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ABSTRACT

Two B-cyclodextrin derivatives randomly appended on the primary face with both the nitric oxide
(NO) photodonor 4-nitro-3-(trifluoromethyl)aniline and a mannose or a(1—2)mannobioside residue
are reported to construct targeted NO photoreleasing nanocarriers. 2D ROESY and PGSE NMR
suggested supramolecular homodimerization in water by inclusion of the nitroaniline group into the
facing macrocycle cavities. Isothermal titration calorimetry on their concanavalin A lectin binding
showed an exothermic binding event to the lectin and an endothermic process during the dilution of
the conjugates. Both a(1—2)mannobioside and the nitroaniline moieties significantly enhanced the
binding to the lectin. These effects might arise from a better fit within the carbohydrate-recognition
site in the former case and a multivalent effect caused by homodimerization in the latter. Direct
detection of NO by amperometric technique shows that both B-cyclodextrin derivatives release this
radical upon excitation with visible light with higher efficiency than the unfunctionalized NO
photodonor.

KEYWORDS
B-Cyclodextrin; a(1—2)Mannobioside; Homodimerization; Concanavalin A; Nitric Oxide
1. Introduction

The emergence of pathogenic bacteria that show resistance to diverse antimicrobial active
ingredients is a growing global health threat (Magiorakos et al., 2012). Commonly used
antimicrobial therapies, such as the administration of antibiotic drugs, fail in providing an efficient
treatment due to the ability of bacteria to develop resistance mechanisms to the action of such drugs
(Woodford, 2005). Thus, biomedicine faces the demanding challenge of developing new treatment
strategies against antibiotic Multi Drug Resistance (MDR) (Cohen, 2000; Laxminarayan et al.,
2013; Taubes, 2008). In this regard, a very promising approach is based on the use of nitric oxide
(NO) as a very efficient non-conventional antimicrobial and antioxidant. As well, this inorganic free
radical has a key therapeutic role in a number of cancer and cardiovascular diseases (Carpenter &
Schoenfisch, 2012; Halpenny & Mascharak, 2010). The NO radical presents a mechanism of action
that avoids MDR problems, as it is considered a multitarget cytotoxic agent that is able to attack a
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wide range of biological targets (Szakacs, Paterson, Ludwig, Booth-Gent, & Gottesman, 2006).
However, delivering gaseous NO to selected targets is a difficult challenge that has fostered the
development of a range of molecular NO donors (Wang et al., 2002; Wang, Cai, & Taniguchi,
2005; Riccio & Schoenfisch, 2012; Seabra & Duran, 2010). An interesting approach involves the
use of biocompatible scaffolds as suitable vehicles able to release NO under light stimuli, namely
NO photodonors (NOPDs). These compounds offer the great advantage to deliver NO with high
spatiotemporal control, thus favoring reducing side-effects and improving therapeutic outputs
(Fraix, Marino, & Sortino, 2016).

Cyclodextrins are cyclomaltooligosaccharides well known for their applications in many
different fields, but particularly in the supramolecular and pharmaceutical fields. Such molecules
are able to enhance the water solubility, stability, bioavailability and organoleptic properties of a
large number of drugs. The doughnut-shaped structures formed by six (a-CD), seven (B-CD) and
eight (y-CD) linked glucoses, define an inner cavity of a relatively hydrophobic nature, inside of
which a wide range of organic molecules of similar polarity and suitable size and shape can be
hosted in aqueous media. Numerous studies carried out in humans and animals have shown that
CDs can be very useful to improve drug delivery of therapeutic substances (Cutrone, Casas-Solvas,
& Vargas-Berenguel, 2017; Duchéne, & Bochot, 2016; Popielec & Loftsson, 2017). The drug
delivery strategy can be extended to NO therapy by the construction of photoactivatable CD-NOPD
conjugates, either in covalent or non-covalent fashion, as delivery systems for the NO radical
(Mazzaglia et al., 2012). Among others, 4-nitro-3-(trifluoromethyl)aniline derivatives are efficient
NOPDs and suitable for bio-applications as they show dark stability and adequate absorption
coefficient in the visible region, and produce NO radicals without generating toxic or light-
absorbing byproducts, or altering environmental pH, temperature or ionic strength (Caruso, Petralia,
Conoci, Giuffrida, & Sortino, 2007; Conoci, Petralia, & Sortino, 2006; Di Bari et al., 2016). The
chromophore can enter within the cavity of B-CD, where the scarce contact with water molecules
dramatically modifies both the light absorption efficiency and the mechanism of photochemical
deactivation (Sortino et al., 2001). Indeed, within the hydrophobic microenvironment of a micelle,
this NOPD has shown a remarkable enhancement of NO release efficiency (Di Bari et al., 2016).

The vast majority of viruses, bacteria and cells present on their surfaces a family of proteins
called lectins that are able to specifically bind carbohydrates. This fact has allowed the development
of drug delivery strategies based on the use of carbohydrates as selective biological vectors
(Vargas-Berenguel, Ortega-Caballero, & Casas-Solvas, 2007; Casas-Solvas & Vargas-Berenguel,
2016). Thus, by conjugating a molecular carrier to carefully selected carbohydrates it is possible to
transport therapeutics to those cells presenting on their surfaces the complementary saccharide
receptor. In particular, oligosaccharidic mannosyl structures, such as mannobioside (a-D-Man-
(1—>2)-D-Man) and mannotrioside (a-D-Man-(1—2)-a-D-Man-(1—2)-D-Man), are intimately
related with the pathogenicity of a good number of viruses and bacteria (Schuster, Vijayakrishnan,
& Davis, 2015). For example, mannose-binding lectins (MBLSs) such as FimH are displayed on the
surface of many bacteria. Furthermore, cells of the immune system present a series of MBLs on
their surfaces, such as macrophage-mannose receptors (MMR) on the macrophages and Dendritic
Cell-Specific Intercellular adhesion molecule-3 (ICAM-3)-Grabbing Non-integrin (DC-SIGN) on
the dendritic cells (Figdor, van Kooyk, & Adema, 2002). Thus, mannoside-CD conjugates able to
produce antibacterial effects or to encapsulate antibacterial drugs could be used as target-specific
antimicrobial delivery systems as a way to fight antibiotic resistance. However, this strategy is
hindered by the intrinsic weakness of the saccharide-protein interaction, which can be overcome
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through a multivalent presentation of the carbohydrate moieties to achieve a global binding potency
toward the lectin higher than that for the sum of the monovalent entities (Bausanne et al., 2000;
Benito et al., 2004; Vargas-Berenguel, Ortega-Caballero, & Casas-Solvas, 2007; Casas-Solvas &
Vargas-Berenguel, 2016).

In this context, we describe herein the construction of photoresponsive B-CD derivatives
having the CD scaffold covalently linked to the NOPD 3-(trifluoromethyl)-4-nitrobenzenamine and
mannose or a(1—2)mannobioside as targeting functionalities, these latter having specific avidity
for pathogens showing mannose-receptor lectins on their surface. We hypothesized that such
structures would undergo a supramolecular self-aggregation process in aqueous solution through the
inclusion of the NOPD within the -CD. Such arrangement would result in a multivalent display of
the carbohydrate moieties, as well as enhancing the NO-release efficiency due to the NO donor
confinement inside the CD cavity. The formation of self-inclusion complexes was investigated by
2D ROESY and pulse-gradient stimulated echo (PGSE) NMR experiments, while amperometric
detection allowed us to estimate the light-stimulated release of the NO radical. Isothermal titration
calorimetry (ITC) served to measure the binding efficiency of these new conjugates towards
Concanvalin A (ConA) lectin as a mannose-specific model protein.

2. Experimental part
2.1. Materials and methods

Merck silica gel 60 F254 aluminum sheets were used for Thin Layer Chromatography
(TLC). Plates were developed by UV-Vis light and stained with 5% v/v sulfuric acid in ethanol.
Merck silica gel (230-400 mesh, ASTM) was used as stationary phase for flash column
chromatography. Merck Celite 545 (0.002-0.1 mm) was used for filtration when stated. Uncorrected
melting points measurements were taken with a Buchi B-450 melting point equipment. Optical
rotations ([o]o values,(given in 10 deg cm™ g™*) were measured on a Jasco P-1030 polarimeter at
room temperature. Attenuated Total Reflectance (ATR) infrared spectra were measured on a Bruker
Alpha FTIR equipment. MALDI-TOF mass spectra using 2,5-dihydroxybenzoic acid (DHB) as
matrix were recorded on a 4800 Plus AB SCIEX spectrometer, while an Agilent LC/MSD-TOF
spectrometer was used to measure ESI-TOF mass spectra. Dialysis was performed using Biotech
CE Tubing MWCO: 100-500 D. Absorbance UV-Vis spectra were obtained using a Jasco V 650
spectrophotometer.

