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Background: Bacterial resistance to antibiotics is one of the biggest challenges facing medicine
today. Anti-adhesive therapy, using inhibitors of bacterial adhesion to epithelial cells, one of
the first stages of infection, is a promising approximation in this area. The size, shape, number
of sugar and their placement are variables that have to be taken into account in order to develop
multivalent systems able to inhibit the bacterial adhesion based on sugar-lectin interaction.
Materials and methods: In the present work we report a modular approach for the synthesis
of water-soluble 1D-carbon nanotube-sugar nanoconstructs, with the necessary flexibility to
allow an efficient sugar-lectin interaction. The method is based on the reaction of aryl diazonium
salts generated in situ from aniline-substituted mannose and lactose derivatives with single wall
carbon nanotubes (SWCNTSs) sidewalls.

Results: Two hybrid nanosystems, I-II, exposing mannose or lactose and having a tetraeth-
ylene glycol spacer between the sugar and the nanotube sidewall were rapidly assembled and
adequately characterized. The sweet nano-objects were then tested for their ability to aggluti-
nate and selectively inhibit the growth of uropathogenic Escherichia coli. These studies have
shown that nanosystem I, exposing mannose on the nanotube surface is able to agglutinate and
to inhibit the bacterial growth unlike nano-objects II exposing lactose.

Conclusion: The results reported constitute a proof of principle in using mannose-coated
1D-carbon nanotubes as antiadhesive drugs that compete for FimH binding and prevent the
uropathogenic bacteria from adhering to the urothelial surface.

Keywords: single-walled carbon nanotubes, carbohydrates, bacterial resistance, antiadhesive
therapy, multivalency, aryl diazonium salts chemistry

Introduction

Multivalent interactions are essential for achieving strong, yet reversible interactions in
a large number of biologically relevant events.!? Multivalency is especially prevalent
in glycobiology, where effective interactions between lectins (carbohydrate-binding
proteins) and their cognate carbohydrate ligands are achieved, despite the low affinity
usually observed in the interaction of the said lectin with its monovalent epitope.*® The
relevance of these interactions in fertilization, immune response, cell adhesion, and
tumor cell metastasis, among others, has put research on glycobiology in the frontline
of pharmaceutical and medical research.'®!* On the other hand, many infections by
pathogens and toxins are also mediated by carbohydrate—lectin interactions.!* In this
sense, urinary tract infections (UTIs), which are among the most prevalent infectious
diseases worldwide affecting millions of people every year, are mainly caused by
uropathogenic strains of Escherichia coli (UPEC)." As it is the case for other diseases
caused by bacteria, currently, antibiotics are the main treatment for acute uncompli-
cated lower UTIs. However, the repeated and misuse of antibiotics has led to increased
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antibacterial resistance,'® and the possible looming of a post-
antibiotic era, highlighting the need for new strategies for the
prevention and treatment of microbial infections.!”?° In the
particular case of UTIs, adherence to the urothelial surface,
one of the early stages of the infection, is mediated by the
mannose-specific lectin FimH located at the tip of bacterial
type 1 pili.! The FimH lectin was identified as an attractive
target for an alternative way of preventing and treating UTIs
by using mannose-based antagonists as antiadhesive drugs
that compete for FimH binding with mannose residues on
high mannose N-glycans of the transmembrane glycoprotein
uroplakin Ia.?> By blocking the adhesin, FimH antagonists
prevent UPEC from adhering to the urothelial surface and
avert every subsequent step of the infection cycle, including
bacterial invasion of host cells and formation of biofilms. A
substantial advantage of this antiadhesive approach over con-
ventional antibiotic treatment is the reduced risk of resistance
development, as FimH antagonists do not exert selection
pressure on uropathogens.® Even assuming that this would
be the case, the bacteria would possibly lose their ability to
adhere to the cell surface and therefore, their virulence. Over
the past decades, efforts in developing potent FimH antago-
nists as antiadhesive drugs for the treatment of UTIs have led
to various synthetic multivalent surrogates, designed to take
advantages of the so-called “cluster glycoside effect”.* Given
the accessibility and facility in functionalizing scaffolds such
as metal nanoparticles, dendrimers, calixarenes, fullerenes,
and cyclodextrins, the majority of the multivalent systems
obtained so far have spherical shapes.?>?¢ Recent studies have
shown that the geometry of glycocoated nanosystems has
a significant impact on their abilities to generate networks
and to interact with specific lectins present in biological
membranes. In this sense, it has recently been reported that
whereas spherical mannose-coated micelles are inhibitors
of a globular lectin, concanavalin A, the mannose-coated
one-dimensional (1D) cylindrical nanosystems are more
suited for the inhibition of bacterial motility.?’*° Thus, the
synthesis of multivalent 1D glyconanomaterial, ideally
endowed with the desired adaptability and flexibility needed
to optimize protein—carbohydrate interactions at the fluid and
dynamic interface of the cell surface, are of great importance
in glycobiology.

One-dimensional carbon nanotubes hold unique struc-
tural, mechanical, electrical, and optical properties for
their application in glycobiology and in other biomedical
applications.*'*? Based on these premises, we have recently
reported various bottom-up approaches for the synthesis of
sugar-coated carbon nanotubes, based on hydrophobic or
T—T interactions between well-designed neoglycolipids and

sidewall of single-walled carbon nanotubes (SWCNTs).33-36
Here, we report the covalent functionalization of SWCNT's
with aniline-substituted mannose and lactose derivatives
(Figure 1) by means of the radical addition of their aryl
diazonium species thermally generated in situ. The radical
addition of aryl diazonium salts, generated upon electro-
chemical or thermal treatment, has shown to be a powerful
tool by itself for the functionalization, solubilization, and
dispersion of SWCNTSs.>”* In our examples, this reaction
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Figure | General structure of the glyconanotube used in this study.
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has shown to be an easy-to-perform and efficient approxima-
tion to afford the highly functionalized water-soluble carbon
derivatives with a spacer between the sugar head group and
the SWCNT sidewall designed to optimize the interactions
of the sugar epitopes and their cognate receptors.

The structures of the 1D nanomaterials produced have
been investigated by nuclear magnetic resonance (NMR),
transmission electronic microscopy (TEM), scanning trans-
mission electronic microscopy (STEM), scanning electronic
microscopy (SEM), and Raman and ultraviolet/visible/near
infrared (UV/Vis/NIR) spectroscopies. The sugar content in
the 1D nanoconstructs has been determined by thermogravi-
metric analysis (TGA). Finally, we determined the potency
and selectivity of these nanomaterials to aggregate the entero-
bacteria E. coli type 1 fimbriae, through their interactions with
mannose-specific lectin FimH located at the tip of bacterial
pili. The results reported constitute a proof of principle in
using mannose-coated 1D carbon nanotubes as antiadhesive
drugs that compete for FimH binding and prevent the uro-
pathogenic bacteria from adhering to the urothelial surface.

