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Abstract: Thanks to their ability to bind to specific biological receptors, mannosylated structures
are examined in biomedical applications. One of the most common ways of linking a functional
moiety to a structure is to use an azide-alkyne click reaction. Therefore, it is necessary to prepare
and isolate a propargylated mannose derivative of high purity to maintain its bioactivity. Three
known preparations of propargyl-α-mannopyranoside were revisited, and products were analysed
by NMR spectroscopy. The preparations were shown to yield by-products that have not been
described in the literature yet. Our experiments showed that one-step procedures could not provide
pure propargyl-α-mannopyranoside, while a three-step procedure yielded the desired compound of
high purity.
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1. Introduction

Řezanka, M. Selectivity of

Mannose is a natural monosaccharide, occurring in plants as well as microorganisms,
usually as a constituent of mannan, hemicellulose, or cellulose [1]. Historically, mannose
was used in the food industry as an alternative sweetener or to improve the texture of
foodstuff, in cosmetics, or it was used as a feed additive [1]. Thanks to its ability to bind
to specific biological receptors, mannose has been examined as a functional moiety of
biosensors [2–4] and as the key compound for bacterial labels [5]. However, there is no
more discussed application of mannose than its use in medicine. The number of articles published on mannosylated structures increases every year, and a frequent theme
is the preparation of mannosylated nanocarriers capable of targeted delivery [6–10] or
cell imaging [11,12]. Several types of cells, including antigen-presenting cells, dendritic
cells, macrophages, and several tumorous cells, are able to express mannose receptors as
an important component of the immune system [6,13]. The main function of these transmembrane proteins is to bind mannosylated pathogens and glycoproteins in the organism,
thereby facilitating phagocytosis [13]. Therefore, functionalisation of nanostructures with
mannose may enhance targeting into a specific tissue, as well as enhancing the cellular
uptake of drugs incorporated into a carrier.
For the preparation of a mannose-functionalised material, the “click” alkyne–azide
cycloaddition reaction is frequently used [14–16]. To perform this reaction, the synthesis of
the alkyne derivative of mannose is essential.
As mentioned before, mannose derivatives have become a point of interest for possible
application in targeted drug delivery. However, organisms are very sensitive to the right
form of the mannose derivative structure. Mannose contains six carbons and appears in
either a pyranose or furanose form [1]. Therefore, the synthesis of targeting nanocarriers
requires high selectivity and exact reproducibility of the products. In an aqueous solution,
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ers requires high selectivity and exact reproducibility of the products. In an aqueous solution,
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that
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[19–21].
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[22]direct
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of purity
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the
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NMR characteristics were insufficient.

Scheme 1. One-step procedure for the preparation of propargyl-mannosides. The synthesis was
Scheme 1. One-step procedure for the preparation of propargyl-mannosides. The synthesis was
performed according to two different methods: (a) propargyl alcohol, HCl, RT, overnight [22];
performed according to two different methods: (a) propargyl alcohol, HCl, RT, overnight [22]; (b)
(b) propargyl
alcohol,
H24SO
on silica,
65 2◦ C,
2 h [19].
propargyl
alcohol,
H2SO
on4silica,
65 °C,
h [19].

Other preparations were made with sulphuric acid as a catalyst (Scheme 1, conditions
Other preparations were made with sulphuric acid as a catalyst (Scheme 1, conditions
(b)) [16,19–21,24,25]. All authors purified the product using column chromatography, al(b)) [16,19–21,24,25]. All authors purified the product using column chromatography, altthough the mobile phases differed (CHCl –MeOH; EtOAc–acetone–H O; CH Cl –MeOH).
hough the mobile phases differed (CHCl33–MeOH; EtOAc–acetone–H22O; CH22Cl22–MeOH).
An overview of the results is given in Table 1. The yields of the propargylation vary (30–
An overview of the results is given in Table 1. The yields of the propargylation vary (30–
90%) as well as the anomeric purity of the products (the ratio of α/β mannopyranoside
90%) as well as the anomeric purity of the products (the ratio of α/β mannopyranoside
differs from 1:0 to 2:1). Although Roy et al. [19] mentioned that furanosides may also form,
differs from 1:0 to 2:1). Although Roy et al. [19] mentioned that furanosides may also form,
they were not described.
they were not described.
Table 1. Overview of publications, in which sulphuric acid-catalysed propargylation of mannose was
Table
1. Overview
publications,
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sulphuric
acid-catalysed
propargylation of mannose
performed,
and the of
yields
of reactions,
anomers,
and their
ratios are described.
was performed, and the yields of reactions, anomers, and their ratios are described.
Described Anomers
Ratio of Anomers
Author.
Yield (%)
1 H and 13 C
Described
Anomers
Ratio
of Anomers
NMR
(α/β-Pyranoside)

Author.

