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Self-assembling PEGylated mannolipids for
liposomal drug encapsulation of natural products†
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Abdelkrim Azzouz, a Jordan D. Lewicky,b Alexandrine L. Martel,b

Hoang-Thanh Le bcd and René Roy *a

The chemical synthesis of modified neoglycolipids is reported in an effort to further improve the

drug delivery properties of previously described mannosylated liposomes possessing alkyl linkers in the

aglyconic moiety. A self-contingent strategy that overcomes previous synthetic limitations was used to

produce neoglycolipids that have a single exposed a-D-mannopyranoside residue, an aromatic scaffold,

and two lipid tails with varied alkyl chains. The lipid tails were built from 3,5-dihydoxybenzoic

acid possessing two alkyl chains of twelve to sixteen carbons (C12–C16). The azido-ending carbohydrate

precursor, harboring a hydrophilic triethylene glycol, was prepared by glycosidation of mannose

pentaacetate with triethylene glycol monotosylate using standard Lewis acid-catalysed conditions. The

carboxylic acid-ending lipid tails were directly ligated to the azido mannopyranoside residue using a

modified Staudinger chemistry. The formation of stable spherical vesicles of controllable sizes

(E100 nm) was confirmed by dynamic light scattering (DLS), TEM, and AFM experiments. The values of

critical micelle concentration (CMC) of mannnolipids were also determined by DLS using variations of

scattered light as a function of concentrations. The CMC values obtained from the C12 to the C16 alkyl

chains were 1.76 � 10�6, 3.87 � 10�6, and 3.86 � 10�6 mol L�1, respectively. The bio-relevance of the

mannosylated glycolipids were also demonstrated using their cross-linking abilities with the leguminous

lectin Concanavalin A from Canavalia ensiformis which is a homotetrameric mannose-binding protein.

In addition, the glycolipids were biocompatible, enhanced cell uptake of lipophilic cargos, and improved

the human plasma stability of entrapped quercetin.

1. Introduction

Nanocarrier-based therapeutics for the treatment of cancer and
infectious diseases constitute an appealing approach as both
passive and active vaccines or drug delivery system.1–4 Passive
directing of nanoparticles (NPs) is usually controlled by altering
the size, charges, shapes, and surface properties of the carriers,
while active targeting is usually achieved by incorporating
selected cell surface ligands for specific receptor-mediated uptake.

Several examples using mannoside-coated nanomaterials of varied
compositions have made striking progress due to the exceptional
physicochemical properties of these mannosylated NPs.5–7 The
targeting of therapeutic agents and vaccines to antigen pre-
senting cells (APCs)8,9 and the blood brain barrier (BBB)10,11

have proven useful in both cases, respectively.
Amongst NPs, mannosylated liposomal preparations12–14

are particularly attractive since they combine the above require-
ments combined to active cell-specific targeting to mannose-
receptors (MRs).5–9,15,16 Due to their amphiphilic nature,
nano-sized liposomes that mimic the phospholipid membrane
of cells allows encapsulation of both hydrophilic and hydro-
phobic drugs or vaccine components. Moreover, they also
showed high selectivity towards the MRs which can be further
improved by the proper choices of linkers, the number and
architectures of the mannopyranoside moieties.17 This can be
achieved by manipulating both the transcytosis capacity and
variable degrees of expression of mannose receptors expressed
at the cell surface. MRs are ubiquitous transmembrane
proteins that have been usually targeted to increase the affi-
nity and selectivity of therapeutic-loaded NPs by altering
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their intrinsic architectures, including the use of mannose
mimetics.18

In our previous work, a straightforward chemical strategy has
been developed towards carbohydrate-based neoglycolipids.19

Their preparation relied on the use of a sugar bearing alkyne
functionality in the aglyconic portion. Sequential photo-
catalyzed thiol–yne ligation led, when required, to either homo-
or hetero-functionalized lipid tails.19 One of the drawbacks of
this chemistry was that it generated a new stereocenter and
related glycolipids were isolated as inseparable mixtures of
diastereomers. Ultimately, this is not an ideal situation in terms
of pharmacological development, where defined and exact stereo-
chemistry is required. In addition, the synthetic strategy led to
neoglycolipids having short linkers between the sugar head-
groups and the lipid tails, which might impact the ultimate
availability of the sugar residues for interaction with their cognate
carbohydrate binding receptors. Even though liposomes pre-
viously generated from the self-assembly of neoglycolipids origi-
nating from mannosylated alkyne-containing aglycones have
been shown to be particularly useful toward the stabilization of
entrapped peptides, they still necessitated stabilization of the
lipid bilayers as delivery system.20–22

In an effort toward additional improvements of these earlier
mannosylated-forming liposomes, the chemical syntheses of a
series of neoglycolipids having an exposed sugar residue, an
aromatic scaffold lacking stereocenters, and two lipid tails with
varied alkyl chains forming liposomal nanocarriers of controll-
able sizes was described.23 In the actual strategy, a hydrophilic
triethylene glycol linker was selected because of its better hydro-
philic/hydrophobic balance, while anticipated to possess better
bioavailability profiles once released from their lipid counter-
parts. The sugar-linked lipid architectures consisted of a 3,5-
dihydoxybenzoic acid framework having two alkyl chains of
twelve to sixteen carbons. The azido-ending carbohydrates and
the carboxylic acid-ending lipid architecture were ligated using
a Staudinger chemistry to generate neoglycolipid structures
that were chemically stable.

2. Results and discussions
2.1 Neoglycolipid synthesis and characterization

In continuation of our efforts to further improve the stability
and physicochemical properties of our liposomal delivery
system, it was anticipated that increasing the hydrophilic
balance of the water-soluble head group, in replacement of
the hexyl linker, would provide improved access to the MRs’
binding sites. For this, the syntheses of the neoglycolipids were
performed using a two stages convergent approach as described
in Schemes 1 and 2, which involved the preparation of the
lipid tails (Scheme 1) and a a-D-mannopyranoside head group
(Scheme 2). First, the synthesis of the lipid architectures was
based on a 3,5-dihydroxybenzoic acid scaffold (1) as before.
Protection of the acid functionality as a methyl ester (MeOH,
H2SO4) afforded known methyl ester 223 in 92% yield, which

Scheme 1 Syntheses of the aromatic-bearing lipid tails 7–8 based on
3,5-dihydroxybenzoic acid (1).

Scheme 2 Syntheses of mannosylated neoglycolipids (17–19) using a one-pot modified Staudinger reaction between azide 13 and acids 6–8 with a
triethylene glycol linker at the sugar residue. Previous compound 20, prepared with a hexyl linker, was also prepared for comparison.23
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was alkylated with C12–C16 alkyl bromides (RBr, KI, K2CO3,
DMF, 80 1C) to provide intermediates 3–5 in 86–87% yields.
Methyl esters hydrolysis (KOH, EtOH) provided lipid tails 6–8 in
92–97% yields (Scheme 1). The procedure was analogous to the
one previously published for related glycodendrimersomes.24–26

A triethylene glycol linker was initially chosen to provide the
final mannolipids with a more hydrophilic head group when
compared to previous versions.27,28 The necessary a-D-manno-
pyranoside moiety was prepared from mannose pentaacetate
11, which was initially glycosidated with 2-[2-(2-tosylethoxy)-
ethoxy]ethanol (10) using BF3-OEt2 in DCM as Lewis acid
catalyst to give tosylate 12 in 60% yield.29 Substitution of the
tosylate by an azide functionality was accomplished using
standard conditions (NaN3, NaI, DMF, 80 1C) to afford pre-
viously described azide 13 in 97% yield prepared using a
slightly different route.30 The direct chemical ligation between
the above lipid moieties 6–8, bearing an acid functionality, and
the azide 13 were done by a Staudinger reaction (Bu3P, HOBt,
DIC, DCM). This choice was dictated in order to avoid typical
O- to N-acyl shift usually observed as by-products when per-
acetylated sugars are present with free amines. This approach
gave rise to peracetylated neoglycolipids 14–16 in good yields
(77–87%). The procedure appears to be more practical to
the one using glycosylation of the lipids tails harboring alcohol
head groups because of better controls in the anomeric
stereoselectivity.27,28 Uneventful trans-esterification under Zemplén
conditions (NaOMe, MeOH) provided unprotected mannosylated
liposome precursors 17–19 in almost quantitative yields. Final
neoglycolipids were fully characterized by 1H- and 13C-NMR
spectroscopy and by mass spectrometry (see ESI†).