Materials and methods

Chemicals employed for all the experiments in this study were
purchased from Aldrich Chemical Co., Inc and Carbosynth
Co., Inc. SWCNTs were obtained commercially from Carbon
Solutions Co., Ltd and used as received without further puri-
fication. Dry solvents were purchased from SDS in anhydrous
grade and in addition dried in a solvent purification system
(Pure Solv MDS5, Innovative Technology). The monitoring
of the reactions was carried out by thin layer chromatogra-
phy, employing aluminum sheets coated with silica gel 60
F,., (normal phase) purchased from Merk. Sonications were
accomplished by using a sonication tip (Qsonica Ultrasonic
Liquid Processor, Q500 model) and a water bath (Ultra-
sonik®, ULTRAsonik NEY 28B bath, Cleaning Technolgies
Group. Cincinnati, OH, USA). TGA were carried out with TA
Instruments (TGA Q600 thermal analyzer) in the temperature
range of 0°C—600°C, with a heating rate of 20°C/min and
under N, (100 mL/min). Raman spectra were recorded on
a LabRAM HRS800 high-resolution UV confocal Raman
microscope using a red laser (He—Ne 785 nm), 600 line/mm,
20x objective, 20 mW, and 100 pum pinhole. NMR spectra
were recorded with a Bruker AC-400 and a Bruker AC-500
apparatus (Figures S1-S4). Deuterated solvents are indicated
in brackets. Chemical shift values (J) are referred to tetra-
methylsilane, utilized as internal reference; then, the spectral
signals were calibrated according to the nondeuterated resid-
ual peak of the solvent. Optical rotations [0]*°) were deter-
mined with a Perkin-Elmer 341 polarimeter using a sodium

lamp (A=589 nm) with a 10 cm cell length. UV/Vis/NIR
spectra were recorded in dispersions using Milli-Q water or
dimethylformamide (DMF) purchased from Fluka Chemie
in spectroscopic grade on a UV/vis Perkin-Elmer Lambda
12, using quartz cuvettes. High-resolution mass spectrometry
(HR-MS) were recorded on a Kratos MS-80RFA 241-MC
apparatus. TEM images were taken using Philips CM 200
with an accelerating voltage of 200 kV. SEM and STEM
images were taken using emission scanning microscope
(field-emission SEM [FESEM], Schottky type) with an
STEM detector having eight individual channels that allow
transmission images to be captured in brightfield, darkfield,
and high-angle darkfield illuminations.

Synthesis of amino-substituted sugars ||
and 12

Synthesis of compound 2

A mixture of 4-ethynylaniline 1 (747 mg, 6.38 mmol) and
di-tert-butyl dicarbonate (5.26 mL, 22.9 mmol) in tetrahy-
drofuran (THF) (6.5 mL) was stirred at room temperature
for 3 hours. Then, the reaction mixture was evaporated to
obtain the crude product, which was purified by column
chromatography (hexane/AcOEt 15:1), affording the title
compound 2 as a yellow solid (748 mg, 3.45 mmol, 54%). Mp:
98.2°C-99.3°C.R: 0.42 (CH,CL/MeOH 15:1). 'HNMR (500
MHz, CDCl,): 6 7.43 (d, 2H, J= 1.9 Hz, Ar), 7.35 (d, 2H, J
=1.9 Hz, Ar), 6.82 (s, 1H, NH), 3.05 (s, 1H, CC-H), 1.52 (s,
9H, C(CH,),). "CNMR (125.7 MHz, CDCL,): § 152.5 (CO),
139.0 (Ar), 132.9 (Ar), 118.1 (Ar), 116.3 (Ar), 83.6 (ArCCH),
80.9 (ArCCH), 76.5 (CCH,),, 28.3 (C(CH,),). HRMS Calcd
for C,;H ,NO,Na 240.1103 [M+Na]+, found a 240.0998.

Synthesis of compound 7

To a solution of copper sulfate (3.2 mg, 0.02 mmol) and
sodium L-ascorbate (11.33 mg, 0.061 mmol) in distilled
water (1.39 mL), was added a solution of azide compound
5 (90 mg, 0.135 mmol) and alkyne 2 (35.2 mg, 0.162 mmol)
in CH,CI, (1.36 mL). The reaction mixture was stirred for
20 minutes in a microwave apparatus at 110°C. The sol-
vent was evaporated and the crude product was purified by
column chromatography (CH,Cl/MeOH, 40:1), affording
regioselectively the 1,4-disubsituted triazol 7 as a light
brown syrup with a 62% yield (88.7 mg, 0.1 mmol). R
0.37 (CH,CL/ MeOH 15:1). [a],*: +19.8 (c. 1, CHCL,).
'H NMR (400 MHz, CDCl,): & 8.00 (s, 1H, Triazol),
7.79 (d, 2H, J=5 Hz, Ar), 7.46 (d, 2H, J=6.19 Hz, Ar), 7.31
(t, IH, J = 6 Hz, NHCO), 6.75 (s, 1H, NHBoc), 5.35-5.29
(m, 3H, H-4, H-1, H-2), 5.24 (dd, J,,= 10 Hz, J,,= 3.2 Hz,
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1H, H-3), 4.60 (t,J=4.7 Hz, 2H, CH N-Triazol), 4.40-4.37
(m, 1H, H-5), 4.34-4.30 (dd, 1H, J_, =12 Hz, J =
5.4 Hz, H-6a),4.13-4.10 (dd, 1H, J, =12 Hz,J, ;=2 Hz,
H-6b), 3.99 (s, 2H, COCH,0), 3.93 (t, J = 4.8 Hz, 2H,
OCH,CH_N-Triazol), 3.64-3.61 (m, 12H, 6CH, O), 3.55-3.51
(m, 2H, CH,NH), 2.86-2.75 (m, 2H, ~SCH,), 2.17 (s, 3H,
CH,COO0), 2.10 (s, 3H, CH,COO0), 2.06 (s, 3H, CH,CO0),
2.00 (s, 3H, CH,C0O0), 1.54 (s, 9H, Boc). "C NMR (125.7
MHz, CDCI3): § 170.64 (CO), 170.21 (CO), 169.97 (CO),
169.88 (CO), 169.70 (CO), 152.68 (C-Triazol), 138.37,
126.33 (C-Ar), 125.57 (C-triazol), 118.68 (C-Ar), 82.47,
80.6 (C-1), 77.37, 77.06, 76.74 (C-5), 70.90 (C2), 70.60,
70.47,70.38, 70.25 (CH,0, CH -CH _-triazol), 69.48, 69.43,
69.16 (C-3), 66.21 (C-4), 62.417(C-6), 50.45 (CH,-Triazol),
38.12 (CH,NH), 31.10 (SCH,), 28.35 (Boc), 20.90 (CH,),
20.70 (CH,), 20.70 (2CH,), 20.64 (CH,). HRMS Calcd for
C,,H,, 0, N,S 884.3594 [M+H]+, found 884.3594.
Synthesis of compound 9