Yield (%)

Roy (2007) [19]
Shaikh
(2011)[19]
[24]
Roy (2007)
Basuki
(2014)
[21]
Shaikh (2011) [24]

83
90
83
30
90

Su (2015)
[25]
Basuki
(2014)
[21]

85
30

Su
[25]
Oz(2015)
(2019) [16]

85
39
38

Raposo (2020) [20]

13C NMR
H andα-6
−
α-6
α-6β-6
−
α-6
α-2
β-6
α-2
−

1

α-2

(α/β Pyranoside)
1:0
1:0
1:0
8:1 after 1:0
acetylation
−

(considering
pure
8:1
after acetylation
α-anomer)
−
−
2:1
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In addition to the strategies examined in this article, the O-propargylation of mannose
can be performed, e.g., via trichloroacetimidate intermediate product [26–29], or a thioderivative intermediate [30,31]. However, these approaches may also result in the mixture
of α- and β-D-mannopyranoside [27,30].
The mannose propargylation products formed by various synthetic procedures are the
main subject of this article. Structures were examined by NMR, and the spectra are shown
to provide the reader with the characterisation data of all forms, thereby facilitating the
future synthesis and identification of 1-O-propargyl-mannosides.
2. Results and Discussion
In our work, the one-step approach was repeated according to Richards et al. [22] to a
total yield of 25%. However, not only propargyl-α-D-mannopyranoside (α-2) was detected
using NMR (see below) but also other by-products in the form of other isomers were
detected, such as propargyl-β-D-mannopyranoside (β-2), propargyl-α-mannofuranoside
(α-3), and propargyl-β-mannofuranoside (β-3) in the ratio of 28:12:51:9. The calculated
yields (based on mannose) were 7% α-2, 3% β-2, 13% α-3, and 2% β-3. Unfortunately, not
even thorough purification by column chromatography succeeded in the perfect separation
of the products. The procedure was repeated several times with similar results. The isomers
were not reported by Richards et al. [22], who used the product for further synthesis without
any purification.
We recognised furanosides 3 and pyranosides 2 based on the 1 H-13 C HMBC NMR
spectra. The spectra of furanosides 3 revealed a strong interaction between H1–C4 (3 JHC ),
and a negligible interaction between H1–C5 (4 JHC ), while pyranosides 2 had a negligible
H1–C4 (4 JHC ), and strong H1–C5 (3 JHC ) interaction. The anomers were identified based on
NOESY and HSQC-NOESY NMR spectra, where H1 had NOE only to H2 and propargyl
CH2 in the case of α-anomers, but also to H3, H4, or H5 in the case of β-anomers. When the
NMR samples in D2 O were acidic (pH ~ 5), then the acetylene hydrogen was exchanged
during a few days by deuterium, which was well recognised as the multiplicity of propargyl CH2 hydrogen signals decreased while the multiplicity of acetylene carbon signals
increased. In addition, the 1 H/2 H isotope effect on their chemical shifts was observed (see
the Supplementary Materials, Table S1).
The sulfuric acid-catalysed preparation (Scheme 1, conditions (b)) is used most often.
We revisited the sulfuric acid-catalysed preparation [19] to compare the effect of different
reaction conditions on direct synthesis. The yields reported in the literature vary widely
from 30% to 90% (Table 1). Our results lie within this interval, as we obtained a 37% yield.
However, only a minority of authors described the synthesis of any product other than
propargyl-α-D-mannopyranoside (α-2), specifically propargyl-β-D-mannopyranoside (β-2)
was detected in a few cases [20,21]. Moreover, the products obtained from the reaction
were commonly per-O-acetylated before characterisation. In our work, non-acetylated
products were investigated, and both pyranosides α-2 and β-2 and furanosides α-3 and β-3
were detected in molar ratios of 712:209:57:22, respectively. The calculated yields (based