D-(+)-Mannose (>99%, Acros), acetic anhydride (purum, Panreac), BFs-Et2O (>46.5% BF3
basis, Aldrich), sodium (purum, Panreac), benzoyl chloride (99%, Aldrich), trichloroacetonitrile
(98%, Aldrich), potassium carbonate (purum, Panreac), benzoyl cyanide (98%, Aldrich), trimethyl
orthoacetate (99%, Aldrich), b/L-10-camphorsulfonic acid (98%, Acros), benzoic anhydride (>95%,
Aldrich), 4-dimethylaminopyridine (99%, Fluka), trimethylsilyl triflate (>98%, Fluka), and
copper(l) iodide (98%, Aldrich) were purchased from commercial sources and used without further
purification otherwise indicated. B-CD (CycloLab) was dried at 50 °C in vacuum in the presence of
P2Os until constant weight was achieved. 7% HCI solution in MeOH was prepared by diluting 37%
aqueous HCI solution (Panreac) in distilled MeOH. Triethylenamine (>99%, Sigma-Aldrich),
pyridine (purum, Panreac), propargyl alcohol (99%, Acros), 2-aminoethanol (>98%, Sigma-
Aldrich), and organic solvents were dried according to literature procedures (Perrin & Armarego,
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1989). Dry DMF (99.8%, over molecular sieves, AcroSeal) was purchased from Acros. 4A
molecular sieves (VWR Chemicals) were heated at 200 °C under high vacuum for 12 hours for
activation. 6'-Deoxy-6'-azido-6*-deoxy-6*-N-{3-[N -(4’-nitro-3’-trifluoromethylphen-1°-
ylamino]propylamino}cyclomaltoheptaose 1 was synthesized as a mixture of regioisomers as
previously reported by Benkovics et al. (2017) (see supplementary data for details). 6'-Azido-6'-
deoxy-B-cyclodextrin 2 was purchased from CycloLab. Propargyl a-D-mannose 3 was prepared as
described in literature (Poladkova, Belanova, MikuSova, Lattova, & Perreault, 2011; Zhao, Liu, Park,
Boggs, & Basu, 2012) with small modifications. Specifically, purifications of both compounds after
deacetylation were carried out by column chromatography using EtOAc-MeOH 6:1 as eluent. NMR
data for these compounds in D20 completely agreed those described by Erdmann & Wennermers
(2010) and van der Peet et al. (2006), respectively. 0-(2,3,4,6-tetra-O-benzoyl-a-D-
mannopyranosyl) trichloroacetamidate 8 was prepared as described by Hartmann et al (2012).

2.2. NMR measurements

'H, 3C and 2D NMR spectra were recorded on a Bruker Avance Ill HD 600 MHz
spectrometer equipped with a QCI *H/*3C/*N/3IP proton-optimized quadrupole inverse cryoprobe
with *H and **C cryochannels, a Bruker Avance 11l HD 500 MHz spectrometer equipped with an
inverse TBI *H/2'P/BB probe, or a Bruker Nanobay Avance 111 HD 300 MHz spectrometer using a
QNP H/BC/FPIP probe, depending on the sample. Chemical shifts (8) are given in parts per
million (ppm) and J values are expressed in hertz (Hz). Residual solvent signals (1 7.26 and dc
77.16 ppm for CDCls; o1 4.79 ppm for D2O) were used as internal references. Water signal was
suppressed in two-dimensional phase-sensitive gROESY experiments using WATERGATE 3-9-19
pulse sequence with gradients. Stimulated echo diffusion measurements (Pregosin, Kumar, &
Fernandez, 2005) were performed on 10 mM samples in 500 puL of D2O on the Bruker Avance 500
without spinning using rectangular gradient pulses of variable strength, which was increased from
10 to 98% in 8% steps) For each increment 128 scans were measured using a recovery time 5 times
longer that the longest spin-lattice relaxation time (T1) measured for each sample prior to the
experiment. The slope of the linear regression on Stejskal-Tanner plots were used to determine the
D values according to

I 2 S 2
In(—) = —(y9)" (A - —)DG
I 3

where | and lo correspond to the signal intensity after and before applying gradients, respectively; 6
is length of the gradient pulse (set to 4 ms), A is the delay between the midpoints of the gradients; D
is the diffusion coefficient; and G is the gradient strength. Three gradient delays (A = 70-120 ms)
were used to check the robustness of the results. Attenuation of the D,O signal was used for
calibration of the gradients, giving a slope of 1.425 x 10" when using § = 1.75 ms and A = 167.75
ms). At least 7 data points were used for least-square linear fits with correlation coefficients >0.999.
Obtained D values were estimated to have an experimental error of £2%.

Once obtained D values, Stokes-Einstein equation D = (keT)/(canrn) was used to calculate
the hydrodynamic radii (ru), assuming a spherical shape for -CD, ManCD and BiManpCD. In
this equation D is the diffusion coefficient, kg is the Boltzman constant, T is the temperature, and n
is the viscosity of the solvent (0.890 x 10 kg m™? s for H,O as taken from www.knovel.com).
Microfrictional factor ¢ should be semi-empirically estimated according to (¢ = 6/[1 +
{0.695(rson/rr)>2*4}], which take into account the ratio between the solvent and solute radii. In our
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case, c can be approximated to 6 due to the fact that ru > Srsov, as suggested by Macchioni,
Ciancaleoni, Zuccaccia, & Zuccaccia, 2008. In contrast, ManNOPDBCD and BiManNOPDBCD
were considered as prolate spheroids in order to take into account the potential dimerization process
in water for these compounds. Their volumes were set as equal to those calculated for their
equivalent spheres defined from the Stokes-Einstein equation. Their major semi-axes were then
estimated assuming that their minor semi-axes could not be larger than ry values calculated for their
analogues ManfCD and BiManpCD, respectively.

2.3. NO release measurements

NO release measurements are based on short response time (< 5 s) direct amperometric
detection of the radical using a World Precision Instrument, ISO-NO meter, in the sensitivity range
of 1 nM-20 uM. A four-channel data acquisition system connected to a PC workstation was used to
digitalize the analog signal. In order to calibrate the sensor, standard solutions of NaNO, were
mixed with 0.1 M H2SO4 and 0.1 M KI to generate known amounts of NO according to the
reaction:

4H+ + 2|- + 2N02- - 2H20 + 2NO + |2

For NO release experiments, samples were placed in a thermostated quartz cell (1 cm path
length, 3 mL capacity) and irradiated at A 405 nm under gentle stirring careful was taken to avoid
the laser illumination of the electrode within the cell, which may result in false NO signals due to
photoelectric artifacts.

2.4. Isothermal Titration Calorimetry (ITC) measurements

Canavalia ensiformis (Jack bean) concanavalin A (ConA) lectin (type VI, lyophilised
powder) was purchased from Sigma and used as received. All solutions were prepared in MilliQ
pure water (18.2 MQcm) and degassed for 10 min and thermostated prior each experiment. UV-Vis
spectroscopy was used to calculate the lectin solution concentration (Al%g0 nm = 13.7 for the
tetrameric form). ITC experiments were performed on an ultrasensitive VP-ITC (Microcal Inc.,
Northampton, MA) as as previously described elsewhere (Casas-Solvas, Ortiz-Salmeron, Garcia-
Fuentes, & Vargas-Berenguel, 2008) and the calculus were performed using Origin software
(provided by the instrument). Briefly, the calorimeter was calibrated as recommended by the
manufacturer. The reference and sample cells were filled with degassed MilliQ water and the
protein solution, respectively. The sample cell was continuously stirred at 320 rpm. Solutions of the
mannosylated BCDs and ConA (see table S1 at supporting information for concentrations) were
prepared in 20 mM phosphate buffer (pH 7.2) containing 20 mM NacCl, 100 uM CaClz and 100 uM
MnCl,. Each mannosylated BCD was injected in 8-10 uL portions every 5 min with a 250 pL
syringe. The mannosylated BCDs were also injected into pure buffer in separate experiments in
order to obtain the corresponding dilution background profiles, which turned out to be similar to the
residual heat signals detected after saturation in the interaction experiments with the protein.
Obtained thermograms depicted the transfer of heat per second following each injection of
mannosylated BCD into the ConA solution as a function of time. The integration of each peak gave
the amount of heat generated by each injection after subtracting the mannosylated BCD dilution
heat. The best fit of the experimental data to the model of equal and independent sites provided the
binding constant and the thermodynamic profile along with the corresponding standard deviations.
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For these calculations, AH = AH® was assumed and the changes in the standard free energy AG® and
entropy AS® were determined as AG? = —RTInK and TAS® = AH — AG.

2.5. Synthesis of propargyl 6-O-benzoyl-a-D-mannopyranoside 4

A solution of BzCN (210 pL, 232 mg, 1.77 mmol) in dry DMF (2 mL) and catalytic amount
of dry EtsN (20 pL, 14 mg, 0.0.138 mmol) were added dropwise to a solution of propargyl a-D-
mannopyranoside 3 (300 mg, 1.375 mmol) in dry DMF (10 mL) at -40 °C (CH3CN/dry ice bath).
After 3 hours at that temperature, the reaction was quenched by adding 4 mL of MeOH and left
warming up to room temperature. The solvent was rotary evaporated and the crude product was
purified by column chromatography using CH2Cl>-MeOH (50:1—25:2) as eluent to yield propargy!l
6-0O-benzoyl-a-D-mannopyranoside 4 (204 mg, 0.633 mmol, 46%) as a colorless oil. R = 0.29
(CH2Cl2-MeOH 25:2); [a]o +60.8° (¢ 1, CH2Cl2); IR v/em™ 3296, 2934, 1715, 1266, 1049, 712; 'H-
NMR (300 MHz, CDClz3) 6 (ppm) 7.99 (app dt, 2H, Japp = 6.9 Hz, Japp = 1.5 Hz, Hg:-2’), 7.50 (app
tt, 1H, Japp = 7.3 Hz, Japp = 1.6 Hz, Hg-4"), 7.38 (app tt, 2H, Japp = 7.3 Hz, Japp = 1.6 Hz, Hgz-3"),
4.99 (d, 1H, 3312 = 1.3 Hz, H-1), 4.59 (app bd, 2H, Japp = 3.0 Hz, H-6@), 4.22 (dd, 1H, 2Jcho,cHo =
15.7 Hz, 4\]CHO’ECH = 2.5 Hz, CHO), 4.15 (dd, 1H, ZJCHO,CHO = 15.7 Hz, 4\JCHO,ECH = 2.5 Hz, CHO),
4.02-3.93 (bs, 4H, H-2, OH), 3.88-3.85 (m, 3H, H-3,4,5), 2.41 (t, 1H, *Jcuo=cn = 2.5 Hz, =CH);
13C-RMN (75 MHz, CDCls) & (ppm) 167.3 (CO), 133.3 (CHg,-4"), 129.9 (CHgz-2’), 129.8 (Cs-1),
128.5 (CHg:-3’), 98.7 (C-1), 78.8 (C=CH), 75.2 (C=CH), 71.5 (C-3 or C-5), 71.3 (C-3 or C-5), 70.6
(C-2), 67.8 (C-4), 64.6 (C-6), 54.5 (CH20); MALDI-TOF-MS m/z calcd for C1sH1807Na* 345.1,
found 345.0 (M + Na)*; m/z calcd for C16H1807K* 361.2, found 361.0 (M + K)*.