To a solution of mannoside 7 (420 mg, 0.47 mmol) in 4 mL
of CH,CI, under argon atmosphere, trifluoroacetic acid was
added at 0°C (0.72 mL, 9.4 mmol). The reaction mixture
was monitored by TLC plate, and more equivalents of tri-
fluoroacetic acid (TFA) were added until the reaction was
complete. The solvent was evaporated, and the crude product
purified by flash column chromatography (CH,Cl,/MeOH,
20:1), to give the title compound 9 as a light brown solid with
a 99% yield (370 mg, 0.47 mmol). Mp: 60.1°C-63.9°C. R:
0.12 (CH,C1/MeOH 15:1). [o] ;: +34.5 (¢ 1.0, CHCL,). 'H
NMR (400 MHz, CDCL,): & 7.29 (s, 1H, Triazol), 7.67 (d,
J=7.9 Hz, 2H, Ar), 7.44 (s, 1H, NH), 6.91 (d, /= 7.7 Hz,
2H, Ar), 5.35-5.31 (m, 3H, H-4, H-1, H-2), 5.25 (dd, J, , =
10 Hz, J,, = 3.2 Hz, 1H, H-3), 4.63-4.60 (t, /= 4.7 Hz, 2H,

2932

CH,N-triazol), 4.40-4.36 (m, 1H, H-5), 4.34-4.30 (dd, 1H,

o= 12Hz,J, =52 Hz, H-6a) 4.15-4.12(dd, 1H, J,, . =
12 Hz J,, = 2 Hz, H-6b), 4.00 (s, 2H, ~COCH,0), 3.96 (t,

J=4.5 Hz, 2H, ~OCH CH,N-triazol), 3.66-3.62 (m, 12H,
6CH,0), 3.56-3.53 (m, 2H, CH,NH), 2.98 (s, 2H,NH,), 2.87-
2.75 (m, 2H, —SCH,), 2.18 (s, 3H, CH,COO0), 2.11 (s, 3H,
CH,CO0O0), 2.08 (s, 3H, CH,CO0), 2.01 (s, 3H, CH,COO).
“C NMR (100 MHz, CDCl,): 4 170.7 (CO), 170.1 (CO),
169.1 (CO), 169.7 (2 CO), 146.8 (C-triazol), 137.9 (Ar),
126.9 (C-triazol), 126.3 (C-triazol), 121.0 (Ar), 119.9 (Ar),
82.3 (C-1), 77.4, 77.1, 76.7 (C-5), 70.9 (C-2), 70.8 (C-3),
70.5,70.3, 70.2, 70.1, 69.5 (CH,O, CH,-CH,-triazol), 66.2
(C-4), 62.4 (C-6), 50.3 (CH,N-triazol), 382 (CH,NH), 30.9
(SCH,), 20.8 (CH,), 20.6 (2 CH,), 20.6 (CH,). HRMS Calcd
for C,,H,)N.O ,SNa 806.2889 [M+Na]+, found 806.2872.

3477497 5714

Synthesis of compound 11

To a solution of 9 (150 mg, 0.19 mmol) in 3 mL of dry
methanol under argon atmosphere was added a solution
of freshly prepared 1M MeONa in MeOH (0.1 eq for each
acetate). The reaction mixture was stirred for 1 hour, and then
neutralized with acidic resin, Amberlite® IR 120 H*, Fluka
(Merck Group, Darmstadt, Germany). The reaction mixture
was filtered over a pad of celite, and then the solvent was
evaporated under reduced pressure to give the ammonium salt
of the desired compound (116 mg, 0.16 mmol). The neutral
amine 11 (93 mg, 0.15 mmol, 80%) was obtained as a yellow-
brown syrup by using ion exchange chromatography (Isolute
SPESCX-2). R;: 0 (CH,CL/MeOH 9:1). [a]** D: +40,8 (c
0.5, MeOH). '"H NMR (400 MHz, MeOD): 8 8.19 (s, 1H,
Triazol), 7.57 (d, 2H, J=8.38 Hz, Ar), 6.70 (d, 2H, J=8.35
Hz, Ar), 5.30 (s, 1H, H-1), 4.63 (t, 2H, J = CH,-Triazol),
3.97 (s, 2H, COCH,0), 3.95-3.87 (m, 5H, H-4, H-2, H-6a,
CH,-CH,-triazol), 3.77-3.72 (dd, 1H,J, =12 Hz,J ;=6.2
Hz, H-6b), 3.66-3.59 (m, 16H, 6CH,O, NH,, H-3, H-5),
3.56-3.44 (m, 2H, CH,NH), 2.89-2.69 (m, 2H, SCH,)."*C
NMR (125.7 MHz, MeéD): 6162.30,161.95,161.61, 161.26
(CO), 148.01 (C-Triazol), 126.42 (C-Ar), 120.21, 119.77,
118.22 (C-triazol), 115.10 (C-Ar), 85.16 (C-1), 73.77 (C-4),
72.24 (C-2), 71.72 (C-3), 70.24, 70.08, 69.85, 69.78, 69.54
(CH,0O, CH,-CH,-triazol), 69.13 (C-5), 61.33 (C-6), 49.98
(CH,-Triazol), 38.38 (CH,NH), 30.08 (SCH,). HRMS Calcd
for C,,H,,0,/N.S 615.2647 [M+H]+, found 615.2639.
Synthesis of compound 8