We evaluated the beneficial choice of the more hydrophilic
triethylene glycol linker in 17–19 over the previous n-hexyl
aglycone in 20. For this, we calculated the topological surface
area tPSA and C log P of the glycosidic portions of 18, once
released from the lipid tail groups, which was shown to be
143.86 and �2.56 while they were 125.4 and �0.97 for 20.
Hence, 18 should present a better pharmacological profile.

Interestingly, we were able to crystalize methyl ester 4 in
dichloromethane: methanol containing a C14 lipid chain and
the m.p. was recorded at 69.4–70.2 1C. In the crystal, the
molecules are planar, and the lateral C14 lipid chains adopt a
fully extended zig-zag conformation with a bending angle
approximately of 1601 between the two chain ends. Not surpris-
ingly, the two alkyl chains spread laterally to the benzene ring
which formed a torsion angle between C23–O1–C4–C3 of�176.81
(details to be published separately). The structure is analogous
to a previous crystal containing two C12 alkyl chains.31 This
conformation is obviously not a priori compatible with their
self-assembly, nevertheless, these precursors readily formed
stable mannosylated liposomes and work is in progress to
further deepen these behaviors.

2.2 Liposome characterization by DLS, TEM, and AFM

The simplest method for the self-assembly of amphiphilic
molecules into vesicles and liposomes involves the injection
of their solution in a water-miscible solvent, such as ethanol or

THF, into water or buffers.32 This methodology has been shown
to be efficient for the self-assembly of previously described
amphiphilic analog prepared by our unprecedented thiol–yne
ligation between sugar alkynes and thiols19 and from the hexyl-
linked mannolipids.20–23 The injection method was also found
suitable using stable amphiphilic Janus dendrimers into mono-
disperse vesicles called glycodendrimersomes, as previously
described.24–26 The resulting self-assemblies were first analyzed
by dynamic light scattering (DLS) for size and polydispersity
(PDI). Table 1 shows the size and DPI of compounds 17–19
which varied from 98.4 (18) to 147.0 (19) nm when pre-dissolved
in EtOH followed by injection into doubly distilled water. These
measurements indicated that the mannolipids formed small
unilamellar vesicles (SUV). The critical micelle (CMC) concen-
trations were evaluated by DLS using the intensity of the
scattered light (kcps) from a series of solutions ranging from
0.40 � 10�6 to 5.7 � 10�4. The CMC values for mannolipids
17–19 were 1.76 � 10�6, 3.87 � 10�6, and 3.86 � 10�6 mol L�1,
respectively (see ESI†).

Because compound 18 (C14) was produced in good yield
and was easier to purify, as well as showing the best overall
behaviour and appropriate size for our next applications, we
also evaluated the effect of its concentration on the SUV
formation. Table 2 illustrate that the size of the liposomes
varied from 64.8 to 119.1 nm. We next turned to evaluate the
time stability of liposomes formed from 18. Importantly and
as seen from Table 2, the sizes of the SUV were stable after
2 months. In contrast, mannolipid 20, harboring a hexyl-linked
mannoside was readily precipitating soon after their self-
assembly into larger initial aggregates (766 nm). Thus, this
unbalanced hydrophilic/hydrophobic combination was found
unsuitable for the following experiments and further confirmed

Table 1 Average diameter (DLS) and polydispersity indexes (PDI) of
mannosylated liposomes using the injection method. Solutions of the
neoglycolipids (5 mg mL�1 in ethanol) were injected (100 mL) into 1.9 mL
of doubly distilled water to provide final volumes of 2 mL, as these
conditions were found optimal toward the targeted liposomal diameter

Compounds Lipid tail size Diameter (nm) PDI

17 C12 119.6 � 0.53 0.19
18 C14 98.4 � 0.47 0.16
19 C16 147.0 � 0.45 0.13

Table 2 Effect of concentration of compound 18 (C14) on the size and
stability of liposomes formation by the injection method from stock
solutions (5 mg mL�1 in ethanol) followed by injection of 100 mL into
1.9 mL of doubly distilled water (total volume 2 mL)

Concentration
(mg mL�1)

18 (0 days) 18 (30 days) 18 (60 days)

Dh (nm) PDI Dh (nm) PDI Dh (nm) PDI

0.75 64.8 � 1 0.14 63 � 1 0.14 154 � 6 0.48
1.25 63.8 � 1 0.18 63 � 1 0.17 273 � 11 0.40
2.50 76.7 � 0.9 0.11 74 � 1 0.16 196 � 2 0.33
5.0 98.4 � 1 0.16 89 � 1 0.15 ND ND
10.0 119.1 � 2 0.17 116 � 2 0.17 128 � 2 0.17

Conserved at 4 1C prior to size determination. ND: not determined.
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our choice for a more hydrophilic triethylene glycol linker.
Fig. 1 further illustrates the typical liposomal DLS pattern
(1A) observed from 18, the TEM results (1B), together with
the three-dimensional AFM pictures (1C–E). We concluded that

18 presented a better balance between the hydrophilic and
hydrophobic balances to impart desired size, longer term stability,
and adequate CMC values typical with natural glycolipids.

2.3 Interactions of mannosylated liposomes with
concanavalin A

The bio-relevance of the carbohydrates displayed at the periphery
of the vesicles to interact with protein receptors was qualitatively
evaluated by agglutination experiments (cross-linking) using
DLS measurements in the presence of concanavalin A (ConA),
a mannose-binding leguminous lectin systematically used as
role model.33–37 This C-type lectin occurs as a homotetramer of
26.4 kDa per subunit with a molecular weight of 104–112 kDa
and a diameter of B8 nm. The cross-linking abilities of the
liposomes formed from compound 18 in the presence of ConA
as a function of time is illustrated in Fig. 2. The rapid formation
of larger aggregates from 101 nm (18 alone) and the steady
increase after 30 min (1483 nm) in the presence of ConA clearly
demonstrated the accessibility of the a-D-mannopyranoside
residues to the four carbohydrate binding sites of ConA
and the resulting cross-linking aggregation (Table 3). With a

Fig. 1 Compound 18 at 5.0 mg mL�1 in EtOH injected into water to a final concentration of 400 nM. (A) DLS size distribution pattern (Dh 98.4 � 1,
PDI 0.16); (B) TEM image of the resulting liposomes in water (scale bar at 100 nm); (C) and (D) AFM images of 18 as dried vesicles (scale bar at 200 nm);
(E) AFM height profile on mica measured at ambient humidity.

Fig. 2 DLS measurements of mannosylated liposomes 18 (C14) (0.1 mL of
a 10 mg mL�1 ethanol solution) in the presence of Concanavalin A (ConA)
(2 mL) of a 0.15 mg mL�1 in PBS buffer. Polydispersity indexes (PDI) are
indicated in red.

Table 3 Size variations of the mannosylated liposome 18 (0.1 mL of a 10 mg mL�1 ethanol solution) in the presence and absence of the leguminous
lectin ConA (2 mL of a 0.15 mg mL�1 PBS buffer solution), together with selective cross-linking inhibition of aggregate formations with methyl a-D-
mannopyranoside (0.1 mL of a 50 mg mL�1 in water). Methyl a-D-galactopyranoside (0.1 mL of a 50 mg mL�1 in water) showed no size decrease in the
presence of ConA

Concentration of 18
(mg mL�1)/time (min)

Cpd 18 Cpd 18 + ConA Cpd 18 + ConA + Me a-D-Man Cpd 18 + ConA + Me a-D-Gal

Dh
a (nm) PDI Dh (nm) PDI Dh (nm) PDI Dh (nm) PDI

10 101 � 0 0.24
10/17 3.668 � 3 0.34
10/20 3.109 � 8 1.0
10/25 835 � 1 0.58
10/30 643 � 2 0.57
10/35 639 � 2 0.51
10/45 162 � 1 0.19

a Size distribution was recorded by intensity.
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diameter of only B8 nm, the full coverage of the mannolipo-
somes (B101 nm) by the lectin (B8 nm) could not account for
the large diameters observed for the cross-linked lattices (up to
1483 nm). To illustrate the sugar selectivity of the aggregation
process, methyl a-D-mannopyranoside was added after the

formation of the cross-linked aggregates. After 20 min. of
inhibition, the DLS showed a steady return to a smaller non-
aggregated size of 162 nm. In contrast, using methyl a-D-
galactopyranoside, a ligand not recognized by the ConA
lectin, the large size of the aggregate remained unchanged.