on mannose) were 26% α-2, 8% β-2, 2% α-3, and 1% β-3. To the best of our knowledge,
mannofuranosides produced by this reaction have never been described.
Next, the products of the three-step propargyl-mannoside preparation were also
examined. In the first step (Scheme 2), per-O-acetylated mannopyranoside was obtained
with the majority of per-O-acetyl-α-D-mannopyranoside. Our detailed analysis of the 1 H
NMR spectrum of the product revealed the presence of both pyranoside anomers and traces
of furanoside anomers. In the literature, the formation of the mixture of both pyranosides is
described, but not quantified (Table 2). However, the anomeric ratio of α- and β-pyranoside
in the product was reported in the articles, where a different synthetic procedure was
used with the same aim (specifically α/β-pyranoside in the ratio of 4.75:1) [32,33]. No
furanosides 3 were reported. During the characterisation of our products, the major anomer
α-4 was well identified based on the medium NOE of H1 to acetyl on C2, and weak to
acetyl on C3, which was missing in the case of anomer β-4. Further NMR evidence of the
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β-pyranoside in the product was reported in the articles, where a different synthetic procedure was used with the same aim (specifically α/β-pyranoside in the ratio of 4.75:1)
[32,33]. No furanosides 3 were reported. During the characterisation of our products, the
major anomer α-4 was well identified based on the medium NOE of H1 to acetyl on4 of
C2,
10
and weak to acetyl on C3, which was missing in the case of anomer β-4. Further NMR
evidence of the configuration and conformation of α-4 was prevented due to overlaps and
second-order character of the signals. In contrast, the minor anomer β-4 had well-disconfiguration and conformation of α-4 was prevented due to overlaps and second-order
persed 1H signals. The observation of strong NOE of H1 on signals of the H2, H3,
and H5
character of the signals. In contrast, the minor anomer β-4 had well-dispersed 1 H signals.
proton and weak to acetyl on C1 only proves the configuration. The pyranose ring conThe observation of strong NOE of H1 on signals of the H2, H3, and H5 proton and weak to
formation of β-4 shown Scheme 2 is in accordance with the gain of 1H–1H interaction conacetyl on C1 only proves the configuration. The pyranose ring conformation of β-4 shown
stants. In addition, based on selective 1D1TOCSY
NMR experiments, we identified the
Scheme 2 is in accordance with the gain of H–1 H interaction constants. In addition, based
presence of peracetylated -D-mannofuranoside -5 and -D-mannofuranoside β-5. The
on selective 1D TOCSY NMR experiments, we identified the presence of peracetylated α-Dobtained characteristics were in accordance with the published data [34]. (We probably
mannofuranoside α-5 and β-D-mannofuranoside β-5. The obtained characteristics were in
recognized a typo in the article; the chemical shift of H3 of -D-mannofuranoside should
accordance with the published data [34]. (We probably recognized a typo in the article; the
read 5.651 ppm.) Mannosides α-4, β-4, α-5, and β-5 were in the molar ratio of 860:129:10:1,
chemical shift of H3 of β-D-mannofuranoside should read 5.651 ppm.) Mannosides α-4,
which corresponds to yields of 66%, 10%, 1%, and 0.1%, respectively. We repeated this
β-4, α-5, and β-5 were in the molar ratio of 860:129:10:1, which corresponds to yields of
experiment with identical results.
66%, 10%, 1%, and 0.1%, respectively. We repeated this experiment with identical results.
Table 2.
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-