To asolution of copper sulfate (CuSO,) (2.9 mg, 0.0185 mmol)
and sodium L-ascorbate (10.9 mg, 0.0553 mmol) in distilled
water (1.39 mL) was added a solution of azide compound 6
(126 mg, 0.132 mmol) and alkyne 2 (34 mg, 0.16 mmol) in
CH,CI, (1.36 mL). The reaction mixture was stirred at 110°C
for 20 minutes. The solvent was evaporated and the crude
reaction mixture was purified by column chromatography
(CH,CL,/MeOH, 40:1), affording the title compound 8 as
a brown solid with 80% yield (123.8 mg, 0.11 mmol). Mp:
77.2°C-79.9°C. R;: 0.28 (CH,CL/MeOH 15:1). [ar] ,*: =5
(c 1.0, CHCL). '"H NMR (400 MHz, CDCL,): 8 7.95 (s,
1H, triazol), 7.78 (d, 2H, J = 8.6 Hz, Ar), 7.45 (d, 2H, J =
8.6 Hz, Ar), 7.25 (t, 1H, J = 5.8 Hz, NHCO), 6.75 (s, 1H,
NHBoc), 5.36 (d, 1H, J, , = 2.4 Hz, H-4"), 5.20 (t, 1H,
J,,=J5,=9.5Hz,H-3),5.11 (dd, 1H, J, , =10.0Hz, J, , =
8.0 Hz, H-2), 4.97 (t, 1H, J,,, = 3.4 Hz, J, , = 10 Hz, H-3'),
4.92 (t, 1H, J,, = J,, = 9.8 Hz, H-3), 4.60 (t, 2H, J = 4.8,
CH -triazol), 4.54-4.49 (m, 3H, H-1, H-1", H-6a), 4.16-4.05
(m, 3H, H-6b, H-6"), 3.97 (s, 2H, COCH,0), 3.94-3.88 (m,
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3H, H-5", CH,-CH -triazol), 3.79 (t, 1H, J,, =J,,=9.5 Hz,
H-4), 3.64-3.61 (m, 13H, 6 CH,O, H-5), 3.60-3.46 (m, 2H,
CH,NH), 2.88-2.73 (m, 2H, SCH,), 2.17 (s, 3H, CH,CO0),
2.16 (s, 3H, CH,C00), 2.12 (s, 3H, CH,COO0), 2.09 (s, 3H,
CH,C00),2.06 (s, 6H, 2 CH,C00), 1.97 (s, 3H, CH,COO),
1.54 (s, 9H, Boc). *C NMR (125.7 MHz, CDCl,): 6 170.4
(CO), 170.3 (CO), 170.2 (CO), 170.1 (CO), 170.0 (CO),
169.7 (CO), 169.6 (CO), 169.1 (CO), 152.6, 147.3 (C-triazol),
138.3, 126.3, 125.4 (C-Ar), 120.5 (C-triazol), 118.7 (C-Ar),
101.0 (C-1"), 83.6 (C-1), 80.6, 77.3, 77.1, 76.7 (C-5), 76.1
(C-4),73.7(C-3),71.0(C-3"),70.9 (C-5),70.7-70.2 (CH, 0O,
CH,CH,-triazol), 69.5 (C-2"), 69.1 (C-2), 66.6 (C-4"), 62.1
(C-6), 60.7 (C-6"), 53.4, 50.3 (CH_-triazol), 38.9 (CH,NH),
30.9,30.4,29.7 (SCH,), 28.3 (Boc), 20.8 (CH,), 20.7 (CH,),
20.6 (CH,), 20.5 (CH,), 20.6 (CH,). HRMS Calcd for
C, H 0, N.NaS 1194.4245 [M+Nal+, found 1,194.4258.
Synthesis of compound 10

To a solution of lactoside 8 (495 mg, 0.422 mmol) in 4 mL
of CH,Cl, under argon atmosphere was added trifluoroacetic
acid at 0°C (0.65 mL, 8.45 mmol). The reaction mixture was
monitored by TLC plate, and more equivalents of TFA were
added until the reaction was complete. The product was puri-
fied by flash chromatography (CH,C1 /MeOH, 20:1), to give
the title compound 10 as a dark yellow syrup with an 80%
yield (360 mg, 0.34 mmol). R: 0.13 (CH,CL/ MeOH 15:1).
[0] ,*: =5,69 (¢ 0.72, CHCL,). 'H NMR (400 MHz, CDCL,):
6 8.09 (s, 1H, triazol), 7.67 (d, 2H, J = 8.6 Hz, Ar), 7.49
(t, 1H,J=5.8 Hz, NHCO), 7.37 (d, 2H, J=8.6 Hz, Ar), 5.40
(d, 1H, J,, = 2.4 Hz, H-4'),5.20 (t, 1H, J,, = J,,=9.5 Hz,
H-3), 5.11 (dd, 1H, J, ,, = 10.0 Hz, J, , = 8.0 Hz, H-2),
5.03, (dd, 1H, J,,,, = 10.4,J, , = 3.3 Hz, H-3'), 4.94 (t, 1H,
J,,=J,,=9.7Hz,H-2),4.67 (t, 2H, J=3.7 Hz, CH -Triazol),
4.60 (dd, 1H, J, = 10.9 Hz, H6a), 4.54 (d, 1H, J,, =8
Hz, H-1"),4.50 (ci, IH,J,,=10 Hz, H-1), 4.20-4.09 (m, 5H,
H-6b, H-6"a, H-6'b, NH,), 3.98 (s, 2H, COCH,0), 3.96-3.92
(t, 14, J, , =J, , = 6.8 Hz, H-5), 3.81 (m, 3H, OCH,CH,-
triazol, H-4), 3.79-3.64 (m, 13H, 6 CH,O, H-5), 3.55-3.52 (m,
2H, CH,NH), 2.87-2.69 (m, 2H, SCH,), 2.19 (s, 3H, CH,COO0),
2.12 (s, 3H, CH,C00), 2.10 (s, 3H, CH,C0O0), 2.10 (s, 3H,
CH,C00), 2.09 (s, 6H, CH,C00), 2.07 (s, 3H, CH,CO0),
2.01 (s, 3H, CH,COO0). “C NMR (125.7 MHz, CDCl,):
§208.1,171.6 (CO), 170.8 (CO), 170.5 (CO), 170.25 (CO),
170.18 (CO), 170.0 (CO), 169.95 (CO), 169.42 (CO) 145.6
(C-triazol), 131.24,129.8 (C-Ar), 127.3, 123.3 (C-Ar), 122.3
(C-triazol), 100.9 (C-1"), 83.6 (C1), 77.3,77.1,76.74 (C-5),
75.8 (C-4), 73.6 (C-3), 70.9 (C-3"), 70.7 (C-5"), 70.3-70.0
(CH,0, CH,-CH,-C-triazol), 69.6 (COCH,0), 69.2 (C-2'),

68.9 (C-2), 66.7 (C-4), 61.9 (C-6"), 60.8 (C-6), 50.3 (CH,-
triazol), 39.3 (CH,NH), 30.9 (SCH,), 20.8 (CH,), 20.7 (CH,),
20.6 (CH,), 20.6 (2 CH,), 20.5 (CH,), 20.5 (CH,). HRMS
Caled for C,.H_O, N SNa 1,094.3734 [M+Na]+, found

46765 722

1,094.3750.