Fig. 3 Liposomes obtained from compound 18 are non-toxic and enhance uptake in PBMC. (A) and (B) Apoptosis and necrosis were assessed by flow
cytometry using Annexin V (AV) and propidium iodide (PI) staining following a 48 hours incubation with 50 mg mL�1 of 18 where: (A) shows a
representative dot plots for one donor and (B) shows the summary of the data where no data were identified as being significant as compared to a
non-treated (NT) control. (C) LDH release was measured after 48 hours of treatment with 50 mg mL�1 of 18. Supernatant levels of (D) IL-6, (E) IL-1b,
(F) IL-12p40 were measured after 48 hours, and (G) IFN-g, (H) IL-15, (I) IL-2 were measured after 7 days of treatment with 10 mg mL�1 of 18. (J) and (K) Nile
red (NR) uptake in PBMC was measured by flow cytometry after 1 hour of treatment with 1 mg mL�1 of NR alone or encapsulated in 10 mg mL�1 of 18.
J. shows the gating strategy using the forward (FSC) and side (SSC) scatter and (K) shows the uptake (MFI: mean fluorescence intensity) where **p o 0.01
and ****p o 0.0001 as compared to the lymphocytes for the respective treatment, ###p o 0.001 and ####p o 0.0001 as compared to non-treated
for the respective cell population, and &&&&p o 0.0001 as compared to NR alone for the respective cell population. All statistical analysis were
performed as a two-way ANOVA with Bonferroni post hoc test (B) and (K) or as an unpaired t-test (C)–(I). All data represented as the mean � SEM of 3
different PBMC donors. n.s.: not significant.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:5

5:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01007h


370 |  Mater. Adv., 2025, 6, 365–377 © 2025 The Author(s). Published by the Royal Society of Chemistry

These results clearly suggest that the SUVs formed from the
new neoglycolipid monomer are selective for the mannoside
residues and that they remained stable even in the presence
of a multimeric protein receptor.

2.4 Biocompatibility and cell uptake studies in peripheral
blood mononuclear cells (PBMC)

The safety profile of 18 was investigated in PBMCs isolated
from three healthy volunteers. Using an Annexin V/propidium
iodide assay and a lactate dehydrogenase assay respectively,
we established that 18 does not induce apoptosis/necrosis, nor
does it disturb membrane integrity (Fig. 3a–c). Compounds 18
also does not induce the secretion of pro-inflammatory cytokines
making it non-immunogenic (Fig. 3d–i). When entrapping a

lipophilic drug cargo (Nile Red) within 18, we observed a large
significant increase in drug uptake in monocytes, and a small
non-significant increase in lymphocytes (Fig. 3j and k). This is
unsurprising as antigen-presenting cells are known to have high
expression of mannose receptors.8,9

2.5 In vitro evaluation of the protective plasma stability of
quercetin

Quercetin is an important member of the plant flavonoids best
known for its anti-inflammatory, antihypertensive, and having
vasodilator effects.38 The oral bioavailability of quercetin in
humans is very low. One investigation estimated it to be less
than 1%.39 Intravenous injection of quercetin showed fast
decay in concentration with a half-life of 2.4 hours.39 Quercetin
undergoes rapid and extensive metabolism by glucuronidation,
therefore the biological effects presumed from in vitro studies
would be unlikely to apply in vivo.40

Quercetin stability in human plasma was assessed via
RP-HPLC using a modified version of our previously reported
methods.23 The results indicate that quercetin is rapidly
degraded in plasma, with complete degradation occurring
between 6–12 hours (Fig. 4).

The ability of the manno-liposomal delivery system to pro-
tect quercetin and prevent its degradation in human plasma
was assessed via RP-HPLC using a modified version of our
previously reported methods.23,41–43 The delivery systems (DS)
consisted of the 18 in combination with cholesterol, which was
previously shown to provide improved the physicochemical
properties of the resulting liposomal particles. Firstly, we estab-
lished that approximately 80% of quercetin at a 1 : 5 weight
ratio was entrapped within the DS, showing good entrapment
efficacy (Fig. 5a). The results also indicated that the delivery

Fig. 4 Plasma stability of quercetin. Quercetin was combined with human
plasma and incubated at 37 1C. The levels of quercetin remaining at various
time points were analyzed by RP-HPLC in the presence of 0.1% trifluor-
oacetic acid and detected by absorbance at 254 nm. Quercetin amounts
were calculated relative to the quantities determined at time point zero,
and data are shown as the average � SEM of three separate experiments.

Fig. 5 Entrapment (A) and plasma stability (B) of mannoliposome-entrapped quercetin. Quercetin was combined with a glycoliposomal delivery systems
(DS) assembled from 18 and cholesterol at a 1 : 5 ratio of quercetin : DS (w/w). (A) Entrapment was assessed by measuring free levels of quercetin in the
supernatant and comparing it to samples devoid of DS. (B) For plasma stability, particles were incubated in human plasma at 37 1C, with the levels of
quercetin remaining at various time points analyzed and calculated relative to quercetin quantities at time point zero. Quercetin levels were analyzed by
RP-HPLC in the presence of 0.1% trifluoroacetic acid and detected by absorbance at 254 nm. Data are shown as the average � SEM of three separate
experiments. ***p o 0.001 as compared to respective 12 hours time point.
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system greatly extend the stability of quercetin in plasma
beyond 24 hours (Fig. 5b).

3. Conclusions

This work successfully reports the chemical syntheses of a new
series of neoglycolipids harboring exposed a-D-mannopyrano-
side residue linked to a triethylene glycol spacer. This hydro-
philic linker led to mannosylated liposomes with improved
long-term stability when compared to the analogous hexyl linker
previously used as drug delivery system. The sugar moiety, having
a terminal azide functionality, was directly ligated through a
modified Staudinger reaction to lipids tails of C12 to C16 attached
to a 3,5-disubstituted benzoic acid scaffold. Even though the lipid
precursor of the C14 lipid chains adopts a full extended zig-zag
conformation when crystalized, with a bending angle approxi-
mately of 1601 between the two chain ends, the resulting sugar-
bound neoglycolipids could still form stable SUV of about 100 nm
as demonstrated by DLS, TEM, and AFM. As opposed to related
glycodendrimersomes having two sugar head groups and four
lipidic alkyl chains of various length, the size of the SUVs formed
by the injection methods remained constant with varied initial
ethanolic concentrations of the liposome precursors. Moreover,
the SUVs formed by the C14 alkyl chains were stable for at least
two months when stored at 4 1C. The SUVs were also able to bind
in a multivalent fashion to the homotetrameric leguminous lectin
Concanavalin A as seen from size-dependent DLS experiments.
The newly formed mannosylated SUVs were also used as drug
delivery systems in a preliminary experiment by encapsulating
the highly plasma unstable plant flavonoid quercetin (half-life
of 2.4 hours) known to possess anti-oxidant, anti-inflammatory,
and anti-cancer properties. Overall, the mannosylated liposomes
assembled with a hydrophilic aglycone, two alkyl chains (C14 lipid
chain length), mounted on an aromatic scaffold, showed promis-
ing properties as delivery system for natural products as well as for
brain delivery and cancer immunotherapy.41,42 The fully synthetic
neo-mannolipids described herein offers several advantages over
more conventional phospholipids in terms of ease of synthesis,
scalability, long-term stability of the resulting vesicles, together
with better control of hydrophilic/hydrophobic balances which
confer adjustable liposomal size distributions.

