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Immobilization of Multivalent Glycoprobes on Gold Surfaces For
Sensing Proteins and Macrophages.

Madhuri Gade,” Puneet Khandelwal,’ Sivakoti Sangabathuni,” Harikrishna Bavireddi,’ Raghavendra
Vasudeva Murthy, * Pankaj Poddar,” and Raghavendra Kikkeri*®

Multivalent display of carbohydrates on cell surface provides cooperative binding to improve the specific biological events.
In addition to multivalency, spatial arrangement and orientation of sugars with respect to external stimuli also trigger
carbohydrate-protein interactions. Herein, we report non-covalent host-guest strategy to immobilize heptavalent glyco-4-
cyclodextrin on gold-coated glass slides to study multivalent carbohydrate-protein interactions. We have found that the
localization of sugar entities on surfaces using S-cyclodextrin (f-CD) chemistry increased the avidity of carbohydrate-
protein and carbohydrate-macrophages interactions as compared to monovalent-f-CD sugar coated surfaces. This
platform is expected to be a promising tool to amplify the avidity of sugar-mediated interactions on surfaces and
contribute to the development of next generation bio-medical products.

Introduction

Carbohydrates are recognized as information-rich biomolecules that
play an important role in the human body. The surface of all
mammalian cells is covered with carbohydrates that are attached to
proteins and lipids embedded on the cell membrane. The
interaction with the extracellular world is achieved through
interaction between these carbohydrates and carbohydrate-binding
proteins (lectins) which are present on surfaces of other
mammalian cells, viruses, bacteria and bacterial toxins.! To enhance
the strength of cell surface binding, nature often assembles
multiple protein-carbohydrate complexes to provide the necessary
avidity. The effect of multivalency concerning sugars present on
surfaces as compared to monovalancy has been described by
several investigators %3 and was found to be of critical importance
in the field of protein-carbohydrate interactions. In addition to
increase in avidity, multivalency enhances the selectivity of a
particular interaction and amplifies small differences in the intrinsic
binding avidity.“'5 Recently, the effort has been initiated to
synthesize multivalent probes using peptides,6 polymers,7
dendrimers,s'9 nanoparticles and supramolecular complexes,10 for
studying the carbohydrate-protein interactions in solution based
techniques.11'13 Alternatively, surface immobilization of monovalent
sugars present multivalent arrays to facilitate the analysis of lectin
binding and can be relevant to the cell surface carbohydrate
presentation.”’19 To date, there are several methods reported to
immobilize carbohydrates in an array format to study carbohydrate-
lectin interactions. Carbodiimide coupling procedure is a well-
studied technique that yield glycan arrays for evaluating high-
throughput analysis.m'22 Thiol-ene/-yne reactions were used to
evaluate lectin-carbohydrate binding by quartz crystal microbalance
(QCM) flow-through instrument.?® Other techniques described in
the literature include boronic acid-diol interaction, maleimido-thio
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interaction, click reactions, Staudinger reaction and epoxide-amine
reaction.”*? Although these methods can improve the
immobilization of carbohydrates on the surfaces, it is still limited by
the orientation, spatial arrangement and local concentration of
sugars on the surfaces to increase the avidity of specific
carbohydrate-protein interactions.? Recently, host-guest
interactions such as those of f—cyclodextrin (#—CD) systems have
proven to be important for constructing patternized surfaces.”™2
The advantage of host-guest method is that they can provide
structural versatility and localized sugar concentration. More
importantly, they have been used as a regeneration platform with
high reproducibility for continuous modification of same sugar or
different sugar substrates to study the interaction with different
glycoproteins and bacteria.***® This method can be used in the
point of care devices.

With the goal of creating multivalent carbohydrate surfaces, we
report here BfCD-based host-guest scaffold which is synthetically
facile and also displays localized multivalent carbohydrates. The
technique that we report includes immobilization of PEGylated
adamantyl molecule (AD) to serve as a linker by a simple self-
assembly process, followed by its formation of strong host-guest
complexes with S—CD derivatives that were modified by attaching
mannose residues (scheme 1). The existence of host-guest
complexes on the gold substrates was characterized by surface
analysis techniques. A combination of surface plasmon resonance
(SPR) and THP-1 differentiated macrophage binding assay were
employed to demonstrate the advantage of multivalent
carbohydrate-protein interactions on the surfaces. The rationale for
choosing Concanavalin A (Con A) lectin is due to its selective
binding with mannose or glucose sugars. The significant advantage
of this approach is the simplicity of integrating a system with
multivalent carbohydrate aggregates that interact with lectins and
cells. Such a system is essential for tuning the selectivity and
sensitivity of the specific carbohydrate-protein interactions.

Materials and methods

General Information.

All chemicals were of reagent grade and unless otherwise noted
were used as supplied. TLC was performed on Merck silica gel 60
F254 plates (0.25 mm) and visualized by UV or by dipping the plate

J. Name., 2013, 00, 1-3 | 1



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Analyst

in CAM/ninhydrin solution and heating. Column chromatography
was carried on Fluka Kieselgel 60, mesh 230-400. ' and *c NMR
spectra were recorded on Jeol 400 MHz. Chemical shifts (6) are
reported in ppm, coupling constants (J) in Hz. Residual solvents, for
CDCl; - 6y, 7.26 and & 77.3, for CD30H. &, 3.31, and 6, 49.0, D,0O -
6y, 4.75, were used as internal references.