Synthesis of compound 12

To a solution of 10 (170 mg, 0.16 mmol) in 3 mL of dry
methanol under argon atmosphere was added a solution of
freshly prepared 1M MeONa in MeOH (0.1 eq for each
acetate). The reaction mixture was stirred for 1 hour, and
then neutralized with acidic resin, Amberlite® IR 120 H*.
The reaction mixture was filtered over a pad of celite, and
then the solvent was evaporated under reduced pressure to
give the ammonium salt of the desired compound (125 mg,
0.16 mmol). The free amine 12 (100 mg, 0.12 mmol, 75%)
was obtained as a brown syrup by using ion exchange
chromatography (Isolute SPESCX-2). R.: 0 (CH,Cl,/MeOH
9:1). [o] % —6.31 (c 0.25, MeOH). 'H NMR (400 MHz,
MeOD): 6 8.19 (s, 1H, Triazol), 7.57 (d, 2H, J = 8.7 Hz,
Ar), 6.79 (d, 2H, J = 8.7 Hz, Ar), 4.62 (t, 2H, J = 5 Hz,
CH,-Triazol), 4.45 (d, 1H, J;, = 9.7 Hz, H-1), 4.38 (d,
1H, J,,,, = 7.6 Hz, H-1"), 3.97 (s, 2H, COCH,0) 3.95-3.91
(m, 3H, H-6a, CH,CH -triazol), 3.86-3.78 (m, 3H, H-6b,
H-6"a, H-4'),3.72 (dd, 1H, J, , =4.6 Hz, J, . =11.4 Hz,
H-6’b), 3.67-3.63 (m, 3H, H-5’, H-4, H-5), 3.63-3.48 (m,
17H, 6CH,0O, H-3, H-3’, H-2, NH,), 3.47-3.43 (m, 2H,
CH,NH), 3.31-3.28 (m, 1H, H-2), 2.92-2.76 (m, 2H, SCH.,).
3C NMR (125.7 MHz, MeOD): § 171.47 (CO), 147.97
(C-Triazol), 126.41 (C-Ar), 120.23 (C-triazol), 115.09
(C-Ar), 103.68 (C-1"), 85.61 (C1), 79.18, 79.01 (C-3),
76.5 (C3"), 75.7 (C-5), 73.43 (C-2"), 72.72 (C-2), 71.13
(C-5%), 70.52 (C-4), 70.2-69.8 (CH,O, CH,CH,-triazol),
69.0 (COCH,0), 68.9 (C-4") 61.10 (C-6), 60.71 (C-6"),
50.09 (CH,-Triazol), 39.09 (CH,NH), 29.12 (SCH,). HRMS
Calcd for C,,H,,0 NS 778.3171 [M+H]+, found 778.3175.

327752715

[0, *: =6.31 (¢ 0.25, MeOH).

Synthesis of functionalized SWCNTs |, 1l

General procedure: Pristine P2-SWCNTs (50 mg) and
sugar 11 or 12 (~150 mg) were dried by making several
“vac-refill” cycles in a Schlenk line and then dispersed
in a (2:1) mixture (45 mL) of freshly distilled oDCB
(orthodichlorobenzene) and DMF using an ultrasonication
tip (15-minute cycle, 5 seconds On, 5 seconds Off, 30%
amplitude) and cooling bath. The resulting black suspension
was further sonicated in water bath (15 minutes) at room
temperature while passing argon current. Then, isoamyl
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nitrite (0.46 mL, 3.39 mmol) was added dropwise while
stirring vigorously, and the reaction mixture was heated
at 65°C for 24 hours under an argon atmosphere. After
cooling to room temperature, the DMF was eliminated
in vacuum and the afforded suspension filtered over a
polytetrafluoroethylene (PTFE) (0.45 um, Omnipore JHWP;
EMD Millipore) membrane. The solid recovered on the
filter was dispersed in methanol (300 mL), sonicated for
10 minutes in a water bath, and filtered over another PTFE
(0.45 um) membrane. The washing process was repeated in
acetone (300 mL) and Et20 (300 mL). In order to remove the
unfunctionalized or low functionalized SWCNTSs, the col-
lected black solid was suspended in Milli-Q water (100 mL)
for 10 minutes. The black supernatant was decanted and
concentrated in a rotary evaporator to yield, after drying
in vacuum, ~61 mg of a black and lamellar solid. Finally,
to eliminate any waste that could act like a toxin, the final
nanosystems I and II were dialyzed in milli-Q water for
a week.

Agglutination studies

The agglutination studies were carried out as described by
Cid et al.* E. coli bacteria (ORN178 and ORN208 strains)
were grown overnight at 37°C in Luria—Bertani (LB) medium
with ampicillin in order to attain an OD measured at 600 nm
(OD600) of ~1.0. The culture was centrifuged at 4,500 rpm
for 5 minutes. The supernatant was discarded and the pellet
was suspended in Milli-Q water. Aliquots of bacterial cells
(100 uL) were mixed with nanosystem I (35 puL, 3 mg/mL)
or nanosystem II (35 puL, 2.55 mg/mL). Finally, the mixture
was incubated at 4°C for 30 minutes with gentle shaking to
avoid bacterial cell division during incubation. Several pre-
liminary tests have been carried out to determine the optimum
selectivity conditions, which are those conditions that allow
the maximum aggregation of the ORN178 bacteria, without
affecting the ORN208 strains. After incubation, the mixture
was centrifuged at 11,000 rpm for 5 minutes. The supernatant
was discarded and the pellet was suspended, fixed in 2.5%
formaldehyde, and observed under a wide-field fluorescence
microscope (DM-6000B; Leica Microsystems) using N3 filter
and a digital charge-coupled device camera (DFC350; Leica
Microsystems). Pictures were processed using LAS AF soft-
ware (Leica Microsystems). Approximately, 200 cells from
three independent experiments were analyzed for each strain.

Colony forming assay
The colony forming assay was carried out as described by
Cid et al.*® E. coli bacteria (ORN178 and ORN208 strains)

were grown overnight at 37°C in LB medium with ampicillin
in order to obtain an OD measured at 600 nm (OD600)
of ~5.0. The culture was centrifuged at 4,500 rpm for
5 minutes. The supernatant was discarded and the pellet was
suspended in 700 puL of Milli-Q water. Aliquots of diluted
bacterial cells (100 uL) were mixed with the nanosystem I
(35 uL, 3 mg/mL) or nanosystem II (35 uL, 2.55 mg/mL).
Finally, the mixture was incubated at 4°C for 30 minutes with
shaking to avoid bacterial cell division during incubation.
After incubation, the mixture was centrifuged at 1,500 rpm
for 1.5 minutes. The pellet was discarded and the supernatant
was diluted by 100,000 fold for evaluation. Petri dish plates
were then incubated for 24 hours at 37°C, and the total
number of colony-forming units (CFUs) was counted.

TEM analysis of bacterial cell agglutination
After incubation of the nanosystems with E. coli for
30 minutes, the aggregates were fixed by 2.5% formaldehyde
(0.1M in PBS, pH 6.4) treatment and washed with PBS at
pH 6.6 and 7.4. About 10 puL of the solution was then depos-
ited on a copper grid coated with a carbon film, excess liquid
was removed by filter paper, and then submerged in 2% ura-
nyl acetate solution. TEM images were obtained using Philips
CM200 apparatus with an accelerating voltage of 200 kV in
Centro de Investigaciones Tecnoldgica e Innovacion de la
Universidad de Sevilla.