2.6. Synthesis of propargyl 2-O-acetyl-6-O-benzoyl-a-D-mannopyranoside 5

Trimethyl orthoacetate (472 pL, 445 mg, 3.7 mmol) was added at once to a solution of
propargyl 6-O-benzoyl-a-D-mannopyranoside 4 (398 mg, 1.23 mmol) and camphorsulfonic acid (57
mg, 0.246 mmol) in dry CHsCN (12 mL) at room temperature. After 1.5 hours the reaction was
quenched with EtsN (165 pL). The solvent was rotary evaporated at 40 °C and the colorless oily
residue was dissolved in EtOAc (40 mL) and washed with 1M HCI (40 mL). The organic phase was
dried over anhydrous MgSO4 and solvent was rotary evaporated. The crude product was purified by
column chromatography using CH2Cl>-MeOH (50:1—25:1) as eluent to yield propargyl 2-O-acetyl-
6-0-benzoyl-a-D-mannopyranoside 5 (408 mg, 1.12 mmol, 91%) as a colorless oil. Rf = 0.26
(CH2Cl-MeOH 25:1); Mp: 113 °C; [a]p +43.5° (¢ 1, CHCl2); IR v/em™ 3445, 2936, 1718, 1266,
1067, 713; 'H-NMR (300 MHz, CDCls) & (ppm) 8.07 (app dt, 2H, Japp = 6.9 Hz, Japp = 1.4 Hz, Hg,-
2%), 7.57 (app tt, 1H, Japp = 7.4 Hz, Japp = 1.6 Hz, He-4"), 7.44 (app tt, 2H, Japp = 7.4 Hz, Japp = 1.4
Hz, He-3"), 5.18 (dd, 1H, 3J23= 3.5 Hz, 3J12 = 1.6 Hz, H-2), 5.02 (d, 1H, 3J12 = 1.6 Hz, H-1), 4.71
(dd, 1H, 2Jeaer = 12.2 Hz, 3Js56a = 4.6 Hz, H-6a), 4.55 (dd, 1H, 2Jsaeb= 12.2 Hz; 3Js60 = 2.1 Hz, H-
6b), 4.28 (dd, 1H, ZJCHO,CHO = 15.8 Hz, 4JCHO’ECH = 2.4 Hz, CHO), 4.23 (dd, 1H, ZJCHO,CHO =15.8
Hz, “Jcno=cu = 2.4 Hz, CHO), 4.08 (dd, 1H, 3J54 = 9.4 Hz; 3J253 = 3.5 Hz, H-3), 3.91 (ddd, 3J45 =
6.6 Hz, 3Js6a = 4.6 Hz, 3Js6p = 2.1 Hz, H-5), 3.79 (app t, 1H, Japp = 9.7 Hz, H-4), 2.45 (t, 1H,
*Jcno=cu = 2.4 Hz, =CH), 2.08 (s, 3H, CHs); ¥*C-RMN (75 MHz, CDCls) § (ppm) 170.9 (CO),
167.2 (COg), 133.5 (CHgz-4"), 129.9 (CHg;-2"),129.8 (Cg:-17), 128.6 (CHg:-3"), 96.6 (C-1), 78.4
(C=CH), 75.4 (C=CH) 71.8 (C-2), 71.3 (C-5), 69.8 (C-4), 67.8 (C-3), 63.9 (C-6), 54.9 (CH-0), 21.0
(CH3). MALDI-TOF-MS m/z calcd for C1sH200gNa* 387.12, found 387.0 (M + Na)*; m/z calcd for
C18H2008K™ 403.1, found 403.0 (M + K)".

2.7. Synthesis of propargyl 2-O-acetyl-3,4,6-tri-O-benzoyl-a-D-mannopyranoside 6
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Bz,0 (609 mg, 2.69 mmol), catalytic amount of EtsN (375 pL, 272 mg, 2.69 mmol) and 4-
dimethylaminopyridine (4-DMAP) (2 mg, 0.015 mmol) were subsequently added to a solution of
propargyl 2-O-acetyl-6-O-benzoyl-a-D-mannopyranoside 5 (327 mg, 0.897 mmol) in dry CH2Cl>
(17 mL). After 1.5 hours solvent was rotary evaporated and the colorless oily residue was dissolved
in EtOAc (45 mL) and washed with 1M HCI (45 mL), saturated ag. NaHCO3 (45 mL), and H>O (45
mL). The organic phase was dried over anhydrous MgSO4 and solvent was rotary evaporated. The
crude product was purified by column chromatography using hexane-EtOAc (2:1) as eluent to yield
propargyl 2-O-acetyl-3,4,6-tri-O-benzoyl-a-D-mannopyranoside 6 (491 mg, 0.858 mmol, 95%) as a
colorless oil. Rt = 0.63 (hexane-EtOAc 2:1); [a]o +36.5° (¢ 0.5, CH2Cl); IR v/cm™ 2958, 1725,
1267, 1108, 710. *H-NMR (300 MHz, CDCls) & (ppm) 8.05 (app dt, 2H, Japp = 6.9 Hz, Japp = 1.5
Hz, Hez-2"), 7.95 (app dt, 2H, Japp = 6.9 Hz, Japp = 1.5 Hz, Hez-2’), 7.89 (app dt, 2H, Japp = 6.9 Hz,
Japp = 1.5 Hz, Hg;-2’), 7.58-7.46 (m, 3H, Hg:-4"), 7.44-7.32 (m, 6H, Hgz-3"), 5.94 (app t, 1H, Japp =
10.0 Hz, H-4), 5.80 (dd, 1H, 3J34 = 10.0 Hz, 3J,3 = 3.3 Hz, H-3), 5.51 (dd, 1H, 3J23=3.3 Hz, 3J1, =
1.8 Hz, H-2), 5.17 (d, 1H, 3J1, = 1.8 Hz, H-1), 4.63 (dd, 1H, Jeaeb = 11.9 Hz, Js6 = 2.9 Hz, H-6a),
4.48 (dd, 1H, Jeaer = 11.9 Hz, Js b = 5.1 Hz, H-6b), 4.44-4.39 (m, 1H, H-5), 4.38 (app d, 2H, Japp =
2.4 Hz, CH20), 2.49 (t, 1H, “Jcho=cn = 2.4Hz, =CH), 2.15 (s, 3H, CHs). *C-RMN (75 MHz,
CDCl3) 6 (ppm) 169.9 (CO), 166.3 (COsg;), 165.7 (COg;), 165.6 (COg;), 133.8-133.3 (CHg-4’),
130.3-129.1 (Cgz-1’. CHpB;-2’), 128.6-128.5 (CHg:-3"), 96.4 (C-1), 78.2 (C=), 75.2 (=CH), 69.9 (C-
2 or C-3), 69.8 (C-2 or C-3), 69.5 (C-5), 67.1 (C-4), 63.3 (C-6), 55.3 (CH20), 20.9 (CHz). MALDI-
TOF-MS m/z calcd for C3zH28010 572.17, found 572.9 (M)".

2.8. Synthesis of propargyl 3,4,6-tri-O-benzoyl-a-D-mannopyranoside 7

A 7% HCI in MeOH stock solution (3.14 mL) was added to a solution of propargyl 2-O-
acetyl-3,4,6-tri-O-benzoyl-a-D-mannopyranoside 6 (85 mg, 0.148 mmol) in dry CH3CN (2 mL) and
stirred for 3 days at room temperature until the disappearance of the starting material. Solvent was
rotary evaporated and the light green oily residue was dissolved in EtOAc (10 mL), washed with
saturated aq. NaHCO3 (2x25 mL) and H>O (25 mL). The organic phase was dried over anhydrous
MgSOs and solvent was rotary evaporated. The crude product was purified by column
chromatography using hexane-EtOAc (3:1—5:2) as eluent to yield propargyl 3,4,6-tri-O-benzoyl-a-
D-mannopyranoside 7 (64.5 mg, 0.122 mmol, 82%) as a colorless oil. Rt = 0.44 (hexane-EtOAc
2:1); [a]o +48.0° (¢ 1, CH.CLy); IR v/em™ 2955, 1723, 1452, 1266, 710. *H-NMR (300 MHz,
CDClIs) & (ppm) 8.02 (app dt, 2H, Japp = 6.9 Hz, Japp = 1.5 Hz, Hp;-2’), 7.98-7.92 (m, 4H, Hp;-2’),
7.56-7.45 (m, 3H, Hg;-4’), 7.42-7.30 (m, 6H, Hsz-3"), 5.97 (app t, 1H, Japp = 10.0 Hz, H-4), 5.68
(dd, 1H, 3J34=10.0 Hz, J23 = 3.2 Hz, H-3), 5.21 (d, 1H, 3J12 = 1.7 Hz, H-1), 4.59 (dd, 1H, 2Jeaeb =
12.0 Hz, 3Js6 = 3.1 Hz, H-6a), 4.49 (dd, 1H, 2Jeaeo = 12.0 Hz, Jss = 5.2 Hz, H-6b), 4.40 (dd, 1H,
83,3 = 3.2 Hz, 3J12 = 1.7 Hz, H-2), 4.38 (app d, 2H, Japp = 2.4 Hz, CH20), 4.36-4.34 (m, 1H, H-5),
2.49 (t, 1H, “Jcno=cu = 2.4 Hz, =CH); *C-RMN (75 MHz, CDCls) § (ppm) 166.4-165.6 (COs.),
133.5-133.2 (CHg-4’), 130.1-129.2 (Cg:-1°, CHg;-2’), 128.7-128.6 (CHg:-3’), 98.4 (C-1), 78.9
(C=), 75.5 (=CH), 72.6 (C-2), 69.4 (C-3 or C-5), 69.3 (C-3 or C-5), 67.0 (C-4), 63.5 (C-6), 55.1
(CH20). MALDI-TOF-MS m/z calcd for CaoH2609Na* 553.16, found 553.1 (M+Na)™.