1. Cr and Au sputter coating
2. Washed with Acetone

F 2 —1 5 '—————]l
E = s

Incabafion o L1
1.Comp 6/EtOH:H,0 (4:1) -—l
2. Washed with EtOH

1.M-1 in H,0
2. Washed with H,0

i

Scheme 1. Schematic of the different steps to immobilize supramolecular
scaffold on gold coated glass slides.

Experimental Details.
2-(2-(2-(undec-10-en-1-yloxy)ethoxy)ethoxy)ethanol (1).
2,2’-(ethane-1,2-diylbis(oxy)bis(ethan-1-ol) (5 ml, 29.90 mmol) and
11-bromoundec-1-ene (2.61 ml, 11.96 mmol) were dissolved in THF
(10 ml) and the solution was cooled to 0°C. Sodium hydride (0.29 g,
11.96 mmol) was added. The reaction mixture was warmed to 22 °C
and allowed to stirr for 12 hours. Water (10 ml) was slowly added to
quench the excess of base. The solution was extracted with DCM
(25 ml) and the aqueous phase was washed 3 times with EtOAc
(3x50 mL). The combined organic layer was dried over Na,SO, and
concentrated under reduced pressure. The residue was purified by
flash column chromatography (silica gel, pet ether/EtOAc 1:8). The
solvent was removed using reduced pressure and the product was
dried with high vacuum. The product 2-(2-(2-(undec-10-en-1-
yloxy)ethoxy)ethoxy)ethanol (1) was obtained as oil (5.96 g, 60%
yield). "H NMR (400 MHz, CDCly): & 5.87-5.77 (m, 1H), 5.02-4.92 (m,
2H), 3.75-3.58 (m, 12H), 3.46 (t, J = 6.41 Hz, 2H), 2.07-2.01 (m, 2H),
1.62-1.55 (m, 2H), 1.36-1.26 (m, 12H).>C NMR (100 MHz, CDCl,): &
139.13, 114.02, 72.47, 71.50, 70.51, 70.23, 69.91, 61.60, 33.72,
29.46, 29.44, 29.37, 29.34, 29.02, 28.83, 25.96. HRMS (ESI) m/z:
calc’d for Cy;H3,0,Na 325.2354; Found, 325.2357.

Tert- butyl 4, 7, 10, 13-tetraoxatetracos-23-enoate (2). Compound 1
(0.5 g, 1.65 mmol) was dissolved in THF (5 ml), a catalytic amount of
potassium tert-butoxide (0.05 g, 0.45 mmol) was added followed by
dropwise addition of tert-butyl acrylate (0.21 ml, 1.65 mmol). The
reaction mixture was stirred at room temperature for 16 h and
neutralized with 1M HCI. The solvent was removed and the oily
residue was taken up in brine (30 ml) and extracted with EtOAc
(3x15 ml). The combined organic layer was washed with brine (50
ml) and dried over Na,SO,. The solvent was removed in vacuo, and
the residue was purified by column chromatography (silica gel, pet
ether/ EtOAc 1: 8). Tert- butyl 4, 7, 10, 13-tetraoxatetracos-23-
enoate (2) was obtained as oil (0.73 g, 85% yield). '"H NMR (400
MHz, CDCl,): & 5.84-5.75 (m, 1H), 5.01-4.90 (m, 2H), 3.71 (t, J = 6.87
Hz, 2H), 3.65-3.56 (m, 12H), 3.44 (t, ) = 6.87 Hz, 2H), 2.50 (t, J = 6.41
Hz, 2H), 2.06-1.98 (m, 2H), 1.60-1.53 (m, 2H) 1.44(s, 9H), 1.36-1.27
(bm, 12H); *C NMR (100 MHz, CDCl5): & 170.88, 139.18, 114.07,
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80.45, 71.50, 70.57, 70.47, 70.34, 70.01, 66.86, 36.22, 33.77, 29.58,
29.50, 29.43, 29.39, 29.08, 28.89, 28.05, 26.04. HRMS (ESI) m/z:
calc’d for Cy4Hy0¢Na 453.3192; Found, 453.3190.

