycodendrimers bearing variable alkyl tail groups and carbohydrate head groups. The
assembled structures were characterised using DLS and SANS, and revealed uniform
cylindrical micelles of various size. Glycodendrimer micelles were assessed as phototuneable
inhibitors of LecA and LecB from P. aeruginosa using a competitive, fluorescence polarizationbased assay and revealed moderate-to-potent inhibition of these bacterial lectins with a
significant increase potency for mannose derived glycodendrimers. Unfortunately, no clear
modulation in the self-assembly and binding potency of these micelles could be observed
following UV light irradiation, owing to the low photoisomerization yields for these
dendrimers, most likely due to impaired light penetration and steric congestion within the
aggregate core. Lectin binding potencies also appeared insensitive to the length and radii of
15

micelles, as smaller structures generally at least as potent binders as the larger, worm-like
micelles. The efficient synthesis of these constructs facilitates a rapid entry point to responsive
structures with tailored activity against a variety of lectin targets. Future work will be aimed at
developing photocontrollable liposomal systems, as well as improving linker and ligand design
in order to enhance binding potency and photoswitching efficiency.
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S1

Figure S1. Thermal cis-trans relaxation of glycodendrimers A) Man(3,5)8 1, B) Man(3,5)2Et8
2, C) Man(3,5)12 3 and D) Man(3,4,5)2Et8 4 (0.05 mM in Milli-Q water) at 20°C.

S2

Figure S2. Thermal cis-trans relaxation of glycodendrimers A) Man(3,5)8 1, B) Man(3,5)2Et8
2, C) Man(3,5)12 3 and D) Man(3,4,5)2Et8 4 (0.05 mM in Milli-Q water) at 37°C.

Figure S3. Time dependence of the absorbance changes at 325 nm for thermal cis-to-trans
isomerization of glycodendrimers 1–4 in the dark in Milli-Q water at 20ºC and 37ºC.
S3

Figure S4. 1H NMR spectra of Man(3,5)8 1 before UV photoirradiation (top), after UV
photoirradiation (middle), and after blue light photoirradiation (bottom).

Figure S5. 1H NMR spectra of Man(3,5)2Et8 2 before UV photoirradiation (top), after UV
photoirradiation (middle), and after blue light photoirradiation (bottom).
S4

Figure S6. 1H NMR spectra of Man(3,5)12 3 before UV photoirradiation (top), after UV
photoirradiation (middle), and after blue light photoirradiation (bottom).

Figure S7. 1H NMR spectra of Man(3,4,5)2Et8 4 before UV photoirradiation (top), after UV
photoirradiation (middle), and after blue light photoirradiation (bottom)
S5

Figure S8. UV-vis absorbance of A) Man(3,5)8 1, B) Man(3,5)2Et8 2, C) Man(3,5)12 3 and
D) Man(3,4,5)2Et8 4 in Milli-Q water at 20°C under different concentrations. (Insets) Plots of
the UV-vis absorbance measured at 325 nm as a function of concentration.

S6

Figure S9. SANS data (symbols) and model fits (lines) for glycodendrimers 1–12 in the transdominated PSS at a concentration of 0.1 mM in D2O.

S7

Figure S10. SANS data (symbols) and model fits (lines) for glycodendrimer A) Man(3,5)8 1,
B) Man(3,5)2Et8 2, C) Man(3,5)12 3 and D) Man(3,4,5)2Et8 4 in the trans PSS and cis PSS at
a concentration of 0.1 mM in D2O.

Figure S11. Representative example of the fluorescence polarization-based competitive
binding assay of LecA with compounds 5–8 or methyl α-D-galactoside.

S8

Figure S12. Representative example of the fluorescence polarization-based competitive
binding assay of LecB with compounds 1–4 or methyl α-D-mannoside.

Figure S13. Representative example of the fluorescence polarization-based competitive
binding assay of LecB with compounds 9-12 or methyl α-L-fucoside.
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Table S1. CAC values, DLS results, SANS fitting parameters and lectin binding results of
glycodendrimer 1–12.

Name

CAC/mM

a

Nagg

b

c

Ahg /nm

2

Eff. Diam./nm (PDI)d
Before UV

After UV

SANSe
Radius/Å

Length/Å

1

0.0086

138

1.07

112(0.21)

199(0.17)

34

104

2

0.0046

128

1.07

149 (0.23)

226 (0.15)

32

104

3

0.0023

918

0.79

109 (0.24)

109 (0.39)

39

550

4

0.0086

795

0.87

105 (0.25)

111 (0.24)

36

574

5

0.0085

162

0.98

110 (0.20)

138 (0.18)

35

109

6

0.0092

149

1.01

138 (0.26)

147 (0.20)

33

112

7

0.0080

1424

0.79

114 (0.23)

102 (0.18)

38

903

8

0.0100

536

0.90

102 (0.23)

91 (0.19)

35

406

9

0.0200

182

0.97

110 (0.29)

159 (0.24)

37

115

10

0.0085

1603

0.71

183 (0.21)

119 (0.25)

38

921

11

0.0048

799

0.78

123 (0.17)

129 (0.18)

41

441

12

0.0054

996

0.96

134 (0.17)

138 (0.19)

32

915

a

Measured in ultrapure water at 20°C; b Nagg = aggregation number; c Ahg = area per headgroup;
d
DLS samples were prepared at 0.1 mM; e SANS samples were dissolved in D2O at 0.1 mM,
and were all fitted to cylindrical shaped structure.

Analytical data
Man(3,5)8 1: This compound was prepared from 27 and 31 according to general procedure 3
and isolated as an orange solid (Yield: 45%). Mp = 212.4°C; [α]D20 111.6 (c, 0.06 in CH3OH);
FT-IR: νmax/cm-1 3413, 2922, 1735, 1593, 1348, 1092, 840, 674; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 7.93 (d, J = 8.85 Hz, 2H, 2×ArH), 7.84 (d, J = 8.42 Hz, 2H, 2×ArH), 7.71–
7.70 (m, 2H, 2×ArH), 7.55 (d, J = 8.55 Hz, 2H, 2×ArH), 7.30–7.24 (m, 4H, 2×ArH, 2×CH
(triazole)), 6.65 (t, J = 2.23 Hz, 1H, ArH), 5.46 (s, 1H, CH), 4.78–4.44 (m, 14H), 4.18–3.56 (m,
54H), 3.02–2.99 (m, 2H), 2.59 (s, 8H, 4×CH2), 1.75–1.68 (m, 4H, 2×CH2), 1.40–1.21 (m, 20H,
10×CH2), 0.80 (t, J = 6.72 Hz, 6H, 2×CH3); 13C NMR (100 MHz, 10% CD3OD in CDCl3) δ
172.4, 172.1, 160.3, 144.8, 126.9, 124.1, 122.7, 122.4, 108.2, 99.9, 72.8, 71.1, 70.3, 69.6, 69.4,
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68.9, 68.4, 65.4, 64.2, 63.9, 49.9, 49.1, 48.9, 37.2, 31.7, 29.2, 29.1, 28.9, 28.8, 25.9, 22.6, 13.9;
ESI-HRMS (m/z) calculated for C83H122N8O32 = 1765.8057 [M + Na]+, found 1765.8063 [M +
Na]+.
Man(3,5)2Et8 2: This compound was prepared from 28 and 31 according to general procedure
3 and isolated as an orange solid (Yield: 42%). Mp = 203.7°C; [α]D20 103.0 (c, 0.065 in
CH3OH); FT-IR: νmax/cm-1 3395, 2925, 1735, 1595, 1347, 1030, 841, 673; 1H NMR (400 MHz,
10% CD3OD in CDCl3) δ 7.93 (d, J = 7.53 Hz, 2H, 2×ArH), 7.84 (d, J = 7.41 Hz, 2H, 2×ArH),
7.72 (s, 2H, 2×ArH), 7.55 (d, J = 7.56 Hz, 2H, 2×ArH), 7.31–7.24 (m, 4H, 2×ArH, 2×CH
(triazole)), 6.66 (s, 1H, ArH), 5.46 (s, 1H, CH), 4.69–4.44 (m, 14H), 4.16–3.49 (m, 54H), 3.01–
2.99 (m, 2H), 2.59 (s, 8H, 4×CH2), 1.68–1.63 (m, 2H, 2×CH), 1.49–1.25 (m, 16H, 8×CH2),
0.88–0.83 (m, 12H, 4×CH3);

13

C NMR (100 MHz, 10% CD3OD in CDCl3) δ 172.4, 172.1,

160.5, 144.7, 126.9, 124.2, 124.1, 122.7, 122.4, 108.2, 99.8, 72.7, 70.8, 70.3, 69.6, 69.4, 68.9,
65.4, 64.2, 63.9, 60.9, 49.9, 49.3, 49.1, 48.9, 48.7, 39.3, 37.2, 30.4, 29.0, 28.8, 23.8, 22.9, 13.9,
11.0; ESI-HRMS (m/z) calculated for C83H122N8O32 = 1765.8057 [M + Na]+, found m/2z
894.3980 [M + 2Na]+.
Man(3,5)12 3: This compound was prepared from 29 and 31 according to general procedure 3
and isolated as an orange solid (Yield: 49%). Mp = 189.9°C; [α]D20 105.4 (c, 0.055 in CH3OH);
FT-IR: νmax/cm-1 3396, 2921, 1736, 1591, 1351, 1094, 841; 1H NMR (400 MHz, 10% CD3OD
in CDCl3) δ 7.96 (d, J = 8.28 Hz, 2H, 2×ArH), 7.87 (d, J = 8.01 Hz, 2H, 2×ArH), 7.76 (s, 2H,
2×ArH), 7.58 (d, J = 8.01 Hz, 2H, 2×ArH), 7.33–7.20 (m, 4H, 2×ArH, 2×CH (triazole)), 6.68
(s, 1H, ArH), 5.48 (s, 1H, CH), 4.73–4.47 (m, 14H), 4.19–3.59 (m, 54H), 3.05–3.03 (m, 2H),
2.62 (s, 8H, 4×CH2), 1.76–1.71 (m, 4H, 2×CH2), 1.42–1.21 (m, 32H, 16×CH2), 0.84–0.81 (m,
6H, 2×CH3); 13C NMR (100 MHz, 10% CD3OD in CDCl3) δ 172.4, 172.1, 160.3, 144.7, 126.9,
124.1, 122.7, 122.4, 108.2, 99.8, 70.3, 69.6, 68.9, 68.4, 65.4, 64.1, 63.8, 49.9, 49.3, 49.1, 48.9,
37.2, 31.8, 29.5, 29.3, 29.1, 28.9, 28.8, 25.9, 22.6, 13.9; ESI-HRMS (m/z) calculated for
C91H138N8O32 = 1877.9309 [M + Na]+, found m/2z 950.9617 [M + 2Na]+.
Man(3,4,5)2Et8 4: This compound was prepared from 30 and 31 according to general procedure
3 and isolated as an orange solid (Yield: 51%). Mp = 233.8°C; [α]D20 80.0 (c, 0.08 in CH3OH);
FT-IR: νmax/cm-1 3395, 2928, 1735, 1331, 1094, 837; 1H NMR (400 MHz, 10% CD3OD in
CDCl3) δ 7.93 (d, J = 8.68 Hz, 2H, 2×ArH), 7.84 (d, J = 8.21 Hz, 2H, 2×ArH), 7.73 (s, 2H,
2×ArH), 7.55 (d, J = 8.21 Hz, 2H, 2×ArH), 7.34–7.27 (m, 4H, 2×ArH, 2×CH (triazole)), 5.46
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(s, 1H, CH), 4.78–4.43 (m, 14H), 4.17–3.56 (m, 56H), 3.02–3.00 (m, 2H), 2.59 (s, 8H, 4×CH2),
1.71–1.25 (m, 27H, 3×CH, 12×CH2), 0.88–0.82 (m, 18H, 6×CH3); 13C NMR (100 MHz, 10%
CD3OD in CDCl3) δ 172.4, 172.1, 153.1, 150.1, 144.7, 143.1, 126.9, 124.2, 124.1, 123.3, 122.7,
122.5, 108.0, 99.8, 71.3, 71.0, 70.3, 69.6, 69.4, 68.9, 66.5, 65.4, 64.1, 63.8, 60.9, 49.9, 49.2,
49.0, 48.8, 48.6, 40.6, 39.5, 37.2, 30.4, 30.3, 29.2, 29.0, 28.9, 28.8, 23.8, 23.6, 23.0, 22.9, 13.9,
11.0; ESI-HRMS (m/z) calculated for C91H138N8O33 = 1893.9259 [M + Na]+, found 1893.9246
[M + Na]+.
Gal(3,5)8 5: This compound was prepared from 27 and 32 according to general procedure 3
and isolated as an orange solid (Yield: 44%). Mp = 205.3°C; [α]D20 148.6 (c, 0.055 in CH3OH);
FT-IR: νmax/cm-1 3395, 2923, 1734, 1893, 1350, 1038, 840; 1H NMR (400 MHz, 10% CD3OD
in CDCl3) δ 7.96–7.83 (m, 6H, 4×ArH, 2×CH (triazole)), 7.58–7.55 (m, 2H, 2×ArH), 7.35–
7.25 (m, 4H, 4×ArH), 6.68–6.63 (m, 1H, ArH), 5.48–5.46 (m, 1H, CH), 4.58–4.44 (m, 10H),
4.17–4.06 (m, 10H), 3.97–3.84 (m, 10H), 3.69–3.29 (m, 40H), 2.61–2.59 (m, 8H, 4×CH2),
1.76–1.69 (m, 4H, 2×CH2), 1.41–1.22 (m, 20H, 10×CH2), 0.82–0.79 (m, 6H, 2×CH3); 13C NMR
(100 MHz, 10% CD3OD in CDCl3) δ 172.4, 160.3, 144.5, 126.9, 124.6, 124.1, 122.7, 122.4,
108.2, 103.4, 74.7, 73.3, 70.9, 70.3, 69.5, 68.9, 68.4, 67.8, 64.2, 63.8, 61.2, 50.3, 49.3, 49.1,
48.9, 31.7, 29.2, 29.1, 28.9, 28.8, 25.9, 22.5, 13.9; ESI-HRMS (m/z) calculated for
C83H122N8O32 = 1765.8057 [M + Na]+, found m/2z 894.3968 [M + 2Na]+.
Gal(3,5)2Et8 6: This compound was prepared from 28 and 32 according to general procedure
3 and isolated as an orange solid (Yield: 54%). Mp = 201.1°C; [α]D20 175.7 (c, 0.05 in CH3OH);
FT-IR: νmax/cm-1 3395, 2928, 1734, 1595, 1347, 1035, 843, 756; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 8.16 (d, J = 8.75 Hz, 2H, 2×ArH), 8.10–8.07 (m, 4H, 2×ArH, 2×CH
(triazole)), 7.78 (d, J = 8.29 Hz, 2H, 2×ArH), 7.53 (d, J = 8.54 Hz, 2H, 2×ArH), 7.48 (s, 2H,
2×ArH), 6.89 (s, 1H, ArH), 5.69 (s, 1H, CH), 4.79–4.67 (m, 10H), 4.39–4.29 (m, 10H), 4.11–
4.03 (m, 12H), 3.90–3.66 (m, 34H), 2.83 (s, 8H, 4×CH2), 1.91–1.88 (m, 2H, 2×CH), 1.68–1.48
(m, 16H, 8×CH2), 1.11–1.06 (m, 12H, 4×CH3); 13C NMR (100 MHz, 10% CD3OD in CDCl3)
δ 172.5, 172.1, 160.5, 153.1, 144.5, 126.9, 124.6, 124.2, 122.7, 122.4, 108.2, 70.8, 70.3, 69.5,
68.9, 64.2, 63.8, 49.6, 49.4, 49.2, 48.9, 39.3, 37.2, 30.5, 29.0, 28.8, 23.8, 22.9, 13.9, 11.0. ESIHRMS (m/z) calculated for C83H122N8O32 = 1765.8057 [M + Na]+, found m/2z 894.3987 [M +
2Na]+.
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Gal(3,5)12 7: This compound was prepared from 29 and 32 according to general procedure 3
and isolated as an orange solid (Yield: 42%). Mp = 187.5°C; [α]D20 156.7 (c, 0.065 in CH3OH);
FT-IR: νmax/cm-1 3395, 2921, 1732, 1592, 1350, 1037, 840, 754; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 8.21 (d, J = 8.70 Hz, 2H, 2×ArH), 8.15–8.12 (m, 4H, 2×ArH, 2×CH
(triazole)), 7.84 (d, J = 8.44 Hz, 2H, 2×ArH), 7.76 (s, 2H, 2×ArH), 7.58 (d, J = 8.82 Hz, 2H,
2×ArH), 7.53–7.52 (m, 4H, 2×ArH), 6.94 (s, 1H, ArH), 5.74 (s, 1H, CH), 4.85–4.72 (m, 10H),
4.45–4.35 (m, 10H), 4.23–4.09 (m, 12H), 3.95–3.69 (m, 34H), 2.88 (s, 8H, 4×CH2), 2.02–1.97
(m, 4H, 2×CH2), 1.69–1.64 (m, 4H, 2×CH2), 1.47 (s, 28H, 14×CH2), 1.09–1.06 (m, 6H,
2×CH3);
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C NMR (100 MHz, 10% CD3OD in CDCl3) δ 160.3, 144.5, 126.9, 124.6, 124.2,

122.7, 122.4, 108.3, 74.7, 70.3, 69.6, 68.9, 68.4, 64.2, 63.8, 49.4, 49.2, 48.9, 31.8, 29.6, 29.5,
29.3, 29.1, 28.9, 25.9, 22.6, 13.9. ESI-HRMS (m/z) calculated for C91H138N8O32 = 1877.9309
[M + Na]+, found 1877.9312 [M + Na]+.
Gal(3,4,5)2Et8 8: This compound was prepared from 30 and 32 according to general procedure
3 and isolated as an orange solid (Yield: 40%). Mp = 223.7°C; [α]D20 62.6 (c, 0.075 in CH3OH);
FT-IR: νmax/cm-1 3400, 2922, 1731, 1585, 1331, 1093, 839, 751; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 8.16–8.14 (m, 2H, 2×ArH), 8.09–8.05 (m, 4H, 2×ArH, 2×CH (triazole)),
7.78–7.76 (m, 2H, 2×ArH), 7.56–7.47 (m, 4H, 4×ArH), 5.68 (s, 1H, CH), 4.78–4.66 (m, 10H),
4.38–4.28 (m, 10H), 4.14–4.04 (m, 12H), 3.89–3.65 (m, 34H), 2.81 (s, 8H, 4×CH2), 1.94–1.47
(m, 27H, 3×CH, 12×CH2), 1.10–1.04 (m, 18H, 6×CH3); 13C NMR (100 MHz, 10% CD3OD in
CDCl3) δ 172.5, 172.2, 164.9, 153.1, 144.5, 126.9, 124.1, 122.7, 122.5, 108.0, 103.4, 74.6, 71.3,
70.3, 69.5, 68.9, 67.8, 64.2, 63.9, 50.3, 49.3, 49.2, 48.9, 40.6, 39.5, 37.2, 30.5, 30.3, 29.2, 29.0,
28.9, 23.8, 23.6, 23.0, 22.9, 14.0, 13.9, 11.0. ESI-HRMS (m/z) calculated for C91H138N8O33 =
1893.9259 [M + Na]+, found m/2z 958.9582 [M + 2Na]+.
Fuc(3,5)8 9: This compound was prepared from 27 and 33 according to general procedure 3
and isolated as an orange solid (Yield: 46%). Mp = 153.8°C; [α]D20 66.6 (c, 0.085 in CH3OH);
FT-IR: νmax/cm-1 3409, 2921, 1735, 1595, 1348, 1032, 841, 754; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 7.94–7.74 (m, 6H, 4×ArH, 2×CH (triazole)), 7.56–7.54 (m, 2H, 2×ArH),
7.33–7.17 (m, 4H, 4×ArH), 6.65–6.64 (m, 1H, ArH), 5.46 (m, 1H, CH), 4.71–4.43 (m, 12H),
4.16–4.06 (m, 8H), 3.95–3.83 (m, 10H), 3.66–3.41 (m, 34H), 2.60 (s, 8H, 4×CH2), 1.72–1.70
(m, 4H, 2×CH2), 1.39–1.37 (m, 4H, 2×CH2), 1.21 (s, 18H, 6×CH2, 2×CH3), 1.09–0.79 (m, 4H,
2×CH2), 0.80–0.79 (m, 6H, 2×CH3);
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C NMR (100 MHz, 10% CD3OD in CDCl3) δ 172.4,