2.9. Synthesis of propargyl O-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-(1—2)-3,4,6-tri-O-
benzoyl-a-D-mannopyranoside 9

A mixture of propargyl 3,4,6-tri-O-benzoyl-a-D-mannopyranoside 7 (140 mg, 0.264 mmol)
and 2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl trichloroacetimidate 8 (240 mg, 0.325 mmol) was
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co-evaporated three times from toluene and the white residue dried under vacuum in the presence of
4 A molecular sieves for 1.5 h. The mixture was dissolved in dry CH2Cl, (9.5 mL) and stirred at 0
°C for 15 min. A catalytic amount of TMSOTT (9.6 pL, 0.0528 mmol) was added and stirred at 0 °C
for 2 h. EtsN (100 pL) was added, and the mixture was filtered over a pad of Celite (1.5 cm).
Solvent was rotary evaporated and the crude product was purified by column chromatography using
CH2Cl>-MeOH  (500:1—200:1) to  vyield propargyl 0O-(2,3,4,6-tetra-O-benzoyl-a-D-
mannopyranosyl)-(1—2)-3,4,6-tri-O-benzoyl-a-D-mannopyranoside 9 (150 mg, 0.135 mmol, 51%)
as a white foamy solid. Rf = 0.54 (hexane-EtOAc 2:1); Mp 121 °C; [a]p -28.5° (c 1, CH2Cly); IR
v/iem™ 2957, 1724, 1264, 1107, 708. *H-NMR (600 MHz, CDCl3) § (ppm) 8.10-8.08 (m, 4H, Hg:-
2%), 8.03 (app dd, 2H, Japp = 8.4 Hz, Japp = 1.2 Hz, Hgz-2"), 7.98 (app dd, 2H, Japp = 8.4 Hz, Japp =
1.2 Hz, Hg;-2"), 7.95 (app dd, 2H, Japp = 8.4 Hz, Japp = 1.2 Hz, Hg:-2’), 7.93 (app dd, 2H, Japp = 8.4
Hz, Japp = 1.2 Hz, Hg;-2"), 7.87 (app dd, 2H, Japp = 8.4 Hz, Japp = 1.2 Hz, Hg;-2"), 7.60-7.43 (m, 7H,
He,-4"), 7.42-7.28 (m, 14H, Hg;-3"), 6.12 (app t, 1H, Japp = 10.1 Hz, H-4B), 6.04 (app t, 1H, Japp =
9.9 Hz, H-4%), 6.02 (dd, 1H, 3Jsg4s = 10.1 Hz, 3J2s38 = 3.3 Hz, H-3B), 5.91 (dd, 1H, 3J838 = 3.3
Hz, 3Ji828 = 1.7 Hz, H-2B), 5.90 (dd, 1H, 3J2a3a = 3.1 Hz, 3Jsa4a = 9.9 Hz, H-3%), 5.41 (d, 1H,
3J1a2a = 2.0 Hz, H-1%), 5.28 (d, 1H, 3Jig2s = 1.7 Hz, H-1B), 4.71 (dd, 1H, 2Jeg@p) = 12.2 Hz,
8Jsg.68a = 2.7 Hz, H-65%), 4.65 (dd, 1H, 2Jsa@b) = 12.2 Hz, 3Jsa6aa = 3.0 Hz, H-6"%), 4.61 (ddd, 1H,
3J4|3,5|3 = 10.0 HZ, 3J55,65b =44 HZ, 3J53,65a =27 HZ, H-5B), 457 (dd, 1H, 2J(a,o\(a,b) =122 HZ,
8J5a 60 = 5.3 Hz, H-6"Y), 4.47 (dd, 1H, 2Jss(an) = 12.2 Hz, 3Jsgeap = 4.4 Hz, H-65), 4.43 (ddd, 1H,
3J4A,5A =10.0 Hz, 3J5A,6Ab =5.3 Hz, 3J5A,6Aa = 3.0 Hz, H-5A), 441 (dd, 1H, 3\]2A,3A = 3.1 Hz, 3J1A,2A =
2.0 Hz, H-ZA), 4.34 (dd, 1H, ZJCHO,CHO = 15.8 Hz, 4JCHQ,ECH = 2.4 Hz, CHO), 4.29 (dd, 1H,
2JcHo.cHo = 15.8 Hz, “Jcho=cH = 2.4 Hz, CHO), 2.52 (t, 1H, Ycno=c = 2.4 Hz, =CH); 13C-RMN
(150 MHz, CDCI3) & (ppm) 166.5-165.0 (CO), 133.6-133.2 (CHgz-4’), 130.2-129.8 (CHgz-2),
129.3-129.0 (Cg;-1°), 128.7-128.5 (CHg;-3’), 99.8 (C-1B), 97.5 (C-1%), 78.3 (C=), 76.9 (C-2*
overlapped with CDCls signal), 75.9 (=CH), 70.6 (C-3%), 70.2 (C-2B), 69.9 (C-5B), 69.8 (C-35),
69.6 (C-5"), 67.7 (C-4"), 66.9 (C-4B), 63.7 (C-6%), 62.9 (C-6B), 55.3 (CH20). MALDI-TOF-MS
m/z calcd for CesHs2018Na* 1131.3, found 1131.1 (M+Na)*; calcd for CeaHs2018K* 1147.3, found
1147.1 (M+K)*

2.10. Synthesis of propargyl a-D-mannopyranosyl-(1—2)-a-D-mannopyranoside 10

Propargyl 0O-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-(1—2)-3,4,6-tri-O-benzoyl-a-
D-mannopyranoside 9 (3.14 g, 0.0028 mol) was sonicated in dry MeOH (188 mL) until a clear
solution was formed. Then, NaOMe in dry MeOH was added until pH 12 and the mixture was
stirred for 4 hours. The pH was neutralized with 0.1N HCI and solvent was rotary evaporated. The
crude product was purified by column chromatography using EtOAc-MeOH (3:2) as eluent to give
propargyl o-D-mannopyranosyl)-(1—2)-a-D-mannopyranoside 10 (1 g, 94%) as an hygroscopic
white powder after lyophilization. Rs = 0.54 (EtOAc-MeOH 1:1); [a]o +49.3° (¢ 1, H20); IR v/icm™
3332, 2945, 1727, 1449, 1022. *H-RMN (600 MHz, D;0) & (ppm) 5.27 (d, 1H, 3Jia2a = 1.7 Hz, H-
1%, 5.02 (d, 1H, 3J1s28 = 1.8 Hz, H-1B), 4.36 (dd, 1H, 2JcrocHo = 16.0 Hz, *JcHo=cu = 2.4 Hz,
CHO), 4.29 (dd, 1H, ZJCHO,CHO = 16.0 Hz, 4\](31-10,;(:1-1 = 2.4 Hz, CHO), 4.08 (dd, 1H, 3\]28,38 = 3.3 Hz,
3J18.28 = 1.8 Hz, H-2B), 3.97 (dd, 1H, 3J2a3a = 3.4 Hz, 3J1a24a = 1.7 Hz, H-2%), 3.94-3.81 (m, 4H, H-
378 6A@b) 3.80-3.69 (m, 4H, H-4%, 58, 68@P)), 3.66-3.58 (m, 2H, H-48, 5), 2.91 (t, 1H, “Jcno=cn
= 2.4 Hz, =CH); *C-RMN (150 MHz, D,0) & (ppm) 102.4 (C-1B), 97.0 (C-1%), 78.8 (C=), 78.7 (C-
27, 76.2 (=CH), 73.2 (C-5"), 73.1 (C-5B), 70.3 (C-3PB), 70.0 (C-2B), 69.9 (C-3"), 66.8 (C-4°), 66.7
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(C-4%), 61.0 (C-6"), 60.7 (C-6%), 54.5 (CH20). ESI* m/z calcd for CisH24011Na* 403.13 found
403.51.