4. Materials and methods
4.1 Instruments

All reactions in organic medium were performed in standard
oven dried glassware under an inert atmosphere of nitrogen
using freshly distilled solvents stored over molecular sieves.
Solvents were deoxygenated, when necessary, by bubbling
nitrogen through the solution. All reagents were used as
supplied without prior purification and obtained from Sigma-
Aldrich Chemical Co. (Toronto, ON, Canada). Reactions were
monitored by analytical thin-layer chromatography (TLC) using
silica gel 60 F254 precoated plates (E. Merck, Darmstadt,
Germany) and compounds were visualized by 254 nm light

and/or by dipping into a mixture of sulfuric acid and methanol
in water or into a mixture of KMnO4 and K2CO3 in water
followed by gentle warming with a heat-gun. Purifications were
performed by flash column chromatography using silica gel
from Canadian Life Science (60 Å, 40–63 mm) (Peterborough,
ON, Canada) with the indicated eluent. 1H NMR and 13C NMR
spectra were recorded at 300 and/or 600 MHz, 75 and/or 150 MHz,
respectively, on a Bruker spectrometer (300 MHz and 600 MHz)
(Milton, ON, Canada) and Varian spectrometer (600 MHz) (Milton,
ON, Canada). All NMR spectra were measured at 25 1C in the
indicated deuterated solvents. Proton and carbon chemical
shifts (d) are reported in ppm and coupling constants ( J ) are
reported in Hertz (Hz). The resonance multiplicities in the
1H NMR spectra are described as ‘‘s’’ (singlet), ‘‘d’’ (doublet),
‘‘t’’ (triplet), and ‘‘m’’ (multiplet) and broad resonances are
indicated by ‘‘broad’’. Residual protic solvent of CDCl3 (1H,
7.27 ppm; 13C, 77.0 ppm (central resonance of the triplet)), D2O
(1H, 4.80 ppm and 30.9 ppm for CH3 of acetone for 13C spectra)
were used as standard. Two-dimensional homonuclear correla-
tion 1H–1H COSY and 1H–13C HSQC experiments were used
to confirm NMR peak assignments. Letters are used to NMR
assignment (see ESI,† for details). High-resolution mass spectra
(HRMS) were measured with a LC-MS-TOF (Liquid Chromato-
graphy Mass Spectrometry Time of Flight) (Agilent Techno-
logies) in positive electrospray mode by the analytical platform
of UQAM. Either protonated molecular ions [M + nH]n+ or
adducts [M + nX]n+ (X = Na, K, NH4) were used for empirical
formula confirmation.

4.2 Dynamic light scattering (DLS), transmission electron
microscopy (TEM), atomic force miscroscopy (AFM)

Dynamic light scattering (DLS) was performed with a Zetasizer
NanoZS Malvern Instruments equipped with a 4 mW 633 nm
He–Ne laser and avalanche photodiode positioned at 1751 to
the beam and temperature-controlled cuvette holder. Instru-
ment parameters were determined automatically along with
measurement times. Experiments were performed in triplicate.

The self-assembly of the neoglycoliposomes into vesicles
and liposomes involved the injection method of their ethanolic
solution into water or buffer as previously described.22 This
methodology has been shown to be efficient for the self-
assembly of previously described amphiphilic mannosylated
neoglycolipids into monodisperse vesicles.30 The resulting
assemblies were first analyzed by dynamic light scattering (DLS)
for size, polydispersity (PDI), and stability in time. For liposome
size determination, solutions of the neoglycolipids (3.5 mg) in
EtOH (1.1 mL) were then diluted in distilled water (2.2 mL) to
provide final concentrations of 1.06 mg mL�1 as these conditions
were found optimal toward the targeted liposomal diameter.

4.2.1 Critical micelle concentration (CMC). CMCs were
determined using a Malvern Zetasizer Ultra (MAL1301351)
(Malvern Instruments Limited, UK) equipped with a 4 mW
He–Ne laser operating at a wavelength of 633 nm. Scattered
light was detected at an angle of 1731, an optical arrangement
known as non-invasive back scatter (NIBS) optic arrangement
that maximizes the detection of scattered light while maintaining
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signal quality. Measurements were carried out in a (DTS0012)
polystyrene latex cell at 25 1C. A series of solutions ranging from
5 � 10�4 to 0.044 � 10�5 mol L�1 was prepared from an aqueous
stock solution prepared at initial concentration of 1 mg mL�1 of
compound 17–19 in ethanol followed by 2-fold dilution in distilled
water. Data processing was carried out with a computer attached
to the instrument. The measurements were repeated three times
in order to check their reproducibility. The CMC values for
mannolipids 17–19 were 1.76 � 10�6, 3.87 � 10�6, and 3.86 �
10�6 mol L�1, respectively. For details see ESI.†

4.2.2 Inhibition of aggregation of compound 18 with ConA
in the presence of methyl a-D-mannopyranoside (Me-Man) and
methyl a-D-galactopyranoside (Me-Gal) (Table 4). DLS measure-
ments of mannosylated liposomes formed from compound 18
as above, alone and in the presence of ConA were allowed to
settle for 10 min after which time DLS measurements were
taken again.

Transmission electron microscopy (TEM) was acquired with
Tecani-TEM (FEI, USA) instrument. Negative-staining transmis-
sion electron microscopy was performed as follow: a total of
10 mL of the suspension of liposomes formed from compound
18 (5 mg mL�1, 100 mL THF + 900 mL nanopure water) was
placed on a carbon-over-Pioloform as done previously.19

Atomic force miscroscopy (AFM) was performed on a Multi-
mode Atomic Force Microscope NanoScope V (Digital Instruments)
using OTESPA-R3 silicon probes (Bruker, France; tip radius = 7 nm,
nominal spring constant = 26 N m�1). For the sample preparation,
a diluted dispersion of liposomes, prepared by thin-film in THF
(Cdiluted = 0.5 mg mL�1), was drop casted on freshly peeled Mica
and dried at ambient conditions at 25 1C and E25–30% relative
humidity. Images were recorded in air under ambient condi-
tions as topological scans in tapping mode and analyzed using
the Gwyddion 2.36 image software.

4.3 Chemical synthesis

4.3.1 Methyl 3,5-dihydroxybenzoate (2). To a solution of
3,5-dihydroxybenzoic acid (1) (5.00 g, 32.4 mmol, 1 equiv.)
in dry methanol (40 mL, 30.5 equiv.) was added conc. H2SO4

(0.25 mL, 0.15 equiv.). The reaction mixture was heated at 70 1C
for 7 h. The solution was evaporated under reduced pressure.
The solid was treated carefully with a NaHCO3 solution and the
product was extracted with EtOAc. The organic phase was
washed with water and brine and finally evaporated to afford
2 (5.05 g, 30.059 mmol, 92%) as a white solid whose physical

characteristics are in complete agreement with the published
data.34 1H NMR (300 MHz, ((CD3)2SO)): d (ppm) 9.66 (s, 2H,
OH), 6.85 (d, 2H, Jortho–para = 2.2 Hz, Hortho), 6.48 (t, 1H, Jpara–ortho =
2.2 Hz, Hpara), 3.83 (s, 3H, OCH3); 13C NMR (Bruker 75 MHz,
(DMSO-d6)): d (ppm) 166.4 (CEster), 158.7 (CArom), 131.5 (CArom),
107.3 (x2, CArom), 52.1 (COMe).

4.3.2 General procedure for methyl 3,5-bis(alkyloxy)-
benzoates (3–5). Method A. The syntheses of this series of
compounds followed our previously published protocols.30

To a mixture of methyl 3,5-dihydroxybenzoate (2) (1.00 g,
5.95 mmol, 1 equiv.), K2CO3 (2.7 equiv.) and KI (0.07 equiv.)
in DMF (25 mL) was added the corresponding 1-bromoalkanes
(2.4 equiv.). The reaction mixture was stirred at 90 1C for 24 h.
It was cooled and diluted with CH2Cl2 (100 mL). The solution
was washed with water (2 � 15 mL) and brine (15 mL) and
the organic layer was dried over anhydrous Na2SO4. The solvent
was removed and a solid residue was obtained. The solid was
filtered and washed with methanol and dried. The crude
products were further purified by passing through a column
of silica gel (hexanes, 1–4% EtOAc in hexanes as eluents)
yielding (3–5) as white solids.