4, 7, 10, 13-tetraoxatetracos-23-enoic acid (3). Compound 2 (0.4 g,
0.93 mmol) was dissolved in MeOH:THF (8 ml, 1:1). Aqueous 4M
NaOH (3 ml, 12 mmol) was added and the solution was stirred at
room temperature for 4 h. The solvent was removed under reduced
pressure and the resulting suspension was acidified with aqueous
6M HCI (4 ml) while cooling at 0 °C. DCM (50 ml) was added and the
organic layer was separated and dried over Na,SO,. Removal of the
solvent and after drying yielded compound 3 as oil (0.24 g, 70%
yield). *H NMR (400 MHz, CDCl5): 6 5.85-5.77 (m, 1H), 5.00-4.90 (m,
2H), 3.76 (t, J = 5.95 Hz, 2H), 3.65-3.58 (m, 12H), 3.45 (t, J = 6.87 Hz,
2H), 2.62 (t, J = 5.95 Hz, 2H), 2.04 (q, J = 7.33 Hz, 2H), 1.59-1.54 (m,
2H), 1.36-1.25 (bm, 12H); *C NMR (100 MHz, CDCly): & 175.55,
139.17, 114.05, 71.51, 70.57, 70.50, 70.41, 70.20, 69.95, 66.39,
34.90, 33.75, 29.63,29.47, 29.43, 29.38, 26.06, 28.86, 25.96. HRMS
(ESI) m/z: calc’d for CyH350¢, 375.2746; Found, 375.2742.
N-(adamantan-1-yl)-3-(2-(but-3-en-1-yloxy)ethoxy)propanamide (4).
Compound 3 (0.34 g, 0.90 mmol) and adamantan-1-amine (0.15 g,
0.90 mmol) were dissolved in DMF (10 ml) then HOBt (0.15 g, 1.09
mmol), EDC (0.20 g, 1.09 mmol) and DIPEA (0.39 ml, 2.25 mmol)
were added. The reaction mixture was stirred for 24 h. DMF was
evaporated under reduced pressure. The residue was taken up in 30
ml of brine and extracted 3 times with 15 ml of EtOAc. The
combined organic layer was washed with 50 ml brine and dried
over Na,SO,. The solvent was removed in vacuo, and residue was
purified column chromatography (silica gel, pet ether/ EtOAc 1:8)
and dried under reduced pressure and high vacuum to give the
corresponding 4 (0.36 g, 80%) as oil. '"H NMR (400 MHz, CDCl5): &
6.13(bs, 1H), 5.85-5.77 (m, 1H), 5.02-4.92 (m, 2H), 3.68 (t, J = 5.95
Hz, 2H), 3.66-3.58 (m, 12H), 3.45 (t, ) = 6.87 Hz, 2H), 2.39 (t, J = 5.95
Hz, 2H), 2.04-2.03 (bm, 5H), 1.98 (bs, 6H), 1.67 (bs, 6H), 1.59-1.54
(m, 2H), 1.36-1.26 (m, 12H); *C NMR (100 MHz, CDCls): & 171.13,
139.22, 114.10, 71.57, 70.63, 70.55, 70.40, 70.33, 70.01, 67.52,
51.78, 41.50, 36.34, 33.79, 29.59, 29.53, 29.45, 29.39, 29.11, 28.91,
26.06. HRMS (ESI) m/z: calc’d for C3oHs3NaOsN, 530.3821; Found,
530.3810.
S-(2-(2-(2-(3-(adamantan-1-ylamine)-3-oxopropoxy)ethoxy)ethoxy)
ethyl) ethanethioate (5). Compound 4 (0.25 g, 0.49 mmol) and AIBN
(0.49 g, 2.95 mmol) were dissolved in dioxane (7 ml). Thioacetic
acid (0.90 ml, 12.81 mmol) was added and the solution was stirred
for 12 h at 60 °C. The solvent was removed and the crude was
purified by flash column chromatography (silica gel, pet
ether/EtOAc 1:1 to 1:9) and dried to give the product 5 as yellowish
oil (0.13 g, 47% yield). *H NMR (400 MHz, CDCl3): & 6.02(bs, 1H),
3.69 (t, ) =5.95 Hz, 2H), 3.65-3.56 (m, 12H), 3.44 (t, ) = 6.87 Hz, 2H),
2.85 (t, J = 7.33 Hz, 2H), 2.37 (t, J = 5.95 Hz, 2H), 2.32 (s, 3H), 2.06-
2.05 (bm, 3H), 1.99 (bm, 6H), 1.67 (bs, 6H), 1.58-1.53 (m, 4H), 1.28-
1.25 (bm, 14H); *C NMR (100 MHz, CDCl): & 196.05, 170.67, 71.52,
70.60, 70.53, 70.39, 70.31, 69.99, 67.58, 51.59, 41.54, 38.10, 36.35,
30.60, 29.57, 29.45, 29.38, 29.10, 29.06, 28.76, 26.03. HRMS (ESI)
m/z: calc’d for C3,HsgSO, 584.3985; Found, 584.3993.
N-(adamantan-1-yl)-3-(2-(4-ercaptobutoxy)ethoxy)propanamide
(6). Compound 5 (0.15 g, 0.26 mmol) was dissolved in MeOH (7 ml).
Sodium methoxide (0.066 g, 1.28 mmol) was added and the
reaction was stirred at RT for 1 hour. The solution was neutralized
with Resin Amberlite H" IR 120. The polymer was filtered through
filter paper and washed with MeOH (15 ml). The solvent was
removed under reduced pressure and the residue was dried under
high vacuum to give the 6 as yellowish oil (0.12 g, 93% yield). 'y
NMR (400 MHz, CDCl5): 6 6.00(S, 1H), 3.6 (t, J = 5.95 Hz, 2H), 3.63-
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3.54 (m, 12H), 3.42 (t, ) = 6.87 Hz, 2H), 2.67-2.63 (m, 1H), 2.52-2.46
(m, 1H), 2.35 (t, J = 5.95 Hz, 2H), 2.03(bs, 3H), 1.79 (bs, 6H), 1.64
(bs, 6H), 1.58-1.51 (m, 2H), 1.36-1.24 (bm, 16H); "*C NMR (100 MHz,
CDCl3): 6170.62, 71.52, 70.57, 70.52, 70.37, 70.28, 69.96, 67.58,
51.56, 41.52, 38.11, 36.34, 29.56, 29.43, 29.37, 29.19, 28.47, 26.03.
HRMS (ESI) m/z: calc’d for C3oHsgNSOs, 542.3878; Found, 542.3875.
Mono-mannose substituted B-cyclodextrin (M-2). Compound 7 (100
mg, 1.15 mmol), mannose alpha propargyl (10 mg, 1.73 mmol),
sodium ascorbate (3 mg, 14.7 umol) and copper(ll) sulfate
pentahydrate (2 mg, 7.3 umol) were suspended in 5 mL
dimethylformamide in a round bottom flask and stirred at RT
overnight. The solvent was evaporated and the product was
purified by sephadex column using pure water as a solvent yielded
(32 mg, 27%) of M-2 "H NMR (400 MHz, MeOD-d,) & 7.39 (bs, 1H),
4.94 (bs, 7H), 3.97-3.33 (m, 72H), *C NMR (100 MHz, CDCl,): 130.5,
129.4, 101.9 (anomeric-C), 99.6, 80.9, 73.2, 72.1, 71.3, 69.5, 63.3,
60.1, 59.7 MS (MALDI-TOF) m/z calc’d for Cs;HgsNaN;Oy,
1400.4451; Found 1400.8681.