172.0, 160.3, 153.0, 152.8, 126.9, 124.1, 122.7, 122.3, 108.2, 101.4, 98.9, 71.7, 70.3, 69.5, 69.3,
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68.9, 68.5, 68.4, 66.3, 65.8, 63.8, 49.4, 49.2, 48.9, 48.7, 48.5, 37.2, 31.7, 29.2, 29.1, 29.0, 28.9,
28.7, 25.9, 22.5, 15.9, 13.9. ESI-HRMS (m/z) calculated for C83H122N8O30 = 1733.8159 [M +
Na]+, found 1733.8152 [M + Na]+.
Fuc(3,5)2Et8 10: This compound was prepared from 28 and 33 according to general procedure
3 and isolated as an orange wax (Yield: 34%). [α]D20 78.7 (c, 0.07 in CH3OH); FT-IR: νmax/cm1

3438, 2925, 1735, 1592, 1350, 1092, 843, 754; 1H NMR (400 MHz, 10% CD3OD in CDCl3)

δ 7.94 (d, J = 8.68 Hz, 2H, 2×ArH), 7.86–7.83 (m, 4H, 2×ArH, 2×CH (triazole)), 7.56 (d, J =
8.37 Hz, 2H, 2×ArH), 7.30 (d, J = 8.68 Hz, 2H, 2×ArH), 7.25–7.24 (m, 2H, 2×ArH), 6.67–6.66
(m, 1H, ArH), 5.46–5.44 (s, 1H, CH), 4.72–4.36 (m, 12H), 4.18–4.06 (m, 10H), 3.89–3.79 (m,
14H), 3.62–3.41 (m, 28H), 2.60 (s, 8H, 4×CH2), 1.69–1.62 (m, 2H, 2×CH), 1.39–1.25 (m, 14H,
7×CH2), 1.10–1.08 (m, 2H, CH2), 0.88–0.81 (m, 18H, 6×CH3);
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C NMR (100 MHz, 10%

CD3OD in CDCl3) δ 172.4, 164.9, 160.5, 126.9, 124.1, 122.7, 122.4, 108.2, 70.8, 70.4, 69.6,
69.4, 68.9, 66.3, 65.9, 64.3, 63.8, 49.9, 49.5, 49.2, 49.0, 48.8, 39.3, 37.2, 30.4, 28.9, 28.8, 23.8,
22.9, 15.9, 13.9, 10.9. ESI-HRMS (m/z) calculated for C83H122N8O30 = 1733.8159 [M + Na]+,
found m/2z 878.4021 [M + 2Na]+.
Fuc(3,5)12 11: This compound was prepared from 29 and 33 according to general procedure 3
and isolated as an orange solid (Yield: 47%). Mp = 146.4°C; [α]D20 76.5 (c, 0.065 in CH3OH);
FT-IR: νmax/cm-1 3413, 2923, 1735, 1592, 1348, 1091, 842, 754; 1H NMR (400 MHz, 10%
CD3OD in CDCl3) δ 7.94–7.84 (m, 6H, 4×ArH, 2×CH (triazole)), 7.57–7.55 (m, 2H, 2×ArH),
7.31–7.17 (m, 4H, 4×ArH), 6.66–6.65 (m, 1H, ArH), 5.46 (s, 1H, CH), 4.72–4.39 (m, 12H),
4.17–4.06 (m, 8H), 3.97–3.83 (m, 12H), 3.65–3.36 (m, 32H), 2.60 (s, 8H, 4×CH2), 1.72–1.71
(m, 4H, 2×CH2), 1.39–1.38 (m, 4H, 2×CH2), 1.19 (s, 30H, 2×CH3, 12×CH2), 1.09–1.08 (m, 4H,
2×CH2), 0.81–0.78 (m, 6H, 2×CH3);
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C NMR (100 MHz, 10% CD3OD in CDCl3) δ 172.4,

160.3, 126.9, 124.4, 124.1, 122.7, 122.3, 108.2, 98.9, 71.7, 70.3, 69.5, 69.4, 68.9, 68.5, 68.4,
66.3, 65.9, 64.3, 63.8, 49.9, 49.4, 49.2, 49.0, 48.8, 37.2, 31.8, 29.5, 29.2, 29.0, 28.8, 25.9, 22.6,
15.9, 13.9. ESI-HRMS (m/z) calculated for C91H138N8O30 = 1845.9411 [M + Na]+, found m/2z
934.9670 [M + 2Na]+.
Fuc(3,4,5)2Et8 12: This compound was prepared from 30 and 33 according to general
procedure 3 and isolated as an orange wax (Yield: 37%). [α]D20 130.0 (c, 0.03 in CH3OH); FTIR: νmax/cm-1 3407, 2922, 1731, 1331, 1093, 840; 1H NMR (400 MHz, 10% CD3OD in CDCl3)
δ 7.95–7.93 (m, 2H, 2×ArH), 7.86–7.84 (m, 2H, 2×ArH), 7.57–7.55 (m, 2H, 2×ArH), 7.35–
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7.27 (m, 4H, 4×ArH), 5.47 (s, 1H, CH), 4.83–4.44 (m, 10H), 4.18–4.06 (m, 10H), 3.89–3.34
(m, 46H), 2.61 (s, 8H, 4×CH2), 1.71–1.64 (m, 3H, 3×CH), 1.52–1.09 (m, 30H, 2×CH3,
12×CH2), 0.89–0.83 (m, 18H, 6×CH3); 13C NMR (100 MHz, 10% CD3OD in CDCl3) δ 172.4,
172.1, 172.0, 164.9, 153.2, 153.1, 152.8, 150.1, 143.1, 140.1, 126.9, 124.1, 123.3, 122.7, 122.5,
108.0, 101.4, 71.3, 70.3, 69.4, 68.9, 63.8, 63.4, 62.7, 40.6, 39.5, 37.2, 30.5, 30.3, 29.2, 29.0,
28.9, 28.8, 23.8, 23.6, 23.0, 22.9, 16.0, 13.9, 11.0. ESI-HRMS (m/z) calculated for
C91H138N8O31 = 1861.9360 [M + Na]+, found m/2z 942.9638 [M + 2Na]+.
3,5-dialkyloxybenzoic acid 13: This compound was prepared from methyl 3,5dihydroxybenzoate and 1-bromooctane according to general procedure 4, and was isolated as
white solid (quantitative yield). Mp = 58.0°C; FT-IR: νmax/cm-1 2917, 1559, 1388, 1264, 1154,
1015, 855, 720; 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 2.32 Hz, 2H, 2×ArH), 6.69 (t, J =
2.37 Hz, 1H, ArH), 3.98 (t, J = 6.59 Hz, 4H, 2×CH2), 1.80–1.75 (m, 4H, 2×CH2), 1.48–1.28
(m, 20H, 10×CH2), 0.91–0.87 (m, 6H, 2×CH3); 13C NMR (100 MHz, CDCl3) δ171.9, 160.2,
130.9, 108.2, 107.5, 68.4, 31.8, 29.3, 29.2, 26.0, 22.7, 14.1; ESI-HRMS (m/z) calculated for
C23H38O4=377.2697 [M - H]-, found 377.2697 [M - H]-.
3,5-bis((2-ethylhexyl)oxy)benzoic acid 14: This compound was prepared from methyl 3,5dihydroxybenzoate and 2-ethylhexyl bromide according to general procedure 4, and was
isolated as colorless liquid (quantitative yield). FT-IR: νmax/cm-1 2926, 1689, 1592, 1444, 1296,
1166, 1053, 735; 1H NMR (400MHz, CDCl3) 7.23 (2H, d, J = 2.36 Hz), 6.69 (1H, t, J = 2.26
Hz), 3.91–3.84 (4H, m), 1.77–1.68 (2H, m), 1.56–1.26 (16H, m), 0.96–0.88 (12H, m); 13C NMR
(100 MHz, CDCl3) δ 172.2, 160.5, 131.0, 108.1, 107.5, 70.8, 39.4, 30.5, 29.1, 23.9, 23.3, 23.1,
14.1, 11.1; ESI-HRMS (m/z) calculated for C23H38O4=377.2697 [M - H]-, found 377.2697 [M H]-.
3,5-bis(dodecayloxy)benzoic acid 15: This compound was prepared from methyl 3,5dihydroxybenzoate and 1-bromododecane according to general procedure 4, and was isolated
as white solid (quantitative yield). Mp = 67.6°C; FT-IR: νmax/cm-1 2916, 1686, 1596, 1394,
1316, 1161, 1058, 857, 669; 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 2.33 Hz, 2H, 2×ArH),
6.69 (t, J = 2.31 Hz, 1H, ArH), 3.98 (t, J = 6.50 Hz, 4H, 2×CH2), 1.80–1.77 (m, 4H, 2×CH2),
1.47–1.44 (m, 4H, 2×CH2), 1.36–1.28 (m, 32H, 16×CH2), 0.88 (t, J = 7.06 Hz, 6H, 2×CH3);
13

C NMR (100 MHz, CDCl3) δ 171.7, 160.2, 130.9, 108.2, 107.5, 68.4, 31.9, 29.7, 29.6, 29.4,
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29.2, 26.0, 22.7, 14.1; ESI-HRMS (m/z) calculated for C31H54O4=489.3949 [M - H]-, found
489.3945 [M - H]-.
3,4,5-tris((2-ethylhexyl)oxy)benzoic acid 16: This compound was prepared from methyl 3,4,5dihydrobenzoate and 2-ethylhexyl bromide according to general procedure 4, and was isolated
as colorless liquid (quantitative yield). FT-IR: νmax/cm-1 2914, 1685, 1590, 1395, 1317, 1163,
1059, 858, 669; 1H NMR (400 MHz, CDCl3) δ 7.33 (s, 2H, 2×ArH), 3.96–3.87 (m, 6H, 3×CH2),
1.80–1.26 (m, 27H, 3×CH, 12×CH2), 0.96–0.89 (m, 18H, 4×CH3);

13

C NMR (100 MHz,

CDCl3) δ 171.7, 153.1, 143.2, 123.4, 108.1, 71.4, 40.6, 39.6, 30.5, 30.4, 29.3, 29.1, 23.8, 23.7,
23.1, 14.1, 11.2, 11.1; ESI-HRMS (m/z) calculated for C31H54O5=505.3898 [M - H]-, found
505.3892 [M - H]-.
4-hydroxy-4’-formylazobenzene 171: A suspension of 2 g 4-aminobenzaldehyde was prepared
at 0°C in 11 mL water. At the same temperature was separately dissolved 1.1 g sodium nitrite
in 8 mL water. To the suspension of 4-aminobenzaldehyde was simultaneously added at
vigorous stirring the solution of sodium nitrite and 8 mL of 24% HCl solution. After 1 hour, a
cooled to 0°C solution of 1.6 g phenol in 10 mL 6% NaOH solution was added to the reaction
mixture. The end of the azo coupling was checked by TLC and the precipitate was filtered off
to afford the final compound as brown-red solid (1.2g, 32%). Mp = 210°C; FT-IR: νmax /cm-1
3308, 1670, 1584, 1281, 1128, 834; 1H NMR (400MHz, C3D6O) 10.07 (1H, s), 8.01 (2H, d, J
= 8.53 Hz), 7.92 (2H, d, J = 8.53 Hz), 7.79 (2H, d, J = 8.91 Hz), 6.79 (2H, d, J = 8.88 Hz); 13C
NMR (100 MHz, (CD3)2SO) δ 192.4, 177.7, 158.1, 140.7, 134.2, 131.2, 121.5, 120.6; ESIHRMS (m/z) calculated for C13H10N2O2=225.0669 [M - H]-, found 225.0670 [M - H]-.
Compound 18: This compound was prepared from 13 and 17 according to general procedure 1
and was isolated as an orange solid (Yield: 60%). Mp = 44.1°C; FT-IR: νmax/cm-1 2917, 1702,
1594, 1444, 1295, 1161, 1053, 839, 752; 1H NMR (400 MHz, CDCl3) δ 10.10 (s, 1H, CHO),
8.06–8.03 (m, 6H, 6×ArH), 7.40 (d, J = 8.89 Hz, 2H, 2×ArH), 7.33 (d, J = 2.35 Hz, 2H, 2×ArH),
6.73 (t, J = 2.33 Hz, 1H, ArH), 4.01 (t, J = 6.60 Hz, 4H, 2×CH2), 1.84–1.77 (m, 4H, 2×CH2),
1.49–1.44 (m, 4H, 2×CH2), 1.38–1.29 (m, 16H, 8×CH2), 0.89 (t, J = 6.95 Hz, 6H, 2×CH3). 13C
NMR (100 MHz, CDCl3) δ 191.6 (CHO), 164.7 (C=O), 160.4, 155.8, 153.8, 150.2, 137.5,
130.7, 124.6, 123.4, 122.6, 108.3, 107.4, 68.5 (CH2), 31.8 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2
(CH2),

26.0

(CH2),

22.7

(CH2),

14.1

(CH3).

ESI-HRMS (m/z)

C36H46N2O5=586.7730 [M + H]+, found 586.4662 [M + H]+.
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Compound 19: This compound was prepared from 14 and 17 according to general procedure 1
and was isolated as an orange wax (Yield: 56%). FT-IR: νmax/cm-1 2925, 1701, 1444, 1189,
1034, 754; 1H NMR (400 MHz, CDCl3) δ 10.01 (s, 1H, CHO), 7.98–7.95 (m, 6H, 6×ArH), 7.32
(d, J = 8.84 Hz, 2H, 2×ArH), 7.25 (d, J = 2.36 Hz, 2H, 2×ArH), 6.66 (t, J = 2.29 Hz, 1H, ArH),
3.83-3.80 (m, 4H, 2×CH2), 1.67–1.64 (m, 4H, 2×CH), 1.46–1.23 (m, 16H, 8×CH2), 0.88–0.81
(m, 12H, 4×CH3); 13C NMR (100 MHz, CDCl3) δ 191.6 (CHO), 164.8 (C=O), 160.6, 155.8,
153.8, 150.2, 137.5, 130.7, 124.6, 123.4, 122.6, 108.3, 107.3, 70.8, 70.7, 39.4, 30.6, 29.1, 23.9,
23.1, 14.1, 11.2 (CH3). ESI-HRMS (m/z) calculated for C36H46N2O5=587.3479 [M + H]+, found
587.3477 [M + H]+.
Compound 20: This compound was prepared from 15 and 17 according to general procedure 1
and was isolated as an orange solid (Yield: 51%). Mp = 58.5°C; FT-IR: νmax/cm-1 2917, 1702,
1594, 1347, 1165, 1046, 838, 752; 1H NMR (400 MHz, CDCl3) δ 10.01 (s, 1H, CHO), 7.97–
7.95 (m, 6H, 6×ArH), 7.31 (d, J = 8.73 Hz, 2H, 2×ArH), 7.24 (d, J = 2.04 Hz, 2H, 2×ArH),
6.64 (s, 1H, ArH), 3.92 (t, J = 6.74 Hz, 4H, 2×CH2), 1.73–1.68 (m, 4H, 2×CH2), 1.39–1.35 (m,
4H, 2×CH2), 1.18 (br s, 32H, 16×CH2), 0.79 (t, J = 6.49 Hz, 6H, 2×CH3); 13C NMR (100 MHz,
CDCl3) δ 191.5 (CHO), 164.7 (C=O), 160.4, 155.8, 153.8, 150.2, 137.5, 130.7, 124.6, 123.4,
122.6, 108.3, 107.4, 68.4, 31.9, 29.7, 29.6, 29.4, 29.2, 26.1, 22.7. ESI-HRMS (m/z) calculated
for C44H62N2O5=697.4585 [M - H]-, found 697.5886 [M - H]-.
Compound 21: This compound was prepared from 16 and 17 according to general procedure 1
and was isolated as an orange wax (Yield: 61%). FT-IR: νmax/cm-1 2929, 1701, 1428, 1330,
1180, 937, 752; 1H NMR (400 MHz, CDCl3) δ 10.14 (s, 1H, CHO), 8.10–8.08 (m, 6H, 6×ArH),
7.46–7.43 (m, 4H, 4×ArH), 4.01–3.94 (m, 6H, 3×CH2), 1.83–1.36 (m, 27H, 3×CH, 12×CH2),
0.99–0.94 (m, 18H, 6×CH3); 13C NMR (100 MHz, CDCl3) δ 191.6 (CHO), 164.8 (C=O), 155.8,
153.9, 153.2, 150.2, 143.3, 137.5, 130.7, 124.6, 123.3, 122.7, 108.1, 71.4, 40.7, 39.6, 30.6, 29.1,
23.9, 23.1, 14.1, 11.2. ESI-HRMS (m/z) calculated for C44H62N2O6=714.4602, found 714.5860.
Compound 22: This compound was prepared from 18 according to general procedure 2 and was
isolated as an orange solid (Yield: 61%). Mp = 139.4°C; FT-IR: νmax/cm-1 2923, 1739, 1590,
1297, 1161, 1034, 754; 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.81 Hz, 2H, 2×ArH), 7.85
(d, J = 8.27 Hz, 2H, 2×ArH), 7.55 (d, J = 8.36 Hz, 2H, 2×ArH), 7.29–7.25 (m, 4H, 4×ArH),
6.65 (s, 1H, ArH), 5.41 (s, 1H, CH), 4.13–4.05 (m, 4H), 3.93 (t, J = 6.53 Hz, 4H, 2×CH2), 3.70
S17

(d, J = 11.6Hz, 2H), 3.46 (s, 2H), 1.76–1.69 (m, 4H, 2×CH2), 1.39–1.35 (m, 4H, 2×CH2), 1.25–
1.18 (m, 16H, 8×CH2), 0.83–0.79 (m, 6H, 2×CH3);

13

C NMR (100 MHz, CDCl3) δ 164.8

(C=O), 160.4, 153.1, 152.8, 150.3, 140.6, 130.8, 126.9, 124.2, 122.9, 122.4, 108.3, 107.4,
101.4, 70.1, 68.5, 65.4, 63.9, 38.9, 31.8, 29.4, 29.3, 29.2, 26.0, 14.1. ESI-HRMS (m/z)
calculated for C41H56N2O8=705.4109 [M + H]+ 727.3928 [M + Na]+, found 705.4114 [M + H]+,
727.3935 [M + Na]+.
Compound 23: This compound was prepared from 19 according to general procedure 2 and was
isolated as an orange solid (Yield: 53%). Mp = 123.6°C; FT-IR: νmax/cm-1 2927, 1743, 1592,
1298, 1168, 1037, 752; 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.90 Hz, 2H, 2×ArH), 7.93
(d, J = 8.68 Hz, 2H, 2×ArH), 7.63 (d, J = 8.41 Hz, 2H, 2×ArH), 7.37 (d, J = 8.84 Hz, 2H,
2×ArH), 7.34 (d, J = 2.44 Hz, 2H, 2×ArH), 6.74 (t, J = 2.30 Hz, 1H, ArH), 5.49 (s, 1H, CH),
4.18 (d, J = 11.76 Hz, 2H), 4.12 (s, 2H), 3.93–3.89 (m, 4H), 3.78 (d, J = 12.05 Hz, 2H), 3.54
(s, 2H), 1.76–1.71 (m, 2H, 2×CH), 1.55–1.29 (m, 16H, 8×CH2), 0.97–0.89 (m, 12H, 4×CH3);
13

C NMR (100 MHz, CDCl3) δ 164.9 (C=O), 160.6, 153.1, 152.8, 150.3, 140.6, 130.8, 126.9,