Wamhoff (2016) [36]
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Abellán-Flos (2016) [37]
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α-4
α-4
β-4
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an
Mixture with
with an
undefined ratio
undefined
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Mixture with
with an
Mixture
an
undefined ratio
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−

Scheme 2. The first step of the three-step synthesis using protection via acetylation.
Scheme 2. The first step of the three-step synthesis using protection via acetylation.

In the second step (Scheme 3), the mixture of α-4, β-4, α-5, and β-5 was used as the
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in the
form ofthe
-pyranoside
3),
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another
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including
desired α-6,(Table
but also
the
resulted in another mixture
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including the desired α-6,
butNMR
also
β-6,reaction
propargyl-tetraacetyl-α-furanose
(α-7),
and propargyl-anhydromannose
(α-8).
β-6,
(α-8).
analysispropargyl-tetraacetyl--furanose
revealed the anomers were in the(α-7),
molar and
ratio propargyl-anhydromannose
of 9803:149:32:7, which corresponds
NMR
analysis
revealed
the
anomers
were
in
the
molar
ratio
of
9803:149:32:7,
which
correto the yields of 82% for α-6 (based on α-4), 8% for β-6 (based on β-4), 23% for α-7 (based
sponds
the 5%
yields
82%
for α-6
α-4), 8%during
for β-6the
(based
on β-4), 23%
for α-7
on α-5),toand
forof
α-8
(based
on(based
α-5). on
However,
purification
by column
(based
on α-5), andit5%
forpossible
α-8 (based
on α-5). However,
during
the purification
by columna
chromatography,
was
to separate
the mixture
into three
fractions, including
chromatography,
it was
possible
to separate
mixture
fractions,
a
fraction of pure α-6,
which
was used
for thethe
next
step ofinto
thethree
synthesis.
The including
compound
fraction
pure α-6,bywhich
was used
theexperiments;
next step of the
The compound
α-8
α-8 was of
identified
correlation
2D for
NMR
thesynthesis.
configuration
was suggested
1 H NMR
was
by correlation
NMR experiments;
theanalogues
configuration
was suggested
basedidentified
on NOE experiments
and2D
similarity
with the known
[38]. Several
signals were overlapped, so we also recorded the NMR spectra in C6 D6 , in which the signals
were more separated, and the NOE spectra were more reliable. Fortunately, we also isolated
a fraction with a high content of β-6; therefore, the comparison of NOE unambiguously
confirmed the configuration on carbon C1 (see the Supplementary Materials, Table S1).

the signals were more separated, and the NOE spectra were more reliable. Fortunately,
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Table 3. Overview of preparations where propargylation of per-O-acetylated mannose was performed.
Described Anomers Ratio of Anomers
Yield
(%)
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Scheme
synthesis
using
protection
via via
acetylation.