Surface Functionalization. Preparation of adamantyl monolayer:
Glass slides (approx. 1x1 cm) were washed with EtOH and coated
with a gold substrate (100 nm) using gold evaporation chamber
(Minilab deposition system type ST80A, UK) at a pressure of about
4x10°® mbar. Samples were immersed in an ethanolic solution of 6
(0.2, 0.02 and 0.005 M) for 48 h. The adamantyl coated glass slides
were rinsed with ethanol and stored at controlled conditions.
Immobilization of cyclodextrin derivatives: The gold substrate
(modified with adamantyl SAM) was washed twice with ethanol and
immersed in a solution of M-1 (10 uM solution in deionized water)
for 24 h. The samples were rinsed with water, dried under a stream
of nitrogen, and used as such for contact angle, ellipsometry and
AFM measurements.

Lectin immobilization: The gold substrate (modified with M-1) was
immersed in a solution of Con A lectin (1 mg/1ml in 10mM HEPES,
150 mM NaCl, 2mM CaCl,, 2mM MnCl,, pH7.3) for 1 h and washed
with water and dried under nitrogen. The substrates were used as
such for ellipsometry, and AFM measurements.

Contact angle measurements. Contact angle analyses were
performed using optical contact angle apparatus (Holmarc’s HO-
IAD-CAM-01) equipped with a CCD camera and high performance
aberration corrected imaging with precise manual focus
adjustment. Image J software was used for data acquisition.
Rectangular gold coated substrates were fixed and kept constant
throughout the analysis by means of sample holder. The contact
angle of water in air was measured by the sessile drop method by
gently placing a drop of 4 uL of Milli-Q water onto the coated
surface. The whole analysis was conducted at room temperature. A
minimum of 20 droplets were examined for each surface. The
resulting mean contact angle value was used for the following
calculations.

Spectroscopic ellipsometry. The thicknesses of the 6 (0.02 M), 6/M-
1 (0.02 M/10 uM) and 6/M-1/Con A (0.02 M/10 uM/1 mg/mL)
coated glass slides were measured by a commercial spectroscopic
ellipsometer (M2000 from Woollam Inc., Lincoln, Nebraska) in the
transmission mode in a spectral range from 250 to 800 nm with the
compensator making 100 rev/s. Measurements were recorded at
various angles of incidence between 60° to 70°. A four-layer model
(Au coated BK7 glass substrate and three successive organic layers)
was used in the fitting with WVASE software to obtain the thickness
of the layers of 6, M-1 and Con A from the measured W and A
curve.

This journal is © The Royal Society of Chemistry 20xx

The W and A vglues are related to the reflection coefficients as
tan(¥).e¥ ==L = p(A.d.N) "

Where Rp and Rs are the reflection coefficients of p- and s-
polarized light, A is the wavelength of the incident light, d is the
thickness of the film and N is the complex refractive index. The
complex function p is ratio of amplitude W and phase difference A
between the p- and s- polarized light waves. Equation 1 was used
for the fitting of ellipsometric data. The best fit to the experimental
data was determined by minimizing the mean-square error (MSE)[ZI
where K is the number of (W, A) pairs, M is the number of the
model parameters, and the mod and exp refer to model and
experimental values, respectively.

. i -(2)

The W and A curve measurements were performed in 4 sets: (a) Au,
(b) 6/Au, (c) Au/6/M-1 and (d) Au/ 6/M-1/Con A coated glass
slides. As A values are very sensitive to the film thickness, in Figure
2, we have plotted A vs. A curves for an angle of incidence of 60 for
all the samples. These curves clearly indicate the decrease in the A
values upon increase in the film thickness (i.e. from bare Au coated
glass slide to Au/6/M-1/Con A coated glass slides). Since the Au
film deposited on glass plate was opaque, the thickness of Au film
was ignored and was taken as an infinitely absorbing material.
Therefore, only the optical constants of Au were considered for
fitting. The corresponding W and A curves are presented in Figure
Sla and S1le, respectively. The ellipsometry data for organic layers
were fitted using a Cauchy model layer which is quite well
acceptable for transparent films. For Cauchy layers, the data was
fitted for thicknesses only. The thickness for 6, 6/M-1 and 6/M-
1/Con A layers were measured to be 13.9 A, 29.82 A and 92.93 A,
respectively. Figure S1 compares between experimental and
modeled W and A curves for 6, 6/M-1 and 6/M-1/Con A films,
respectively. Figure S1 shows that W curve fits "degrade" as the
thickness grows, which suggests that either the microstructure of
the "film" is not optically smooth and/or the film has some
absorption in the measured wavelength range. However, A curve fit
shows a good agreement with the experimental data throughout
the wavelength range. Error bar represent fitting standard deviation
for each measurement.