2.11. Synthesis of 6'-deoxy-6'-[4-(a-D-mannopyranosyloxymethyl)-1H-1,2,3-triazol-1-yl]-6*-deoxy-
6*-N-{3-/N’-(4" -nitro-3 " -trifluoromethylphen-1 "-yl)amino]propylamino}cyclomaltoheptaose
ManNOPDgCD

A suspension of Cul (9.5 mg, 0.05 mmol) in H20 (15 mL) was added to a pre-heated (90 °C)
solution of propargyl o-D-mannoside 3 (46.6 mg, 0.213 mmol) and 6'-deoxy-6'-azido-6*-deoxy-6*-
N-{3-[N-(4’-nitro-3’-trifluoromethylphen-1’-yl)amino]propylamino}cyclomaltoheptaose 1 (200
mg, 0.142 mmol) in DMF (15 mL). The mixture was stirred for 2 h at 100 °C and overnight at rt.
Solvents were evaporated under high vacuum and the crude product was purified by column
chromatography using CH3CN-H20-(30% v/v agq. NH3) (20:5:2—10:5:1) as eluent. The obtained
material was dialyzed to yield ManNOPDBCD (160 mg, 0.099 mmol, 71 %) as a light-sensitive
yellow solid. Rf = 0.42 (CH3sCN-H20-(30% v/v aq. NHs) 10:5:1); IR (KBr) v/cm™ 3386, 2929,
1612, 1330, 1156, 1031. *H-NMR (600 MHz,CDCls) & (ppm) 8.31-8.22 (m, H¥), 8.15-8.11 (m,
H), 8.06 (s, H-5-C2HN3), 6.95-6.90 (m, H¥), 6.82-6.73 (bs, NH), 5.38-4.53 (m, H-1"XCDA g!@b)
CH20, overlapped with HDO), 4.29-3.16 (m, H-2'XCDA 3LXCDA gIXCDA GLX.CDA GCD@b)A(@b)
CH2NHPh), 3.11-2.45 (m, H-6%@® CH,NH), 1.86-1.70 (m, CH5). **C-NMR (150 MHz, CDCl3) §
(ppm) 152.4 (C*), 143.5-143.4 (C-4-CoHN3), 134.9 (C*), 130.0 (C¥), 127.3-126.5 (C-5-C2HNB,
C¥), 122.3 (q, YJcr = 270.9 Hz, CFs), 111.3 (C¥), 102.8-101.5 (C-1"*CP), 99.9-99.4 (C-1PA),
94.0-93.7 (C-1¢P), 84.0-80.9 (C-4"*CD), 73.1-70.0 (C-2'*CPA 3IXCDA 5IXCDA) " 66.8-66.7 (C-4%),
60.9-58.6 (C-6°P*, CH,0), 51.3-50.7 (C-6"%), 44.8 (CH2NH), 40.6 (CH2NHPh), 26.0 (CH>). ESI*
m/z calcd for Ce1HoaF3sNsOa1™ 1624.4 found 1624.5 (M+H)™.

2.12. Synthesis of 6'-deoxy-6'-[4-(a-D-mannopyranosyl-(/— 2)-a-D-mannopyranosiloxymethyl)-1H-
1,2,3-triazol-1-yl]-6*-deoxy-6*-N-{3 - /N -(4 " *-nitro-3 " -trifluoromethylphen-7 " -
yl)amino]propylamino}cyclomaltoheptaose BiManNOPDSCD

A suspension of Cul (5.9 mg, 0.031 mmol) in H20 (9.2 mL) was added to a pre-heated
solution (90 °C) of propargyl a-D-mannopyranosyl)-(1—2)-a-D-mannopyranoside 10 (50 mg, 0.131
mmol) and 6'-deoxy-6'-azido-6*-deoxy-6*-N-{3-[N -(4’-nitro-3’-trifluoromethylphen-1°-
ylDamino]propylamino}cyclomaltoheptaose 1 (123 mg, 0.088 mmol) in DMF (9.2 mL). The
mixture was stirred for 2 hours at 100 °C and overnight at rt. Solvents were evaporated under high
vacuum and the crude product was purified by column chromatography using CH3CN-H20-(30%
v/v ag. NHs) (10:5:1—20:15:2) as eluent. The obtained material was dialyzed to vyield
BiManNOPDBCD (49 mg, 0.027 mmol, 88%) as a light-sensitive yellow solid. R = 0.29 (CH3CN-
H20-(30% v/v ag. NHs3) 10:5:1); IR (KBr) vicm™ 3416, 2927, 1612, 1329, 1155, 1032. *H-NMR
(600 MHz, CDCIs) & (ppm) 8.32-8.22 (m, H¥), 8.16-8.11 (m, H¥), 8.06 (s, H-5-C2HN3), 6.97-6.90
(m, HY), 6.83-6.78 (bs, NH), 5.40-4.53 (m, H-1"XCDAB gl@b) cH,0, overlapped with HDO), 4.26-
3.17 (m’ H_2I,X,CD,A,B’3I,X,CD,A,B,4I,X,CD,A,B,5I,X,CD,A,B,6X(a,b),CD(a,b),A(a,b),B(a,b)’ CHZNHPh), 3.11-2.45 (m,
H-6%@b) CH,NH), 1.86-1.70 (m, CH2). *C-NMR (150 MHz, CDCls) § (ppm) 153.8-153.1 (C*),
144.2-143.9 (C-4-C2HNs), 135.5 (C®), 130.7 (C¥"), 127.9-127.0 (C-5-C2-HNs, C*), 123.5 (q, YJcF =
273.4 Hz, CFs3), 111.9 (C*), 103.4-102.0 (C-1"*CPB) 99.1-98.6 (C-1°PA), 93.2 (C-1°P), 84.7-79.2
(C-24,4"XCD) ' 73.9-70.6 (C-2'XCDAB 3IXCDAB BIXCDAB) 67 7-67.5 (C-4*B), 61.7-59.3 (C-6°P*B,
CH.0), 52.0-51.9 (C-6"%), 47.9-45.4 (CH2NH), 41.7-41.1 (CH,NHPh), 26.3 (CH2). ESI* m/z calcd
for Ce7H104F3NeOss™ 1786.6 found 1786.6 (M+H)".
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2.13. Synthesis of 6'-deoxy-6'-[4-(a-D-mannopyranosyloxymethyl)-1H-1,2,3-triazol-1-
yl]cyclomaltoheptaose ManfCD

Compound ManBCD was prepared by modifying a previously reported method (Gade et al.,
2016). Cul (0.057 g, 0.302 mmol) was added to a preheated (100 °C) solution of 6'-azide-6'-
deoxycyclomaltoheptaose 2 (1 g, 0.862 mmol) and propargyl a-D-mannoside 3 (0.282 ¢, 1.292
mmol) in a mixture of DMF (75 mL) and water (75 mL). After 16 hours at that temperature, the
solvent was rotary evaporated and the crude product was purified by column chromatography using
CH3sCN-H20-(30% v/iv ag. NHs3) 20:15:2 as eluent to vyield 6'-deoxy-6'-[4-(a-D-
mannopyranosyloxymethyl)-1H-1,2,3-triazol-1-yl]cyclomaltoheptaose ManpCD (1.093 g, 0.793
mmol, 92 %) as a white solid. Rf = 0.41 (CH3CN-H20-(30% v/v ag. NHz) 20:15:2); Mp 233 °C
(dec); [a]p +114.2° (¢ 1, H20); IR (KBr) v/em™ 3387, 2928, 1641, 1412, 1156, 1029, 581; *H-RMN
(600 MHz, D,0) & (ppm) 8.14 (s, 1H, H-5-C2HN3), 5.20 (d, 1H, 3J1> = 3.8 Hz, H-1"""), 5.10-5.08
(m, 4H, H-1""V"), 5,05 (bd, 1H, %Jeaer = 14.6 Hz, H-6'%), 5.03 (d, 1H, 3J1, = 3.8 Hz, H-1""), 5.02 (d,
1H, 331, = 1.6 Hz, H-1%), 5.01 (d, 1H, 3J1, = 3.6 Hz, H-1"), 4.86 (bd, 1H, 2] = 12.1 Hz, CH?0), 4.69
(bd, 1H, 2J = 12.1 Hz, CHPO), 4.65 (dd, 1H, 2Jeaep = 14.6 Hz, 3Js.6o = 9.4 Hz, H-6"), 4.25 (t, 1H, J =
9.5 Hz, H-5"), 4.03 (t, 1H, J = 9.6 Hz, H-3V'"), 4.02-3.96 (m, 8H, H-2A 3"V 5VIl) '3 95.3.85 (m,
17H, H-3" 51"-VIt g(I1-VID@D) 6A2) '3 81-3.79 (m, 3H, H-34,5%,6%%), 3.72 (dd, 1H, 3J23 = 10.1 Hz, 3J1.
= 3.8 Hz, H-2V"), 3.70-3.66 (m, 6H, H-2""""V1 44) 3.65-3.59 (m, 6H, H-2" 4"""V1) 358-353 (m,
3H, H-4"""5"), 3.18 (bd, 1H, ZJeaep = 12.3 Hz, H-6"), 2.83 (bd, 1H, 2Jsaen = 12.3 Hz, H-6'"); 13C-
RMN (150 MHz, D20) & (ppm) 143.4 (C-4-C2HNs3), 126.8 (C-5-C2HN3), 102.0 (C-1V"), 101.9-
101.8 (C-1""Vh), 101.4 (C-1"), 99.5 (C-1%), 83.1 (C-4'), 81.2-80.6 (C-4'"VIl), 73.0-71.5 (C2"V! 3"
VILGIVILA)Y 70,5 (C-3%), 70.4 (C-5'), 70.0 (C-2%), 66.6 (C-4%), 60.9 (C-6*), 60.3-60.2 (C-6'"VI,
59.6 (CH20), 59.2 (C-6"), 51.2 (C-6"); MALDI-TOF-MS m/z calcd for CsiHgsN3OsNa* 1400.4,
found 1400.2 (M + Na)®.