124.2, 122.9, 122.4, 108.2, 107.3, 101.4, 70.9, 70.0, 65.4, 63.9, 39.4, 38.9, 30.5, 29.1, 23.9,
23.1, 14.1, 11.2. ESI-HRMS (m/z) calculated for C41H56N2O8= 705.4109 [M + H]+ 727.3928
[M + Na]+, found 705.4113 [M + H]+, 727.3930 [M + Na]+.
Compound 24: This compound was prepared from 20 according to general procedure 2 and was
isolated as an orange solid (Yield: 57%). Mp = 132.0°C; FT-IR: νmax/cm-1 2919, 1747, 1595,
1446, 1296, 1167, 1037, 754; 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.83 Hz, 2H, 2×ArH),
7.93 (d, J = 8.66 Hz, 2H, 2×ArH), 7.63 (d, J = 8.41 Hz, 2H, 2×ArH), 7.37 (d, J = 8.90 Hz, 2H,
2×ArH), 7.33 (d, J = 2.33 Hz, 2H, 2×ArH), 6.73 (t, J = 2.33 Hz, 1H, ArH), 5.49 (s, 1H, CH),
4.19 (d, J = 11.87 Hz, 2H), 4.12 (s, 2H), 4.01 (t, J = 6.50 Hz, 4H), 3.78 (d, J = 11.87 Hz, 2H),
3.53 (s, 2H), 1.82–1.78 (m, 4H, 2×CH2), 1.49–1.45 (m, 4H, 2×CH2), 1.37–1.27 (m, 32H,
16×CH2), 0.88 (t, J = 6.65 Hz, 6H, 2×CH3); 13C NMR (100 MHz, CDCl3) δ 164.8 (C=O), 160.4,
153.1, 152.8, 150.3, 140.6, 130.8, 126.9, 124.2, 122.9, 122.4, 108.3, 107.4, 101.4, 70.0, 68.5,
65.4, 63.9, 38.9, 31.9, 29.7, 29.6, 29.4, 29.2, 26.0, 22.7, 14.1. ESI-HRMS (m/z) calculated for
C49H72N2O8=817.5361 [M + H]+ 839.5180 [M + Na]+, found 817.5365 [M + H]+, 839.5185 [M
+ Na]+.
Compound 25: This compound was prepared from 21 according to general procedure 2 and was
isolated as an orange solid (Yield: 46%). Mp = 92.5°C; FT-IR: νmax/cm-1 2925, 1735, 1584,
S18

1428, 1332, 1182, 1093, 1008, 753; 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.84 Hz, 2H,
2×ArH), 7.93 (d, J = 8.54 Hz, 2H, 2×ArH), 7.63 (d, J = 8.46 Hz, 2H, 2×ArH), 7.43 (s, 2H,
2×ArH), 7.37 (d, J = 8.89 Hz, 2H, 2×ArH), 5.49 (s, 1H, CH), 4.20–4.12 (m, 4H), 3.98–3.93 (m,
6H), 3.78 (d, J = 12.06 Hz, 2H), 3.53 (s, 2H), 2.64–2.61 (m, 2H), 1.80–1.32 (m, 27H, 3×CH,
12×CH2), 0.98–0.89 (m, 18H, 6×CH3);

13

C NMR (100 MHz, CDCl3) δ 164.9 (C=O), 153.2,

152.8, 150.3, 143.2, 140.7, 126.9, 124.2, 123.4, 122.8, 122.6, 108.1, 101.4, 76.1, 71.4, 70.0,
65.4, 63.9, 40.7, 39.6, 38.9, 30.6, 29.1, 23.9, 23.2, 14.1, 11.2. ESI-HRMS (m/z) calculated for
C49H72N2O9=833.5810 [M + H]+ 855.5130 [M + Na]+, found 833.5314 [M + H]+, 855.5127 [M
+ Na]+.
14-oxo-4,7,10,13-tetraoxaheptadec-1-yn-17-oic acid 26: This compound was prepared
according to literature procedure over two steps.2 Sodium hydride (2.6g, 65 mmol, 65 equiv.
60% disperse in mineral oil) was slowly added to a solution of triethyleneglycol (15.02g, 100
mmol, 100 equiv.) in dry THF (75 mL) and the mixture stirred for 30 min at 0°C under N2.
Propargyl bromide (5.4 mL, 50 mmol, 50 equiv.) was slowly injected to the reaction mixture,
followed by stirring at 0°C for 2 hours and at room temperature for 20 hours. The mixture was
poured into water, extracted with DCM, dried over Na2SO4 and purified by flash
chromatography using EtOAc:hexane (3:2) as the eluent to afford the intermediate as pale
yellow oil (3.95g, 43%). FT-IR: νmax/cm-1 2921, 2852, 1736, 1457, 1069; 1H NMR (400MHz,
CDCl3) δ 5.15 (s, 1H, OH), 4.29–4.09 (m, 4H, 2×CH2), 3.68–3.54 (m, 10H, 5×CH2), 2.43–2.42
(m, 1H, CH);

13

C NMR (100 MHz, CDCl3) δ 79.5, 74.9, 72.4, 70.3, 70.2, 68.8, 61.2, 58.1;

LCMS (m/z) calculated for C9H16O4=189.1 [M + H]+, found 189.1 [M + H]+. The synthetic
intermediate (2 g, 10.6 mmol, 1 equiv.) and succinic anhydride (1.28 g, 12.8 mmol, 1.2 equiv.)
were dissolved in anhydrous DCM (10 mL) under N2. To this reaction mixture, triethylamine
(1.48 mL, 10.6 mmol, 1 equiv.) was added dropwise. The reaction mixture was then stirred at
room temperature for 24 hours under N2, before poured into water (60 mL) and neutralized with
1N HCl. The organic layer was then washed with brine, dried over Na2SO4, concentrated under
reduced pressure and purified by flash chromatography to afford the final product as pale yellow
oil (2.02g, 68.3%). FT-IR: νmax/cm-1 1728, 1349, 1088, 834, 635; 1H NMR (400 MHz, CDCl3)
δ 4.25–4.23 (m, 2H, CH2), 4.18 (d, J = 2.40 Hz, 2H, CH2), 3.69–3.64 (m, 11H, 5×CH2, CH),
2.64 (s, 4H, CH2); 13C NMR (100 MHz, CDCl3) δ 176.2, 172.1, 79.6, 79.5, 74.9, 70.3, 70.2,
70.1, 68.8, 63.7, 58.1, 28.8, 28.7; ESI-HRMS (m/z) calculated for C13H20O7=287.1136 [M - H], found 287.1133 [M - H]-.
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Compound 27: This compound was prepared from 22 and 26 according to general procedure 1
and was isolated as an orange wax (Yield: 67%). FT-IR: νmax/cm-1 2923, 1735, 1592, 1348,
1095, 843, 755; 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.92 Hz, 2H, 2×ArH), 7.91 (d, J =
8.49 Hz, 2H, 2×ArH), 7.61 (d, J = 8.58 Hz, 2H, 2×ArH), 7.35 (d, J = 8.87 Hz, 2H, 2×ArH),
7.31 (d, J = 2.24 Hz, 2H, 2×ArH), 6.70 (t, J = 2.27 Hz, 1H, ArH), 5.50 (s, 1H, CH), 4.51 (s,
2H), 4.26–4.12 (m, 10H), 4.00–3.95 (m, 6H), 3.89–3.86 (m, 2H), 3.69–3.63 (m, 20H), 2.66 (s,
8H, 4×CH2), 2.44–2.42 (m, 2H, 2×CH), 1.81–1.74 (m, 4H, 2×CH2), 1.47–1.41 (m, 4H, 2×CH2),
1.36–1.27 (m, 16H, 8×CH2), 0.89–0.85 (m, 6H, 2×CH3); 13C NMR (100 MHz, CDCl3) δ 172.2,
171.9, 164.7, 160.3, 153.1, 152.9, 150.2, 140.2, 130.9, 127.0, 124.2, 122.8, 122.4, 108.2, 101.5,
79.7, 74.6, 70.6, 70.4, 69.5, 69.1, 69.0, 68.4, 63.9, 63.4, 62.7, 58.4, 37.3, 31.8, 29.3, 29.2, 29.1,
29.0, 28.9, 26.0, 22.7, 14.1; ESI-HRMS (m/z) calculated for C67H92N2O20=1245.6316 [M + H]+
1267.6135 [M + Na]+, found 1245.6305 [M + H]+, 1267.6129 [M + Na]+.
Compound 28: This compound was prepared from 23 and 26 according to general procedure 1
and was isolated as an orange wax (Yield: 63%). FT-IR: νmax/cm-1 2929, 1734, 1592, 1347,
1096, 841; 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.88 Hz, 2H, 2×ArH), 7.92 (d, J = 8.44
Hz, 2H, 2×ArH), 7.63 (d, J = 8.49 Hz, 2H, 2×ArH), 7.37 (d, J = 8.84 Hz, 2H, 2×ArH), 7.32 (d,
J = 2.33 Hz, 2H, 2×ArH), 6.73 (t, J = 2.30 Hz, 1H, ArH), 5.52 (s, 1H, CH), 4.52 (s, 2H), 4.27–
4.13 (m, 10H), 3.97–3.88 (m, 8H), 3.72–3.63 (m, 20H), 2.68 (s, 8H, 4×CH2), 2.44–2.42 (m, 2H,
2×CH), 1.75–1.72 (m, 2H, 2×CH), 1.52–1.25 (m, 16H, 8×CH2), 0.95–0.89 (m, 12H, 4×CH3);
13

C NMR (100 MHz, CDCl3) δ 172.2, 171.1, 164.8, 160.6, 153.1, 152.9, 150.3, 140.2, 130.8,

127.0, 124.4, 122.8, 122.4, 108.2, 101.5, 79.7, 74.6, 70.8, 70.6, 70.4, 69.5, 69.1, 63.9, 63.4,
58.4, 39.4, 37.3, 33.9, 30.5, 29.1, 29.0, 28.9, 24.9, 23.9, 23.0, 14.1, 11.1; ESI-HRMS (m/z)
calculated for C67H92N2O20=1245.6316 [M + H]+ 1267.6135 [M + Na]+, found 1245.6294 [M +
H]+, 1267.6130 [M + Na]+.
Compound 29: This compound was prepared from 24 and 26 according to general procedure 1
and was isolated as an orange wax (Yield: 57%). FT-IR: νmax/cm-1 2926, 1735, 1593, 1348,
1097, 841; 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.73 Hz, 2H, 2×ArH), 7.91 (d, J = 8.34
Hz, 2H, 2×ArH), 7.62 (d, J = 8.35 Hz, 2H, 2×ArH), 7.37–7.31 (m, 4H, 4×ArH), 6.71 (s, 1H,
ArH), 5.51 (s, 1H, CH), 4.51 (s, 2H), 4.27–4.13 (m, 10H), 4.01–3.87 (m, 8H), 3.71–3.63 (m,
20H), 2.67 (s, 8H, 4×CH2), 2.44–2.42 (m, 2H, 2×CH), 1.86–1.75 (m, 4H, 4×CH2), 1.45–1.42
(m, 4H, 2×CH2), 1.33–1.25 (m, 32H, 16×CH2), 0.88–0.85 (m, 6H, 2×CH3);

13

C NMR (100

MHz, CDCl3) δ 172.2, 171.9, 164.7, 160.4, 153.1, 152.9, 150.3, 140.2, 130.9, 127.0, 124.2,
S20

122.8, 122.4, 108.2, 107.3, 101.5, 79.7, 74.6, 70.6, 70.5, 69.5, 69.1, 69.0, 68.4, 63.9, 63.4, 62.7,
58.4, 37.3, 31.9, 29.7, 29.6, 29.4, 29.2, 29.0, 28.9, 26.0, 22.7, 14.1; ESI-HRMS (m/z) calculated
for C75H108N2O20=1357.7568 [M + H]+ 1379.7387 [M + Na]+, found 1357.7605 [M + H]+,
1379.7400 [M + Na]+.
Compound 30: This compound was prepared from 25 and 26 according to general procedure 1
and was isolated as an orange wax (Yield: 46%). FT-IR: νmax/cm-1 2932, 1731, 1333, 1183,
1095, 1009, 938, 840, 755; 1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.90 Hz, 2H, 2×ArH),
7.92 (d, J = 8.44 Hz, 2H, 2×ArH), 7.62 (d, J = 8.48 Hz, 2H, 2×ArH), 7.41 (s, 2H, 2×ArH), 7.36
(d, J = 8.93 Hz, 2H, 2×ArH), 5.51 (s, 1H, CH), 4.51 (s, 2H), 4.27–4.13 (m, 10H), 3.96–3.87
(m, 8H), 3.71–3.63 (m, 20H), 2.67 (s, 8H, 4×CH2), 2.44–2.42 (m, 2H, 2×CH), 1.88–1.30 (m,
27H, 3×CH, 12×CH2), 0.95–0.87 (m, 18H, 6×CH3);

13

C NMR (100 MHz, CDCl3) δ 172.2,

171.9, 164.8, 153.3, 153.2, 152.9, 150.2, 143.1, 140.2, 127.0, 124.2, 123.4, 122.8, 122.5, 108.1,
101.5, 79.7, 74.6, 71.4, 70.6, 70.4, 69.5, 69.1, 69.0, 63.9, 63.4, 62.7, 58.4, 40.7, 39.6, 37.3,
30.5,30.4, 29.3, 29.1, 29.0, 28.9, 23.9, 23.7, 23.1, 14.2, 14.1, 11.2; ESI-HRMS (m/z) calculated
for C75H108N2O21=1373.7517 [M + H]+ 1395.7336 [M + Na]+, found 1373.7531 [M + H]+,
1395.7316 [M + Na]+.
2-azidoethyl α-D-mannopyranoside 31: This compound was prepared from α-D-mannose
pentaacetate according to general procedure 5 and was isolated as white solid (Yield: 74%). Mp
= 132.8°C; [α]D20 125.0 (c, 0.06 in CH3OH); FT-IR: νmax/cm-1 2922, 2100, 1559, 1406, 1287,
1056, 648; 1H NMR (400 MHz, CD3OD) δ 4.85 (d, J = 1.48 Hz, 1H, H-1), 3.96–3.84 (m, 3H,
H-2, H-3, H-4), 3.78–3.73 (m, 2H, H-6), 3.69–3.57 (m, 3H, H-5, CH2CH2N3), 3.45–3.42 (m,
2H, CH2N3); 13C NMR (100 MHz, CD3OD) δ 100.4, 73.4, 71.0, 70.6, 67.1, 66.3, 61.3, 50.4;
LCMS: m/z calculated for C8H15N3O6 = 272.1 [M + Na]+, found 272.1 [M + Na]+.
2-azidoethyl β-D-galactopyranoside 32: This compound was prepared from β-D-galactose
pentaacetate according to general procedure 5 and was isolated as colorless wax (Yield: 77%).
[α]D20 18.9 (c, 0.19 in CH3OH); FT-IR: νmax/cm-1 2102, 1580, 1369, 1047; 1H NMR (400 MHz,
CD3OD) δ 4.30 (d, J = 7.36 Hz, 1H, H-1), 4.07–4.01 (m, 1H, OCH), 3.89–3.88 (m, 1H, H-4),
3.79–3.74 (m, 3H, H-2, H-3, OCH), 3.59–3.49 (m, 5H, H-5, CH2CH2N3, CH2N3); 13C NMR
(100 MHz, CD3OD) δ 103.7, 75.3, 73.5, 71.1, 68.9, 67.8, 61.0, 50.7; LCMS (m/z) calculated
for C8H15N3O6 = 272.1 [M + Na]+, found 272.1 [M + Na]+.
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2-azidoethyl α-L-fucopyranoside 33: This compound was prepared from 1,2,3,4-tetra-O-acetylα-L-fucose according to general procedure 5 and was isolated as pale yellow solid (Yield: 71.4
%). Mp = 159.0°C; [α]D20 140.0 (c, 0.025 in CH3OH); FT-IR: νmax/cm-1 2111, 1746, 1371, 1213,
1060, 950, 676; 1H NMR (400 MHz, CD3OD) δ 4.80 (d, J = 2.89 Hz, 1H, H-1), 4.03–3.98 (m,
1H, H-5), 3.87–3.76 (m, 3H), 3.70–3.37 (m, 4H, CH2CH2N3), 1.23 (d, J = 6.61 Hz, 3H, CH3);
13

C NMR (100 MHz, CD3OD) δ 101.0 (C-1), 73.8 (C-4), 71.8 (C-3), 69.8 (C-2), 67.9 (OCH2),

67.7 (C-5), 51.9 (CH2N3), 16.8 (CH3). LCMS (m/z) calculated for C8H15N3O5=256.1 [M + Na]+,
found 256.1 [M + Na]+.
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Concluding comments and future directions
In this thesis, we describe the combinatorial synthesis, physical characterization and
biological activity of a new generation of carbohydrate-based amphiphile. UV-visible light
was used an environmental stimulus for controlling the interfacial activity and self-assembly
properties of these materials, which was further applied as a strategy for modulating their
biological activity.

Chapter one is a comprehensive overview of the literature concerning the application of
azobenzene trans-cis photoisomerization for controlling the molecular conformation of
carbohydrates. Previous studies have highlighted this approach for modulating the multivalent
presentation of carbohydrates, adsorption and aggregation properties of carbohydrate-based
surfactants, and supramolecular assembly of carbohydrate-based materials with broad
applications in nanoscience and materials science. Prior to this work, however, there have
been no studies describing the application of the venerable photoswitch for controlling the
antifreeze

properties,

anti-microbial

activity

and

lectin-binding

properties

of

carbohydrate-based amphiphiles. This thesis opens a new chapter in this exciting area of
research and provides proof-of-principle for the future application of these molecules in
controlled release, responsive tools for glycobiology research, and as novel therapeutics and
cryoprotectants.

Chapter two of this thesis describes the modular synthesis and photocontrollable ice
recrystallization inhibition activity of a panel of carbohydrate-based surfactants. Specifically,
a library of 15 azobenzene-functionalized, carbohydrate-based fluorosurfactants were
assembled using a modular approach, and their structure–activity relationships were
determined. Surfactants comprised a mono- or disaccharide head group that was appended to
a hydrophobic, photoswitchable n-butyl azobenzene tail group, and regioisomeric
trifluoromethyl (–CF3) azobenzene tail group. Weak-to-moderate IRI activity was observed
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for these compounds, with the exception of a D-mannose based photosurfactant (2.8), which
exhibited potent photomodulated IRI activity. Interestingly, this compound did not display
any detectable thermal hysteresis (TH) activity, and therefore shows significant promise for
the future development of low molecular weight mannose-based cryoprotectants. Future work
will be directed toward optimizing antifreeze/IRI activity, and overcoming the deleterious
cytoxicity observed for these compounds. In particular, the development of novel, non-ionic
(fluoro)surfactants will be targeted, along with known commercial carbohydrate-based
surfactants (e.g. sucrose esters) as a potentially new source of cryoprotectants for biomedical
use.

Chapter three focused on the synthesis and characterization of 11 photocontrollable
carbohydrate-based surfactants as potential inhibitors of bacterial growth and biofilm
formation.

Through

structural

variation

of

the

carbohydrate

head

group

and

photoisomerization of the n-butyl azobenzene tail group, the self-assembly and bioactivity of
these intriguing molecules could be tuned. The antibacterial performance of these surfactants
was assessed using an optical density assay, revealing bacteria- and photoisomer-specific,
dose-dependent inhibition of the bacterial growth of Gram-negative E. coli and Gram-positive,
methicillin resistant S. aureus. Interestingly, these photosurfactants generally promoted the
growth of Gram-negative P. aeruginosa, thus underscoring the differences in the cell-wall
structure and permeability, as well as the physiological differences of these bacterial species.
The ability to control the physiological behaviour of bacteria using photoswitchable
surfactants is unprecedented and presents new opportunities for the development of
responsive tools for studying bacterial adhesion processes and as antibacterial agents and
coatings. Future work could be directed towards understanding these interactions at the
molecular level, for example, the interrogation of biochemical signaling and lectin binding
events that lead to specific changes in quorum sensing and swarming motility, as well as
understanding the basis for the promotion of bacterial growth observed in P. aeruginosa.
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In Chapter four of this thesis, we described the combinatorial synthesis, characterization and
lectin binding activity of a library of 12 photoresponsive Janus glycodendrimers.
Light-responsive glycodendrimers were synthesized using a modular synthetic strategy
employing the CuAAc reaction to append carbohydrate-based, bio-recognition motifs onto a
photoswitchable core possessing variable linear and branched alkyl groups. The morphology
and hydrodynamic volume of the self-assembled glycodendrimer micelles was determined
using DLS and SANS, and revealed nanostructures with low polydispersity indices (PDIs)
and cylindrical geometries of various length (104–915 Å) and radii (32–41 Å). The lectin
binding affinity of these glycodendrimers against LecA and LecB from P. aeruginosa was
also investigated using a fluorescence polarization-based assay, and moderate-to-potent
inhibition was detected in the trans and cis photostationary states. Although no obvious
photomodulation of aggregation properties and lectin binding potency of these
glycodendrimers was detected, this study demonstrated the potential of these responsive,
self-assembled lectin inhibitors for studying lectin-carbohydrate interactions, and as adaptable
ligands for impeding interactions of pathological significance. Future work could be directed
toward the discovery of glycodendrimers with enhanced photoswitching efficiency and lectin
binding affinity, for example by tailoring the azobenzene unit as terminal groups rather than
as the core of glycodendrimers.