Estimation of concentration of sugar on slide. The concentration of
mannose sugar on gold coated glass slides were determined by the
phenol-sulfuric acid method. A sugar functionalized-glass slide was
dipped in concentrated sulfuric acid (750 pL, 100%) and aqueous
phenol solution (5% w/v, 100 uL) was added to the test tube and
heated to 80°C. After 5 min, the Au-slides were removed and
cooled to room temperature. The absorbance coefficient at 490 nm
was measured. The sugar concentration was estimated by
comparing the absorption of the sample with a standard curve.
X-ray photoelectron spectroscopy. XPS experiments were
performed on a VG Micro Tech ESCA 3000 instrument at a pressure
of < 1x10° Torr. The overall resolution was limited to the bandwidth
of X ray source (¥ 1 eV). The spectra were recorded with
monochromatic Al Ka radiation at pass energy of 50 eV and an
electron take off angle of 60°. C 1s energy binding peaks centered
at 284.6 eV was used for calibration. The deconvolution of the XPS
peaks was done by a XPS peak fitting program (XPSPEAK 4.1). The
XPS spectra were background corrected using the Shirley algorithm,
and chemically distinct peaks were resolved using a nonlinear least-
square fitting procedure.

Atomic force microscopy. Atomic force microscopy (AFM)
measurements were performed with Au coated glass slides with 6,

J. Name., 2013, 00, 1-3 | 3
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with 6/M-1 and with 6/M-1 /Con A using a Multimode scanning
probe microscope equipped with a Nanoscope IV controller from
Veeco Instrument Inc., Santa Barbara, CA. All AFM measurements
were done under ambient conditions using the tapping-mode AFM
probes model Tap190Al purchased from Budget Sensors. The radii
of tips were less than 10 nm, and their height was ~ 17 um. The
cantilever’ resonant frequency was ca. 162 kHz and nominal spring
constant of ca. 48 N/m, with a 30 nm thick aluminum reflex coating
on the back side of the cantilever of the length 225 um. For each
sample, three locations with a surface area of 1x1 umz and 500 x
500 nm* each were imaged at a rate of 1 Hz and at a resolution of
512x512.

Surface Plasmon Resonance study. Binding kinetics was
determined by SPR using a BIACORE 300 biosensor instrument (GE
Biosystems). Concavalin A was purchased from Sigma-Aldrich. The
gold sensor chip and different running buffers were obtained from
GE Healthcare Life Science (India). All SPR experiments were
performed using Biacore 3000. For the preparation of host-guest
coated surfaces, gold sensor chip was activated with 6 (0.01 mM or
0.1 mM) injected at a flow rate 10 pl min” for 3 minutes which
resulted in adamantyl coated surface for host-guest
functionalization. Finally, cyclodextrin moiety was incorporated on
adamantyl surface by injecting M-1 or M-2 or $-CD (0.05 mM or 0.5
mM) at a flow rate of 5 ul-min'1 for 7 minutes. This was followed by
injecting Con A (0.5, 1.0, 2.5, 3.5 uM in 10mM HEPES, 150mM NaCl,
2mM CaCl,, 2mM MnCl,, pH7.3) for 250 s at 10 uL-min'l, followed
by dissociation using buffer at 30 uL-min'1 for 200 s. The equilibrium
dissociation constant (Kp) was determined globally by fitting to the
kinetic simultaneous K,/Ky model, assuming Langmuir (1:1) binding,
using BIA evaluation software (BlAcore). The surfaces were strictly
regenerated with multiple pulses of a-D-methyl mannose followed
by an extensive wash procedure using running buffer.

THP-1 differentiated Macrophage Binding Assay. Human THP-1
monocytic cell line (from NCCS, Pune) was grown at 37 °C and 5%
CO, in RPMI-1640 (Invitrogen) medium with 10% heat inactivated
FBS, 50 pug/mL streptomycin and 100 pg/mL penicillin (pH 7.2).
THP-1 cells were differentiated by stimulating with PMA
(10 ng/mL = 16 nM; from Sigma Aldrich, St Louis, MO, USA) for 3-
4 days. Cells were detached by treating with 0.05% trypsin/EDTA
solution. THP-1 derived macrophage cells were seeded on 6/ B -CD,
6/M-1 and 6/M-2 coated plates at a density of 5000 cells/cm?. After
24 h of incubation, slides were gently rinsed thrice with PBS to
remove the unbound cells. The bound cells were imaged by using
normal bright field microscopy.