SEM analysis of bacterial cell agglutination
The samples of bacteria with functionalized SWCNTs were
diluted in distilled water and deposited on a silicon wafer
(10 uL), and the excess liquid was removed by a filter paper.
After drying, the samples were coated with gold by ion sput-
tering deposition in a Leica EM SCD500 metalizer (10 nm),
for its subsequent visualization in the FESEM (Schottky type)
in Centro de Investigaciones Tecnoldogica e Innovacion de la
Universidad de Sevilla.

STEM analysis of bacterial cell agglutination
The visualization of the bacteria with functionalized SWCNT
samples by STEM was carried out using the FESEM with a
specific STEM detector and following the same methodology
as for TEM analysis.

Results and discussion

One of the significant drawbacks that have limited the use of
carbon nanotubes in biology is their high insolubility in water
and their tendency to form dense ropes by interconnected
tubes in a three-dimensional network. Currently, there are
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several covalent,***! noncovalent,** and hybrid* methods
for the dispersion of carbon nanotubes in water, which have,
among other, positive features to mitigate the cytotoxicity
of pristine carbon nanotubes.** However, water solubility is
not the only requirement for a biomaterial based on a carbon
nanotube to be biocompatible and used in biological and
biomedical processes. For this, it is necessary, in addition,
to provide the hybrid nanomaterial with the possibility to
escape the immune system and the ability to establish specific
interactions with living cells. Most of these conditions are
satisfied with the use of glyconanotubes, as carbohydrates
are highly hydrophilic water-soluble molecules, capable of
interacting with their specific receptors, and their anti-fouling
capacity, similar to the widely used PEG, has been reported.
Additionally, flexibility and adaptability are important for a
multivalent biomaterial in order to establish efficient inter-
actions with biological receptors located in the fluid and
dynamic surface of the cells. Although the mechanic features
of the nanotubes solve the problem of flexibility, the proper
positioning of the sugars on the surface of the tube for optimal
adaptability is very difficult to achieve.

Synthesis of the glyconanotubes

Considering this, we have decided to study the effect of a
hydrophilic spacer placed between the saccharide head group
and the nanotube sidewall in order to modulate the degree
of freedom of the addendum and improve its adaptability.
The designed compounds were mannose (I) and lactose (II)

=z a
@// —)>
HN

derivatives, separated by a spacer derived from tetracthyl-
eneglycol (Figure 1). Based on their known glycosidase
resistance, together with the similarity of their biological
activity with the natural O-glycosides, we have worked with
thioglycoside derivatives. For the synthesis of the desired
aniline derivatives, the advanced azido derivatives 5 and 6,
obtained in two-step process starting from the peracetylated
starting sugars 3 and 4, have been used (Figure 2).%

The Cu(I)-catalyzed azido alkyne cycloaddition between
the azido intermediate 5 and 4-ethynylaniline 1 failed to
give the desired product.*® However, the click reaction of
both 5 and 6 and the Boc-derivative 2, using CuSO, in the
presence of sodium ascorbate in a mixture of methylene
chloride water, afforded regioselectively the 1,2,3—triazole
derivatives 7 and 8 in 62% and 80% yields, respectively.
Desprotection of the Boc group with trifluoroacetic acid
afforded the ammonium salt derivatives 9 and 10 in 99% and
80% yields, respectively. Finally, a Zemplen desprotection®’
of the acetate yielded using sodium methylate in methanol,
followed by an ion exchange chromatography afforded in
good yields the desired free derivatives 11 and 12 (Figure 2),
whose structure has been confirmed by proton and carbon
NMR and by high-resolution mass spectra analysis.

Characterization of the glyconanotubes

The radical addition of aryl diazonium salts generated upon
electrochemical or thermal treatment has shown to be a pow-
erful tool by itself for the functionalization, solubilization, and

_—
—
BocHN /O/

2

0,

by ) ACO_\,Q5 [e) ,N=N
c
Aco—T:-% > A% 0 — S\/\NJ\/O(\/\O)’\/N =
I H 8 NHB
S o N oc
OAc \/\m {\/\O);\/ . Man(OAc),, 7
Man(OAc);, 3 Sugar = mannose, 5 Lac(OAc),, 8
Lac(OAc),, 4 Sugar = lactose, 6
o]
S~
d) AcO ) e)
— > ——p» 11or12

Sugar = mannose, 9
Sugar = lactose, 10

Figure 2 Synthetic pathway for the synthesis of derivatives || and 12.

(0] N=N
Sty
H NHTFA

Notes: (a) Boc,O, THF, 54%; (b) see ref 36; (c) CuSO,, sodium ascorbate, CH,CI,/H,O, MW, 7 (62%), 8 (80%); (d) TFA, CH,Cl,, 9 (99%), 10 (80%); (¢) MeONa/MeOH,

11 (79%), 12 (60%).
Abbreviations: THF, tetrahydrofuran; MW, microwave; TFA, trifluoroacetic acid.
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dispersion of SWCNTSs.** % In our examples, this reaction has
shown to be an easy-to-perform and efficient approximation
to afford the highly functionalized water-soluble carbon
derivatives I and II. Specifically, a well-dispersed mixture
of the corresponding aminophenyl derivative (11 or 12) and
SWCNTs in a oDCB/DMF mixture was reacted with amyl
nitrite at 65°C, affording, after the typical work-up, the title
compounds (Figure 3).

The obtained derivatives I and II were fairly soluble in
water at maximal concentration values of 0.25 and 0.28 g/L,
respectively (Table 1), resulting in dark black solutions where
neither depletion of the solute nor precipitation was observed
after several weeks. The solubility trend follows both the
functionalization degree and the solubility in water of the
corresponding sugar by itself.’! Moreover, both derivatives
were also highly soluble in DMF at similar concentration
values and stabilities than those of the aqueous solutions.

HOHO

HO HO
OH OH

e} o)

o) FO
/gi
0
» a??
N\
N\

gz

N
2o

O,

Figure 3 Synthetic pathway of derivatives | and Il.
Notes: a refers to I: P2-SWCNT, oDCB/DMF; II: amyl nitrite, 65°C, 24 hours.

On the contrary, the nanoconstructs were insoluble in MeOH
and practically insoluble in THF or CH,CN.

First, spectroscopies were used to corroborate qualita-
tively the covalent functionalization of SWCNTs. In this
regard, UV/Vis/NIR spectra of adducts I and II in water
or DMF (Figure 4A) exhibited an almost loss of the Van
Hove singularities (even more pronounced in I), which is
characteristic of the disrupted 7 system upon covalent func-
tionalization. Moreover, Raman spectroscopy (Figure 4B)
showed an increased D-band (dispersive disorder-induced
mode) at ~1,300 cm™" in regards with the G-band (tangential
mode) at ~1,580 cm™ compared to pristine SWCNTSs. The
ratio between the D-band and G-band intensities (1.// ) is a
good indicator of the quality of bulk samples and thus the
degree of structural defects (hybridized sp? carbons to sp?
due to covalent functionalization).* Indeed, the more simi-
lar this quotient is to unity, the higher is the introduction of

HO _oH HO _oH
OH OH
HO{OP\ Hoi%\
o o
HO
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o
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T
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o
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®

Abbreviations: SWCNT, single-walled carbon nanotube; oDCB, orthodichlorobenzene; DMF, dimethylformamide.
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Table | Results on solubility/functionalization of derivatives glyconanotubes | and Il

Entry Material Max solubility in water (g/L) Sugar content (%)* Sugar content (mmol/g) I/,
| Pristine SWCNTs Negligible 0 0 0.08
2 | 0.25 42 0.68 0.22
3 Il 0.28 63 0.8 0.27

Note: *Determined by TGA analyses.