Across the carbohydrate amphiphiles investigated, a number of structural motifs are repeated,
however quite different surface behaviours result, indicating the significance of minor
modifications in chemical structure on physical and biological properties. Overall,
amphiphiles incorporating a trifluoromethyl group para to the azobenzene (Chapter 2) have
lower CMC than those with a para n-butyl group (Chapter 3), when bearing the same
carbohydrate headgroup. Also, chain branching has been found to have a distinctive effect on
the aggregation behaviour of these amphiphiles. Larger aggregates were formed for
glycodendrimers (Chapter 4) than linearly configured carbohydrate surfactants (Chapter 3) as
indicated by SANS. Across the whole range of photoresponsive carbohydrate amphiphiles
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investigated, these molecules have demonstrated unexpectedly diverse surface and
aggregation behaviour, and great potential for finely tuning their properties in biological
applications. This encourages the continued exploration of molecular design so that new and
novel species can be discovered with tailored physical and biological properties.
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Appendix I Thermal cis–trans relaxation UV-vis spectra
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Appendix II Air-water surface tension data
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Appendix III Raw data of log P measurements
2.7 GlcAzo trans (before / after diffusion equilibrium)

2.7 GlcAzo cis (before / after diffusion equilibrium)

2.8 ManAzo trans (before / after diffusion equilibrium)

2.8 ManAzo cis (before / after diffusion equilibrium)
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2.9 GalAzo trans (before / after diffusion equilibrium)

2.9 GalAzo cis (before / after diffusion equilibrium)

2.10 Glc p-CF3 trans (before / after diffusion equilibrium)

2.10 Glc p-CF3 cis (before / after diffusion equilibrium)
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2.11 Glc m-CF3 trans (before / after diffusion equilibrium)

2.11 Glc m-CF3 cis (before / after diffusion equilibrium)

2.12 Glc o-CF3 trans (before / after diffusion equilibrium)

2.12 Glc o-CF3 cis (before / after diffusion equilibrium)
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2.13 Gal p-CF3 trans (before / after diffusion equilibrium)

2.13 Gal p-CF3 cis (before / after diffusion equilibrium)

2.14 Gal m-CF3 trans (before / after diffusion equilibrium)

2.14 Gal m-CF3 cis (before / after diffusion equilibrium)

178

2.15 Gal o-CF3 trans (before / after diffusion equilibrium)

2.15 Gal o-CF3 cis (before / after diffusion equilibrium)

2.16 Man p-CF3 trans (before / after diffusion equilibrium)

2.16 Man p-CF3 cis (before / after diffusion equilibrium)
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2.17 Man m-CF3 trans (before / after diffusion equilibrium)

2.17 Man m-CF3 cis (before / after diffusion equilibrium)

2.18 Man o-CF3 trans (before / after diffusion equilibrium)

2.18 Man o-CF3 cis (before / after diffusion equilibrium)
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2.19 Cel p-CF3 trans (before / after diffusion equilibrium)

2.19 Cel p-CF3 cis (before / after diffusion equilibrium)

2.20 Cel m-CF3 trans (before / after diffusion equilibrium)

2.20 Cel m-CF3 cis (before / after diffusion equilibrium)
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2.21 Cel o-CF3 trans (before / after diffusion equilibrium)

2.21 Cel o-CF3 cis (before / after diffusion equilibrium)
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Appendix IV Published first and co-authored papers included in
the main body of this thesis
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Naturally occurring and synthetic carbohydrate amphiphiles have emerged as a promising class of
antimicrobial and antiadhesive agents that act through a number of dynamic and often poorly
understood mechanisms. In this paper, we provide the ﬁrst report on the application of azobenzene
trans–cis photoisomerization for eﬀecting spatial and temporal control over bacterial growth and bioﬁlm
formation using carbohydrate-based surfactants. Photocontrollable surface tension studies and small
angle neutron scattering (SANS) revealed the diverse geometries and dimensions of self-assemblies
(micelles) made possible through variation of the head group and UV-visible light irradiation. Using these
light-addressable amphiphiles, we demonstrate optical control over the antibacterial activity and
formation of bioﬁlms against multi-drug resistant (MDR) Pseudomonas aeruginosa, methicillin-resistant
Staphylococcus aureus (MRSA) and Gram-negative Escherichia coli. To probe the mechanism of
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DOI: 10.1039/c6sc03020c
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bioactivity further, we evaluated the impact of trans–cis photoisomerization in these surfactants on
bacterial motility and revealed photomodulated enhancement in swarming motility in P. aeruginosa.
These light-responsive amphiphiles should attract signiﬁcant interest as a new class of antibacterial
agents and as investigational tools for probing the complex mechanisms underpinning bacterial adhesion
and bioﬁlm formation.

Introduction
Antimicrobial drug resistance represents a global health
emergency and there is now an urgent and unmet need for
new clinical agents and preventative strategies that possess
unconventional modes of action.1 This problem is exacerbated
by the ability of many pathogenic bacteria to form matrixenclosed communities that are immobilized on biotic and
abiotic surfaces, or biolms, which confer enhanced resistance toward host immune responses and antibiotic treatments.2 Naturally occurring biosurfactants are a structurally
diverse class of amphiphilic compound with promising antimicrobial and anti-biolm activity. In particular, microbial
glycolipids and their synthetic analogues have attracted
considerable interest as selective antibacterial agents and as
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mechanistic tools for expanding our understanding of bacterial physiology and biolm formation.3,4 In many cases, this
bioactivity can be attributed to the ability of these molecules
to lower interfacial tension, thereby mediating bacterial
motility, cellular and protein adhesion, signalling and
communication, pH regulation, nutrient uptake, and degradation of harmful metabolites.3–6 These multifaceted
responses are dependent on the bacterial strain and surfactant used, and our current understanding is limited to
a handful of well-characterized systems. Access to chemical
tools with tuneable properties that could selectively inuence
bacterial growth and biolm formation oﬀers new opportunities to develop novel therapies for biolm-associated
diseases, and to study the mechanisms governing bacterial
adhesion and biolm formation.
In recent years there has been considerable interest in light
as an external stimulus for eﬀecting spatial and temporal
control over the conformational dynamics of biomolecules7
and the biological activity of small molecules.8 Toward this
goal, the well-studied azobenzene chromophore has been
actively pursued, owing to the facile and reproducible trans–cis
photoisomerization, and the ease of molecular synthesis for
enabling new light-addressable materials with tailored photoswitching wavelengths and potential in vivo applications.9,10
In parallel with these developments, azobenzene photochromism has been widely reported as a means for modulating
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(A) Photoswitchable carbohydrate-based surfactants and (B)
cartoon representation of the photomodulation of bioﬁlm growth.

Fig. 1

carbohydrate multivalency and lectin binding,11 and for
controlling supramolecular self-assembly12 and host–guest
interactions.13 We have previously demonstrated the photocontrollable self-assembly and interfacial activity of carbohydrate-based surfactants and uorosurfactants.14 Throughout
the course of these studies, we demonstrated the ability to
modulate the interfacial activity and aggregation properties of
these amphiphiles through changes in head group geometry,
size and polarity, as well as the isomeric state of the tail
group.15 However, the impact of azobenzene trans–cis photoisomerization within carbohydrate-based surfactants on the
ability of bacteria to survive and to form active biolms
remains to be veried.
Herein, we report the photocontrollable antibacterial and
biolm modulatory activity of a panel of carbohydrate-based
surfactants (Fig. 1). Surfactants incorporated variable monosaccharide head groups, including D-glucose (AzoGlc),14 D-xylose
(AzoXyl), L-rhamnose (AzoRha), D-mannose (AzoMan), N-acetyl
glucosamine (AzoGlcNAc), and L-arabinopyranose (AzoAra),
which were tethered to a hydrophobic n-butylazobenzene tail
group (Fig. 2). Monosaccharide head groups were selected
based the natural occurrence and intriguing biological activity
of glycolipids expressing these structures, and the important
roles carbohydrates play in bacterial adhesion processes.
Through reversible photocontrol over self-assembly and interfacial activity, these surfactants were assessed as modulators of
bacterial growth and biolm formation against methicillin
resistant Staphylococcus aureus ATCC1698 (MRSA), Escherichia
coli DH5a and a multi-drug resistant strain of Pseudomonas
aeruginosa MDR283/1-6.

This journal is © The Royal Society of Chemistry 2016

Fig. 2 Photoswitchable carbohydrate-based surfactants and control
compounds used in this study.

Results and discussion
Surfactant synthesis and characterisation
Our investigation commenced with the modular synthesis and
physical characterisation of a panel of photoswitchable carbohydrate-based surfactants (see ESI for details†). To this end,
known glycosyl azides were united with a n-butylazobenzene tail
fragment using the well-established Cu(I)-catalysed azide-alkyne
cycloaddition reaction (CuAAc).14,16 Surfactants were isolated in
acceptable yields over two steps following purication by
reversed phase, preparative HPLC. In addition to non-ionic
carbohydrate photosurfactants, we also targeted a non-surface
active fragment lacking the sugar head group (AzoTEG) and
a known cationic photosurfactant (AzoTAB)17 as control
compounds.
Having acquired surfactants, we assessed the photocontrollable surface activity and self-assembly properties using
pendant drop tensiometry and small angle neutron scattering
(SANS), respectively. To aﬀect trans–cis photoisomerization,
compounds were irradiated at 361 nm for 15 min and the critical micellar concentration (CMC) measured using pendant
drop tensiometry, although one minute was found to be suﬃcient to achieve near complete trans–cis photoisomerization.
Photoisomerization was also observed using UV-vis spectroscopy as determined by a diminished intensity of the peak at
350 nm corresponding to the p–p* transition and an increase in
intensity of the peak at 440 nm corresponding to the n–p*
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transition. The ratio of cis and trans isomers in either photostationary state (PSS) was estimated by integrating selected
signals in the 1H NMR spectrum, before and aer UV photoirradiation (ESI, Fig. S1†). In the trans dominated PSS, <10% of
molecules existed in the cis isomeric form. Following UV irradiation, approximately 75% of molecules existed in the cis
isomeric form (cis dominated PSS).18,19 To investigate potential
photodegradation of surfactants during photoswitching, the 1H
NMR spectra of the trans isomer was recorded both prior to UV
photoirradiation, and following visible light irradiation
(430 nm) of the photo-excited cis isomer (ESI, Fig. S2†).
Since our antibacterial assays occurred in dark-adapted
conditions at 37 ! C, we were interested in monitoring the
thermal relaxation of the cis isomer to the more stable trans
isomer in bacterial growth media over a 24 h time period. The
cis isomers showed a half-life of over 10 hours in water as well as
in two bacterial growth media at 37 ! C (ESI, Table S1 and
Fig. S4–S7†). Considering the typical bacterial doubling time of
0.5–2 h, this would oﬀer ample opportunity for cis isomers to
exert a biological response. An increase in the CMC was
accompanied by trans–cis photoisomerization, which was
attributed to the increased polarity and altered molecular
geometry of the cis isomer relative to the more hydrophobic and
planar trans isomer (Table 1).20 However, in some cases the
magnitude of this change was signicant, in particular that of
AzoGlcNAc incorporating an N-acetyl glucosamine head group.
In contrast, virtually no diﬀerence in the CMC was observed
between the trans (0.33 mM) and cis (0.34 mM) dominated PSS
of AzoXyl, further highlighting the eﬀect of subtle head group
conguration and polarity on the interfacial activity of this class
of photosurfactants.

be used to probe the potential relationship between the
aggregation properties of these amphiphiles and the ability to
modulate bacterial growth and biolm formation. For each
surfactant, spectra were acquired in D2O in the trans-dominated PSS at a concentration well above the CMC. As revealed
from the SANS data (Table 1 and Fig. 3), a wide range of
aggregate morphologies and sizes are made possible through
variation of the carbohydrate head group, which is in agreement with our previous studies.14,16 Indeed, micelles ranged
from small ellipsoids, as in AzoMan and AzoAra, to extremely
long, exible cylindrical (worm-like) micelles arising from
AzoXyl (length > 100 nm, persistence length 36 nm). This
extraordinary variety of self-assembled structures indicates
that the aggregation properties of carbohydrate amphiphiles
are extremely sensitive to the head-group employed, oﬀering
considerable geometric information on preferred packing and
interfacial curvature.

Characterisation of self-assemblies
Small angle neutron scattering (SANS) is a powerful experimental technique that is frequently employed to deduce the
morphology and size of nanostructures and self-assemblies in
solution.14,21 SANS measurements were performed to determine the post-CMC aggregation structures (micelles) formed
by the photoswitchable surfactants, which provided information on the number and topology of carbohydrates exposed on
the micelle surface. We postulated that this information could

Table 1 Photocontrollable surface and aggregation properties of
carbohydrate-based photosurfactantsa

Surfactant

E/Cb

Nagg

Ahg

CMC (CMCUV)

AzoGlc17
AzoXyl
AzoRha
AzoMan
AzoGlcNAc
AzoAra

E
C
C
E
E
E

440
NA
622
141
178
89

0.69
NA
0.79
0.84
1.02
1.12

0.31 (0.59)
0.33 (0.34)
0.11 (0.42)
0.13 (0.49)
0.11 (1.22)
0.33 (0.88)

a
Aggregation number (Nagg), area per head group (Ahg) [nm2] and
critical micelle concentration (CMC) in ambient and UV-irradiated
conditions [mM]. b E ¼ ellipsoid, C ¼ cylindrical. For AzoXyl, long
worm-like micelles were obtained with a length of >100 nm.
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Fig. 3 Small angle neutron scattering (SANS) spectrum of carbohydrate-based surfactants in D2O at 4 mM concentration (symbols) and
theoretical ﬁts (solid lines) for selected surfactant micelles. Inset top:
meridional sections of the ﬁtted geometries from SANS of the
surfactants. The SANS spectra for AzoGlc has been reported
previously.17
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Photocontrollable antibacterial studies
We next evaluated the photocontrollable antibacterial activity of
photoswitchable surfactants, non-surface active tail fragment
AzoTEG and the cationic surfactant AzoTAB against Gramnegative E. coli DH5a, Gram-negative P. aeruginosa, and Grampositive S. aureus. Compounds were screened for antibacterial
activity using an OD600 bacterial growth assay (see ESI for
experimental procedure and data†).22 To obtain cis photoisomers for antibacterial studies, the native compounds were
irradiated with UV light for 5 min prior to incubation with
bacteria. Following a dark-adapted 24 h incubation period, the
optical density of the wells was measured at 600 nm. AzoTEG
displayed moderate inhibitory potency against S. aureus (MIC
125 mg mL#1), and limited-to-no inhibition of P. aeruginosa
(MIC > 1000 mg mL#1) and E. coli (MIC > 2000 mg mL#1) in the
trans PSS. Following photoisomerization to the cis isomer,
a further increase in inhibitory potency against S. aureus was
observed (31 mg mL#1), while no change in activity against E. coli
and P. aeruginosa was noted. The enhanced antibacterial activity
of the cis isomer of this compound corroborates well with
a previous study on photoswitchable quinolone antibiotics.8c In
contrast to the non-surface active fragment, the cationic photosurfactant AzoTAB displayed potent antibacterial activity in
the trans PSS against E. coli (MIC 12.5 mg mL#1), S. aureus (MIC
1.6 mg mL#1), and P. aeruginosa (MIC 31.2 mg mL#1). While no
photomodulation of this activity was observed against E. coli
and S. aureus, the cis PSS of AzoTAB became less toxic against P.
aeruginosa (MIC 125 mg mL#1). The high toxicity of the cationic
surfactant against E. coli and S. aureus indicates a non-selective
mode of action through cell wall damage and lysis,23 whereas its
lower toxicity against P. aeruginosa allows its activity to be
photomodulated, possibly via reduction in the interfacial
activity due to the enrichment of the cis isomer.17
The carbohydrate-based surfactants exhibited bacteria- and
photoisomer-specic, dose-dependent inhibition of growth
against both S. aureus (ESI, Fig. S7†) and E. coli (ESI, Fig. S8†),
whereas they generally promoted growth of P. aeruginosa (ESI,
Fig. S9†). Representative data for AzoMan is shown in Fig. 4.
While at lower concentrations, surfactants showed nearly
similar activities in the trans- and cis-dominated PSS against all
three bacteria, the bactericidal activity could be modulated
following photoisomerization at concentrations approaching
and above the CMC. In the case of S. aureus, the photoexcited cis

Fig. 4 Photocontrollable inﬂuence of cis- and trans-dominated
photostationary states of AzoMan on bacterial activity after 24 h.
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form was generally more toxic, with the exception of AzoGlcNAc,
which was more toxic in its native trans form. Conversely, these
compounds were typically more potent in their native trans state
against E. coli, with the exception of AzoRha and AzoGlcNAc
which showed higher antibacterial activity aer photoisomerization. Surprisingly, all carbohydrate-based surfactants
did not display signicant toxicity against P. aeruginosa (with
the exception of AzoAra) and generally promoted bacterial
growth, especially in the cis photostate. Interestingly, the Lrhamnose based surfactant AzoRha was most inuential in
promoting growth of this bacterium. Whilst it is diﬃcult to
rationalize the heterogeneous responses observed with these
amphiphiles against Gram-negative and Gram-positive
bacteria, particularly those of AzoRha and AzoGlcNAc, it is
interesting to note that these surfactants incorporate L-rhamnose and N-acetyl glucosamine as monosaccharide head
groups, respectively. These carbohydrates have been known to
play important roles in biolm growth, adhesion and virulence
in Gram-negative and Gram-positive species. For example, Nacetyl glucosamine is a major constituent of the cell wall and
the extracellular matrix in both Gram-positive and Gram-negative bacteria and plays important roles in virulence and biolm
formation in both groups of bacteria.24 Gram-negative bacteria,
in particular Pseudomonas spp., produce surface-active rhamnolipids as virulence factors that regulate swarming motility,
intercellular signalling and biolm formation.4,25 As such, the
signicance of these carbohydrate head groups in bacterial
evolution might be responsible for their selective mode of
interaction with these bacteria. Whilst the cationic surfactant
AzoTAB seems to possess a non-selective mode of antibacterial
action toward these bacteria, the type of head group and the
isomeric state of the tail group in carbohydrate-based surfactants are both important determinants for imparting selective
growth/toxicity against diﬀerent bacteria.
Photocontrollable biolm studies
Having established the bacteria-specic inuence of these
surfactants on cell viability, we next sought to evaluate the eﬀect
of trans–cis photoisomerization on their ability to inuence
bacterial biolm formation. Biolms are typically formed by
adherence of sessile bacteria onto a surface followed by the
production of a complex extracellular matrix, thus allowing
these bacterial communities to become more resistant to host
immune responses and antibiotic therapies. Not only are the
mechanisms of biolm formation poorly understood, the ability
to inhibit biolm formation from pathogenic bacteria is
extremely challenging.26 The intriguing eﬀect of amphiphilic
carbohydrates on biolm growth of P. aeruginosa has been
recently demonstrated and was shown to be heavily dependent
on the length and relative conguration of the oligosaccharide
head group (D-gluco or D-galacto).6 However, the inuence of
diﬀerent photoisomers of amphiphilic carbohydrates on the
biolm forming ability of bacteria has never been reported. To
understand the inuence of the trans and cis isomers of these
surfactants on the biolm forming ability of bacteria, these
compounds were exposed to a Gram-positive methicillin-
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resistant S. aureus (MRSA # ATCC1698) and a multi-drug
resistant clinical isolate of Gram-negative P. aeruginosa
(MDR283/1-6), both of which are known to cause problematic
biolm-associated infections.2,27
Compounds were screened for biolm inhibition activity
using a microtiter dish biolm formation assay that involved
recording the OD550 of crystal violet-treated bacterial biolms.28
Similar to the antibacterial studies, low concentrations of
surfactants showed similar eﬀects in both cis and trans-dominated PSS, whereas the diﬀerence in activity between the photoisomeric states became more pronounced at higher
concentrations (representative data for compound AzoMan is
shown in Fig. 5; additional data for surfactants are shown in ESI
Fig. S10 and S11†). In line with the antibacterial data, these
surfactants generally compromised the biolm forming ability
of Gram-positive S. aureus at all concentrations tested, and
conversely promoted biolm formation of Gram-negative MDR
P. aeruginosa, particularly on exposure to higher concentrations
of these compounds. In the case of S. aureus, AzoXyl, AzoMan,
and AzoGlcNAc could inhibit bacterial biolms more eﬃciently
aer photoexcitation, whereas the native trans states of AzoGlc,
AzoRha and AzoAra remained more potent biolm inhibitors.
Similar to the antibacterial results, AzoRha revealed an interesting trend, such that lower concentrations of this compound
in both the cis and trans PSS inhibited S. aureus biolm
formation, whereas higher concentrations of the cis isomer
started promoting biolm formation. Another notable observation was that while AzoGlcNAc displayed selective antibacterial activity against S. aureus in the trans form, the cisdominated photostationary state was more eﬀective at inhibiting biolm growth of this bacterium, suggesting a mechanism
that was independent of cell death.29
Bacterial motility studies
Bacterial motility is an important physiological process that
enables bacteria to seek new environments and nutrients, and
as such, plays important roles in the pathogenesis as well as
biolm growth, dispersal, structure and function.30 Many
bacterial species produce biosurfactants in response to environmental and internal cues, which results in a decrease in
interfacial tension that enhances cellular motility and along
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surfaces and in solution. To help better understand the
intriguing biolm modulatory activity of the surfactants, we
decided to probe whether these compounds were aﬀecting
bacterial motility in solution and swarming motility on a semisolid surface. We measured the dynamics and rates of swimming motility using diﬀerential dynamic microscopy (DDM) in
the presence of representative AzoRha and AzoMan. DDM is
a technique that uses optical microscopy to conduct an analysis
similar to that used in dynamic light scattering. It has been
shown that the technique is ideal for the measurement of
dynamics and rates of motility of cells in bulk solution
(‘swimming’).31 To this end, P. aeruginosa MDR283/1-6 was
chosen as the model organism as it shows suﬃciently fast rates
of swimming required for the timescales measured using DDM.
Using this technique, these photosurfactants did not appear to
signicantly aﬀect the rate of swimming in solution up to
concentrations of 500 mg mL#1, in both the cis- and transdominated PSS (ESI, Fig. S12†). Based on this observation, it is
therefore unlikely that these compounds are eﬀecting biolm
growth through changes in the swimming motility of this
bacterial species.
In the case of P. aeruginosa, compounds were shown to
weakly inhibit biolm growth at low concentrations and
strongly promote biolm growth at higher concentrations
(Fig. 5). The photoexcited cis isomers were typically more or at
least equally eﬀective over their native forms in promoting
biolms of P. aeruginosa. Given the important roles that
rhamnolipid biosurfactants play in promoting swarming
motility, we decided to investigate whether the cis and trans
forms of the surfactants were aﬀecting swarming motility of P.
aeruginosa MDR283/1-6 via photocontrollable changes in the
interfacial activity. Swarming motility of P. aeruginosa was
assessed in 0.5% agar media in the presence of the trans and cis
isomers these compounds, along with controls using a previously described swarming assay (see ESI for details†).32
In the native trans form, surfactants displayed a dosedependent enhancement in swarming motility (Fig. 6). The
response was insensitive to the head group employed, with all
compounds being more-or-less equally eﬀective at promoting
swarming motility. However, in the cis photoisomeric state, the
surfactants were generally less eﬀective at promoting swarming
motility, which may be a direct consequence of the lowered
interfacial activity of the cis isomer relative to the trans isomer