2.14. Synthesis of 6'-deoxy-6'-[4-(a-D-mannopyranosyl-(1—2)-a-D-mannopyranosyloxymethyl)-1H-
1,2,3-triazol-1-yl]cyclomaltoheptaose BiManfCD

Cul (0.006 g, 0.030 mmol) was added to a preheated (100 °C) solution of 6'-azide-6'-
deoxycyclomaltoheptaose 2 (0.100 g, 0.086 mmol) and propargyl a-D-mannopyranosyl)-(1—2)-a-
D-mannopyranoside 10 (0.050 g, 0.131 mmol) in a mixture of DMF (7.5 mL) and water (7.5 mL).
After 16 hours at that temperature, the solvent was rotary evaporated and the crude product was
purified by column chromatography using CH3CN-H20-(30% v/v ag. NH3) 20:15:2 as eluent to
yield 6'-deoxy-6'-[4-(o-D-mannopyranosyl-(1—2)-a-dD-mannopyranosyloxymethyl)-1H-1,2,3-
triazol-1-yl]cyclomaltoheptaose BiManBCD (0.119 g, 0.077 mol, 90 %) as a white solid. Rf = 0.24
(CH3CN-H20-(30% v/v ag. NH3) 20:15:2); Mp 219 °C (dec); [a]po +106.1° (¢ 1, H20); IR (KBr)
v/em™ 3386, 2929, 1658, 1412, 1155, 1079, 1031, 472; *H-RMN (500 MHz, D,0) & (ppm) 8.09 (s,
1H, H-5-C2HN3), 5.21 (d, 1H, 3J12 = 1.5 Hz, H-1%), 5.17 (d, 1H, 3J12 = 3.8 Hz, H-1V"), 5.07-5.05
(m, 4H, H-1""V), 5,03 (dd, 1H, 2Jsaeb = 14.6 Hz, 3Js6a = 1.5 Hz, H-6"), 5.00-4.99 (m, 2H, H-1""B),
4.97 (d, 1H, 312 = 3.7 Hz, H-1"), 4.83 (d, 1H, 2J = 12.3 Hz, CH?O, overlapped with HDO), 4.66 (d,
1H, 2J = 12.3 Hz, CHP0O), 4.61 (dd, 1H, 2Jsaeb = 14.6 Hz, 3J56, = 9.4 Hz, H-6"), 4.21 (dt, 3J = 9.7
Hz, 3J = 1.3 Hz, H-5"), 4.05 (dd, 1H, 3J25 = 3.3 Hz, %J12 = 1.8 Hz, H-2B), 4.03-3.92 (m, 8H, H-
2A13I,III-VII15VII), 3.90-3.81 (18H, H_3II,A,B14B15III-VI’6(III-VII)(a,b))’ 3.77-3.63 (m’ 9H, H_2I,III-
VI 4A 6A@D)y 1 3.63-3.54 (m, 9H, H-2" 4!""VII 5A 6B@D)) 354 (t, 1H, 3] = 10.1 Hz, H-4"), 3.50-3.48
(m, 3H, H-4"°"B) 314 (d, 1H, 3Jeaeb = 11.2 Hz, H-6"%), 2.78 (d, 1H, 3Jeaep = 11.2 Hz, H-6'"); 13C-
RMN (125 MHz, D20) § (ppm) 143.4 (C-4-C2HNs), 126.8 (C-5-C2HN3), 102.3 (C-1B), 102.0 (C-
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1Y), 101.9-101.8 (C-1'"VY, 101.3 (C-1'), 97.9 (C-1%), 83.0 (C-4'), 81.2-81.0 (C-4""V"), 80.6 (C-
4"), 78.6 (C-2~), 73.2-71.7 (C-2"VM 3MVI glI-VILABY 77 4 (C-5"), 70.5 (C-5'), 70.2 (C-3B), 70.1 (C-
3%), 69.9 (C-28), 66.8 (C-4%), 66.7 (C-4B), 61.0 (C-6°), 60.8 (C-6"), 60.3 (C-6V"), 60.2 (C-6""V"),
59.8 (CH20), 59.1 (C-6"), 51.2 (C-6'); MALDI-TOF-MS m/z calcd for Cs7Ho3N3OssNat 1562.5,
found 1562.2 (M + Na)®.

3. Results and discussion
3.1. Synthesis

In order to introduce the NOPD 3-(trifluoromethyl)-4-nitrobenzenamine along with a
mannose or a(l—2)mannobioside targeting functionality on the primary face of the B-CD, we
started from the 6'-monoazido-6*-N-{3-[N -(4’-nitro-3’-trifluoromethylphen-1’-
ylamino]propylamino}-B-CD derivative 1 (Scheme 1). We have recently reported the synthesis of
1 as a mixture of regioisomers (Benkovics et al., 2017). Cyclodextrin derivative 1 already carries
the desired NOPD moiety as well as an azido group that would allow the attachment of additional
appendages through Huisgen [3+2] copper(l)-catalyzed azide-alkyne cycloadditions (CUAACS).
Such reaction, which can be performed in water and is fully compatible with unprotected hydroxyl
groups, requires the presence of terminal alkyne functions on the structures which is intended to be
clicked to the macrocycle (Meldal & Tornge, 2008). Indeed, the reaction of 1 with propargyl a-D-
mannose 3 using Cul as catalyst in a water-DMF mixture afforded ManNOPDBCD as a light-
sensitive yellow solid in 71% vyield after column chromatography and dialysis purification. We
observed that this reaction worked better when the catalyst was added as a water suspension on a
pre-heated mixture in DMF of 1 and 3. The structure of ManNOPDBCD was first confirmed by
ESI-TOF mass spectrometry, which showed only one peak of m/z corresponding to the expected
[M+H]* ion. Both 'H and *C NMR spectra were intricate due to the presence of several
regioisomers in the product. However, it was possible to distinguish significant groups of signals
which were not present in the starting azide 1 such as a singlet at § 8.06 ppm in *H NMR, as well as
two sets of signals at & 143.5-143.4 and 127.3-126.5 ppm in *C NMR, that correspond to the 1,2,3-
triazole residue that results from the cycloaddition. It should be noted that the resonances of the
low-field signals corresponding to the 3-(trifluoromethyl)-4-nitrobenzenamine moiety were still
evident in both *H and *3C RMN. Taken together, all these data strongly suggested that conjugation
of propargyl a-D-mannose 3 had succeeded through the azide present in 1 without altering the rest
of the structure of the latter.
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Next we extended this strategy to the attachment of an a(1—2)mannobioside residue on
derivative 1, as this disaccharide has been reported to be the key moiety of high mannose glycans
that define the pathogenicity of a number of viruses and bacteria (Adams et al., 2004). In this
regard, we prepared propargyl o-D-mannopyranosyl-(1—2)-a-D-mannopyranoside starting from
propargyl a-D-mannose 3 (Scheme 1) according to the methodology recently described by Reina, Di
Maio, Ramon-Soriano, Figueiredo & Rojo (2016) for the synthesis of similar
a(1—2)mannobiosides. Thus, compound 3 was converted into the 3,4,6-tri-O-benzoyl derivative 7
in overall 33% vyield after four successive steps: (i) benzoylation of C-6 hydroxyl group (4) by
treatment with BzCN at -40 °C in the presence of catalytic amount of EtsN. These conditions,
however, always led to a mixture of products including 4 and other over-benzoylated species that
were conveniently isolated by chromatography column; (ii) selective acetylation of C-2 hydroxyl
group (5) by reaction with trimethyl orthoacetate and camphorsulphonic acid (CSA), followed by
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partial hydrolysis of the resulting intermolecular C-2,C-3 orthoester with 1 M aqueous HCI; (iii)
benzoylation of remaining C-3 and C-4 hydroxyl groups (6) by treatment with Bz,O, EtsN and 4-
dimethylaminopyridine (4-DMAP); and (iv) deacetylation of C-2 hydroxyl group by using a 7%
HCI solution in MeOH. Once prepared, compound 7 was used as acceptor for the mannoside donor
8 using TMSOTT as catalyst to yield 9 in 51% after purification, which was finally deprotected
under Zemplén conditions giving the desired propargyl a(1—2)mannobioside 10 in 94%. Both ESI-
TOF and NMR data confirmed the structure of 10. Thus, anomeric protons for A and B mannose
moieties gave two doublets at 8 5.27 and 5.02 ppm, respectively. Unequivocal assignation of these
signals was carried out by selective 1D ROESY experiments (see supplementary data). In addition,
propargylic proton was observed as a triplet at 6 2.91 ppm. Finally, compound 10 was conjugated
with azide 1 under the same conditions described above to give BiManNOPDBCD in 88% yield
after chromatographic purification and dialysis. As in the case of ManNOPDBCD,
BiManNOPDBCD was a mixture of regioisomers and showed complex NMR spectra, although a
series of signals suggested that the conjugation had taken place including a singlet at & 8.06 ppm in
'H NMR, as well as two sets of signals at & 144.1-144.0 and 127.7-126.0 ppm in 3C NMR
corresponding to the triazole linkage.

Finally, as model compounds to estimate the effect of the presence of the NOPD moiety we
also prepared ManfCD and BiManpCD by reaction of 6'-azido-6'-deoxy-B-cyclodextrin 2 with
propargyl derivatives 3 or 10 (Scheme 1) under the same conditions already indicated for the
preparation of the NOPD-containing analogues. ManpCD and BiManfCD were obtained in 92 and
90% vield, respectively, after column chromatography. Since these compounds were
regioisomerically pure their NMR spectra were much simpler. Indeed, apart from those signals
indicating the formation of the 1,2,3-triazole spacer located around & 8.10 ppm in *H NMR and §
143.4 and 123.8 ppm in C NMR, it was possible to observe the anomeric protons of those
mannose moieties directly linked to the spacer, as doublets at 6 5.02 and 5.21 ppm for ManpCD
and BiManPBCD, respectively. These two signals allowed the unequivocal assignment of the rest of
signals belonging to the mannose residues and the glucose appended with the linker through
selective 1D TOCSY and 1D ROESY, as well as 2D HSQC, experiments (see supplementary data).
MALDI-TOF-MS also confirmed the structure of these compounds as m/z peaks corresponded to
the correct [M+Na]* ions for each one.