4.3.3 Methyl 3,5-bis(dodecyloxy)benzoate (3). White solid
(2.57 g, 5.091 mmol, 86%). 1H NMR (300 MHz, CDCl3): d (ppm)
7.15 (d, J = 3 Hz, 2H, H1), 6.63 (t, J = 3 Hz, 1H, H2), 3.96 (t, J =
6 Hz, 4H, H3), 3.89 (s, 3H, OCH3), 1.77 (tt, J = 9 Hz, J = 6 Hz, 4H,
H4), 1.45–1.27 (m, 36H, H5), 0.88 (t, J = 6 Hz, 6H, H6); 13C NMR
(75 MHz. CDCl3): d (ppm) 167.1 (CEster), 160.3 (CAr), 132.0 (CAr),
107.8 (CAr), 106.7 (CAr), 68.5, 52.3, 32.1, 29.8 (x2), 29.7 (x2), 29.5,
29.3, 26.2, 22.8, 14.3 (CH3).

4.3.4 Methyl 3,5-bis(tetradecyloxy)benzoate (4). White
solid (2.9 g, 5.170 mmol, 87%). We were able to crystalize
methyl ester 4 in dichloromethane: methanol giving 4 as
needles melting point at 69.4–70.2 1C. These crystals were used
for X-ray crystallography. 1H NMR (300 MHz. CDCl3): d (ppm)
7.16 (d, J = 3 Hz, 2H, H1), 6.63 (t, J = 3 Hz, 1H, H2), 3.96 (t, J =
6 Hz, 4H, H3), 3.89 (s, 3H, OCH3), 1.77 (tt, J = 9 Hz, J = 6 Hz, 4H,
H4), 1.44–1.26 (m, 44H, H5), 0.88 (t, J = 6 Hz, 6H, H6); 13C NMR
(75 MHz. CDCl3): d (ppm) 167.1 (CEster), 160.3 (CAr), 131.9 (CAr),
107.7 (CAr), 106.7 (CAr), 68.4, 52.3, 32.1, 29.8 (x3), 29.7, 29;5,
29.3, 26.2, 22.8, 14.3 (CH3).

4.3.5 Methyl 3,5-bis(hexadecyloxy)benzoate (5). White
solid (3.20 g, 5.186 mmol, 87%). 1H NMR (300 MHz, CDCl3):
d (ppm) 7.15 (d, J = 3 Hz, 2H, H1), 6.63 (t, J = 3 Hz, 1H, H2), 3.96
(t, J = 6 Hz, 4H, H3), 3.90 (s, 3H, OCH3), 1.77 (tt, J = 9 Hz, J =
6 Hz, 4H, H4), 1.45–1.26 (m, 52H, H5), 0.88 (t, J = 6 Hz, 6H, H6);
13C NMR (75 MHz, CDCl3) d (ppm) 167.1 (CEster), 160.3 (CAr),
131.9 (CAr), 107.8 (CAr), 106.7 (CAr), 68.4, 52.3, 32.1, 29.9, 29.8
(x2), 29.7, 29.5, 29.3, 26.2, 22.8, 14.3 (CH3).

4.3.6 General procedure for hydrolysis of methyl ester
(6–8)-method B. The syntheses of this series of compounds
followed our previously published protocols.30 A solution of
methyl 3,5-bis(alkyloxy)benzoate (3–5) (1.00 g), 2.55 mmol,
1 equiv. with KOH (595 mg, 10.6 mmol, 4.2 equiv.) in water
(7 mL) and ethanol (40 mL) were refluxed for 4 h. Then,
reaction mixture was cooled to room temperature and concen-
trated hydrochloric acid was added carefully until pH = 1.

Table 4 Solvent gradient program for the analysis of quercetin plasma
stability and glycoliposomal entrapment using water (A) and 20% aceto-
nitrile in water (B), both with 0.1% trifluoroacetic acid (v/v)

Time (min)

Solvent

A (%) B (%)

0 80 20
1 80 20
8 0 100
13 0 100
18 80 20
25 80 20
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CH2Cl2 and water were added and the combined organic fractions
were separated, dried over MgSO4 and evaporated to yield
3,5-bis(alkyloxy)benzoic acid (6–8).

4.3.7 3,5-Bis(dodecyloxy)benzoic acid (6). White solid
(0.775 g, 1.579 mmol, 97%). 1H NMR (300 MHz, CDCl3) d
(ppm) 7.22: (d, J = 3 Hz, 2H, H1), 6.69 (t, J = 3 Hz, 1H, H2),
3.98 (t, J = 6 Hz, 4H, H3), 1.79 (tt, J = 9 Hz, J = 6 Hz, 4H, H4),
1.46–1.27 (m, 36H, H5), 0.88 (t, J = 6 Hz, 6H, H6); 13C NMR
(75 MHz, CDCl3): d (ppm) 172.4 (CCO2H), 160.4 (CAr), 131.1
(CAr), 108.3 (CAr), 107.6 (CAr), 68.5, 32.1, 29.8 (x3), 29.7, 29.5,
29.3, 26.2, 22.9, 14.3 (CH3).

4.3.8 3,5-Bis(tetradecyloxy)benzoic acid (7). White solid
(0.840 g, 1.536 mmol, 95%). 1H NMR (300 MHz, CDCl3): d
(ppm) 7.22 (d, J = 3 Hz, 2H, H1), 6.69 (t, J = 3 Hz, 1H, H2), 3.98
(t, J = 6 Hz, 4H, H3), 1.79 (tt, J = 9 Hz, J = 6 Hz, 4H, H4), 1.46–
1.26 (m, 44H, H5), 0.88 (t, J = 6 Hz, 6H, H6); 13C NMR (75 MHz,
CDCl3): d (ppm) 172.4 (CCO2H), 160.4 (CAr), 131.1 (CAr), 108.3
(CAr), 107.6 (CAr), 68.5, 32.1, 29.8 (x2), 29.7, 29.5, 29.3, 26.2, 22.9,
14.3 (CH3).

4.3.9 3,5-Bis(hexadecyloxy)benzoic acid (8). White solid
(1.43 g, 2.371 mmol, 97%). 1H NMR (300 MHz, CDCl3): d
(ppm) 7.22 (d, J = 3 Hz, 2H, H1), 6.68 (t, J = 3 Hz, 1H, H2),
3.98 (t, J = 6 Hz, 4H, H3), 1.78 (tt, J = 9 Hz, J = 6 Hz, 4H, H4),
1.45–1.26 (m, 52H, H5), 0.88 (t, J = 6 Hz, 6H, H6); 13C NMR
(75 MHz, CDCl3): d (ppm) 172.4 (CCO2H), 160.4 (CAr), 131.1
(CAr), 108.3 (CAr), 107.6 (CAr), 68.5, 32.1, 29.9 (x2), 29.8 (x2), 29.5,
29.3, 26.2, 22.9, 14.3 (CH3).

4.3.10 Syntheses of the mannolipids with triethyleneglycol
linkers (14–16). 2-[2-(2-Tosylethoxy)ethoxy]ethanol (10). To a
solution of triethylene glycol (9) (16.24 g, 108.15 mmol,
10 equiv.) in THF (45 mL) was added 6 mL of 4 M aqueous
solution of NaOH at 0 1C and the resulting reaction mixture was
stirred for 1 h. Using a dropping funnel, a solution of tosyl
chloride (TsCl, 2.11 g, 10.82 mmol, 1 equiv.) in THF (25 mL) was
added dropwise over 30 min and the reaction mixture was
stirred at 0 1C for an additional 3 h. Then the reaction mixture
was poured into ice-cold water (200 mL) and extracted with
DCM (3 � 200 mL), dried over Na2SO4 and concentrated in vacuo.
After chromatographic purification compound 10 (3.29 g m,
10.82 mmol, 99% based on the TsCl used) was obtained as
colorless oil. Rf = 0.47, (DCM/acetone: 7/3); 1H NMR (300 MHz,
CDCl3): d (ppm) 7.73 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H),
4.14–4.05 (m, 2H), 3.71–3.58 (m, 5H), 3.56–3.42 (m, 6H), 2.84
(t, 1H), 2.38 (s, 3H); 13C NMR (75 MHz, CDCl3): d (ppm) 144.7,
132.5, 129.6, 127.6, 72.2, 70.3, 69.8, 69.1, 68.2, 61.2, 21.2. The
spectroscopic data agreed well with those of the literature.37