Photograph of agar swarming motility assay demonstrating the
inﬂuence of carbohydrate-based surfactants and control compounds
in the cis- and trans-dominated PSS on the swarming motility of P.
aeruginosa MDR283/1-6. Cells were inoculated at the centre of the
agar media containing compound (100 mg mL#1) and incubated at
30 ! C for 24 h.

Fig. 6

Fig. 5 Inﬂuence of cis- and trans-dominated photostationary states of
AzoMan on bioﬁlm formation of S. aureus and P. aeruginosa.
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Fig. 7 Photograph of agar swarming motility assay demonstrating the

inﬂuence of carbohydrate-based surfactants (25 mg mL#1) in the cisand trans-dominated PSS on the swarming motility of P. aeruginosa
MDR283/1-23, a swarming negative strain.

(ESI, Fig. S13†). Interestingly, in contrast to the surfactants
bearing a non-ionic carbohydrate head group, which generally
promoted swarming motility, the non-surface active tail fragment AzoTEG and the cationic surfactant AzoTAB strongly
inhibited swarming motility. Furthermore, unlike the carbohydrate-based surfactants, there were no signicant changes in
the inhibitory activity of AzoTEG and AzoTAB following trans–cis
photoisomerization.
To validate the strong inuence of our carbohydrate surfactants on swarming motility of P. aeruginosa MDR283/1-6 (a
swarming-positive strain), we further investigated the inuence
of surfactants on the swarming motility of P. aeruginosa MDR283/
1-23, a swarming-negative strain (Fig. 7). Remarkably, while
untreated bacteria showed no detectable motility, these carbohydrate-based surfactants strongly promoted translocation of the
bacterial colony, most likely through enhancement of surfactantmediated sliding.33 Similar to the swarming positive strain of P.
aeruginosa, the trans congured surfactants promoted a higher
level of motility relative to their cis isomers, particularly for
AzoGlcNAc, which displays the largest diﬀerence in CMC between
the respective trans and cis isomeric state. Taken together, these
observations demonstrate the utility of UV light for modulating
the swarming motility and biolm forming ability of P. aeruginosa
strains, which may potentially be a result of the associated
changes in the interfacial activity of the cis and trans isomers of
photoswitchable carbohydrate-based surfactants.

Conclusions
In summary, we report the modular synthesis and characterisation of a panel of novel carbohydrate-based surfactants and
demonstrate unprecedented photo-control over bacterial growth,
biolm formation and motility using photoswitchable surfactants. Using SANS, we revealed the stark diﬀerence in the selfassembly properties of these amphiphiles, which is made
possible through structural and stereochemical modication of
the carbohydrate head group. Photocontrollable surface tension
studies also revealed dramatic diﬀerences in the interfacial
properties, which could be tuned using UV light irradiation. We
then probed the impact of trans–cis azobenzene photoisomerization of these amphiphiles on their ability to modulate
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the growth and formation of biolms from pathogenic, drugresistant strains of S. aureus and P. aeruginosa. Photoswitchable
carbohydrate-based surfactants displayed dose-dependent, as
well as bacteria- and photo-isomer specic biological activity,
which suggests that these amphiphiles possess a selective mode
of action. Interestingly, the photoexcited cis forms of these
surfactants was shown to be more potent against S. aureus, while
the native trans state showed higher selectivity against E. coli.
Surprisingly, whilst selective antibacterial activity could be
observed against E. coli and S. aureus, these compounds strongly
promoted the growth of Gram-negative P. aeruginosa MDR283/16, despite the well-documented antimicrobial activity of azobenzene dyes toward Pseudomonas spp. and other Gram-negative
bacteria. Furthermore, the reduction in inhibitory potency of
some surfactants at higher concentrations may suggest an
antagonistic aﬀect owing to impaired uptake of surfactant
monomers and/or their metabolites due to micellization.34
Carbohydrate-based surfactants also showed remarkable
bacteria-specic control over biolm formation, such that they
showed anti-biolm activity against S. aureus, whereas they
promoted biolm formation in P. aeruginosa, with strong preference for the cis isomer. We further investigated the possible
mechanisms governing the intriguing biolm modulatory activity
of these photosurfactants by measuring the rates of swimming
and swarming motility of P. aeruginosa. Whilst the rates of
swimming motility were generally insensitive to the trans and cis
isomers of these compounds, surfactants were shown to strongly
promote swarming motility in P. aeruginosa MDR283/1-6. We also
demonstrated the ability of these compounds to promote the
motility of the non-motile strain P. aeruginosa MDR283/1-23 on
semi-solid agar, which could be further tuned using UV light.
Through trans–cis photoisomerization of the azobenzene tail
group, a decrease in bacterial motility could be observed relative
to the trans isomer, presumably through reduction in the interfacial activity of the corresponding cis isomer. Overall, these
results demonstrate the utility of UV-visible light for modulating
the physicochemical properties of surfactants in order to control
the physiological behaviour of bacteria. Further work is underway
to understand the mechanistic interaction of the trans- and cisphotoisomeric states bearing diﬀerent head groups with bacteria
and their extracellular matrices, including lectin-specic inhibitors of bacterial adhesion and uorescent uptake studies, as well
as the development of dual visible light near infrared photoswitchable surfactants for in vivo applications.
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Cryopreservation is an important technique employed for the storage and preservation of biological
tissues and cells. The limited effectiveness and signiﬁcant toxicity of conventionally-used cryoprotectants, such as DMSO, have prompted efforts toward the rational design of less toxic alternatives,
including carbohydrate-based surfactants. In this paper, we report the modular synthesis and ice
recrystallization inhibition (IRI) activity of a library of variably substituted, carbohydrate-based ﬂuorosurfactants. Carbohydrate-based ﬂuorosurfactants possessed a variable mono- or disaccharide head
group appended to a hydrophobic ﬂuoroalkyl-substituted azobenzene tail group. Light-addressable
ﬂuorosurfactants displayed weak-to-moderate IRI activity that could be tuned through selection of
carbohydrate head group, position of the triﬂuoroalkyl group on the azobenzene ring, and isomeric state
of the azobenzene tail fragment.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Cryopreservation employs sub-zero temperatures for the longterm storage and preservation of biological samples, thereby protecting living cells and tissues from biochemical insult and ageing
[1]. Ice recrystallization, the growth of large ice crystals at the
expense of smaller ones, is a phenomenon that occurs predominantly during the freezing and thawing cycles of cryopreservation
and is known to cause signiﬁcant cryoinjury to cells, ultimately
leading to compromised post-thaw recovery and viability [2].
While conventional cryoprotectants such as dimethyl sulfoxide
(DMSO) and glycerol provide some protection against cryoinjury,
they fail to control ice recrystallization and display signiﬁcant
cellular toxicity [3]. An alternative approach involves the use of
extracellular cryoprotective agents that act by inhibiting ice
recrystallization and/or correcting the osmotic balance during
freezing [4,5]. Inspiration for this task has been largely drawn from
Nature's biological antifreezes (BAs), including the well-studied
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antifreeze proteins and glycoproteins (AF(G)Ps) that possess
potent ice recrystallization inhibition (IRI) activity [6]. Early efforts
have focused on mimicking the structure and function of BAs, an
approach that has led to the development of extremely potent ice
recrystallization inhibitors [7]. However, many of these biomolecules and their analogues are considered poor cryoprotectants
at temperatures below !8 " C due to thermal hysteresis (TH) activity, which results in uncontrollable ice growth at these temperatures, combined with laborious synthesis and/or isolation of these
agents [6b,8]. Recently, low molecular weight carbohydrate-based
surfactants and hydrogelators have emerged as a promising class
of cryoprotectants that have displayed potent IRI activity without
any appreciable TH activity [4,9]. Whilst the IRI activity of simple
sugars can be attributed to the degree of hydration [10], the
mechanism of IRI activity for these amphiphilic carbohydrates is
not well-understood even though the length and hydrophobicity of
the alkyl tail group have been shown to be an important determinant for IRI activity [9,11]. Furthermore, despite the low hemolytic
activity and promising physicochemical properties of non-ionic
ﬂuorosurfactants, the IRI activity of carbohydrate-based ﬂuorosurfactants has yet to be explored [12].
The ability to remotely tune IRI activity offers exciting opportunities for the development of responsive, on-demand
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cryoprotectants and as tools for studying ice recrystallization. Toward this goal, earlier work from the Gibson group have reported
the use of chemical and physical strategies for activating the latent
IRI activity of proteins and polymers [13]. Azobenzene trans-cis
photoisomerization offers considerable advantages, since it uses
only light of a speciﬁc wavelength for reproducibly and reversibly
changing (bio)molecular conformation to elicit a biological or
physical response under excellent spatiotemporal control [14]. This
strategy has also emerged as a promising route toward modulating
the adsorption and aggregation properties of surfactant monomers
[15]. We have recently reported the photocontrollable interfacial
activity, self-assembly properties and IRI activity of a family of
carbohydrate-based surfactants incorporating an n-butyl azobenzene tail group [16e18]. From this study, we identiﬁed a Dmanno conﬁgured surfactant that displayed potent, photomodulated IRI activity without any TH activity. Motivated by the IRI
activity of this compound along with the biomedical importance of
non-ionic ﬂuorosurfactants, we report herein the modular synthesis and IRI activity of a family of photoswitchable carbohydratebased ﬂuorosurfactants 1e12 (Fig. 1). Fluorosurfactants 1e12 were
comprised of a carbohydrate head group that was appended to an
azobenzene tail group variably substituted with a triﬂuoromethyl
(eCF3) group in the ortho, meta or para position relative to the N¼N
bond. We reasoned this would give rise to ﬂuorosurfactants with
modiﬁed tail group hydrophobicity, thus providing a means for
tuning the hydrophilic-lipophilic balance (HLB) for interrogating
the IRI activity of these compounds.
2. Results and discussion
Studies commenced with the modular synthesis of twelve
carbohydrate-based ﬂuorosurfactants (1e12; see Scheme 1 and ESI
for details). Fluorosurfactants incorporated a mono- or disaccharide
head group of varying size, absolute conﬁguration and hydration,

including D-glucose (Glc, 1e3), D-galactose (Gal, 4e6), D-mannose
(Man, 7e9) and D-cellobiose (Cel, 10e12) [10]. Target compounds
1e12 were synthesized using the well-established CuAAc reaction
between the corresponding glycosyl azide and alkyne functionalized azobenzene fragment 13e15 [19,20], and were isolated in
acceptable yields following base-catalyzed deprotection of the
crude intermediates and puriﬁcation by reversed-phase preparative HPLC.
In order to determine the physical properties of 1e12, the surface activity of these amphiphiles was determined in the cis- and
trans isomeric states (Table 1 and ESI Fig. S1). Surface tension
measurements were carried out using pendant drop tensiometry
[16,20]. To affect trans-cis photoisomerization, aqueous solutions of
the compounds in the resting trans-dominated photostationary
state (PSS) were irradiated with UV light (361 nm) for 10 min and
monitored by UVevis spectroscopy. The UV spectra displayed
complex features that made absolute determination of the isomeric
ratio in either PSS very difﬁcult. Instead, we estimated the isomeric
ratio in either PSS by integration of the triazole proton in the 1H
NMR spectrum of representative compounds 4e6 (ESI, Fig. S2) [18].
Based on this method, approximately 90% of molecules existed as
the trans isomer in the resting trans-dominated PSS, and approximately 70% of ﬂuorosurfactant monomers existed as the cis photoisomer in the photoexcited cis-dominated PSS. In all cases very
little thermal relaxation of the photoexcited cis isomer to the
resting trans PSS was observed, even after 24 h at 20 " C under darkadapted conditions. Following photoisomerization, an overall increase in the critical micelle concentration (CMC) was observed,
which can be attributed to the distorted geometry and increased
polarity of the cis-conﬁgured monomers [21]. The magnitude of the
difference in CMC between the respective PSS increased upon
changing the position of the eCF3 group from para to meta, and
ﬁnally ortho to the N¼N bond, thus demonstrating the ability to
tune the hydrophilic-lipophilic balance (HLB) of ﬂuorosurfactants

Fig. 1. Photoswitchable carbohydrate-based ﬂuorosurfactants 1e12 used in this study.
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Scheme 1. Synthesis of photoswitchable carbohydrate ﬂuorosurfactants 1e12. Conditions: (a) CuSO4, sodium ascorbate, tert-butanol/H2O (2:1 v/v), 40 " C; (b) NaOCH3, CH3OH.
Table 1
Properties of carbohydrate-based ﬂuorosurfactants 1e12.a
Compound

CMC (CMCUV)

t1/2 (h)

log P (log PUV)

Glc p-CF3Azo 1
Glc m-CF3Azo 2
Glc o-CF3Azo 3
Gal p-CF3Azo 4
Gal m-CF3Azo 5
Gal o-CF3Azo 6
Man p-CF3Azo 7
Man m-CF3Azo 8
Man o-CF3Azo 9
Cel p-CF3Azo 10
Cel m-CF3Azo 11
Cel o-CF3Azo 12

0.24
0.26
1.52
0.23
1.41
1.94
0.26
0.17
0.13
0.48
0.81
0.59

187
151
217
178
141
204
117
114
147
165
151
224

!0.32
!0.25
!0.65
!0.08
!0.14
!0.02
!0.32
!0.25
!0.31
!1.22
!1.27
!2.18

(0.25)
(0.91)
(2.81)
(0.53)
(1.71)
(2.03)
(0.36)
(0.54)
(0.51)
(0.49)
(1.28)
(2.29)

(!0.20)
(!0.26)
(!0.47)
(0.03)
(!0.03)
(!0.01)
(0.07)
(!0.37)
(0.14)
(!0.10)
(!1.41)
(!1.01)

a
Critical micelle concentrations (CMCs, mM) at 450 nm (vis) and 361 nm (UV),
thermal half-life of the cis isomer at 20 " C (t1/2(cis)) and 1-octanol/water partition
coefﬁcients (log P).

with UV light. For the p-CF3 substituted analogues (1, 4, 7 and 10),
the difference in the CMC between the cis and trans forms was
negligible. This could be rationalized by the small difference in the
dipole moment between the cis and trans isomers of p-CF3
substituted azobenzene derivatives, with the trans isomer showing
a larger dipole moment than the cis isomer [22,23].
To probe this observation further, we measured the 1-octanolwater partition coefﬁcient (log P) for representative ﬂuorosurfactants in the cis and trans isomeric states (Table 1) [24]. Log P
is a useful measure of the relative afﬁnity of a compound for a
hydrophobic oily phase and a hydrophilic aqueous phase, with
higher values indicating a preference for the hydrophobic phase.
The log P values for 1e12 were strongly dependent on the head
group employed and the regiochemistry of the eCF3 group, with
the ortho-substituted analogues generally showing greatest

solubility in the aqueous phase. Interestingly, for most compounds,
an increase in log P was observed following UV photoirradiation,
thus suggesting a slight increase in hydrophobicity for the cis isomer [23]. Although these results were unexpected based on the
CMC values and previous observations on non-ﬂuorinated photosurfactants, this underscores the diverse control opportunities
possible for this class of light-addressable ﬂuorosurfactant, which
can be used for probing IRI activity.
Having synthesized and determined the key physical properties
of ﬂuorosurfactants 1e12, we then investigated their IRI activity
using a splat-cooling assay (Fig. 2 and ESI) [25]. Compounds 1e12 in
either the trans or cis PSS were dissolved in a phosphate-buffered
saline (PBS) solution and the areas of ice crystals were measured
after a 30-min annealing period at !6.4 " C. The ice crystals were
represented as a percent mean grain size (% MGS) relative to a
phosphate-buffered saline (PBS) control for ice recrystallization.
The IRI activity of the cis-conﬁgured ﬂuorosurfactants was investigated by irradiating solutions with UV light prior to performing
the assay as described above. Unfortunately, owing to the poor
solubility of the para-substituted surfactants (1, 4, 7 and 10) at the
required temperature in the PBS solution, the IRI activity of these
compounds was only assessed at 5 mM. These analogues were
determined to be IRI-inactive with the exception of Gal p-CF3Azo 4,
which showed weak IRI activity. Interestingly, in each carbohydrate
series, the most potent IRI activity was observed when the triﬂuoromethyl substituent was ortho to the N¼N bond (3, 6, 9 and
12), and this activity was reduced by positioning the eCF3 group
meta (2, 5, 8 and 11) and ﬁnally para (1, 4, 7, and 10) to the N¼N
bond (Fig. 2a and ESI Fig. S7). This emphasizes the importance of
the regiochemistry of substituents on the azobenzene ring for
triggering changes in the HLB and IRI activity of ﬂuorosurfactant
monomers.
When comparing the ortho-substituted surfactants, the Glc derivative (3) showed moderate IRI activity while the Gal (6), Man (9)

4
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Fig. 2. (a) IRI activity of 1e3 represented as a % MGS (percent mean grain size) of ice crystals relative to the PBS control. (b) IRI activity of 6, 9 and 12 at 22 mM. Values represent the
average of three runs ± %SEM. Asterisk indicates signiﬁcant difference calculated by Student's T test (P < 0.05). (c) Wafer images obtained after 30-min annealing period during the
‘splat-cooling’ assay. Left image corresponds to 9 in trans-dominated PSS while the image on the right corresponds to 9 in cis-dominated PSS.