3.2. Supramolecular behavior

It is well known that the NOPD 3-(trifluoromethyl)-4-nitrobenzenamine moiety can be
accommodated within the cavity of B-CD in aqueous solutions forming 1:1 complexes with an
estimated binding constant (K) between 200 + 16 and 300 + 50 M? (Taraszewska, Migut, &
Kozbial, 2003). This fact made us envisage that ManNOPDBCD and BiManNOPDBCD, both
presenting simultaneously a chromophore moiety and a -CD macrocycle, would probably undergo
self-aggregation processes in water. This hypothesis was first tested by 2D ROESY NMR spectra in
deuterated water (see Figure 1 and supplementary data). As can be seen, clear NOE cross-peaks
were found between the three groups of low-field signals at & 8.32-8.22, 8.16-8.11 and 6.97-6.90
ppm belonging to the aromatic protons of the chromophore, and those multiplets appearing at 6
4.29-3.16 ppm where H-3 and H-5 protons located at the inner wall of the CD cavity are
overlapped. These results strongly suggested the inclusion of the NOPD inside the central hole of
the macrocycle (Casas-Solvas et al., 2009). However, the complexity of the *H NMR spectra of
these conjugates due to the presence of several regioisomers made difficult to propose any inclusion



515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534

535

536
537
538

539

geometry for the self-complexation. Although molecular modeling has indicated that the 3-
(trifluoromethyl)-4-nitrobenzenamine moiety in the anti-androgen drug flutamide can enter the B-
CD cavity through the secondary face protruding the NO2 group through the primary rim
(Taraszewska, Migut, & Kozbiat, 2003), to the best of our knowledge there is not any experimental
evidence that support such spatial arrangement. Furthermore, ICD experiments suggested that more
than one complex geometry might simultaneously occur during this interaction (Sortino et al.,
2001). Consequently, at least three different self-inclusion modes could be proposed to explain the
referred NOE cross-peaks in 2D ROESY NMR experiments measured for ManNOPDBCD and
BiManNOPDBCD in water (Figure 2). Thus, the 3-(trifluoromethyl)-4-nitrobenzenamine moiety
may undergo a monomeric intramolecular inclusion within the cavity through the primary face of
the macrocycle if the trimethyldiamine linker was long and flexible enough to achieve this layout
(structure A in Figure 2). In addition, one could envisage the formation of a head-to-head
homodimer due to the interpenetration of the NOPD residues into the facing macrocycle cavities
through their primary openings (structure B). The advantage of this spatial arrangement is the
simultaneous cooperative participation of the two CD moieties, which might be crucial for the
stability of the aggregation taking into account the low values on the binding constant estimated for
the interaction of the 3-(trifluoromethyl)-4-nitrobenzenamine moiety with native B-CD. Finally, a
linear supramolecular assembly involving n conjugate molecules could also be proposed
considering the penetration of the NOPD residue of each molecule into the cavity of the following
one through its secondary face in a head-to-tail fashion (structure C).

NOPD aromatic protons

IORY

B-CD H-3 and H-5

(8]
1 (ppm)

J

ll

f2 (ppm)

Figure 1. 2D-ROESY spectrum in DO with WATERGATE (600 MHz, 25 °C, 200 ms of mixing
time) for BiManNOPDBCD. Cross-picks between the aromatic protons of the nitroaniline and the
inner H-3 and H-5 protons of the B-CD are displayed in red.
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Figure 2. Proposed structures for the supramolecular self-inclusion process of ManNOPDBCD in
water, which could be extended also for BiManNOPDBCD. A) Monomeric intramolecular self-
inclusion. B) Head-to-head dimeric interpenetration through the primary face of the macrocycle. C)
Head-to-tail polymeric self-aggregation through the secondary face of the macrocycle.

Assuming that each structure depicted in Figure 2 would lead to significantly different
hydrodynamic diameters (dw), we tried to gain insight into the self-aggregation structures of
ManNOPDBCD and BiManNOPDBCD by comparing their dy values in D20 with those for f-CD,
ManBCD and BiManpCD obtained by pulse-gradient stimulated echo (PGSE) NMR experiments
(Pregosin et al., 2005; Macchioni et al., 2008). Measured D values (Table 1) were used to estimate
the corresponding du of the diffusing species by using the Stokes-Einstein equation assuming a
spherical geometry for p-CD, ManBCD and BiManpCD, and a prolate spheroid shape for
ManNOPDBCD and BiManNOPDBCD. In addition, the D20 viscosity value was assumed to be
constant, although it varies with the concentration of cyclodextrin derivatives, and equal to that
reported for H20. Thus, it is important to point out that such assumptions might render inaccurate
estimation of the hydrodynamic diameters, which should be, in turn, considered as apparent. The D
value obtained for native p-CD was 2.72 x 101 m? s}, which involved a du of 1.78 nm. Such D
value is in close agreement with those (2.64-2.71 x 1071° m? s™) previously reported for this
ciclooligosaccharide when using the same technique (Guerrero-Martinez, Gonzalez-Gaitano, Vifas,
& Tardajos, 2006; Cabaleiro-Lago, Nilsson, Valente, Bonini, & Sdéderman, 2006). Diffusion
coefficients for ManpCD and BiManBCD (2.64 and 2.36 x 10'1° m? s’%, respectively) decreased 3%
and 15%, respectively, as compared with 3-CD, which indicated a slight increment of the molecular
size (dw of 1.84 and 2.04 nm, respectively) consistent with the presence of an appended mannoside
or a(1—2)mannobioside moiety, respectively.
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Table 1. Diffusion coefficients (D) and hydrodynamic diameters (dn) values for f-CD, ManfCD,
BiManBCD, ManNOPDBCD and BiManNOPDBCD (10 mM) obtained by PGSE NMR at 20 °C
in DO

10 2 -lya | SPhere Prolate spheroid
Compound D x 10" (m*s™) dn ("M | Minor axes (nm)° Major axes (nm)°
B-CD 2.72 1.78
ManBCD 2.64 1.84
BiManBCD 2.36 2.04
ManNOPDBCD 2.20 2.20 1.84 3.14
BiManNOPDBCD 1.95 2.48 2.04 3.66

3The experimental error in the D values is +2%. "Obtained from the Stokes-Einstein equation
assuming a spherical geometry and the water viscosity n(H20) to be constant and equal to 0.890 x
102 kg m?t s (www.knovel.com). ‘Fixed as the dy of the ManpCD and BiManBCD analogues.
dCalculated from the volume of the equivalent sphere.

In sharp contrast, the presence of the NOPD moiety on ManNOPDBCD and
BiManNOPDBCD analogues led to D values 24% and 39% smaller than that for $-CD, suggesting
that an aggregation process might take place. In a case like this, in which two conjugate molecules
are forming a supramolecular self-inclusion dimer, a prolate spheroid model of the same volume as
that for the equivalent sphere calculated from the Stokes-Einstein equation would be more adequate
to represent the actual shape of the aggregate. Considering that the NOPD moieties would be within
the B-CD cavities in such structure, we can assume that the minor axes of the spheroid representing
the self-associated head-to-head or head-to-tail structures of ManNOPDBCD and
BiManNOPDBCD equal the dn values estimated for ManBCD and BiManfCD. Interestingly, this
model depicted minimum major axis for the spheroids describing ManNOPDBCD and
BiManNOPDBCD of 3.14 and 3.66 nm, respectively, which turned out to be 1.71 and 1.79-fold
larger than dn values for ManpCD and BiManPCD. These results strongly suggested that
ManNOPDBCD and BiManNOPDBCD preferentially formed head-to-head homodimeric structure
B in water (Figure 2), although monomeric self-inclusion (structure A) and head-to-tail dimer C
containing only two molecules cannot be dismissed and might also occur to a lesser extent.

3.3. ConA binding affinity studies by ITC

The presence of mannose and a(l—2)mannobioside moieties on ManNOPDBCD and
BiManNOPDBCD endow these conjugates with targeting functionalities towards pathogens
showing mannose-receptor lectins on their surface. To test the biorecognition abilities of such
conjugates, we used concanavalin A (ConA) lectin from Canavalia ensiformis (Jack bean) as a
well-known model of mannose-specific lectins (Casas-Solvas et al., 2008). The non-containing-
NOPD analogues ManpCD and BiManpCD were also used in this study for comparative purposes.
Binding studies were carried out by isothermal titration calorimetry (ITC), as this technique is well-
known to provide a full thermodynamic profile of the interaction. Indeed, the observed enthalpy
change of binding (AH) is directly measured from the thermogram, and both the binding constant
(K) and the stoichiometry (n, which represents the [conjugate]:[ConA] ratio when the lectin binding
sites are fully saturated) are then estimated by using a nonlinear least square algorithm to fit the data
to a model of equal and independent binding sites, as this lectin has been reported to present a
single carbohydrate-binding site per monomer (Dam & Brewer, 2002).
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Titration experiments were performed by injecting aliquots of solutions of each conjugates
into the calorimeter cell containing a solution of the lectin. Thermograms for each conjugate were
obtained by plotting heat released or absorbed after each injection against [conjugate]-[ConA]
molar ratio (see Figure 3 and supplementary data). Thermodynamic parameters for each interaction

are given in Table 2 and Figure 4.

Table 2. Thermodynamics and stability constants for the binding of conjugates ManfBCD,
BiManpCD, ManNOPDBCD and BiManNOPDBCD to ConA in 20 mM phosphate buffer (pH
7.2) containing 20 mM NaCl, 100 uM CaClz and 100 uM MnCl; at 25 °C (n equal and independent

binding sites model).

Conjugate n2 K (M) AG® (kcal mol?) | AH (kcal mol?) | TAS® (kcal mol?)
Me a-D-Man® 1.00 76001228 -5.29+0.02 -6.80+0.10 -1.51%0.10
ManpCD 1.10+£0.02 | 9120+356 -5.40+0.02 -7.40+0.13 -2.00£0.13
BiManl}CD 1.10+0.01 | 111000+2200 -6.88+0.01 -8.46+0.03 -1.58+0.03
ManNOPDBCD 1.25+0.06 | 15700£1130 -5.7210.04 -3.6510.20 2.0740.20
BiMan NOPDBCD | 1.07+0.01 | 175000+11400 | -7.15+0.04 -7.23+0.08 -0.08+0.09

3[conjugate]:[ConA] ratio when the lectin binding sites are fully saturated; °Chervenak & Toone,

1995.
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Figure 3. Titration of ConA with ManBCD (top) and ManNOPDBCD (bottom) in 20 mM
phosphate buffer (pH 7.2) containing 20 mM NaCl, 100 uM CaCl, and 100 uM MnCl; at 25 °C.
The top panels show the raw calorimetric data indicating the amount of exchanged heat for each
injection of ManpCD or ManNOPDBCD. The area under each peak corresponds to the heat
amount released or absorbed upon binding of the mannosylated BCD to the lectin. As the titrations
progress the area under the peaks gradually becomes smaller because of the increasing saturation of
the sugar binding sites of the protein. Such area was integrated and plotted against the molar ratio of
the BCD derivative to ConA (as monomer). The smooth solid lines represent the best fit of the
experimental data to the model of n equal and independent binding sites.
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Figure 4. Thermodynamic profiles including free energy (-AG®), enthalpy (-AH), and entropy
changes (TAS®) for the binding of conjugates ManpCD, BiManpCD, ManNOPDBCD and
BiManNOPDBCD to ConA in 20 mM phosphate buffer (pH 7.2) containing 20 mM NaCl, 100 uM
CaClz and 100 pM MnCl; at 25 <C.