Scheme 4. The last step of the three-step synthesis using protection via acetylation.

3. Materials and Methods
3. Materials and Methods
3.
3.1.Materials
Materialsand Methods
3.1. Materials
3.1. Materials
Synthetic D-(+)-mannose was purchased from Sigma-Aldrich, along with propargyl
alcohol and acetic anhydride. Hydrochloric acid, sulphuric acid, ethyl acetate (EtOAc), and
dichloromethane (DCM) were acquired from Lachner; methanol (MeOH) and pyridine
were acquired from Penta. Boron trifluoride diethyl etherate (BF3 ·OEt2 ) was purchased
from TCI. Anhydrous DCM was obtained from Acros. Methanol was further dried over
molecular sieves (4Å pellets, Acros), and DCM was distilled before using to eliminate
impurities. Other chemicals were used as supplied. Sodium methoxide was prepared
according to the standard procedure by the reaction of sodium (2.3 g) with anhydrous
methanol (100 mL) in an argon atmosphere.
3.2. Instruments
The NMR spectra were recorded by a 500 MHz instrument (JEOL, Tokyo, Japan) at
25 ◦ C. The chemical shifts (δ) are presented in ppm, and the coupling constants (J) are
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presented in Hz. The 1 H and 13 C chemical shifts are referenced to tetramethylsilane using
the solvent signals HDO 4.66 ppm, CHCl3 7.26 ppm, CHD2 OD 3.31 ppm, and C6 HD5
7.16 ppm for 1 H and CDCl3 77.16 ppm, CD3 OD 49.00 ppm, and C6 D6 128.06 for 13 C. For
the estimation of molecular structures, a series of standard NMR experiments was recorded
and analysed, including 2D COSY, HSQC, HMBC, TOCSY, NOESY, ROESY, and selective
1D NOESY, 1D TOCSY, and selective homodecoupled 1 H NMR spectra. For the mass
spectrometry (MS) analysis, a Sciex X500R QTOF HR mass spectrometer was used. Fouriertransform infrared analysis (FTIR) was performed using a Nicolet iZ10 from ThermoFisher
Scientific (Waltham, MA, USA). The observed pseudo molecular peak [M + Na]+ of the
studied compounds was usually followed by a less intensive peak of [2M + Na]+ , which is
typical for oxygen compounds [46]. The peak of [3M + Na]+ was not observed. A detailed
anomeric composition of the products is given in the Results and Discussion section.
3.3. Direct Synthesis
3.3.1. Synthesis of 1-O-Propargyl-D-Mannose (2) Catalysed by Hydrochloric Acid
Direct synthesis catalysed by hydrochloric acid was performed according to the procedure described by Richards et al. [22]. Briefly, mannose (300 mg, 1.67 mmol) and propargyl
alcohol (3 mL, 86.9 mmol) were stirred in a round bottom flask. Subsequently, hydrochloric
acid (0.15 mL, 0.45 mmol) was added, and the mixture was stirred overnight. The solution
was concentrated in vacuo, and the products were purified by column chromatography
(DCM/MeOH 9:1), giving two fractions: fraction A (107.1 mg, 18%) and fraction B (47 mg,
8%), in the form of a yellow oil. The fractions were analysed using NMR (see the detailed
composition of the fractions in Table 4 and NMR data in see the Supplementary Materials,
Table S1). HRMS [M + Na]+ : m/z calcd 241.068; found 241.067.
Table 4. The composition of fractions yielded in direct synthesis catalysed by hydrochloric acid. The
composition of the combined fractions is discussed in the Results and Discussion section.
Isomer

Yield in Fraction A
(%)

Yield in Fraction B
(%)

Yield in Combined
Fractions (%)