4.3.11 General procedure for the carbohydrate synthesis-
method C. 2-[2-(2-Tosylethoxy)ethoxy]ethoxyl 2,3,4,6-tetra-O-
acetyl-a-D-mannopyranoside (12). To a solution of mannose
pentaacetate 11 (1 g, 2.56 mmol, 1 equiv.) in dry DCM (2.5 mL),
containing dried molecular sieve, was added tosylate 10 (1.8 g,
5.98 mmol, 2.3 equiv.) at room temperature and under a nitrogen
atmosphere. The solution was stirred for 1.5 h to which was added
BF3�OEt2 (2.5 equiv.) dropwise at 0 1C. The resulting mixture was
stirred at room temperature for a further 24 h. The reaction
mixture was washed with aq. saturated NaHCO3 and the organic

phase was dried over sodium sulfate, filtered and concentrated
in vaccuo. Purification by silica gel column chromatography
afforded intermediate 12 (0.96 g, 1.51 mmol, 60%) as a colorless
oil: Rf = 0.35 (EtOAc/hexane, 1 : 4); 1H NMR (300 MHz, CDCl3): d
(ppm) 7.77 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.34–5.22
(m, 3H), 4.84 (d, J = 1.6 Hz, 1H), 4.25 (dd, J = 12.4, 5.2 Hz 1H),
4.17–4.08 (m, 2H), 4.09–4.05 (m, 1H), 4.05–3.98 (m, 11H), 2.12
(s, 3H), 2.12 (s, 3H), 2.07 (s, 3H), 2.01 (s, 3H), 1.96 (s, 3H); 13C NMR
(75 MHz, CDCl3): d (ppm) 170.6, 169.9, 169.7, 169.8, 144.7, 133.1
129.8, 127.9, 97.6, 70.7, 70.6, 70.0, 69.72, 69.5, 69.3, 69.0, 68.7,
68.4, 67.3, 66.1, 62.3, 21.6, 20.8, 20.7, 20.6, 20.5. Spectroscopic
data agreed with those of the literature.38,39

4.3.12 2-[2-(2-Azidoethoxy)ethoxy]ethoxyl 2,3,4,6-tetra-O-
acetyl-a-D-mannopyranoside (13). To a solution of 12 (0.61 g,
0.98 mmol, 1 equiv.) in DMF (30 mL) was added sodium azide
(0.51 g, 7.84 mmol, 8 equiv.). The mixture was stirred at 80 1C
24 h. The reaction mixture was next diluted with ethyl acetate
and the organic phase was washed with water and brine. The
organic solvent was dried over Na2SO4 and concentrated under
reduced pressure to afford 13 as colorless oil in 97% yield
(0.47 g, 0.94 mmol). Rf = 0.35 (EtOAc/hexane, 1 : 4). 1H NMR
(300 MHz, CDCl3): d (ppm) 5.41–5.28 (m, 3H), 4.90 (d, J = 1.6 Hz,
1H), 4.32 (dd, J = 12.4, 5.1 Hz, 1H), 4.19–3.89 (m, 2H), 3.91–3.75
(m, 1H), 3.76–3.60 (m, 9H), 3.56–3.36 (t, J = 4.9 Hz, 2H), 2.16
(s, 3H), 2.11 (s, 3H), 2.06–2.03 (s, 3H), 2.00 (s, 3H); 13C NMR
(125 MHz, CDCl3): d (ppm) 170.7, 170.1, 170.0, 169.8, 97.8, 70.9,
70.8, 70.7, 69.6, 69.1, 68.4, 67.4, 62.5., 62.4, 50.7, 50.82, 21.0,
20.9, 20.8, 20.7. The spectroscopic data agreed with those of the
literature.38,39

4.3.13 General procedure for synthesis of mannolipids
(14–16)-method D. To a solution of 2-[2-(2-azidoethoxy)-
ethoxy]ethoxyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (13)
(1.0 equiv.) and derivatives of bis (alkyloxy) benzoic acid, (6–8)
(1.0 equiv.) in DCM (8.0 mL) was added tributylphopshine
(1.5 equiv.) at 0 1C. The mixture was stirred at 0 1C for 2 h and
then at the room temperature for 24 h. The presence of amine was
confirmed by TLC. To reaction mixture hydroxybenzotriazole
(HOBT) (1.6 equiv.) and N,N0-diisopropylcarbodiimide (DIC)
(2.1 equiv.) were added and was stirred at room temperature for
96 h. The reaction was then diluted in ethyl acetate and the
organic phase was washed with saturated NaHCO3 solution and
brine, dried and concentrated. The crude product was purified by
column chromatography (hexane : EtOAc 1 : 0 to 7 : 3) to obtain
compounds (14–16).

4.3.14 N-{O-[2-[(2-(2-(2,3,4,6-tetra-O-acetyl-a-D-mannopyra-
nosyl)ethoxy)ethoxy)ethoxyl]]}-3,5-bis(dodecyloxy)benzamide (14).
Compound (14) was prepared according to the general procedure
D described above using (13) (100 mg, 0.2 mmol, 1 equiv.),
6 (98 mg, 0.20 mmol, 1 equiv.), tributylphosphine (60 mL,
0.324 mmol, 1.6 equiv.), HOBT (6.08 mg, 0.378 mmol, 1.9 equiv.)
and DIC (42 mL, 0.328 mmol, 1.7 equiv.) in DCM (10 mL) in 77%
yield (146 mg, 0.153 mmol). Rf = 0.35 (hexane-EtOAc 1 : 1).
1H NMR (300 MHz, CDCl3): d (ppm) 6.86 (d, J = 2.2 Hz, 2H),
6.71 (t, J = 4.8 Hz, 1H), 6.52 (t, J = 2.1 Hz, 1H), 5.38–5.15 (m, 3H),
4.83 (d, J = 1.5 Hz, 1H), 4.25 (dd, J = 12.4, 5.1 Hz, 1H), 4.17–4.02
(m, 1H), 3.93 (t, J = 6.6 Hz, 4H), 3.84–3.75 (m, 2H), 3.68–3.56

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:5

5:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01007h


374 |  Mater. Adv., 2025, 6, 365–377 © 2025 The Author(s). Published by the Royal Society of Chemistry

(m, 11H), 2.14–1.93 (4s, 12H), 1.81–1.63 (m, 4H), 1.38–1.16
(m, 34H), 0.87 (t, J = 6.7 Hz, 6H); 13C NMR (75 MHz, CDCl3) d
(ppm) 170.6, 170.0, 169.9, 169.7 (4x CO), 167.4 (CO), 160.2 (Carom),
136.6 (Carom), 105.4 (CHarom), 104.1 (CHarom), 97.6 (C-1), 70.6, 70.3,
69.9, 69.8, 69.5, 69.0, 68.4, 68.2, 67.3, 66.1, 62.3, 39.8, 31.8, 29.6,
29.6, 29.5, 29.5, 29.3, 29.3, 25.9, 22.6, 14.0. ESI-HRMS: [M + H]+

calcd for C51H85NO15: 952.22, found 953.23.
4.3.15 N-{O-[2-[(2-(2-(2,3,4,6-tetra-O-acetyl-a-D-mannopyran-