and Cel (12) derivatives exhibited weaker activity (Fig. 2b). This
result is in contrast to previous observations whereby an n-butyl
azobenzene surfactant bearing a D-mannoside head group exhibited the strongest IRI activity compared to the Glc- and Gal-based
analogues [18]. The increased IRI activity of the Glc derivative 3 is
also in contrast to previous reports demonstrating the enhanced IRI
activity of Gal-based amphiphiles compared to those incorporating

Glc head groups, possibly on account of the higher hydration index
(HI) of galactose [9,10]. In contrast, the meta-substituted Glc (2) and
Man (8) derivatives exhibited weaker activity than the Gal (5) and
Cel (11) counterparts, which further emphasizes the sensitivity of
IRI activity to changes in head group stereochemistry and tail group
hydrophobicity. Photoisomerization of the trans-dominated PSS to
the corresponding cis-isomeric state of the ortho-substituted
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derivatives of Gal (6), Man (9) and Cel (12) signiﬁcantly reduced the
IRI activity. The attenuation in IRI activity from the trans-isomeric
state to the cis-dominated PSS of 6, 9 and 12 could be due to the
signiﬁcant difference in the interfacial activity and hydrophobicity
of these ortho-substituted analogues. Therefore, with the exception
of 3, the IRI activity of this class of photosurfactant is only sensitive
to the isomeric state of the azobenzene tail group when the ﬂuoroalkyl group is in the ortho position, and is dependent on the type
of carbohydrate head group employed and the position of the ﬂuoroalkyl group on the azobenzene ring.
With the moderate IRI activity observed for the orthosubstituted analogues (3, 9 and 12), a MTT assay was performed
using Hep G2 cells in order to assess potential cytotoxicity of
varying concentrations of the derivatives in vitro (ESI, Figs. S8eS9).
Unfortunately, a signiﬁcant decrease in cell viability was observed
after incubation with the ortho-substituted ﬂuorosurfactants.
While high concentrations of surfactants are well known to solubilize biological membranes to trigger cell lysis and therefore death,
the signiﬁcant toxicity of these molecules is somewhat surprising
given the low hemolytic activity of carbohydrate-based ﬂuorosurfactants [12c]. The toxicity of azobenzene dyes in mammalian
systems is well documented, however, several noteworthy studies
have highlighted the potential use of modiﬁed derivatives for
in vivo applications [26].
In summary, we report the modular synthesis, photocontrollable interfacial activity and IRI activity of a family of photoswitchable
carbohydrate-based
ﬂuorosurfactants
1e12.
Fluorosurfactants were assessed for IRI activity before and after
trans-cis photoisomerization of the hydrophobic triﬂuoromethyl
azobenzene tail group. Following trans-cis photoisomerization, an
increase in the CMC values was observed, which may be attributed
to the altered polarity and molecular geometry of the ﬂuorosurfactant monomers. The IRI activity of the photoswitchable
ﬂuorosurfactants was assessed using a splat-cooling assay and was
shown to be dependent on the carbohydrate head group, position
of the eCF3 group on the azobenzene ring, and in some cases, the
isomeric state of the azobenzene tail group. In contrast to previous
observations whereby increasing hydrophobicity of the tail group
confers greater IRI activity [11,27], the IRI activity of these compounds increased by changing the position of the eCF3 group from
the para position to meta and ﬁnally to ortho to the N¼N bond, with
moderate activity observed for the ortho-substituted ﬂuorosurfactant 3 incorporating a D-glucose head group. The increased
activity of the Glc-based compound is somewhat surprising as this
monosaccharide has a lower degree of hydration compared to
Galactose and Cellobiose [10]. Finally, photoisomerization of the
ortho-substituted Gal-, Man- and Cel-based analogues, 6, 9 and 12
respectively, signiﬁcantly reduced the IRI activity. Unfortunately,
the ortho-substituted analogues exhibited signiﬁcant cellular
toxicity in an MTT assay, however the efﬁcient synthesis and variable IRI activity of these compounds presents promising opportunities for the rational design of low molecular weight
cryoprotectants, as well as light-responsive molecular tools for
studying the dynamic mechanisms of ice recrystallization.

and 13C NMR spectra were recorded on a Bruker Avance 400 NMR
spectrometer at frequencies of 400 MHz and 100 MHz, respectively.
Chemical shift is reported as parts per million (ppm) downﬁeld
from TMS reference. The data are reported as chemical shift (d),
multiplicity, relative integral, coupling constant (J ¼ Hz) and
assignment where possible. IR spectra were recorded on a Bruker
ATR spectrometer. Optical rotation was measured on an Optical
Activity Polar 2001 (546 nm) polarimeter using a 1 mL cell. LC-MS
was recorded on an Agilent 6120B LC-MS system operating in
positive ion mode. Separations were performed on an Agilent
Poroshell-120 2.7 mm (3.0 mm $ 50 mm) C18 column using a linear
gradient of 0.1% formic acid in water (Solvent A) and 0.1% formic
acid in acetonitrile (Solvent B) as the mobile phase. Separations
were performed using a linear gradient of 20% solvent B to 100%
solvent B over 15 min, operating at a ﬂow rate of 0.3 mL/min.
Deprotected carbohydrate-based ﬂuorosurfactants 1e12, were puriﬁed by reversed-phase (C18) preparative HPLC using an Agilent
1260 preparative HPLC system equipped with an automated fraction collector. Separations were performed on an Agilent Zorbax
SB300 5 mm (20 mm $ 150 mm) C18 column using a linear gradient
of 0.1% formic acid in water (Solvent A) and 0.1% formic acid in
acetonitrile (Solvent B) as mobile phase, operating at a ﬂow rate of
10 mL/min (monitoring at 280 nm). Puriﬁed fractions were subsequently combined and lyophilized.

3. Experimental

ln

3.1. General
Analytical thin layer chromatography (TLC) was performed on
commercially prepared silica plates (Merck Kieselgel 60 0.25 mm
F254). Flash column chromatography was performed using
230e400 mesh Kieselgel 60 silica eluting with distilled solvents as
described. Solvents and reagents were purchased from SigmaAldrich and Merck and used without further puriﬁcation. 1H NMR

3.2. Surface tension measurements
Surface tension measurements were performed on a customdesigned pendant drop instrument as previously described
[16,20]. A time series was taken (that is, surface tension as a
function of time) and values were noted for 100 s to ensure full
equilibration of interfacial adsorption. Once a stable surface tension
had been attained, this was recorded. Drop volumes were
measured throughout and changes of <5% throughout the course of
a measurement were a requirement for the data shown. Critical
micelle concentration (CMC) values were obtained from the intersection of lines extrapolated from surface tension values in the near
pre- and post-CMC regions (ESI Fig. S1).
3.3. Photoswitching and UVevis studies
The native trans isomers of 1e12 were converted into cis states
by illumination of their aqueous solutions under ambient conditions using a UV lamp with lmax at 361 nm for 10 min, although one
minute of photoexcitation was found sufﬁcient to convert trans
isomers into cis state. The thermal relaxation studies were performed in dark-adapted conditions at ambient temperature
(approximately 20 " C). These peaks were chosen as cis-trans
relaxation results in an increase in peak intensity at ~350 nm, with
corresponding decrease in peak intensity at 440 nm. The half-lives
of the cis isomers in water estimated by measuring the UVevis
spectroscopy over a period of 24 h (ESI Fig. S1). Assuming a ﬁrst
order process, the kinetics for the thermal reversion from the cis
photostationary state is expressed by:

Acis ! Atrans
¼ kc!t t
At ! Atrans

where Acis, Atrans and At are the absorbance at 325 nm in cisdominated PSS, in trans-dominated PSS and at time t. The half-life
t1/2 of the reversion from the photo-stationary state is then found
by:

t1=2 ¼

lnð2Þ
kc!t
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UVevisible spectroscopy was performed using a Cary 60 spectrophotometer. The molar extinction coefﬁcients of the two main
peaks, at roughly 450 nm and 350 nm in the samples in each
photostationary state, were calculated for samples 1e3 via analysis
of ﬁve samples with a concentration ratio of 1:2:3:4:5, where the
absorbance of the most concentrated sample was just below 1.0 to
ensure the applicability of the Beer-Lambert law. In the photoillumination experiments, the trans-dominated and the cis-dominated spectra were taken from samples immediately after dilution
and after 10 min of irradiation under a ﬂuorescent tube lamp (peak
wavelength 361 nm, 6.5 W radiant power). The ratio of molecules in
the cis and trans dominated photostationary states were estimated
by integration of the resolved triazole proton in the 1H NMR
spectrum of ﬂuorosurfactants 4e6 (ESI Figs. S2eS4).
3.4. Octanol-water partition coefﬁcients (log P)
The log P of ﬂuorosurfactants was determined by preparing a
50 mM solution of 1e3 and 7e9 (200 mM for 3) in MilliQ water and
adding an equal volume of 1-octanol. The sample was gently
agitated and UVevis spectra (~325 nm) was taken of the water
layer before (t ¼ 0) and after diffusion equilibrium (t ¼ 15 h)
(Fig. S6). Samples were stored in the dark prior to the ﬁnal reading.
To minimize thermal relaxation of the cis isomer under darkadapted conditions, samples were further irradiated with UV light
for 10 min at 6e8 h following the initial reading. The larger the log P
value, the higher the solubility in the hydrophobic solvent. The log
P was calculated by the following:
Log P ¼ log[(Abs before e Abs after)/Abs after)]

3.5. IRI and MTT assay
To measure ice recrystallization inhibition (IRI) activity of ﬂuorosurfactants 1e12 (Fig. S7), the “splat cooling” assay was used as
previously described[27]. The sample was dissolved in a
phosphate-buffered saline (PBS) solution. A 10 mL droplet of the
solution was dropped through a two-meter high plastic tube (10 cm
diameter) onto a polished aluminium block cooled to
approximately !80 " C with dry ice. The droplet froze immediately
upon contact with the surface of the aluminium block, creating a
wafer approximately 1 cm in diameter and 20 mm thick. Using
precooled tools, the wafer was separated from the surface of the
block and transferred to a cryostage, kept at !6.4 " C. The wafer was
annealed for 30 min, and then photographed between crossed
polarizing ﬁlters using a digital camera (Nikon CoolPix 5000) ﬁtted
to a microscope. A programmable Peltier unit (S3 Series 800 temperature controller, Alpha Omega Instruments) was used to maintain the temperature of the cryostage. Three images were taken
from each wafer. During ﬂash freezing, small ice crystals from the
solution are formed very quickly, and during annealing, the ice
crystals dramatically increase in size due to recrystallization. In
order to quantitatively measure the difference in recrystallization
inhibition of two compounds, the difference in the dynamics of ice
crystal size distribution was examined. This was done using a novel
domain recognition software (DRS)22 program to analyze the image of the ice wafer. From this, domain areas from each image were
calculated and the data was inputted into Microsoft Excel where
the results were then analyzed and plotted. The ice crystal mean
grain size (MGS) of the sample was compared to the MGS of the PBS
positive control for recrystallization for the same day of testing, and
IRI activity was reported as % MGS ± % SEM (standard error of the
mean). Each compound was performed in triplicate (n ¼ 3). In

GraphPad, signiﬁcant difference was determined using the unpaired Student's T test (P < 0.05).
In order to investigate the cytotoxicity of the ortho-substituted
analogues (3, 9 and 12) (Figs. S8 and S9), Hep G2 cells were incubated with varying concentrations of the compounds; with controls
and each test concentration performed at least in triplicate (n ¼ 3).
Hep G2 cells (human liver hepatocellular carcinoma cells, ATCC,
HB-8065) were cultured in Eagle's minimum essential media
(MEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin, 1% non-essential amino acids, and 0.1% 1M
sodium pyruvate in Corning® T75 (75 cm2) ﬂasks. Cells were
incubated at 37 " C with 5% CO2. Passages 8e9 were used in this
study. Cells were detached from plates using Accutase and incubated at 37 " C for 15 min for use in experiments. The MTT assay was
performed as previously reported [28]. Hep G2 cells were plated in
96-well plates and treated with 100 mL of appropriate test compound dissolved in MEM, and incubated at 37 " C with 5% CO2
overnight. Cells incubated with MEM were used as positive controls
and cells incubated with 1% Triton X-100 (in MEM) were used as
negative controls. Following incubation, the plates were centrifuged (1000 rpm for 5 min), the supernatants were removed by
aspiration, and 200 mL of MEM and 50 mL of MTT (5 mg/mL) in HBSS
(Hank's balanced salt solution) were added to each well. The plates
were incubated at 37 " C with 5% CO2 for 4 h before being centrifuged for 3 min at 700 $ g. The supernatants were removed, and
200 mL of MTT solubilization solution (10% Triton X-100, 0.1 N HCl in
isopropanol) was added to each well. The plate was incubated in
the dark at room temperature for 2 h and the absorbance of each
well was then read at a wavelength of 570 nm with a multi-well
plate reader (AD 340C Absorbance Detector, Beckman Coulter,
Inc., Mississauga, ON). Higher absorbance readings were indicative
of greater cell viability. Percent cell viability was reported relative
to the control. Cells incubated with PBS served as the positive
control while cells incubated with 1% Triton X-100 in PBS served as
the negative control. Incubation of Hep G2 cells with Man o-CF3Azo
(9) dissolved in MEM (2.5 mM, 5 mM, 10 mM, 20 mM) resulted in
complete loss of viable cells.

3.6. Synthesis
3.6.1. General procedure for the synthesis of carbohydrate-based
ﬂuorosurfactants (1e12)
A mixture of the corresponding b-D-glycopyranosyl azide (1.0
equiv) and propargyl ether (1.0 equiv.) [20,29] was suspended in
tert-BuOH/H2O (2:1 v/v, 0.5 mM). Sodium ascorbate (0.4 equiv.) and
CuSO4.5H2O (0.2 equiv.) was added and the deep yellow suspension
was stirred vigorously for 2 h at 40 " C. TLC analysis (ethyl acetate/
petroleum ether 40e60, 4:1 v/v) showed complete consumption of
the azide and alkyne, with formation of a polar product (Rf ca. 0.3).
The reaction mixture was extracted into ethyl acetate (10 mL), and
washed with water (10 mL) and brine (10 mL). The organic layer
was dried (Na2SO4), ﬁltered and evaporated to dryness. The
resulting yellow oil was re-dissolved in dry methanol. A 0.5 M solution of sodium methoxide in methanol (0.1 equiv.) was then
added and the reaction stirred at room temperature for one hour, at
which time LC-MS analysis (20e100%B over 15 min) showed reaction completion. The reaction was neutralized with Amberlite IR120 acidic ion exchange resin, ﬁltered and concentrated under
reduced pressure. Fluorosurfactants 1e12 were subsequently puriﬁed by reversed-phase preparative HPLC (See materials and
methods) and isolated as deep yellow solids following lyophilization (45e78% yields).
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3.6.2. Analytical data for novel compounds (4e9)
3.6.2.1. 2-[2-[2-(4-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl b-D-galactopyranosyl-1,2,3-triazole (Gal p-CF3Azo) 4.
Yield 78%; Mp ¼ 212 " C (decomp.); [a]20
D !30.9 (c, 0.002 in CH3OH);
FT-IR: nmax/cm!1 2870, 1597, 1452, 1321, 1251, 1060, 852, 773; 1H
NMR (400 MHz, DMSO-d6) d 8.20 (s, 1H, ¼CH(triazole)), 8.00 (d,
J ¼ 8.39 Hz, 2H, 2 $ ArH), 7.95e7.92 (m, 4H, 4 $ ArH), 7.17 (d,
J ¼ 9.07 Hz, 2H, 2 $ ArH), 5.48 (d, J ¼ 9.20 Hz, 1H, CH(anomeric)),
4.25e4.22 (m, 2H), 4.07e4.02 (m, 1H), 3.81e3.78 (m, 3H),
3.73e3.69 (m, 1H), 3.63e3.47 (m, 13H); 13C NMR (100 MHz, DMSOd6) d 162.5 (ArC), 154.8 (ArC), 146.6 (ArC), 144.5 (C¼CH(triazole)),
127.1 (ArC), 125.6 (2 $ ArC), 123.3 (CF3), 123.2 (ArC), 115.8 (2 $ ArC),
88.6 (CH(anomeric)), 78.9, 74.2, 70.5, 70.3, 70.2, 69.9, 69.6, 69.3,
68.9, 68.3, 63.9, 60.9 (CH2); ESI-MSþ calculated for C28H34F3N5O9
641.2309, found 664.2199 [MþNa]þ.
3.6.2.2. 2-[2-[2-(3-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl b-D-galactopyranosyl-1,2,3-triazole (Gal m-CF3Azo) 5.
Yield 51%; Mp ¼ 196 " C (decomp.); [a]20
D !28.3 (c, 0.004 in CH3OH);
FT-IR: nmax/cm!1 2851, 1593, 1428, 878, 781, 621; 1H NMR
(400 MHz, DMSO-d6) d 8.20 (s, 1H, ¼CH(triazole)), 8.14e8.09 (m,
2H, 2 $ ArH), 7.94 (d, J ¼ 8.99 Hz, 2H, 2 $ ArH), 7.89e7.79 (m, 2H,
2 $ ArH), 7.17 (d, J ¼ 8.96 Hz, 2H, 2 $ ArH), 5.47 (d, J ¼ 9.18 Hz, 1H,
CH(anomeric), 5.18 (s, 1H), 4.69e4.56 (m, 4H), 4.24e4.22 (m, 2H),
4.06e4.02 (m, 1H), 3.80e3.78 (m, 3H), 3.72e3.69 (m, 2H),
3.62e3.49 (m, 11H); 13C NMR (100 MHz, DMSO-d6) d 162.4 (ArC),
152.7 (ArC), 146.5 (ArC), 144.5 (C¼CH(triazole)), 131.3 (ArC), 130.6
(ArC), 125.5 (2 $ ArC), 123.2 (CF3), 118.5 (ArC), 115.7 (2xArC), 88.6
((CH(anomeric)), 78.9, 74.2, 70.4, 70.3, 70.2, 69.9, 69.6, 69.3, 69.0,
68.3, 67.9, 63.9, 60.9; ESI-MSþ calculated for C28H34F3N5O9
641.2309, found 664.2196 [MþNa]þ.
3.6.2.3. 2-[2-[2-(2-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl b-D-galactopyranosyl-1,2,3-triazole (Gal o-CF3Azo) 6.
Yield 45%; Mp ¼ 88 " C; [a]20
D !53.3 (c, 0.002 in CH3OH); FT-IR: nmax/
cm!1 2879, 1599, 1416, 1314, 1254, 1128, 1051, 765; 1H NMR
(400 MHz, DMSO-d6) d 8.21 (s, 1H, ¼CH(triazole)), 7.93e7.89 (m,
3H, 3 $ ArH), 7.83e7.77 (m, 2H, 2 $ ArH), 7.71e7.67 (m, 1H, ArH),
7.19 (d, J ¼ 9.00 Hz, 2H, 2 $ ArH), 5.49 (d, J ¼ 9.19 Hz, 1H, CH(anomeric), 5.21 (s, 1H), 4.67e4.56 (m, 4H), 4.24e4.22 (m, 2H),
4.08e4.03 (m, 1H), 3.81e3.78 (m, 3H), 3.74e3.71 (m, 1H), 3.63e3.49
(m, 12H); 13C NMR (100 MHz, DMSO-d6) d 162.6 (ArC), 149.5 (ArC),
146.9 (ArC), 144.5 (C¼CH(triazole)), 134.1 (ArC), 131.1 (ArC), 125.9
(2 $ ArC), 123.2 (CF3), 116.7 (ArC), 115.9 (2 $ ArC), 88.6 ((CH(anomeric)), 78.9, 74.2, 70.4, 70.3, 70.2, 69.9, 69.6, 69.3, 69.0, 68.3, 63.9,
60; ESI-MSþ calculated for C28H34F3N5O9 641.2309, found 664.2197
[MþNa]þ.
3.6.2.4. 2-[2-[2-(4-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl a-D-mannopyranosyl-1,2,3-triazole (Man p-CF3Azo) 7.
Yield: 76%. Mp ¼ 102 " C; [a]20
D 37.5 (c, 0.002 in CH3OH); FT-IR: nmax/
cm!1 3349, 2878, 1597, 1503, 1322, 1251, 1128, 1062, 853, 668; 1H
NMR (400 MHz, DMSO-d6) d 8.21 (s, 1H, ¼CH(triazole)), 8.01e7.91
(m, 4H, 4 $ ArH), 7.16 (d, J ¼ 9.10 Hz, 2H, 2 $ ArH), 5.91 (d,
J ¼ 4.07 Hz, 1H, CH(anomeric)), 5.26 (s, 1H, OH), 4.99 (s, 2H, 2 $ OH),
4.61e4.54 (m, 3H), 4.44e4.42 (m, 1H), 4.24e4.21 (m, 2H),
3.87e3.84 (m, 1H), 3.79e3.78 (m, 2H), 3.61e3.54 (m, 9H),
3.37e3.32 (m, 3H); 13C NMR (100 MHz, DMSO-d6) d 162.5 (ArC),
154.7 (ArC), 146.6 (ArC), 144.4 (C¼CH(triazole)), 127.0 (ArC), 125.6
(2 $ ArC), 124.1 (CF3), 123.2 (ArC), 115.7 (2 $ ArC), 86.3 (CH(anomeric)), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.2, 68.6, 68.2, 68.1, 63.9,
61.3 (CH2); ESI-HRMSþ calculated for C28H34F3N5O9 ¼ 641.2309,
found 642.2384 [MþH]þ, 664.2200 [MþNa]þ.