α-2
β-2
α-3
β-3
Total yield

4.0
0.6
12.3
0.6
17.5

3.0
2.5
0.5
1.7
7.7

7.0
3.1
12.8
2.3
25.2

3.3.2. Synthesis of 1-O-Propargyl-D-Mannose (2) Catalysed by Sulphuric Acid
The procedure was carried out according to Roy and Mukhopadhyay [19]. Briefly: To
the suspension of D-mannose 1 (0.3 g, 1.67 mmol) in propargyl alcohol (480 µL, 8.33 mmol),
H2 SO4 ·silica (8.8 mg) was added, and the mixture was stirred at 65 ◦ C for 2 h. The product
was then isolated by column chromatography. The excess of propargyl alcohol was first
eluted with DCM, and subsequently, the product was eluted with DCM/MeOH (15:1),
yielding the product 2 in the form of white solid (133.4 mg, 37%; a mixture of anomers: 26%
α-2, 8% β-2, 2% α-3, and 1% β-3).
3.4. Synthesis Using Protective Groups
3.4.1. Per-O-Acetyl-Mannopyranoside (4)
As the first step, acetylation of mannose was performed by the modified procedure
described by Zhao et al. [35]. Mannose 1 (5.0 g, 27.8 mmol) was dissolved in pyridine
(40 mL). Subsequently, acetic anhydride (26 mL, 275 mmol) was added dropwise at 0 ◦ C.
The mixture was slowly brought to room temperature and stirred overnight. The solution was then diluted with ethyl acetate (30 mL), extracted with 3.6% HCl (5 × 10 mL),
and finally washed with brine (2 × 15 mL). Organic phases were collected, dried with
anhydrous MgSO4 , filtered, and concentrated. The crude product was purified by column
chromatography (hexane/EtOAc 1:1), yielding the peracetylated product (4) in the form
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of a pure oil (8.32 g, 77%; a mixture of anomers: 66% α-4, 10% β-4, 1% α-5, and 0.1%
β-5). HRMS [M + Na]+ : m/z calcd 413.105; found 413.103; [2M + Na]+ : m/z calcd 803.222;
found 803.219.
3.4.2. Synthesis of Propargyl 2,3,4,6-Tetra-O-Acetyl-Mannopyranoside (5)
Acetylated propargyl mannose (5) was synthesised according to Poláková et al. [39].
Specifically, peracetylated mannose 4 (8.32 g, 21.3 mmol; a mixture of anomers) was dissolved in anhydrous DCM (80 mL) in an argon atmosphere. Next, propargyl alcohol
(6.20 mL, 107.6 mmol) was added, and the solution was cooled to 0 ◦ C. To the cold solution, BF3 ·OEt2 (13.2 mL, 107.2 mmol) was added dropwise; the reaction mixture was
then brought to room temperature and stirred for 24 h. The solution was diluted with
DCM (100 mL) and poured into ice-cold water (150 mL). The organic phase was separated, washed with saturated NaHCO3 (3 × 200 mL) and water (200 mL), and dried over
anhydrous Na2 SO4 . The crude product was purified in column chromatography (hexane/EtOAc 2:1), yielding the pure product (α-6) in the form of white crystals (5.82 g, 71%).
HRMS [M + Na]+ : m/z calcd 409.111; found 409.109. Except for the main product (α-6),
other fractions containing mixtures of anomers were isolated. The total yield of all fractions
was 5.95 g. For more details on the product’s composition and analysis, see the Results and
Discussion section and the Supplementary Materials, Table S1.
3.4.3. Synthesis of 1-O-Propargyl-D-Mannose (2)
1-O-propargyl-D-mannose (2) was synthesised by the modified procedure described
by Poláková et al. [39] and Řezanka et al. [43]. The compound α-6 (5.76 g, 14.9 mmol) was
dissolved in the mixture of anhydrous DCM (10 mL) and anhydrous methanol (40 mL)
in an inert atmosphere. Subsequently, sodium methoxide solution (2.6 mL) was added,
and the solution was stirred under argon at room temperature for 24 h. Then, the mixture
was neutralised with DOWEX H+ form, filtered and concentrated in vacuo. The product
was purified in column chromatography (DCM/MeOH 6:1). The final product (α-2) was
obtained in the form of white crystals (2.71 g, 83%). HRMS [M + Na]+ : m/z calcd 241.068;
found 241.067. FTIR ν: 3269 cm−1 (C≡C−H), 2120 cm−1 (C≡C).
4. Conclusions
Our detailed analysis of the formed products described the selectivity of D-mannose
O1 -propargylation. Three previously published procedures of propargyl-mannosides preparation were carried out, and the products were thoroughly examined by NMR. Our results
show that one-step preparations may produce more than just the α-mannopyranoside
described in the literature. Both preparations (catalysed either by hydrochloric acid or sulphuric acid on silica) resulted in the mixture of several isomers, such as α-mannopyranoside,
β-mannopyranoside, α-mannofuranoside, and β-mannofuranoside. In our experience, the
product mixtures cannot be separated. Therefore, the use of these preparations may be
problematic in applications where the anomeric purity of the product is essential. Moreover,
a three-step preparation of α-mannopyranoside was repeated. Although the mixture of
anomers was produced in the first step, by-products were easily separable after the second
step, and the final step resulted in pure α-mannopyranoside.
We believe that our observations are mostly general for similar alkyl groups and
saccharides of similar steric hindrance around O1 . We also believe that the presented
data may facilitate the interpretation of NMR spectra of saccharide derivatives, which are
frequently discussed in biomedical applications.
Supplementary Materials: Complete NMR characteristics of all studied products are given in Supplementary Materials, Table S1: NMR characteristics of the studied compounds.
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writing—review and editing, M.Ř. All authors have read and agreed to the published version of the
manuscript.
Funding: This work was supported by the Ministry of Education, Youth and Sports of the Czech
Republic and the European Union–European Structural and Investment Funds in the framework of
the Operational Programme Research, Development and Education–project “Hybrid Materials for
Hierarchical Structures” (HyHi, Reg. No. CZ.02.1.01/0.0/0.0/16_019/0000843) and by the Student
Grant Competition of the Technical University of Liberec under project No. SGS-2021-3009.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be available upon request.
Conflicts of Interest: The authors declare no conflict of interest.
Sample Availability: Samples of the compounds may be available upon request.