As can be seen, the interaction of conjugates ManCD and BiManpCD lacking NOPD
moieties is clearly exothermic. The corresponding thermograms present a set of negative peaks
indicating a heat release after each injection which becomes smaller as the titration successes.
Thermodynamic profiles are enthalpy-driven in both cases, with large negative (i.e. favorable)
enthalpic contributions partially compensated by smaller negative (i.e. unfavorable) entropic terms.
This behavior has been reported as typical energetics of protein—carbohydrate associations (Casas-
Solvas et al., 2008). Indeed, thermodynamic data for the interaction of methyl a-D-mannoside (Me
a-D-Man) with ConA (Chervenak & Toone, 1995) are given for comparison (Table 2 and Figure 4).
In fact, K values for Me a-dD-Man and ManpCD (7600 and 9120 M, respectively) are very similar,
indicating that the presence of the triazole linker and the B-CD macrocycle at the anomeric position
of the sugar do not have any significant effect on the association with the lectin. In the case of
BiManBCD, however, the binding constant (111000 M) turned out to be 12-fold stronger than that
for ManpCD, which implies that a(1—2)mannobioside residue is a far better ligand for ConA
lectin than the mannose monosaccharide. Such increased avidity arises from a 14% more favorable
enthalpic contribution along with a 21% less unfavorable entropic factor, which may be reasoned in
terms of a better fit of the a(1—2)mannobioside moiety within the carbohydrate-binding site of the
protein.

Interestingly, the presence of the NOPD appendage on ManNOPDBCD and
BiManNOPDBCD sharply modifies the thermodynamic profiles of association to ConA leading to
a much more complex behavior (see Figure 3 and supplementary data). Thus, although negative
exothermic peaks initially appeared, they quickly became positive (i. e. endothermic) after a few
injections until reached a plateau and began to decrease gradually. This behavior was especially
evident for ManNOPDBCD, although it also succeeded in the case of BiManNOPDBCD. These
data suggested that two different processes seemed to occur simultaneously. Indeed, dilution
processes for these two conjugates were clearly endothermic showing intensity that decreased along
the experiment while their analogues ManpCD and BiManBCD not presenting NOPD moieties
gave negligible dilution peaks. Such results might be due to the disassembly of self-aggregates
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during dilution (Casas-Solvas et al., 2009), although depletion was linear and thus could not be
fitted to any dissociation model. In any case, it is clear that this endothermic dilution feature
compensates the exothermic binding event of the sugar appendage to the lectin. Initially, the latter
process is more energetic and dominates the thermogram, given neat negative peaks. However, as
the experiment progresses, binding becomes less intense probably due to the increasing saturation
of the sugar binding sites of the protein and endothermic dilution gradually takes control on the
resulting peaks. As a result, thermodynamic parameters obtained for ManNOPDBCD and
BiManNOPDBCD would contain information about both events and thus should be considered as
apparent.

As can be seen from Table 2 and Figure 4, thermodynamic profiles for the interaction of
ManNOPDBCD and BiManNOPDBCD steeply differ from those previously discussed for
ManBCD and BiManpCD. Although both are still enthalpy-driven, in the case of ManNOPDBCD
enthalpic term also contributes favorably in 36% to the binding, suggesting that a more efficient
dehydration might take place. In consequence, despite the fact that this conjugate shows a AH value
49% smaller than that for its ManBCD analogue, the binding constant turned out to be 1.7-fold
stronger. It is difficult to unequivocally explain this behavior, but it might be due to a multivalent
effect of the carbohydrate caused by the homodimerization process suggested by NMR and DLS
data. However, it should not be discounted that the aromatic moiety may somehow take part in the
binding process with the protein, since it is well known that many lectins possess hydrophobic
binding sites, in particular around the site where aglycon groups would localize upon carbohydrate—
lectin complexation (Casas-Solvas et al., 2008). Similarly, BiManNOPDBCD gave a K value 1.6-
fold larger than that found for the conjugate BiManfCD, although in this case the entropic term
was almost negligibly unfavorable and contributed less than 1% to the free energy change of the
binding. As can be seen from the thermograms (see Figure 3 and supplementary data), the
endothermic dilution process is less intense for BiManNOPDBCD as compared to
ManNOPDBCD, and thus seems not to be enough to fully compensate the negative entropy change
that arises from the simple interaction of the carbohydrate moiety observed for BiManpCD. In any
case, it is clear that the presence of NOPD residue on both ManNOPDBCD and BiManNOPDBCD
clearly increases the avidity of ConA for these conjugates.

3.4. Spectroscopic and photochemical behavior

The absorption spectra of ManNOPDBCD and BiManNOPDBCD together with that of N-(3-
aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine chosen as suitable model compound are
shown in Figure 5. As expected, the spectral profiles of the CD derivatives are dominated by the
dominant absorption of the nitroaniline moiety (Caruso, Petralia, Conoci, Giuffrida, & Sortino,
2007). However, a small but indicative blue shift of the absorption maxima (ca. 7 nm) for both
ManNOPDBCD and BiManNOPDBCD with respect to the model compound is observed (see
later). Such a shift is in line with the supramolecular behavior and can be due to lower polarity of
the CD cavity experienced by the nitroaniline chromophore upon formation of the inclusion
complexes. In fact, due to the large difference of the dipole moments between the ground and first
n,m* state responsible for the first large absorption band (Sortino et al. 2001), one would expect a
blue shift of this band going from water to a less polar solvent.
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Figure 5. Normalized absorption spectra in aqueous solution of ManNOPDBCD (dashed),
BiManNOPDBCD (dashed-dotted) and N-(3-aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine
(solid)

The NO delivery capability of the CD derivatives under light stimuli was investigated using an
ultrasensitive NO electrode for the direct and real-time monitoring of this transient species. Such
electrode directly reveals NO with high sensitivity (nM concentrations) by an amperometric
technique (Coneski and Schoenfisch, 2012). Optically matched aqueous solutions of
ManNOPDBCD and BiManNOPDBCD and, for comparison, the model compound, were
subjected to alternate cycles of light (Aexc = 405 nm) and dark. The results illustrated in Figure 6
provide unambiguous evidence that both ManNOPDBCD and BiManNOPDBCD are very stable in
the dark and supply NO exclusively under irradiation with visible light. Note that, the rate of
photorelease is very similar for both the CD derivatives and higher than that observed for the model
compound. This increased NO photodelivery efficiency is not surprising and can be due to an active
role of the CD cavity which act as a nanoreactor that provides a low polarity environment and
abstractable hydrogens nearby the phenoxy radical intermediate involved in the NO photorelease
mechanism (see Caruso, Petralia, Conoci, Giuffrida, & Sortino, 2007). A similar behavior has been
already observed for this NOPD encapsulated in micelles of Pluronic (Taladriz-Blanco, 2014) and
amphiphilic calixarenes (Di Bari, 2016).



716
717

718
719

720

721

722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740

Dark

[NOJ (uM)

00 I T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 6. NO release profile observed for 80 uM aqueous solutions of ManNOPDBCD (a) and
BiManNOPDBCD (b) and an optically matched aqueous solution of the model compound N-(3-
aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine (C). Aexc = 405 nm

4. Conclusions

In summary, we have synthesized two new B-CD derivatives containing on their primary
face two randomly appended functional moieties: a) a NO photodonor 4-nitro-3-
(trifluoromethyl)aniline group, and b) a mannose or a(l—2)mannobioside residue as targeting
functionalities to provide the conjugates with avidity for mannose-binding lectins. Both bifunctional
cyclooligomers were found to be fully soluble in water. As initially hypothesized, the conjugates
underwent supramolecular self-aggregation processes due to the self-inclusion of the NOPD moiety
within the B-CD cavity. In particular, 2D ROESY and PGSE NMR experiments suggested that they
formed supramolecular head-to-head homodimers that might occur by the interpenetration of the
nitroaniline residues into the facing macrocycle cavities through their primary openings. The bio-
recognition abilities of the conjugates were tested towards concanavalin A lectin by isothermal
titration calorimetry. Thermograms were complex since at least two different thermodynamic
processes took place: an exothermic lectin binding event and an endothermic process during the
dilution of the conjugates that might be reasoned in terms of aggregates disassembly. It was found
that a(1—2)mannobioside moiety provided lectin binding constants two orders of magnitude larger
than that for mannose residue. In addition, the presence of nitroaniline enhanced the binding
interaction with ConA between 1.6 and 1.7 times with respect to the non-containing-nitroaniline
analogue structures. This effect might be due to the multivalent effect of the carbohydrate caused by
homodimerization. Despite the formation of supramolecular structures both CD derivatives are able
to release NO under the control of visible light with efficiency even higher than that of the
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unfunctionalized NOPD unit. In this regard, the CD cavity as a nanoreactor with reduced polarity
and presence of easily abstractable H-atom, indispensable in the mechanism of the NO
photorelease, is envisaged to play a key role.
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