7

3.6.2.5. 2-[2-[2-(3-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl a-D-mannopyranosyl-1,2,3-triazole (Man m-CF3Azo)
8. Yield: 66%. Mp ¼ 72 " C; [a]20
D 29.6 (c, 0.004 in CH3OH); FT-IR:
nmax/cm!1 3369, 2877, 1599, 1501, 1326, 1249, 1059, 799, 692; 1H
NMR (400 MHz, DMSO-d6) d 8.21 (s, 1H, ¼CH(triazole)), 8.13e8.08
(m, 2H, 2 $ ArH), 7.93 (d, J ¼ 9.02 Hz, 2H, 2 $ ArH), 7.88e7.79 (m,
2H, 2 $ ArH), 7.16 (d, J ¼ 9.08 Hz, 2H, 2 $ ArH), 5.92 (d, J ¼ 4.07 Hz,
1H, CH(anomeric), 5.26 (d, J ¼ 5.01 Hz, 1H, OH), 5.03e4.98 (m, 2H,
OH), 4.62e4.55 (m, 3H), 4.45e4.42 (m, 1H), 4.23e4.21 (m, 2H),
3.86e3.85 (m, 1H), 3.80e3.77 (m, 2H), 3.62e3.54 (m, 9H),
3.36e3.33 (m, 3H); 13C NMR (100 MHz, DMSO-d6) d 162.4 (ArC),
152.6 (ArC), 146.4 (ArC), 144.4 (C¼CH(triazole)), 131.3 (ArC), 130.8
(ArC), 125.5 (2 $ ArC), 124.1 (CF3), 118.5 (ArC), 115.7 (2 $ ArC), 86.3
((CH(anomeric)), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.2, 68.7, 68.2,
68.1,
63.9,
61.3;
ESI-HRMSþ
calculated
for
C28H34F3N5O9 ¼ 641.2309, found 642.2380 [MþH]þ, 664.2200
[MþNa]þ.

3.6.2.6. 2-[2-[2-(3-triﬂuromethylazophenyl phenoxy)ethoxy)ethoxy]
ethoxy]methyl a-D-mannopyranosyl-1,2,3-triazole (Man m-CF3Azo)
8. Yield: 66%. Mp ¼ 72 " C; [a]20
D 29.6 (c, 0.004 in CH3OH); FT-IR:
nmax/cm!1 3369, 2877, 1599, 1501, 1326, 1249, 1059, 799, 692; 1H
NMR (400 MHz, DMSO-d6) d 8.21 (s, 1H, ¼CH(triazole)), 8.13e8.08
(m, 2H, 2 $ ArH), 7.93 (d, J ¼ 9.02 Hz, 2H, 2 $ ArH), 7.88e7.79 (m,
2H, 2 $ ArH), 7.16 (d, J ¼ 9.08 Hz, 2H, 2 $ ArH), 5.92 (d, J ¼ 4.07 Hz,
1H, CH(anomeric), 5.26 (d, J ¼ 5.01Hz, 1H, OH), 5.03e4.98 (m, 2H,
OH), 4.62e4.55 (m, 3H), 4.45e4.42 (m, 1H), 4.23e4.21 (m, 2H),
3.86e3.85 (m, 1H), 3.80e3.77 (m, 2H), 3.62e3.54 (m, 9H),
3.36e3.33 (m, 3H); 13C NMR (100 MHz, DMSO-d6) d 162.4 (ArC),
152.6 (ArC), 146.4 (ArC), 144.4 (C¼CH(triazole)), 131.3 (ArC), 130.8
(ArC), 125.5 (2 $ ArC), 124.1 (CF3), 118.5 (ArC), 115.7 (2 $ ArC), 86.3
((CH(anomeric)), 78.7, 71.7, 70.4, 70.3, 70.2, 69.6, 69.2, 68.7, 68.2,
68.1,
63.9,
61.3;
ESI-HRMSþ
calculated
for
C28H34F3N5O9 ¼ 641.2309, found 642.2380 [MþH]þ, 664.2200
[MþNa]þ.

3.6.2.7. 2-[2-[2-(2-triﬂuoromethylazophenyl
phenoxy)ethoxy)
ethoxy]ethyl a-D-mannopyranosyl-1,2,3-triazole (Man o-CF3Azo) 9.
Yield: 47%. Mp ¼ 60 " C; [a]20
D 51.6 (c, 0.001 in CH3OH); FT-IR: nmax/
cm!1 3364, 2873, 1598, 1312, 1104, 1050, 841, 764, 669; 1H NMR
(400 MHz, DMSO-d6) d 8.20 (s, 1H, ¼CH(triazole)), 7.94e7.89 (m,
3H, 3 $ ArH), 7.82e7.78 (m, 2H, 2 $ ArH), 7.72e7.70 (m, 1H, ArH),
7.19 (d, J ¼ 9.05Hz, 2H, 2 $ ArH), 5.91 (d, J ¼ 4.07 Hz, 1H, CH(anomeric), 5.26 (s, 1H, OH), 5.00 (s, 1H, OH), 4.56 (s, 2H), 4.43e4.41 (m,
1H), 4.24e4.22 (m, 2H), 3.85e3.83 (m, 1H), 3.80e3.78 (m, 2H),
3.62e3.52 (m, 10H), 3.36e3.31 (m, 3H); 13C NMR (100 MHz, DMSOd6) d 162.6 (ArC), 149.4 (ArC), 146.9 (ArC), 144.4 (C¼CH(triazole)),
134.1 (ArC), 131.2 (ArC), 125.7 (2 $ ArC), 124.1 (CF3), 116.7 (ArC),
115.8 (2 $ ArC), 86.2 ((CH(anomeric)), 78.7, 71.7, 70.4, 70.3, 70.2,
69.6, 69.2, 68.6, 68.2, 68.1, 63.9, 61.2; ESI-HRMSþ calculated for
C28H34F3N5O9 ¼ 641.2309, found 642.2389 [MþH]þ, 664.2200
[MþNa]þ.
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We describe the parallel synthesis, photocontrollable surface tension, and antibacterial performance of a new class of
carbohydrate fluorosurfactant. Novel fluorosurfactants comprised a mono- or disaccharide head group linked to an
azobenzene unit that was variably substituted with a trifluoromethyl group. Fluorosurfactants were rapidly assembled
using the venerable CuI-catalysed azide–alkyne cycloaddition reaction and exhibited light-addressable surface activity,
excellent water solubility, and selective antibacterial activity against Gram-positive Staphylococcus aureus. Notably, the
physicochemical and biological activity of these novel materials was heavily dependent on the nature of the head group
and the position of the trifluoromethyl substituent on the azobenzene ring. The UV-adapted cis-isomer of fluorosurfactants
displayed good thermal stability at ambient temperature, with little reversion to the stable trans isomer after 16 h. These
novel, light-responsive materials should find broad interest in a range of biomedical and technological fields, including
drug and gene delivery, self-cleaning oleophobic surfaces, and antibacterial coatings for medical devices.
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Fluorosurfactants are an industrially important class of amphiphile consisting of a polar head group covalently linked to a
hydrophobic fluorinated or semifluorinated tail group. Fluorocarbon chains are more hydrophobic than hydrocarbon chains as
a result of the increased steric bulk, weak intermolecular forces,
and structural rigidity of fluoroalkyl groups, and are also oleophobic.[1] Fluorosurfactants exhibit several desirable properties,
including dramatically enhanced surface activity, increased
chemical and thermal stability, lowered critical micellar concentration (CMC), and excellent spreading and wetting characteristics compared with their hydrocarbon analogues.[2] Many
specialised fluorosurfactants are considered biocompatible
because they do not disrupt biological membranes and are nonhaemolytic.[3] Fluorosurfactants have attracted considerable
interest owing to their promising biomedical, technological, and
industrial applications, including drug and gene delivery,[4]
oxygen transport,[5] self-cleaning and antibacterial coatings,[6]
firefighting foams and powders,[7] mineral flotation,[7] and solar
cell fabrication.[8] However, the high cost and environmental
persistence of fluorosurfactants has greatly hampered development of new systems and prompted phasing out of widely used
fluorosurfactants, particularly perfluorooctyl sulfonate (PFOS).
Carbohydrate fluorosurfactants are promising alternatives
owing to their improved biocompatibility, solubility, and
Journal compilation ! CSIRO 2015

tunable surface and aggregation properties that result from the
rich stereochemical, conformational, and structural diversity of
carbohydrates. In particular, these materials have garnered
significant attention as blood substitutes and pulmonary drug
delivery vehicles.[3,4,9]
Recently, there has been considerable interest in the application of light as an environmental stimulus for controlling surface
activity, emulsion stability, viscosity, aggregation properties,
etc., of surfactants.[10] In particular the trans–cis photoisomerisation of the well-studied azobenzene chromophore is a
powerful strategy for triggering changes in molecular geometry,
amphiphilicity, and supramolecular self-assembly of surfactant
monomers.[10,11] Furthermore, the photochemical and spectral
properties of this ubiquitous dye molecule are now well understood and can be tuned through molecular design and synthesis
to give rise to novel light-addressable materials with tailored
photoswitching wavelengths.[12] Since the first example of a
photoswitchable surfactant more than three decades ago by
Shinkai and coworkers,[13] the application of azobenzene-based
photosurfactants has been widely described.[10] However, to the
best of our knowledge, a photoswitchable carbohydrate fluorosurfactant has never before been reported.
We have recently reported the parallel synthesis and selfassembly properties of a panel of dual pH- and photoswitchable
www.publish.csiro.au/journals/ajc
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Fig. 1. Photoswitchable carbohydrate-based fluorosurfactants 1–6.
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carbohydrate-based surfactants possessing a variable carbohydrate head group tethered to a hydrophobic, azobenzene tail
group.[14] Using small-angle neutron scattering and tensiometry
measurements, we revealed the dramatic difference in the
surface and aggregation properties made possible through minor
structural modifications in the head group and linker type and
demonstrated the utility of azobenzene trans–cis photoisomerisation for tuning the colloidal properties of surfactants in a
spatially and temporally resolved manner.[14,15] In the present
study, we report the parallel synthesis, photocontrollable surface
activity, and antibacterial performance of a new class of photoswitchable carbohydrate-based fluorosurfactants 1–6. Novel
fluorosurfactants were composed of a mono- or disaccharide
head group linked to an azobenzene unit that was substituted
with a trifluoromethyl (CF3) group in either the ortho, meta or
para position (Fig. 1). This new class of fluorosurfactant
displayed photocontrollable surface activity and selective antibacterial properties, which were both dependent on the nature
of the head group and substitution of the CF3 group on the
azobenzene ring.
To gain a clearer understanding of the properties of lightresponsive fluorosurfactants, our investigation commenced with

the parallel synthesis of a panel of six carbohydrate fluorosurfactants 1–6 comprising a non-ionic D-glucose or D-cellobiose head
group covalently tethered to an azobenzene unit that was substituted with a CF3 group in either the ortho, meta or para position
relative to the azo linkage. A short triethylene glycolate spacer
was incorporated between the head and tail group to provide
additional solubility and flexibility. The head and tail fragments
were selected in order to probe the effect of carbohydrate size and
polarity and the regiochemistry of the CF3 group on surface
activity and antibacterial performance. To access surfactants 1–6,
we employed a highly efficient and modular synthetic strategy,
which exploited the venerable CuI-catalysed azide–alkyne cycloaddition (CuAAc) reaction (Scheme 1).[16,17] Thus, the reaction
of per-O-acetylated glycosyl azide 7 and 8 with an azobenzene
alkyne 9–11 in the presence of CuSO4 and sodium ascorbate
furnished the corresponding glycosyl triazoles 12–17, which
were immediately deprotected under Zemplén conditions to
provide the desired fluorosurfactants 1–6 in excellent yield
(40–62 %) following HPLC purification (see Supplementary
Material for synthetic details).
Having synthesised fluorosurfactants 1–6, our attention
turned towards investigating the photocontrollable surface
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activity. Surface tension measurements were carried out before
and after trans–cis photoisomerisation using a previously
described pendant-drop method on a custom-designed apparatus
(see Supplementary Material).[14,18] To effect photoisomerisation, aqueous solutions of 1–6 were irradiated with UV light at
365 nm for 15 min (Table 1). In line with previous observations
regarding azobenzene photosurfactants, an increase in CMC of
1–6 was observed on trans–cis photoisomerisation, as a result of
the altered geometry and polarity of fluorosurfactant monomers.[19] As expected, the CMCs of the cellobiose-derived
fluorosurfactants 4–6 were higher than the glucose-derived fluorosurfactants 1–3 owing to the increased size and polarity of the
disaccharide head group, increasing the effective hydrophilic–
lipophilic balance (HLB) of the molecules. Interestingly, the
change in the CMC following photoisomerisation increased
considerably on changing CF3 substitution from para (1 and
4), to meta (2 and 5) and then ortho (3 and 6) to the N¼N bond,
with the most dramatic difference observed for the o-CF3
cellobiose analogue 6. The negligible difference in CMC
between the trans- and cis-dominated photostationary state
(PSS) for 1 and 3 could be largely attributed to the difference
in the polarity of the cis- and trans-isomers for p-CF3-substituted
azobenzenes respectively.[20] The dipole moment for a similarly
substituted p-CF3 azobenzene in the trans-dominated form
(5.5 Debye) is slightly larger than the cis-dominated form
(3.8 Debye), although this difference is small. Furthermore, the
dipole moment for a p-CF3 azobenzene in the trans form has been
recently observed by Yoon and coworkers to be significantly
higher than in an azobenzene chromophore substituted with an
electron-donating n-hexyl group (1.3 Debye).[20] To probe the
basis of this observation further, we measured the 1-octanol/
water partition coefficient (log P) of the cis and trans isomers for
representative fluorosurfactants 1–3 (see Table 1 and Supplementary Material for details). This simple test determines the
affinity of the molecules for a non-polar oily phase compared
with an aqueous phase, with larger values indicating greater
solubility in the oil. The obtained log P values for 1–3 supported
the observed CMC data, in that an increasing difference in log P
between the trans- and cis-dominated forms of 1–3 was observed
on changing CF3 substitution from para to meta and finally ortho
to the N¼N bond. Thus, log P provides a simple and convenient
measure of surfactant partitioning and therefore polarity before
and after photoisomerisation, which can be used to support
photocontrollable surface tension data.
We next investigated the spectral and photochemical properties of representative fluorosurfactants 1–3. In particular, we
were interested in examining the effect of changing CF3 substitution on the optical properties and the rate of thermal cis–trans
relaxation. The UV-vis spectrum of the p-CF3-substituted
fluorosurfactant 1 in methanol displayed a lmax at 350 nm,
corresponding to the p-p* transition in the trans state, along
with a weaker band at 435 nm representing the statistically less
favoured n-p* transition. These spectral features closely
resemble the para-substituted n-butyl azobenzene analogue
previously described by our group.[14] As typically observed
for azobenzenes, photoisomerisation led to a significant
decrease in the p-p* band at 350 nm and an increase in the
intensity of the n-p* band for the cis isomer. These spectral
features were largely mirrored for the m-CF3- and o-CF3substituted fluorosurfactants 2 and 3 respectively. A slight blue
shift of 10 nm for p–p* transition and a small degree of
separation of the n–p* transition was also observed for the
o-CF3 analogue 3, although the molar absorptivity at this
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Table 1. Photocontrollable critical micelle concentrations (CMCs),
thermal half-life at 208C for the cis isomer (t1/2(cis)), and 1-octanol/water
partition coefficients (log P) of fluorosurfactants 1–6
Fluorosurfactant
1
2
3
4
5
6

CMCvis
[mM]

CMCUV
[mM]

t1/2(cis)
[h]

log Pvis

log PUV

0.24
0.26
1.52
0.48
0.81
0.59

0.25
0.91
2.81
0.49
1.28
2.29

47
51
45
–
–
–

"0.942
"0.381
"0.686
–
–
–

"1.46
"0.569
"1.45
–
–
–

wavelength was extremely low (e435 nm ¼ 430.25 M"1 cm"1).
Interestingly, although the wavelengths for these absorption
bands remained largely unchanged on changing CF3 substitution, the molar absorptivity changed considerably, with the
m-CF3 fluorosurfactant 2 displaying a markedly increased molar
extinction coefficient (e350 nm ¼ 15000 M"1 cm"1) compared
with the p-CF3 analogue 1 (e350 nm ¼ 8000 M"1 cm"1) and
o-CF3 analogue 3 (e350 nm ¼ 3500 M"1 cm"1).
We next investigated the rate of thermal relaxation to the
stable trans isomer by monitoring the change in UV absorption
for UV-adapted cis isomers of representative fluorosurfactants
1–3 over time (Fig. 2). It should be noted that the spectra of 1–3
displayed some complex features, which inhibited absolute
determination of the concentration of the cis and trans isomers.
Thus kinetic analysis was conducted relative to the PSSs and
assumed to be ,90 % cis or trans in either state (see Supplementary Material).[21] In all cases, very little thermal cis–trans
relaxation was observed, even after 16 h at 208C. Substitution of
azobenzene with bulky groups ortho to the N¼N bond has been
reported to stabilise cis azobenzene derivatives, thus slowing the
rate of thermal relaxation and enriching the cis-dominated
PSS.[12,22] However, in our case, the position of the CF3 group
had little effect on the rate of thermal relaxation for 1–3, which
was similar in all cases explored. The thermal relaxation halflife of the cis-dominated fluorosurfactants 1–3 was deduced
from the relative absorbance of peaks at 350 and 440 nm over
time, and found to be 47, 51, and 45 h respectively.
Finally, we evaluated the antibacterial performance of
fluorosurfactants 1–6 against Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) bacterial strains.
The minimum bactericidal concentration (MBC) was determined to be the concentration of fluorosurfactant that resulted
in 99.9 % bacterial cell death as determined by optical density
(OD) measurements at 600 nm.[23] Although no compound
resulted in 100 % cell death, thus making determination of
MBC difficult, fluorosurfactants did exhibit dose-dependent
and selective toxicity against S. aureus, with little or no toxicity
against E. coli (see Supplementary Material). In general, the
glucose-based fluorosurfactants 1–3 showed greater toxicity
against S. aureus than the cellobiose-based fluorosurfactants
4–6. Interestingly, toxicity against S. aureus was also heavily
dependent on the substitution position of the CF3 group, which
for the glucose-based surfactants 1–3 was in the following order:
m-CF3 (2) . o-CF3 (3) . p-CF3 (1). Curiously, the cellobiosebased surfactants 4–6 also exhibited toxicity against S. aureus,
but in a different order: p-CF3 (4) . m-CF3 (5) . o-CF3 (6).
Although fluorosurfactants 1–6 inhibited the growth of
S. aureus, the same compounds tended to promote growth of
E. coli. This was particularly evident for the cellobiose series
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Fig. 2. (a, c, e) UV-vis spectra of 1–3 respectively in the trans- (green) and cis-dominated photostationary state (PSS, orange). (b, d, f) Thermal
cis–trans relaxation of 1–3 respectively in the dark-adapted cis-PSS at 208C. Note the vertical scales in the spectra are different.