Abbreviations: TGA, thermogravimetric analysis; SWCNT, single-walled carbon nanotube; ID, D-band intensity; IG, G-band intensity; Max, maximum.

functional groups covalently bound to the nanotube sidewall.
Values of / /I, equal to 0.22 and 0.27 were obtained for I
and II, respectively, which is in good agreement with the
solubility results mentioned earlier and therefore with the
functionalization degree (Table 1).

Sugar-coated SWCNTs I and II were characterized by
TEM, STEM, SEM, TGA, and Raman and UV/Vis/NIR
spectroscopies. First, the morphology and dispersability of
the prepared sugar-coated nanomaterials I and II in water
solutions were investigated by TEM and STEM. Deposits
of stock solutions thereof on a carbon-based TEM grid or
STEM showed very low aggregated structures (Figure SA-D)
in comparison with the parent unfunctionalized carbon nano-
tubes. This fact supports the chemical functionalization and
thus the debundling effect. Addition of a contrast agent (typi-
cally, 2% uranyl acetate in water)* was not necessary in order
to obtain good-quality images of the dispersed aggregates.

The aggregates were further characterized by SEM. As in
the case of TEM and STEM analyses, it is possible to observe
the aggregates by simple deposition on SEM grids, we also
analyzed metal-coated aggregates. For this purpose, after
deposition of stock solutions on silicon wafer and drying, the
samples were coated with gold by ion sputtering deposition.
As with TEM and STEM analysis, dispersed nanoconstructs
consisting mainly of isolated nanotubes or small bundles were

B
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observed (Figure SE and F), further supporting the change of
the electronic nature of the SWCNTs sidewall. The results
gathered from the water dispersability, TEM, STEM, and
SEM analyses clearly indicate that the sidewalls of the nano-
tubes are no more hydrophobic but are hydrophilic exposing
the functional sugars to the water phase.

The quantification of sugar load on the SWCNTSs was
determined by TGA analysis. In the case of short-chain sugar-
coated SWCNTs (Figure 6A and B), TGA analysis (20°C/
min to 600°C, N,) of T and II resulted in maximal weight loss
of 25% and 35%, respectively, at 600°C. In comparison, at
the same temperature, the starting carbohydrate derivatives
11 and 12 resulted in 62% weight losses. Then, by correlat-
ing these values, we estimated that the complete destruction
of both monosaccharide 11 and disaccharide 12 within the
aggregates | and II would cause mass losses at around 42%
and 62%, respectively. This results prove that the degree of
functionalization of nanosystem I is 42% (wt%), which means
that for 1 g of the nanosystem I, there is 420 mg of deaminated
mannose derivative 11, which corresponds to 0.68 mmol of
mannoside derivative per gram of nanomaterial. In the same
way for the nanosystem II, with a functionalization degree of
62%, for 1 g of nanosystem I1, there is 620 mg of deaminated
12, which corresponds to 0.8 mmol of sugar derivative for
each gram of nanomaterial.

500 ] 1/1:=0.27
O ] T T T 1
2,000
111 =0.22
1,000 M
0 ) T T T 1
1,000 -
5004 | — SWCNTs ID/IG:0'08
0 T T T T 1
1,000 1,200 1,400 1,600 1,800

Raman shift (cm™)

Figure 4 (A) UV/Vis/NIR spectra of long chain sugar-coated SWCNTs: SWCNTs (solid), | (red dotted line) and Il (blue dashed line). (B) Comparative Raman spectra of

SWCNTs (black), | (red), and Il (blue) using a laser operating at 785 nm.

Abbreviations: UV/Vis/NIR, ultraviolet/visible/near infrared; SWCNTs, single-walled carbon nanotubes; [, D-band intensity; |, G-band intensity.
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Figure 5 (A) TEM micrograph of water solutions of mannose-coated SWCNT |, (B) TEM micrograph of water solutions of lactose-coated SWCNT II, (C) STEM micrograph
of water solutions of mannose-coated SWCNT | with HAADF detector, (D) STEM micrograph of water solutions of lactose-coated SWCNT Il with HAADF detector,
(E) SEM micrograph of water solutions of mannose-coated SWCNT |, and (F) SEM micrograph of water solutions of lactose-coated SWCNT II.

Abbreviations: TEM, transmission electronic microscopy; SWCNT, single-walled carbon nanotube; STEM, scanning transmission electronic microscopy; HAADF, high-angle

darkfield; SEM, scanning electronic microscopy.

Selective agglutination of E. coli type |

fimbriae studies

As stated in the introduction, the mannose-specific lectin FimH
located at the tip of bacterial type 1 pili mediate the adhesion to
the mannose moieties of glycosylated cell wall proteins.™* As
such, FimH constitute an appealing target for the development
of mannose-based antagonist as new anti-adhesive drugs for
preventing and treating UTIs. Therefore, we were interested
in examining the ability of our glyconanosystems I and II to
recognize and specifically aggregate bacteria, thereby preventing
their attachment to cells of the urinary tract (Figure 7).

For that purpose, E. coli strains ORN178 (forming
o-mannose interacting type 1 pili) and ORN208 (lacking the
mannose receptor FimH)*® were first transformed with the red
fluorescent mCherry-protein expressing plasmid pGEM-T.
E. coli—glyconanotube interactions were then followed by
fluorescence microscopy. To avoid unspecific interaction
with the growth medium, exponentially grown E. coli were
diluted in Milli-Q water (Figure 8 A—D), prior to a 30-minute
incubation period in the presence of glyconanotubes I and
II. Mannose-coated compounds I induced the formation
E. coli-I clusters upon incubation with FimH-presenting
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Figure 6 Thermograms by TGA of (A) mannose-coated SWCNT | (red) and (B) lactose-coated SWCNT Il (blue), wherein compared the weight loss of the unfunctionalized
SWCNTs (solid line), the starting carbohydrates (dotted), and the title compounds (dashed).
Abbreviations: TGA, thermogravimetric analysis; SWCNT, single-walled carbon nanotube.