References
1.
2.
3.
4.
5.
6.

7.

8.

9.

10.

11.

12.
13.
14.

15.

16.

Hu, X.; Shi, Y.; Zhang, P.; Miao, M.; Zhang, T.; Jiang, B. D-Mannose: Properties, Production, and Applications: An Overview.
Compr. Rev. Food. Sci. Food Saf. 2016, 15, 773–785. [CrossRef] [PubMed]
Li, J.; Li, B.; Liu, M. One-Step Synthesis of Mannose-Modified Polyethyleneimine Copolymer Particles as Fluorescent Probes for
the Detection of Escherichia Coli. Sens. Actuators B Chem. 2019, 280, 171–176. [CrossRef]
Tseng, Y.-T.; Chang, H.-T.; Chen, C.-T.; Chen, C.-H.; Huang, C.-C. Preparation of Highly Luminescent Mannose–Gold Nanodots
for Detection and Inhibition of Growth of Escherichia Coli. Biosens. Bioelectron. 2011, 27, 95–100. [CrossRef] [PubMed]
Bader, D.; Klier, D.T.; Hettrich, C.; Bier, F.F.; Wessig, P. Detecting Carbohydrate–Lectin Interactions Using a Fluorescent Probe
Based on DBD Dyes. Anal. Methods 2016, 8, 1235–1238. [CrossRef]
Weng, C.-I.; Chang, H.-T.; Lin, C.-H.; Shen, Y.-W.; Unnikrishnan, B.; Li, Y.-J.; Huang, C.-C. One-Step Synthesis of Biofunctional
Carbon Quantum Dots for Bacterial Labeling. Biosens. Bioelectron. 2015, 68, 1–6. [CrossRef] [PubMed]
Ye, Z.; Zhang, Q.; Wang, S.; Bharate, P.; Varela-Aramburu, S.; Lu, M.; Seeberger, P.H.; Yin, J. Tumour-Targeted Drug Delivery with
Mannose-Functionalized Nanoparticles Self-Assembled from Amphiphilic β-Cyclodextrins. Chem. Eur. J. 2016, 22, 15216–15221.
[CrossRef]
Zhang, Q.; Cai, Y.; Wang, X.-J.; Xu, J.-L.; Ye, Z.; Wang, S.; Seeberger, P.H.; Yin, J. Targeted Photodynamic Killing of Breast Cancer
Cells Employing Heptamannosylated β-Cyclodextrin-Mediated Nanoparticle Formation of an Adamantane-Functionalized
BODIPY Photosensitizer. ACS Appl. Mater. Interfaces 2016, 8, 33405–33411. [CrossRef]
Esfandiari, F.; Motazedian, M.H.; Asgari, Q.; Morowvat, M.H.; Molaei, M.; Heli, H. Paromomycin-Loaded Mannosylated Chitosan
Nanoparticles: Synthesis, Characterization and Targeted Drug Delivery against Leishmaniasis. Acta Trop. 2019, 197, 105072.
[CrossRef]
Thalla, M.; Gangasani, J.; Saha, P.; Ponneganti, S.; Borkar, R.M.; Naidu, V.G.M.; Naidu, V.G.M.; Murty, U.S.N.; Banerjee,
S. Synthesis, Characterizations, and Use of O-Stearoyl Mannose Ligand-Engineered Lipid Nanoarchitectonics for Alveolar
Macrophage Targeting. ASSAY Drug Dev. Technol. 2020, 18, 249–260. [CrossRef]
Pawde, D.M.; Viswanadh, M.K.; Mehata, A.K.; Sonkar, R.; Narendra; Poddar, S.; Burande, A.S.; Jha, A.; Vajanthri, K.Y.; Mahto,
S.K.; et al. Mannose Receptor Targeted Bioadhesive Chitosan Nanoparticles of Clofazimine for Effective Therapy of Tuberculosis.
Saudi Pharm. J. 2020, 28, 1616–1625. [CrossRef]
Sha, Q.; Guan, R.; Su, H.; Zhang, L.; Liu, B.-F.; Hu, Z.; Liu, X. Carbohydrate-Protein Template Synthesized High Mannose Loading
Gold Nanoclusters: A Powerful Fluorescence Probe for Sensitive Concanavalin A Detection and Specific Breast Cancer Cell
Imaging. Talanta 2020, 218, 121130. [CrossRef] [PubMed]
Guan, C.; Zhao, Y.; Hou, Y.; Shan, G.; Yan, D.; Liu, Y. Glycosylated Liposomes Loading Carbon Dots for Targeted Recognition to
HepG2 Cells. Talanta 2018, 182, 314–323. [CrossRef] [PubMed]
Tiwari, S. Mannosylated Constructs as a Platform for Cell-Specific Delivery of Bioactive Agents. Crit. Rev. Ther. Drug Carr. Syst.
2018, 35, 157–194. [CrossRef] [PubMed]
Aiello, S.; Pagano, L.; Ceccacci, F.; Simonis, B.; Sennato, S.; Bugli, F.; Martini, C.; Torelli, R.; Sanguinetti, M.; Ciogli, A.; et al.
Mannosyl, Glucosyl or Galactosyl Liposomes to Improve Resveratrol Efficacy against Methicillin Resistant Staphylococcus
Aureus Biofilm. Colloid Surf. A-Physicochem. Eng. Asp. 2021, 617, 126321. [CrossRef]
Kostina, N.Y.; Soder, D.; Haraszti, T.; Xiao, Q.; Rahimi, K.; Partridge, B.E.; Klein, M.L.; Percec, V.; Rodriguez-Emmenegger,
C. Enhanced Concanavalin A Binding to Preorganized Mannose Nanoarrays in Glycodendrimersomes Revealed Multivalent
Interactions. Angew. Chem.-Int. Edit. 2021, 60, 8352–8360. [CrossRef]
Oz, Y.; Abdouni, Y.; Yilmaz, G.; Becer, C.R.; Sanyal, A. Magnetic Glyconanoparticles for Selective Lectin Separation and
Purification. Polym. Chem. 2019, 10, 3351–3361. [CrossRef]