4–6, which promoted bacterial growth in decreasing order from
p-CF3 (4) . m-CF3 (5) . o-CF3 (6). Interestingly, this was
found to be the same order of decreasing toxicity observed for
4–6 against S. aureus. A similar trend was also observed for the
glucose-based surfactants 1–3, which promoted growth of E.coli

in the following order: m-CF3 (2) . p-CF3 (1) $ o-CF3 (3). It is
clear that both the carbohydrate and substitution pattern of the
CF3 group in the azobenzene tail are modulating biological
activity; however, at this stage the precise mechanism of activity
is not understood. In order to probe the effect of the carbohydrate
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on activity, azobenzene tail fragments 9–11 were also screened.
Unfortunately, owing to the poor aqueous solubility of these
compounds, bactericidal activity could not be determined.
However, given that the same position of the CF3 group either
suppresses or promotes antibacterial activity in the case of
S. aureus and E. coli respectively, it raises confidence in this
observation and points to a specific geometric, regiochemical or
possible aggregation effect.
In summary, we have described the parallel synthesis, spectral
properties, and antibacterial performance of a new family of
light-addressable carbohydrate fluorosurfactants. Using a modular synthetic approach, a panel of six fluorosurfactants was
synthesised in moderate to high yields. Light-controllable surface
tension measurements revealed the dramatic effect imparted by
the head group and substitution pattern of the CF3 group on the
azobenzene tail. The phototriggered change in CMC that accompanies trans–cis photoisomerisation increased on changing the
CF3 substitution from para, to meta and finally ortho. To the best
of our knowledge, such dramatic changes in surface tension have
to date not been observed for regioisomeric photosurfactants.
Furthermore, fluorosurfactants inhibited growth of Gram-positive
S. aureus in a dose-dependent manner, while generally promoting growth of Gram-negative E. coli. Once again, this activity
was heavily dependent on the nature of head group (glucose or
cellobiose) and the position of the CF3 group on the azobenzene
ring. Future work will be directed towards assessing the photocontrollable aggregation behaviour and bulk properties of these
molecules with a view towards developing carbohydrate fluorosurfactants with tailored photochemical, surface, and aggregation properties. We anticipate that these new light-addressable
carbohydrate fluorosurfactants will be of broad interest owing to
their widespread biomedical and technological applications.
Crucially, the minimal fluorination required means that these
molecules do not raise concerns about bioaccumulation and
environmental persistence normally associated with long-chain
fluorocarbon surfactants. Such focus on surfactant chain-tip
chemistry has been previously highlighted,[24] and we show
here that this can be used to great effect in regiospecifically
substituted surfactant tails.
Supplementary Material
Additional details describing the synthesis, characterisation, and
physicochemical properties of fluorosurfactants are available on
the Journal’s website.
Acknowledgements
B.W. thanks the Australian Research Council for the Discovery Early Career
research award (DE130101673). V.B. thanks the Australian Research
Council for a Future Fellowship (FT140101285). R.R. and W.Z. acknowledge RMIT University for a Vice Chancellor’s Postdoctoral Fellowship and
Vice Chancellor’s PhD Scholarship respectively.

References
[1] M. P. Krafft, J. G. Riess, Chem. Rev. 2009, 109, 1714. doi:10.1021/
CR800260K
[2] N. M. Kovalchuk, A. Trybala, V. Stavrov, O. Matar, N. Ivanova, Adv.
Colloid Interface Sci. 2014, 210, 65. doi:10.1016/J.CIS.2014.04.003

Y. Hu et al.

[3] M. P. Krafft, J. G. Riess, Biochimie 1998, 80, 489. doi:10.1016/S03009084(00)80016-4
[4] (a) M. P. Krafft, Adv. Drug Delivery Rev. 2001, 47, 209. doi:10.1016/
S0169-409X(01)00107-7
(b) J. G. Riess, M. P. Krafft, Biomaterials 1998, 19, 1529. doi:10.1016/
S0142-9612(98)00071-4
[5] Y.-L. Chiu, H. F. Chan, K. K. L. Phua, Y. Zhang, S. Juul,
B. R. Knudsen, Y.-P. Ho, K. W. Leong, ACS Nano 2014, 8, 3913.
doi:10.1021/NN500810N
[6] J. A. Howarter, K. L. Genson, J. P. Youngblood, ACS Appl. Mater.
Interfaces 2011, 3, 2022. doi:10.1021/AM200255V
[7] R. M. Buck, P. M. Murphy, M. Pabon, in Perfluorinated Compounds
and Transformation Products (Eds T. P. Knepper, F. T. Lange) 2012,
pp. 1–24 (Springer Verlag: Berlin).
[8] F. J. Lim, K. Ananthanarayanan, J. Luther, G. W. Ho, J. Mater. Chem.
2012, 22, 25057. doi:10.1039/C2JM35646E
[9] J. G. Riess, J. Greiner, Carbohydr. Res. 2000, 327, 147. doi:10.1016/
S0008-6215(00)00012-4
[10] P. Brown, C. P. Butts, J. Eastoe, Soft Matter 2013, 9, 2365.
doi:10.1039/C3SM27716J
[11] Y. Hu, R. F. Tabor, B. L. Wilkinson, Org. Biomol. Chem. 2015, 13,
2216. doi:10.1039/C4OB02296C
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We report the synthesis and photocontrollable ice recrystallization
inhibition (IRI) activity of a panel of carbohydrate-based surfactants.
Such materials should attract broad interest as on-demand, photocontrollable cryoprotectants and responsive tools for investigating the
dynamic mechanisms of ice recrystallization.

Biological antifreezes, including the well-studied antifreeze
glycoproteins (AFGPs), are potent inhibitors of ice recrystallization that have long attracted considerable interest as potential cryoprotectants with industrial and biotechnological
applications.1 However, biological antifreezes are considered
poor cryoprotectants owing to the propensity of these
compounds to irreversibly bind ice crystals and promote
thermal hysteresis (TH).2 TH activity is undesirable for tissue
preservation applications since it leads to premature cryoinjury
and cell death during thawing and freezing cycles. The rational
development of non-natural analogues that display potent ice
recrystallization inhibition (IRI) activity without TH activity has
been actively pursued, yet despite intensive eﬀorts, has been
met with limited success.3,4 Furthermore, analogues that were
shown to display IRI activity are oen complex, high molecular
weight materials that are not amenable to large-scale synthesis
required for cryopreservation applications. An alternative
strategy is based on the observation that small molecule
carbohydrate-based surfactants and hydrogelators are potent
inhibitors of ice recrystallization, yet do not possess appreciable
TH activity.5 Despite the considerable potential of this class of
cryoprotectant, the precise mechanisms of IRI activity are not
well understood, although the degree of hydration of the
carbohydrate head group and the presence of hydrophobic
a
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moieties are important features.6,7 IRI activity of these molecules has also been shown to be highly sensitive to changes in
the hydrophilic–lipophilic balance (HLB) and is independent of
micelle or hydrogel formation.5,6 To aid the rational design of
safe, economical and eﬀective cryoprotectants, further structure–activity studies are required. The ability to tune the physicochemical properties of amphiphilic carbohydrates using an
environmental trigger has attracted considerable interest for
the development of supramolecular materials with promising
applications in synthesis and catalysis,8 environmental remediation,9 controlled gelation,10 macromolecular self-assembly,11
and drug delivery.12 However, the application of an external
stimulus for modulating the colloidal properties of amphiphilic
carbohydrates in order to control IRI activity has not yet been
explored, and would enable access to responsive tools for
probing the dynamic mechanisms of ice recrystallization.
Azobenzene trans–cis photoisomerization has emerged as
a powerful strategy for studying the structural dynamics of
biomolecules,13 supramolecular self-assembly of amphiphiles,14
and the biological activity of low molecular weight drugs.15 In the
presence of UV light, azobenzene undergoes reversible changes in
molecular geometry and polarity, as a result of the rapid photoisomerization of the planar and hydrophobic trans isomer to the
non-planar and less hydrophobic cis isomer. This process occurs
in high quantum yields and can be repeated multiple times
without loss of function.16 The well-studied photochemical properties of this ubiquitous dye molecule and the ease of molecular
synthesis have also enabled development of responsive tools with
potential in vivo applications.17 UV-visible light is an ideal environmental trigger since it allows clean, spatiotemporal control
over molecular function. Our group has recently reported the
photocontrollable interfacial activity and self-assembly properties
of a family of light-addressable carbohydrate-based surfactants.18,19 During this work, we demonstrated the dramatic eﬀect
of the head group size, stereochemical conguration and polarity
on the physicochemical properties of surfactants, which could be
modulated using UV-visible light. In the present study, we report
the synthesis and photocontrollable antifreeze activity of a panel
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Fig. 1 Cartoon representation of surfactants 1–3 as photocontrollable
inhibitors of ice recrystallization.

of carbohydrate-based surfactants (Fig. 1). We describe the rst
example of the antifreeze activity of azobenzene containing
amphiphiles, as well as the application of azobenzene trans–cis
photoisomerization for modulating the IRI activity of
carbohydrate-based surfactants.
To facilitate our strategy, studies commenced with the parallel
synthesis of three photoswitchable carbohydrate-based surfactants 1–3 (Fig. 2).18 Surfactants incorporated a variable monosaccharide head group, including D-glucose (GlcAzo, 1), Dmannose (ManAzo, 2), and D-galactose (GalAzo, 3), which were
tethered to a hydrophobic n-butylazobenzene tail group as the
photoswitchable unit. Carbohydrate head groups were selected
based on the diﬀerence in stereochemical conguration, polarity
and degree of hydration.7 A triethylene glycolate spacer was
incorporated to provide additional water solubility. The synthesis
of 1–3 proceeded by the Lewis acid-promoted glycosidation of
known trichloroacetimidates 4–6 with n-butylazobenzene 7

Fig. 2

Synthesis of photoswitchable carbohydrate-based surfactants

RSC Advances

alcohol acceptor,20 followed by deprotection of the crude intermediates using methanolic sodium methoxide (see ESI† for
details). The surfactants 1–3 were obtained as single diastereomers in acceptable yields following purication by reversedphase preparative HPLC (20–39%).
We next evaluated the photocontrollable interfacial activity of
surfactants 1–3 using pendant drop tensiometry (see Table 1 and
ESI, Fig. S1†). In order to measure the surface tension of
surfactants in the respective trans- and cis-dominated photostationary states, surfactants were rst irradiated with UV-light (361
nm) for 10 minutes. Azobenzene trans–cis photoisomerization
was monitored by UV-vis spectroscopy by observing the diminished intensity of the peak at 350 nm corresponding to the p–p*
transition and an increase in the intensity of the peak at 440 nm
corresponding to the n–p* transition, along with two isobestic
points at 320 nm and 420 nm.21 The ratio of the trans and cis
isomers in both photostationary states was estimated by integration of a resolved proton signal in the 1H NMR spectrum of 2
(ESI, Fig. S2†). In the resting trans-dominated photostationary
state, <10% of molecules existed in the cis conguration, while in
the cis-dominated photostationary state approximately 70% of
molecules existed as the cis isomer.16,21 The rate of thermal
relaxation to the more stable trans isomer was then determined
by measuring the change in UV absorption for dark-adapted cis
isomers of ManAzo 2 (ESI, Fig. S3†). Encouragingly, little thermal
cis–trans relaxation was observed at 20 ! C within the 24 h time
period. Given the very low temperatures employed for the IRI
activity assay, we reasoned that the rate of thermal relaxation of
1–3 would be negligible under these conditions.
From the surface tension data, an increase in the critical
micelle concentration (CMC) was observed following photoisomerization, which is in good agreement with previous observations concerning photoswitchable surfactants (Table S1, ESI†).
This can be attributed to the increased polarity and altered
molecular geometry of the cis isomer relative to the hydrophobic,
planar trans isomer.16 Due to the very poor solubility of GalAzo 3
in water, accurate determination of the CMC was not possible for
this compound. The comparable CMC values of GlcAzo 1 and
ManAzo 2 in the trans and cis photostationary states indicated
a very similar HLB for both photoisomers of these surfactants. In
order to evaluate the relative hydrophobicity of the cis and trans
isomers of 1 and 2, we then measured the 1-octanol-water
partition coeﬃcient (log P) (ESI, Fig. S4†). This technique
provides a convenient measure of the partitioning of surfactant
monomers between a non-polar oily phase and a polar aqueous
phase, and thus the relative aﬃnity for these phases, with larger
values indicating greater solubility in the non-polar phase.22 The
large negative log P values obtained for trans 1–3 indicates high
preference for the aqueous phase, although the variable values
indicate a strong dependency on the head group employed. In all
cases, the log P values decreased following photoisomerization
owing to the formation of the more polar cis azobenzene, which
was in good agreement with the CMC data. Unfortunately, due to
the signicant hydrophilicity of cis GlcAzo 1 and cis ManAzo 2, an
accurate log P value could not be determined for these
photoisomers.

1–3.18
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The ability of these carbohydrate-based surfactants to inhibit
ice recrystallization was then investigated using a “splat-cooling” assay (Fig. 3).23 Previous studies have focused on assessing
the IRI activity of ‘classical’ amphiphiles and investigating the
eﬀect of modifying alkyl chain length and functionalization. We
were interested in investigating the IRI activity of amphiphiles
incorporating azobenzene groups, since this moiety readily
undergoes hydrophobic p–p stacking interactions in water and
also provides a mechanism for tuning amphiphilicity with light.
In order to determine the photocontrollable IRI activity of
surfactants 1–3, aqueous solutions were irradiated with UV light
(361 nm) for 10 minutes prior to performing the IRI assay.
Surfactants 1–3 were dissolved in a phosphate buﬀered saline
(PBS) solution and the area of ice crystals was measured aer
annealing for 30 minutes at "6.4 ! C. The ice crystals were
represented as a percent mean grain size (% MGS) relative to the
PBS positive control for ice recrystallization. Similar to the
control, both the trans- and cis-dominated photostationary
states of GlcAzo 1 showed weak IRI activity. No photomodulation of IRI activity was observed for this compound, as
the trans- and cis-isomers showed near identical IRI activity.
Unfortunately, owing to the very poor solubility in PBS buﬀer,
both photoisomers of GalAzo 3 at 5 mM were found to be IRIinactive. Notably, ManAzo 2 exhibited potent IRI activity in
the trans-dominated photostationary state. This striking
diﬀerence in IRI activity between 1 and 2 is surprising, given the
similar properties of these surfactants and the near identical
hydration index (HI) of D-glucose and D-mannose. Previously, Dgluco-congured analogues have been shown to possess
stronger IRI activity than compounds incorporating Dmannose.24 However, in the case of the photoswitchable
amphiphiles, the opposite trend is observed, which highlights
the sensitivity of IRI activity toward changes in head group
stereochemistry and polarity, as well as tail group hydrophobicity and geometry. Photoisomerization of the trans isomer 2 to
the corresponding cis isomer appeared to reduce the IRI activity.
The attenuation in IRI activity relative to the trans form may be

IRI activity of 1–3 at 22 mM represented as a % MGS (mean grain
size) of ice crystals relative to the PBS positive control. Values represent the average of three runs # % SEM. Asterisk indicates signiﬁcant
diﬀerence calculated using unpaired Student's T test (P < 0.05).
Fig. 3
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attributed to the lowered hydrophobicity of the tail group,
which is also reected by the decrease in the log P value. The
inhibitory ability of the trans isomer of 2 was further quantied
by a modied “splat-cooling” assay where the ice crystals in
a high-ice fraction are “binned” based upon size at a ve-minute
time point (ESI).25 This analysis provides a means of addressing
the non-uniform crystal sizes observed during the recrystallization process. By incrementally testing concentrations of
ManAzo 2 up to the maximum solubility of 30 mM, a dose–
response curve was generated (Fig. 4a) and provided a half
maximal inhibitory concentration (IC50) value of 7.0 mM. This
kinetic analysis reveals the eﬀective IRI ability of ManAzo 2 at
low millimolar concentrations.
Given the potent IRI activity of ManAzo 2, TH activity was then
investigated using nanoliter osmometry (ESI, Fig. S5†). In this
assay, a single droplet of a solution of 2 in water is enclosed
within an oil-lled well in a sample holder. Using a thermoelectrically-controlled microscope stage, the sample is frozen
and then slowly thawed until a single ice crystal remains. At this
point, the morphology of the single ice crystal is monitored, as
the temperature of the sample is gradually decreased. TH activity
is measured as the depression of the freezing point in relation to
a static melting point, with non-uniform ice crystal growth being
indicative of interaction of the compound with the ice crystal
lattice. Due to the amphiphilic nature of ManAzo 2, we were
unable to examine its activity at 10 mg mL"1, the concentration
used to assess TH activity of the previously investigated C-linked

Fig. 4 (a) Dose–response curve generated for trans ManAzo 2.
Normalized rate constants obtained from three experiments # SEM. A
two-parameter sigmoidal curve was ﬁt to the data (see ESI†). (b) Wafer
images obtained after 5 minute annealing period during the modiﬁed
“splat-cooling” assay. Left image corresponds to PBS control while the
image on the right corresponds to 30 mM trans ManAzo.
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AFGP analogues and carbohydrate-based surfactants and hydrogelators.5,7 Importantly, when tested at 0.5 mg mL"1, no TH
activity was observed for ManAzo 2; ultimately suggesting that
the mechanism of ice recrystallization inhibition is not due to the
interaction of the compound with the ice lattice.
Since ManAzo 2 exhibited potent IRI activity with no
observable TH activity, we investigated the cryoprotective ability
of 2 in vitro. During cryopreservation, it is well known that
substantial cellular damage is associated with ice recrystallization during thawing.3 Tf-1a cells were cryopreserved with 30
mM 2 in 0–10% DMSO solutions. Samples were thawed under
fast-thaw conditions and cell viability and recovery were
assessed using ow cytometry. Preliminary results from the
cryopreservation of Tf-1a cells with the relatively high concentration of 2 resulted in signicantly lower cell recovery than with
DMSO alone (ESI, Fig. S6†). Greater cell viability was only achieved with 2 in solutions containing up to 2% DMSO in
comparison to the corresponding controls. Further investigation revealed that incubation of Tf-1a cells with 2 prior to
cryopreservation led to substantial cell death. These results are
not surprising since high concentrations of surfactants are
known to solubilize cell membranes.26 While the toxicity of
azobenzene functionalized molecules against mammalian cells
has been documented, several reports have described non-toxic
azobenzene derivatives for in vivo applications.17,27,28 Therefore,
at this stage it is diﬃcult to determine whether the toxicity of 2
arises from membrane damage and lysis and/or the build-up of
toxic azobenzene metabolites (e.g. from reduction). Based on
the premise that at lower concentrations some surfactants
appear to possess a protective ability against cell membrane
lysis,26 further studies should be conducted to investigate the
cryoprotective ability of 2 at its IC50. Additionally, while in vivo
applications may be limited, ManAzo 2 may have potential for
materials science applications.

Conclusions
In summary, we report the stereoselective synthesis, photocontrollable interfacial activity, and unprecedented IRI activity
of a panel of non-ionic carbohydrate-based surfactants. A
decrease in the log P values accompanying photoisomerization
could be attributed to the lowered amphiphilicity (higher HLB)
of the cis-congured surfactant. The IRI activity of the trans and
cis isomers of 1–3 was determined using a “splat-cooling” assay.
From this panel, a surfactant molecule incorporating a D-mannoside head group (2) was shown to display potent, lightmodulated IRI activity. Furthermore, the trans isomer of 2 did
not show any TH activity, thus strongly suggesting that this
molecule was not directly binding to the ice lattice to exert
antifreeze activity. Following trans–cis photoisomerization of 2,
a decrease in IRI activity was observed, which suggests that the
formation of the more polar cis azobenzene was detrimental to
IRI activity. This supports previous reports that highlight the
importance of hydrophobic moieties and increasing hydrophobicity for invoking potent IRI activity. In contrast to
surfactant 2, GlcAzo 1 possessing a D-glucoside head group,
showed very weak IRI activity that could not be modulated using
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UV light. To the best of our knowledge, this work represents the
rst example of an amphiphilic, IRI-active compound incorporating an azobenzene moiety, and the rst time a D-mannocongured compound has shown greater IRI activity than a Dglucose analogue. The results presented herein also underscore
the importance of head group stereochemistry, polarity and
hydration for tuning IRI activity. Our results also demonstrate
the viability of using light as an external stimulus for tuning the
IRI activity of amphiphilic molecules. Whilst the trans isomer of
surfactant 2 resulted in poor cell recovery and viability in
cryopreservation studies at high concentrations, these materials
show signicant promise as a new class of photocontrollable
cryoprotectants and as responsive tools for studying ice recrystallization. Work is on going in our laboratories toward the
development of non-amphiphilic analogues as well as amphiphilic molecules with tuneable photochemical properties.
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