Results and Discussion

The chemical structures of the molecules used for the formation of
the self-assembled glycoclusters (M-1, M-2, and 6) are depicted in
fig. 1. The adamantyl derivative (AD) 6 was prepared in several
steps, starting from conjugation of triethylene glycol with 11-
bromoundec-1-ene, followed by its reaction with t-butyl acrylate to
yield compound 2. After hydrolysis with NaOH, the carboxylic acid 3
was obtained and coupling with 1-adamantylamine vyielded
adamantyl derivative 4. The compound was treated with thioacetic
acid and azoisobutyronitrile (AIBN), followed by deacetylation with
NaOMe to yield compound 6 (Fig. 1). Mannose modified S-CD
derivatives (M-1) were synthesized as described by Garcia-
Barrientos.>’” Mono-mannose substituted B-CD (M-2) was prepared
by click reaction between CD-mono azide and propargyl mannoside.
Robust adamantyl-based monolayers were formed by assembling
linker 6 on gold-coated glass slides. Glass slides (approx. 1xlcm)
were washed with EtOH and coated with chromium (10 nm) then
with gold (100 nm) using gold evaporation chamber at a pressure of

4| J. Name., 2012, 00, 1-3

about 4x10°® mbar. Samples were immersed in an ethanol solution
of 6 (0.2, 0.02 and 0.005 M) for 48 h. The adamantyl coated glass
slides were then rinsed with ethanol to remove physisorbed
materials (Scheme 1) and were stored at controlled conditions.
Monolayers were characterized by a combination of methods,
namely, aqueous contact angles, atomic force microscopy (AFM),
ellipsometry and X-ray photoelectron spectroscopy (XPS) (Fig. 3).
Contact angle measurements revealed a 60° angle for the freshly
cleaned gold substrate which shifted to 640, 78° and 85° for the
adamantyl monolayer surface (in 0.005, 0.02 and 0.2 M ethanolic
solution of 6 respectively), reflecting the hydrophobic character of
the surface.
The thickness of 6 (0.02 M) monolayer, measured by ellipsometry,
s ~13.9 A (Table 1, Entry 1, and Fig. S1, S1b & 1f), which is in
good agreement with the values described for similar linker models
in literature.*® AFM images of the bare gold surfaces were relatively
homogeneous with some nodules whereas gold-coated glass slides
monolayered of 6 showed rough surface. The root-mean-square
surface roughness (R) was found to be ~ 1.4 nm (Fig. 2b).
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Fig. 1 Molecular structures and details of the compounds used in this work
and their synthesis :(a) NaH, THF, 11-bromoundec-1-ene, 0 °C to 22 °C, 12h,
60%; (b) KO'Bu, THF, tert-butyl acrylate, rt, 16 h, 85%; (c) 4M NaOH,
THF:MeOH (1:1), 4 h, 70%; (d) Adamantane amine, EDC, HOBt, DIPEA, DMF,

24 h, 80%; (e) AIBN, AcSH, Dioxane, 60 °C, 12 h, 47%; (f) NaOMe, MeOH, rt,
1 h, 85%, (g) CuSO4.5H,0, ascorbic acid, propargyl mannoside; H,0, 60%.
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The host-guest complex was prepared by the formation of
complexes between BCD and the adamantyl residues found as
monolayers on the gold substrates. Freshly prepared adamantyl
monolayers (prepared from 0.2, 0.02 M and 0.005 M solutions)
were immersed in a solution of M-1 (10 uM) for 24 hours at RT. The
functionalized substrates were rinsed with deionized water to
remove physisorbed materials and the contact angles were
measured. The results indicated that the concentration and spatial
arrangement of 6 dictates the number of complexes on the gold
surface. As expected, 0.2 M of 6 resulted weak host-guest
interaction due to the dense coating of hydrophobic adamantyl
moiety, whereas 0.02 and 0.005 M of 6 resulted in a strong host-
guest interaction, indicating that the host-guest interactions are
better when the adamantyl units are distant from each other. This
was further supported by phenol-sulfuric acid analysis of mannose
concentration.

[ EIE

(¢)

20m| [EHQ0)C

‘ (d)

00 1: Height 10um

T
1: Height

Fig. 2 AFM images of the different surfaces: (a) bare Au, (b) Au substrate
coated with 6 (0.02 M); (c) 6/M-1 (0.02 M/10 uM) coated Au substrate and
(d) 6/M-1/Con A (0.02 M/10 uM/1 mg/mL) coated Au substrate.

A similar observation was described by Park et al.® For our
experiment, we selected 0.02 M solution of linker 6 to avoid non-
specific interactions between vacant gold surface and proteins or
cells. The thickness of the film, after formation of the complexes, as
indicated by ellipsometric measurements, increased to 29.82 A
(Table 1 Entry 2, Fig. S1, S1c & 1g), which is 2-fold more than that of
the layer before the formation of the host-guest complex and it
reflects the thickness of the f-CD moiety. The presence of the
complexes on the surfaces was further confirmed by AFM
measurements, which also revealed the morphology of surfaces
and the root-mean-square roughness had increased from ~ 1.4 nm
to ~ 1.7 nm (Fig. 2c). XPS analysis was performed to confirm the
binding of 6 to the Au film. A comparison between the XPS spectra
of bare Au film and 6 coated Au film for the binding energy of C 1s
core level electrons and Au 4f core level electrons has been done.
The C 1s spectrum for bare Au film was fitted with the single peak
centered at 284.6 eV. On the other hand, C 1s spectrum of 6 coated
Au film was best fitted with two peaks centered at 284.6 and 286.7

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
Type of o . Conc of
Contact angle (°) Ellipsometry Mannose
Entry coverage (Conc 6) ( A) (ng /cmz)
on Slides
(conc 6)
85+2 (0.2 M)
1 Au+6 78 +2(0.02 M) 13.9+0.172% -
64 + 2 (0.005 M)
0.2+0.01
Au+6+ 71+2(0.2 M) 1((;'30M())1
2 M-1 (10 33+2(0.02 M) 29.82 +£0.129 (.().(_)ZI;/I)
um) 49 + 2 (0.005 M) 13+003
(0.005 M)
Au+6+
3 M-1+ Con Not measured 92.93+£0.794 -
A

Table 1. Contact angle and length of monolayer measured in ellipsometry.
Conc M-1 =10 uM and Conc Con A =1 mg/1 ml.

eV. These peaks were assigned to hydrocarbons (C-C/C-H, 284.6 eV)
and ether/alcohol carbon (C-0-X, 286.7 eV) of 6 molecules present
onto the Au film.