Molecules 2022, 27, 1483

17.

18.
19.
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.

38.
39.

40.
41.

42.

9 of 10

Mega, T.L.; Cortes, S.; Van Etten, R.L. The Oxygen-18 Isotope Shift in Carbon-13 Nuclear Magnetic Resonance Spectroscopy.
13. Oxygen Exchange at the Anomeric Carbon of D-Glucose, D-Mannose, and D-Fructose. J. Org. Chem. 1990, 55, 522–528.
[CrossRef]
McGreal, E.P.; Rosas, M.; Brown, G.D.; Zamze, S.; Wong, S.Y.C.; Gordon, S.; Martinez-Pomares, L.; Taylor, P.R. The CarbohydrateRecognition Domain of Dectin-2 Is a C-Type Lectin with Specificity for High Mannose. Glycobiology 2006, 16, 422–430. [CrossRef]
Roy, B.; Mukhopadhyay, B. Sulfuric Acid Immobilized on Silica: An Excellent Catalyst for Fischer Type Glycosylation.
Tetrahedron Lett. 2007, 48, 3783–3787. [CrossRef]
Raposo, C.D.; Conceição, C.A.; Barros, M.T. Nanoparticles Based on Novel Carbohydrate-Functionalized Polymers. Molecules
2020, 25, 1744. [CrossRef]
Basuki, J.S.; Esser, L.; Duong, H.T.T.; Zhang, Q.; Wilson, P.; Whittaker, M.R.; Haddleton, D.M.; Boyer, C.; Davis, T.P. Magnetic
Nanoparticles with Diblock Glycopolymer Shells Give Lectin Concentration-Dependent MRI Signals and Selective Cell Uptake.
Chem. Sci. 2014, 5, 715–726. [CrossRef]
Richards, S.-J.; Fullam, E.; Besra, G.S.; Gibson, M.I. Discrimination between Bacterial Phenotypes Using Glyco-Nanoparticles and
the Impact of Polymer Coating on Detection Readouts. J. Mater. Chem. B 2014, 2, 1490–1498. [CrossRef] [PubMed]
Yu, S.S.; Lau, C.M.; Barham, W.J.; Onishko, H.M.; Nelson, C.E.; Li, H.; Smith, C.A.; Yull, F.E.; Duvall, C.L.; Giorgio, T.D.
Macrophage-Specific RNA Interference Targeting via “Click”, Mannosylated Polymeric Micelles. Mol. Pharm. 2013, 10, 975–987.
[CrossRef] [PubMed]
Shaikh, N.; Russo, L.; Cipolla, L.; Nicotra, F. Ultrasonic Assisted Fischer Glycosylation: Generating Diversity for Glycochemistry.
Mol. Divers 2011, 15, 341–345. [CrossRef]
Su, L.; Zhang, W.; Wu, X.; Zhang, Y.; Chen, X.; Liu, G.; Chen, G.; Jiang, M. Glycocalyx-Mimicking Nanoparticles for Stimulation
and Polarization of Macrophages via Specific Interactions. Small 2015, 11, 4191–4200. [CrossRef]
Twibanire, J.K.; Paul, N.K.; Grindley, T.B. Synthesis of Novel Types of Polyester Glycodendrimers as Potential Inhibitors of
Urinary Tract Infections. New J. Chem. 2015, 39, 4115–4127. [CrossRef]
Morotti, A.L.M.; Lang, K.L.; Carvalho, I.; Schenkel, E.P.; Bernardes, L.S.C. Semi-Synthesis of New Glycosidic Triazole Derivatives
of Dihydrocucurbitacin, B. Tetrahedron Lett. 2015, 56, 303–307. [CrossRef]
Montañez, M.I.; Hed, Y.; Utsel, S.; Ropponen, J.; Malmström, E.; Wågberg, L.; Hult, A.; Malkoch, M. Bifunctional Dendronized
Cellulose Surfaces as Biosensors. Biomacromolecules 2011, 12, 2114–2125. [CrossRef]
Fernandez-Megia, E.; Correa, J.; Rodríguez-Meizoso, I.; Riguera, R. A Click Approach to Unprotected Glycodendrimers.
Macromolecules 2006, 39, 2113–2120. [CrossRef]
Meng, B.; Zhu, Z.; Baker, D.C. 1,2-Cis Alkyl Glycosides: Straightforward Glycosylation from Unprotected 1-Thioglycosyl Donors.
Org. Biomol. Chem. 2014, 12, 5182–5191. [CrossRef]
Adams, J.R.; Goswami, M.; Pohl, N.L.B.; Mallapragada, S.K. Synthesis and Functionalization of Virus-Mimicking Cationic Block
Copolymers with Pathogen-Associated Carbohydrates as Potential Vaccine Adjuvants. RSC Adv. 2014, 4, 15655. [CrossRef]
Kramer, S.; Langhanki, J.; Krumb, M.; Opatz, T.; Bros, M.; Zentel, R. HPMA-Based Nanocarriers for Effective Immune System
Stimulation. Macromol. Biosci. 2019, 19, 1800481. [CrossRef]
Hellmuth, I.; Freund, I.; Schlöder, J.; Seidu-Larry, S.; Thüring, K.; Slama, K.; Langhanki, J.; Kaloyanova, S.; Eigenbrod, T.; Krumb,
M.; et al. Bioconjugation of Small Molecules to RNA Impedes Its Recognition by Toll-Like Receptor 7. Front. Immunol. 2017, 8.
[CrossRef]
Stevens, J.D. Preparation and Properties of the Aldohexofuranose Pentaacetates. Carbohydr. Res. 2012, 347, 9–15. [CrossRef]
Zhao, J.; Liu, Y.; Park, H.-J.; Boggs, J.M.; Basu, A. Carbohydrate-Coated Fluorescent Silica Nanoparticles as Probes for
the Galactose/3-Sulfogalactose Carbohydrate–Carbohydrate Interaction Using Model Systems and Cellular Binding Studies.
Bioconjugate Chem. 2012, 23, 1166–1173. [CrossRef] [PubMed]
Wamhoff, E.-C.; Hanske, J.; Schnirch, L.; Aretz, J.; Grube, M.; Varón Silva, D.; Rademacher, C. 19 F NMR-Guided Design of
Glycomimetic Langerin Ligands. ACS Chem. Biol. 2016, 11, 2407–2413. [CrossRef] [PubMed]
Abellán Flos, M.; García Moreno, M.I.; Ortiz Mellet, C.; García Fernández, J.M.; Nierengarten, J.-F.; Vincent, S.P. Potent Glycosidase
Inhibition with Heterovalent Fullerenes: Unveiling the Binding Modes Triggering Multivalent Inhibition. Chem. Eur. J. 2016, 22,
11450–11460. [CrossRef] [PubMed]
Koll, P.; Komander, H.; Meyer, B. Carbohydrates Containing the 2,6-Dioxabicyclo [3.3.0] octane Skeleton–3,6-Anhydrohexofuranose
Derivatives with D-Gluco, D-Manno, L-Ido, and L-Gulo Configuration. Liebigs Ann. Chem. 1983, 8, 1310–1331. [CrossRef]
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