osyl)ethoxy)ethoxy)ethoxyl]]}-3,5-bis(tetradecyloxy)benzamide (15).
Compound 15 was prepared according to the general procedure D
described above and isolated as colorless oil (174 mg, 0.172 mmol,
87%). Rf = 0.30 (hexane/ethyl acetate 1 : 1). 1H NMR (300 MHz,
CDCl3) d 6.90 (d, 2H, J Hortho–Hpara = 2.2 Hz, Hortho), 6.71 (s, 1H,
NH), 6.50 (s, 1H, Hpara), 5.36 (dd, 1H, JH2,H3 = 3.3 Hz, JH3,H4 =
10 Hz, H3), 5.30 (dd, 1H, JH3–H4 = 10 Hz, JH4,H5 = 1.2 Hz, H4), 5.26
(dd, 1H, JH1,H2 = 1.7 Hz, JH2–H3 = 3.1 Hz, H2), 4.87 (d, 1H, JH1–H2 =
1.7 Hz, H1), 4.28 (dd, 2H, 3JH5–H6a = 5.2 Hz, JH6b–H6a = 12.3 Hz,
H6a), 4.09 (dd, 1H, JH5–H6b = 2.2 Hz, JH6a–H6b = 12.3 Hz, H6b), 4.06–
4.02 (m, 1H, H5), 3.96 (t, 4H, J = 6.6 Hz, OCH2), 3.85–3.76 (m, 1H,
OCH2), 3.72–3.60 (m, 11H, OCH2), 2.18–1.76 (s, 12H, 4x CH3),
1.90–1.57 (m, 6H, CH2), 1.50–1.39 (m, 5H, CH2), 1.38–1.19
(m, 42H, CH2), 0.98–0.81 (m, 7H, CH2); 13C NMR (75 MHz, CDCl3)
d (ppm) 169.6, 169.0, 168.9, 168.7 (4x CO), 166.4 (CO), 159.3
(Carom), 135.6 (Carom), 104.4 (CHarom), 103.1 (CHarom), 96.7 (C-1),
69.6, 69.3, 69.0, 68.5, 68.0, 67.4, 61.4, 38.8, 30.9, 28.6, 28.6, 28.6,
28.6, 28.5, 28.5, 28.3, 28.3, 24.9, 21.3, 19.7, 19.6, 13.0, 12.9, 12.5.
ESI-HRMS: [M + H]+ calcd for C55H94NO15: 1008.6622, found
1008.6618.

4.3.16 N-{O-[2-[(2-(2-(2,3,4,6-tetra-O-acetyl-a-D-mannopyran-
osyl)ethoxy)ethoxy)ethoxyl]]}-3,5-bis(hexadecyloxy)benzamide (16).
Compound 16 was prepared according to the general procedure D
described above and isolated as colorless oil (167 mg, 0.156 mmol,
79%). Rf = 0.20 (hexane/ethyl acetate 1 : 1). 1H NMR (300 MHz,
CDCl3) d (ppm) 6.91 (d, 2H, Jortho–para = 2.2 Hz, Hortho), 6.75 (s, 1H,
NH), 6.57 (s, 1H, Hpara), 5.38 (dd, 1H, JH2,H3 = 3.3 Hz, JH3,H4 =
10.5 Hz, H3), 5.32 (dd, 1H, JH3–H4 = 10.5 Hz, JH4,H5 = 1.2 Hz, H4),
5.28 (dd, 1H, JH1,H2 = 1.7 Hz, JH2–H3 = 3.3 Hz, H2), 4.88 (d, 1H,
JH1–H2 = 1.7 Hz, H1), 4.3 (dd, 2H, JH5–H6a = 5.2 Hz, JH6a–H6b =
12.4 Hz, H6a), 4.16–4.02 (m, 1H, H6b, H5), 3.97 (t, 4H, J = 6.5 Hz,
OCH2), 3.89–3.77 (m, 2H, OCH2), 3.74–3.61 (m, 11H, OCH2), 2.18–
1.76 (s, 12H, 4x CH3), 1.90–1.57 (m, 5H, CH2), 1.52–1.10 (m, 50H,
CH2), 0.98–0.81 (m, 7H, CH2); 13C NMR (75 MHz, CDCl3) d (ppm)
170.7, 170.0, 169.9, 167.7 (4x CO), 167.5 (CO), 160.3 (CAr), 136.5
(CAr), 105.4 (CHAr), 104.2 (CHAr), 97.7 (C-1), 70.6, 69.5, 69.1, 68.4,
68.3, 66.1, 62.5, 42.3, 39.6, 31.9, 29.7, 29.6, 29.6, 29.4, 29.4,
29.3, 29.2, 28.3, 26.0, 23.3, 22.7, 20.8, 20.7, 20.7, 20.6, 14.12,
13.5. ESI-HRMS: [M + H]+ calcd for C59 H102NO15: 1064.7244,
found 1064.7210.

4.3.17 General procedure for de-O-acetylation of com-
pounds (17–19)-method E. To a solution of (1 equiv.) of
compounds (14–16) in dry MeOH (2 mL) was added NaOMe
solution in 25 wt% in MeOH (0.5 equiv.) at room temperature
under nitrogen atmosphere. After 3 h of stirring, the reaction
mixture was neutralized with acidic resin Amberlites IR120
H+, filtered over a pad of Celite and concentrated in vacuo
then then the solvent was removed in vacuo. The residue was

then lyophilized to yield the fully deprotected final products
(17–19).

4.3.18 N-{O-[(2-[2-(2-(a-D-Mannopyranosyl)ethoxy)ethoxy)-
ethoxyl]]}-3,5-bis(dodecyloxy)benzamide (17). The crude resi-
due (14) (60 mg, 0.063 mmol) was de-O-acetylated as above
(NaOMe, MeOH, r.t., 4 h) (procedure E) to give (17) which was
obtained in 98% yield (47.8 mg, 0.061 mmol) as a colorless oil.
1H NMR (300 MHz, CDCl3): d (ppm) 7.07 (s, 1H), 6.91 (s, 2H),
6.55 (s, 1H), 5.11 (s, 2H), 4.85 (s, 1H), 3.94–3.87 (m, 8H), 3.76–
3.62 (m, 14H), 2.94 (s, 2H), 1.74 (t, J = 6.9 Hz, 4H), 1.76–1.20
(m, 42H), 0.90 (t, J = 6.3 Hz, 6H); 13C NMR (75 MHz, CDCl3): d
(ppm) 167.7, 160.3, 136.3, 105.5, 104.3, 100.1, 72.3, 71.3, 70.9,
70.7, 70.2, 69.9, 68.4, 66.7, 66.4, 61.0, 40.0, 32.0, 29.8, 29.7,
29.6, 29.5, 29.4 29.3, 29.2, 26.1, 22.8, 14.2. ESI-HRMS: m/z
calcd for C43H77NO11: 783.5483; found [M + H]+: 784.5557.

4.3.19 N-{O-[2-[(2-(2-(-a-D-Mannopyranosyl)ethoxy)ethoxy)-
ethoxyl]]}-3,5-bis(tetradecyloxy)benzamide (18). The crude resi-
due (15) was de-O-acetylated as above (NaOMe, MeOH, r.t., 4 h)
to give (18) which was obtained in 97% yield (10.8 mg,
0.012 mmol) as a colorless oil. 1H NMR (300 MHz, CDCl3):
d (ppm) 7.07 (s, 1H), 6.91 (s, 2H), 6.55 (s, 1H), 5.11 (s, 2H), 4.85
(s, 1H), 3.94–3.87 (m, 8H), 3.76–3.62 (m, 14H), 2.94 (s, 2H), 1.74
(t, J = 6.9 Hz, 4H), 1.76–1.20 (m, 42H), 0.90 (t, J = 6.3 Hz, 6H);
13C NMR (75 MHz, CDCl3): d (ppm) 167.3, 160.41, 136.3, 105.5,
104.3, 100.2, 72.3, 71.3, 70.9, 70.6, 70.1, 69.9, 68.3, 66.6, 66.3,
60.9, 39.9, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 26.0, 22.7, 14.1. ESI-
HRMS: m/z calcd for C47H85NO11: 839.6123; found [M + H]+:
840.6160.

4.3.20 N-{O-[2-[(2-(2-(-a-D-Mannopyranosyl)ethoxy)ethoxy)-
ethoxyl]]}-3,5-bis(hexadecyloxy)benzamide (19). Compound (16)
was de-O-acetylated as above (NaOMe, MeOH, r.t., 4 h) to give
(19) which was obtained in 87% yield (25 mg, 0.028 mmol) as a
colorless oil. 1H NMR (600 MHz, CDCl3): d (ppm) 7.01 (s, 1H),
6.89 (s, 2H), 6.53 (s, 1H), 4.83 (s, 1H), 3.93 (s, 6H), 3.86 (s, 1H),
3.74 (s, 2H), 3.63 (d, J = 18.9 Hz, 10H), 1.74 (s, 4H), 1.65 (s, 2H),
1.42 (s, 5H), 1.41 (d, J = 6.9 Hz, 6H), 1.26 (s, 42H), 1.13 (s, 3H),
0.88 (s, 8H); 13C NMR (150 MHz, CDCl3): d (ppm) 167.9, 160.3,
136.2, 105.5, 104.3, 100.0, 77.2, 77.0, 76.8, 70.8, 70.6, 70.2, 69.8,
68.3, 66.8, 66.6, 61.2, 42.4, 39.9, 31.9, 29.7, 29.6, 29.3, 29.2, 27.0,
26.6, 26.0, 24.1, 24.0, 23.4, 23.2, 22.7, 14.2; ESI-HRMS: m/z calcd
for C51H93NO11: 895.6754; found [M + H]+: 896.6824.