Figure 3b shows that Au 4f spectrum for the bare Au film was
resolved in two peaks situated at 84.6 and 88.2 eV for Au 4f7/2
(Auo) and Au 4f5/2 (Auo). On the contrary, Au 4f spectrum for 6
coated Au film was deconvoluted in four peaks, centered at 83.3,
84.6, 86.9 and 88.2 eV, attributed to Au 4f7/2 (Auo), Au 4f7/2 (Au-
S), Au 4f5/2 (Auo) and Au 4f5/2 (Au-S), respectively (fig. 3d)The
chemical shift of 1.3 eV towards the low binding energy in the Au
4f7/2 (Auo) and Au 4f5/2 (Auo) peaks, and appearance of Au 4f7/2
(Au-S) and Au 4f5/2 (Au-S) peaks after 6 deposition confirms the
binding of 6 to the Au film (fig. 3).

Audf

Intensity (a.u.)

292 290 288 286 284 282 80 94 92 90 88 86 84 82 8
Binding Energy (eV)

Fig. 3 XPS spectra of (a) C 1s for bare Au film, (b) C 1s for 6 coated Au film,
(c) Au 4f for bare Au film (d) Au 4f for 6 coated Au film.

After assessing the structure of the gold substrates, we used them
for investigating multivalent carbohydrate—protein interactions. The
lectin Concanavalin A (Con A) served as model for these studies since
it selectively binds to a-mannopyranosides. Con A molecules were
immobilized on the substrates by immersing the 6/M-1 coated slides
in Con A solution (1 mg/1 ml in HEPES) for 1 hour, followed by
washing with water. Ellipsometry measurements revealed a very
strong increase in the thickness of the layers, ~¥92.93 A as compared
to ~29.82 A (Table 1 Entry 3, Fig. S1, S1d & 1h) and R value was
found to be ~4.2 nm (Fig. 2d). The large increase in the height is
indicative of the immobilization of the proteins on the gold
substrates.”* In order to assess the protein-carbohydrate
interactions; we studied their surface Plasmon resonance (SPR)
measurements with Con A lectin. The cyclodextrin scaffolds (M-1, M-

J. Name., 2013, 00, 1-3 | 5
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2 and B-CD) on Comp 6 were immobilized on the gold chip before
the solutions of different concentrations of Con A (0 to 3.5 uM) were
flowed over the chip.

Before conducting the carbohydrate-protein interactions, the host-
guest properties of Compound 6 and B-CD were confirmed. Two
different concentrations of 6 was immobilized on the gold coated
SPR sensor chips to generate low-density (6-LD, 0.01 mM) and high-
density (6-HD, 0.1 mM) adamantane surfaces. SPR and kinetic
analyses were based on a 1:1 interaction model. The SPR analyses of
high and low density of adamantane showed marginal difference in
binding affinity (Table 2, Fig. S2), indicating that the concentration of
adamantane backbone is critical for host-guest interactions as
reported by park et al.*® Based on the above results, we constructed
four host-guest complexes of 6 and M-1 (H-1, H-2, H-3, and H-4) at
an optimal concentration useful for Con A binding and then studied
how multivalency and host-guest interactions were influencing the
carbohydrate-protein interactions (fig. 4). In case of H-1 and H-2, the
density of adamantly linker 6 was maintained low (0.01 mM) and M-
1 concentration was increased to 5 and 50-folds with respect to 6,
resulting in optimum host-guest interaction. Whereas, in case of H-
3 and H-4, the density of 6 was high (0.1 mM) and close proximity of
the group results weak host-guest complexes, result low sugar
density on the surface. The SPR analyses of these four mannose
surfaces with different concentration of Con A revealed that H-2
binds 2-fold strongly as compared to H-1, a similar experiment with
H-3 and H-4 displayed almost identical binding and displayed much
weaker binding compared to H-2. Overall, these results are

constructed using multivalent 6/M-1 and monovalent 6/M-2
respectively. The glyco-surfaces were exposed to solutions
containing a known number of macrophage cells and incubated for
24 h. After washing with PBS, the slides were exposed for bright
microscopic imaging. Maximum numbers of cells were observed on
6/M-1-coated slides (Fig. 5b, S6 & S7).

a aspm b
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|
| 05pmM
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Fig. 4 SPR sensograms for different concentrations of Con A incubated with
(a) H-1: 6 (0.01mM) & M-1 (0.05 mM); (b) H-2: 6 (0.01 mM) & M-1 (0.5 mM);
(¢) H-3: 6 (0.1mM) & M-1 (0.05 mM); (d) H-4: 6 (0.1 mM) & M-1 (0.5mM).
Table 2 Kinetic parameters for the interaction between Con A and

comparable with reported values.”™ On the basis of these
results, we hypothesized that at low density of 6, adamantane

groups are well separated to host substantial amount of M-1 to
increase the Con A binding. On the other hand, the large number

of M-1 also restricts ConA interaction to 2-fold increase. At high
density of 6, the close proximity of adamantane groups restricts

hosting of M-1 moieties to increase the binding affinity. To
confirm the influence of hepta-valent sugar topology, we
performed the SPR experiments with four different concentrations

of 6 and M-2 (H-5, H-6, H-7 & H-8) complexes (fig. S3). SPR
analyses revealed weak association and dissociation constant as
compared to H-2. The K4 value of H-5 to H-8 are comparable to
monovalent mannose-Con A binding affinity. 1% This outcome

clearly showed that spatial arrangement of hepta-valent sugar on
P—-CD not only increases the sugar density, but also increases the
binding interactions (Fig. 4, S3, Table 2). Finally, to confirm the
role of #—CD in carbohydrate-protein interactions, SPR analysis of

6/-CD complex (H-9 & H-10) was carried out. As expected, f~CD
complex showed a weak binding with Con A lectin (Fig. S4 and
table 2).

Together these results show that, in the context of a host-guest
multivalent platform, the strength of the binding interactions
between Con A and mannose directly correlates with spatial
arrangement of mannose—(:apped—,B—CD.44 Similar experiments

with H-1 and H-2 complex with PNA (galactose specific lectin)
revealed no binding, proving the specificity (Fig. S5 and Table 2).
A possible application of our system composed of mannose

capped S-CD that interact strongly with lectin was illustrated by

Composition (mM) | Entry | vs KA(M'1 s'l) Ko (s'l) K.,(M'l)

6 pcp | 1.21x 10° | 6.15X 107 | 0.19 X 10°

(0.01mM)

6 BCD | 1.12x 10° | 490X 107 | 0.23X 10"

(0.1mM)

6 M-1 H-1 | ConA| 1.14X 10° | 2.22X10° | 0.55X 10™

(0.01m | (0.05mM)

M) M-1 H-2 | conAl 2.67X 10° | 2.20x10° | 1.21Xx 10"
(0.5mM)

6 M-1 H-3 | ConA| 3.55X 10° | 1.69X10° | 0.21X 10"

(0.1m (0.05mM)

M) M-1 H-4 | ConAl 535X 10° | 1.49X10° | 0.36 X 10"
(0.5mM)

6 M-2 H-5 | conA| 1.38X 10" | 3.04x 10" | 0.45X 10°

(0.01m | (0.05mM)

M) M-2 H-6 | ConA| 1.04X 10* | 1.01X 10" | 1.04 X 10°
(0.5mM)

6 M-2 H-7 | conA| 0.228 x| 1.75x 10" | 0.13X 10°

(0.1m | (0.05mM) 10"

M) M-2 H-8 | conA| 0.56X 10" | 2.81X 10" | 0.19X 10°
(0.5mM)

6 B-CD H-9 | ConA| 144X 10° | 3.62X 107 | 0.439X10°

(0.01m | (0.05mM)

M) BCD H-10 | ConA| 1.59X 10’ | 3.76X10° | 0.42X 10°
(0.5mM)

6 M-1 H1 | PNA |- - -

(0.01m | (0.05mM)

M) M-1 H2 | PNA |- - -
(0.5mM)

the adhesion of THP-1 differentiated macrophage cells on the gold
coated glass surfaces. Macrophage cells are reported to have C-type
lectin receptors that recognize high-mannose glycans.45 Previously,
multivalent mannosylated S-CD scaffolds have been well
characterized towards binding macrophage mannose receptor.*®
Thus we hypothesized that 6/M-1 could bind macrophages more
strongly than 6/M-2. To study this, sugar coated gold slides were

6| J. Name., 2012, 00, 1-3

mannose- based monovalent and multivalent derivatives.

Whereas 6/M-2 (Fig. 5¢c & S8) and 6/#-CD (Fig. 5a & S9) coated
surfaces appeared to have less number of bound cells with spherical
morphology. Closer examination of 6/M-1 coated slides revealed
that most cells have highly spread fashion. The statistical analysis of
the complete slides indicated 3-4 fold difference between 6/M-1 vs

This journal is © The Royal Society of Chemistry 20xx
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6/M-2 (Fig. 5d). These results indicate that multivalent sugars on
B-CD increase the local concentration of sugars to influence the
avidity of carbohydrate-protein interactions.

(a)

Ei 100+
=3 [=1 Number of spreadcells
< 804 E=] Total Number of cells
(=3
8 60- (d)
2
3 401
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£ ===
g c L] L] L]

B ¢! Q

9
N & Y

Fig. 5 Representative images of macrophage adhesion to substrates
covered with (a) 6/4-CD, (b) 6/M-1 and (c) 6/M-2 after 24 hour incubation.
Scale bar length is 200 pum. (d) Quantitative analysis of macrophage
adhesion after 24 h incubation.

Conclusions

We have developed a technique for immobilizing multivalent
carbohydrates on surfaces that is based on self-assembly-driven
host-guest interactions between $CD and adamantane molecules.
This approach is simple, sensitive, and applicable for the study of
carbohydrate-protein and carbohydrate-cell interactions using
surface bound sugars. This strategy enables one to explore the
significance of spatial arrangements of sugars on the surfaces for
the interaction with lectins and to probe the role of monovalent
sugar vs multivalent sugar immobilization. In addition, it can be
used for high throughput, reversible and sensitive carbohydrate
based biomedical devices.
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