4.4 Formulations and drug stocks

Stocks of 18 were prepared in tert-butanol (TBA) (Alfar Aesar,
Ottawa ON) at 50 mg mL�1 and stored at 4 1C. A solution
containing the DS derived from 18 was also prepared by
combining the glycolipid with cholesterol (5 : 3 ratio w/w) in
TBA. Nile Red (Sigma, St-Louis MO) stocks were prepared fresh
in DMSO (Corning, Manassas VA) at 5 mg mL�1. The liposomal
formulations with Nile Red were prepared by combining 4 mL of
50 mg mL�1 18 stock in TBA (final concentration 1 mg mL�1)
with 2 mL of 5 mg mL�1 Nile Red stock in DMSO (final
concentration 100 mg mL�1) and adding ddH2O to a final
volume of 100 mL (ratio 1 : 10 Nile Red : liposome). The formula-
tions were further diluted in media as necessary for treatment.
A stock solution of quercetin was generated in tert-butanol
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(20 mg mL�1), aliquoted and stored at �80 1C. The liposomal
formulations with quercetin were prepared by combining the
quercetin with the DS at a 1 : 5 w/w ratio. The preparation of
quercetin/DS for HPLC analysis was prepared by combining
3 mL of the 20 mg mL�1 quercetin stock in TBA (final concen-
tration 0.4 mg mL�1) and 12 mL of the 25 mg mL�1 DS stock in
TBA (final concentration 2 mg mL�1) and adding either 135 mL
of ddH2O for entrapment studies, or 15 mL of ddH2O and
120 mL of human plasma for plasma stability studies.

4.5 Cell culture

Blood from three healthy volunteers was collected in accor-
dance to the Health Sciences North (HSN) Research Ethics
Board protocol #18-061. PBMC were isolated by Ficoll-Paque
(GE Healthcare, Uppsala, Sweden) density gradient immedi-
ately after blood collection, and were cryopreserved at 107 cells
per mL in 90% heat-inactivated FBS (Gibco, Grand Island NY).
Prior to experiments, cells were thawed, plated, and rested
overnight before treatment. PBMC were maintained at 37 1C
and 5% CO2 in complete RPMI-1640 media (HyClone, Logan,
UT, USA) supplemented with 10% heat-inactivated FBS and 100
units per mL streptomycin/penicillin (HyClone, Logan, UT, USA).

4.6 Cell viability

Toxicity in PBMC was measured using an apoptosis assay and
lactate dehydrogenase (LDH) release. PBMC were seeded at 2 �
105 cells in 200 mL in 96-well plates. Cells were treated with
50 mg mL�1 of compound 18 for 48 hours. The collected cells
were stained with Annexin V-FITC and propidium iodide (PI)
(Invitrogen, Vienna, Austria) according to the manufacturer’s
protocol. Stained cells were analyzed using the Cytomics FC-500
flow cytometer (Beckman Coulter, Fullerton CA) and the CXP
Analysis Software. LDH release was assessed in the supernatant
of treated PBMC using the LDH-Cytoxt Assay Kit (Biolegend,
San Diego CA) according to the manufacturer’s protocol, with the
absorbance measured at 490 nm. The % toxicity was calculated as
followed:

% toxicity ¼ Abs test substance�Abs spontaneousð Þ
Abs max�Abs spontaneousð Þ � 100

where test substance is the absorbance measured for 18, spon-
taneous is the absorbance measured for untreated PBMC
(0% toxicity), and max is the absorbance measure for lysed
PBMC (100% toxicity). The media background absorbance was
subtracted prior to calculating the cytotoxicity.

4.7 Cytokine analysis

PBMC were seeded at 106 cells per mL and left untreated or
treated with 10 mg mL�1 of 18. The cell supernatants were
analyzed after 48 hours (for IL-6, IL-12p40 and IL-1b), or 7 days
(for IFN-g, IL-15 and IL-2). All kits were purchased from R&D
Systems (Minneapolis, MN, USA) and ran according to the
manufacturer’s protocols.

4.8 Nile red uptake

Nile Red uptake was measured as previously described.23 PBMC
were treated with 10 mg mL�1 of empty 18, 1 mg mL�1 of Nile
Red, or 1 mg mL�1 of Nile Red entrapped in 10 mg mL�1 of 18.
Cells were incubated for 1 hour at 37 1C before collection.
Adherent cells were collected using cell scrapers. The cells were
washed once with 500 mL of PBS and resuspended in 500 mL
of PBS for analysis. The mean fluorescence intensity (MFI)
was analyzed using the Cytomics FC-500 flow cytometer using
the FL3 channel where 3 � 104 events were measured. Data
were analyzed using the CXP Analysis Software. The lympho-
cytes and monocytes were gated based on the forward and side
scatter plot.

4.9 Human plasma collection

Blood was collected from healthy volunteers in EDTA blood
collection tubes (BD Vacutainer, Mississauga Canada) in accor-
dance to the Health Sciences North (HSN) Research Ethics
Board protocol #18-061. Plasma was collected after centrifuga-
tion at 900 � g and 20 1C for 10 min with decreased decelera-
tion, aliquoted, and stored at �80 1C.

4.10 HPLC conditions

All analyses were performed using a Shimadzu Prominence
series HPLC system (Shimadzu Corporation, Kyoto, Japan),
equipped with an LC-20AB binary pump (Serial: L20124200883),
SIL-20A HT autosampler (Serial: L20345256104), CTO-20AC
temperature-controlled column oven (Serial: L2021525077), SPD-
M20A photodiode array detector and CBM-20A communications
bus (Serial: L20235154327). All equipment were controlled by
Shimadzu Lab Solutions Lite software version 5.71 SP2. For
separation, an Ultra C18 column, 3 mm, 50 � 4.6 mm (RESTEK
Corporation, Bellefonte, PA) was used. Quercetin samples were
analyzed at a constant solvent flow rate of 1.0 mL min�1 at 35 1C
using a binary gradient (Table A). Solvent A consisted of ddH2O
(0.2 mm filtered) and solvent B consisted of a 20% solution of
acetonitrile (HPLC grade, Fisher Scientific, Fairlawn, NJ, USA) in
ddH2O, with each solvent containing 0.1% trifluoroacetic acid
(v/v, protein sequencing grade, Sigma Aldrich, Fairlawn, NJ, USA).

4.11 Quercetin entrapment

The degree of entrapment for quercetin with the DS was
assessed using a modified version of our previously reported
methods.20,21 Briefly, entrapment samples were setup in tripli-
cate and stored overnight at 4 1C before analysis. The samples
were gently vortexed for 5 minutes prior to centrifugation at
14 000 rpm for 10 minutes at room temperature. Supernatant
were analyzed by RP-HPLC as above and the quercetin entrap-
ment was calculated relative to the amount of quercetin in a
control sample devoid of DS.

4.12 Plasma stability analysis

The stability of quercetin in human plasma, either alone or
after glycoliposomal entrapment, was investigated according
to previously published methods.23 Samples were setup in
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triplicate, with the mixtures gently vortexed for 5 min. Stability
is represented as the percentage of compound remaining
relative to the amount determined at T-zero.

4.13 Data analysis

All data was analyzed using Graph Pad Prism 5. Statistical ana-
lyses were performed using a two-way ANOVA with Bonferroni
post hoc test, or an unpaired t-test.

Data availability

ESI,† includes NMR spectra of all compounds together with
experimental details concerning CMC determination with
tables and figures.
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