ORN178 bacteria (Figure 8E and F), but not in the case of
the FimH-devoid ORN208 strain (Figure 8G and H). Con-
sequently lactose-coated nanomaterials II, do not induce
the formation of E. coli aggregates (Figure 81 and J). Taken
together, these results suggest that: 1) the aggregation process
is specific and relies in the FimH-mannose interaction, and
2) the agglutination of bacterial cells may be favored by the
presence of the PEG chain, thanks to its flexibility which
would facilitate the positioning of the mannose ligand for
better interaction with FimH lectin. Taken together these
results suggest that: i) the aggregation process is specific,
and relies in the FimH-mannose interaction, and ii) the
agglutination of bacterial cells may be favored by the pres-
ence of the PEG chain, which thanks to its flexibility would
facilitate the positioning of the mannose ligand for better
interaction with FimH lectin (see more details in Figure S5
and Table S1).

In the case of the Man-SWCNTs I, the interaction of the
exposed mannose residues with FimH receptors on the bacterial
surface seemed to be extremely efficient at clustering E. coli

Aoy,
I~ B
- N
£
o ORg78
S Mannose
;;;3: ‘
C’%E’L FimH

in the form of a “fireball” formed by thousands of bacteria.
The interaction of I with E. coli was further characterized by
high-resolution TEM and SEM analyses (Figure 9). Negatively
stained TEM image permits a closer look at ORN178-I and
ORN178-II aggregates. In the former case, the bacteria were
entangled by the mannose-coated nanotubes in a spider
web-like morphology (Figure 9E). In contrast, ORN208
did not interact with mannose-coated nanotubes I, and these
bacteria remained dispersed. Negative control experiments
using lactose-coated nanotube Lac-SWCNTs II that is not
a ligand of FimH, instead of II showed no formation of
bacteria aggregates with ORN178. Sputter coat SEM analysis
is an excellent method for the characterization of microbial
morphology and for the diagnosis of infectious diseases. We
therefore decided to characterize the bacterial-glyconanotube
interactions by this technique, and the results obtained are
shown in Figure 9 (see also Figure S6 and S7). In the case of the
glyconanotubes I exposing the mannose sugar to the aqueous
phase, the image shows the formation of a bacteria aggregate
in the form of a brick wall cemented by the glyconanotubes.

Figure 7 Schematic representation of the FimH adhesin promoted specific interaction of E. coli with mannose-coated SWCNTs .

Abbreviations: SWCNTSs, single-walled carbon nanotubes; E. coli, Escherichia coli.
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Figure 8 Representative fluorescence microscopy images of the interaction of glyconanotubes | and Il with E. coli strain ORN 178 and ORN208.

Notes: (A, B) E. coli strain ORNI78 alone. (C, D) E. coli strain ORN208 alone. (E, F) Selective interaction of glyconanotube | with the E. coli strain ORNI78.
(G, H) Interaction of glyconanotube | with the E. coli strain ORN208. (1, J) Interaction of glyconanotube Il with the E. coli strain ORN178. (K) CFU assay (see Figure S5 and
Table S| for more information). The number of colonies formed in the absence (control) and presence of glyconanotube | for ORN 178 and ORN208 cells is indicated. For

conditions, see “Materials and methods” section in the text.

Abbreviations: SWCNTSs, single-walled carbon nanotubes; E. coli, Escherichia coli; CFU, colony-forming unit.

On the contrary, both in the case of the incubation of
glyconanotube I with bacterial strain ORN208, and in the case
of the incubation of lactose-coated SWCNTSs II with bacterial
strain ORN178 having the lectin FimH, the bacteria remain
dispersed and establish no interaction with the nanotubes,
which is perfectly visible on the image. These results further
support the idea that glyconanotubes I bind to bacteria through
a selective mannose—FimH receptor interaction.
Uncontrolled bacterial proliferation is an important threat
to human health leading to inflammation and activation
of the immune system. The adhesion of uropathogenic,
fimbriated bacteria to the mannose moieties of glycosylated
cell wall proteins is well studied. Type 1 fimbriae are
adherence factors encoded by the chromosomally located fim
gene cluster (FimA-FimH) in E. coli, and FimH recognizes
terminally located D-mannose moieties on cell-bound and
secreted glycoproteins. Imitating this multivalent system
(SWCNTs I), we could agglutinate them and inhibit their
capacity of infection.***° For that reason, in order to prove,
with a quantitative idea, the interaction of the aggregation
between E. coli type 1 fimbriae and functionalized SWCNTs

with mannose, a reduction test of the CFU has been
carried out. The first step was the incubation of E. coli
strains ORN178 (forming o-mannose interacting type 1
pili) and ORN208 (lacking the mannose receptor FimH)
with compound I (SWCNTs-PEG-Man) and compound
II (SWCNTs-PEG-Lac) and then centrifuge with a low
speed that selectively leads to the precipitation of bacteria—
SWCNTs aggregates. Bacteria that remained in the
supernatant were then seeded on LB plates and incubated
overnight to allow colony formation. The results obtained
are shown in Figure 8K (Figure S5 and Table S1), where on
one hand no effect with SWCNTs II is observed; however,
on the other hand, with SWCNTs I, a considerable reduction
of the CFU is appreciated (around 50%), in comparison
with the control, due to the important coating of the carbon
nanotubes with the mannose derivatives and their strong
interaction with E. coli ORN178. Moreover, in the case
of E. coli ORN208 there was no reduction of the CFU,
confirming the high specificity of the interaction between
the aggregates and E. coli ORN178. We hypothesize that
the tetracthylene glycol spacer in SWCNTSs I nanomaterial
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Figure 9 Representative, negatively stained TEM and sputter coated with gold, micrographs of the interaction of glyconanotubes | and Il with E. coli strains ORN 78 and ORN208.
Notes: (A) TEM micrograph of E. coli strain ORN 178 alone. (B) TEM micrograph of E. coli strain ORN208 alone. (C) TEM micrograph of the lactose-coated glyconanotube Il
incubated with the E. coli strain ORN78. (D) SEM micrograph of sputter coated with gold of glyconanotube Il incubated with E. coli strain ORN178. (E) TEM micrograph
of the mannose-coated glyconanotube | incubated with the E. coli strain ORN78. (F) SEM micrograph of sputter coated with gold of glyconanotube | incubated with E. coli
strain ORNI78. For conditions, see “Materials and methods” section in the text. Size bars are shown.

Abbreviations: TEM, transmission electronic microscopy; SWCNTSs, single-walled carbon nanotubes; E. coli, Escherichia coli; SEM, scanning electronic microscopy.

improves the adaptability of the sugar mannose for a better
interaction with the adhesin FimH of the bacteria.

Conclusion

In conclusion, we have demonstrated the suitability of the
radical addition reaction of aminophenyl-substituted sugars
to achieve elevated covalent functionalization of SWCNTSs
and to modulate their surface. The methodology, simple
to implement experimentally, provides robust aggregates,
highly dispersed in water and exposing a large number of
sugars to the aqueous phase. The two 1D aggregates obtained
with a multivalent exposure of mannose and lactose on their
surface were tested as selective adhesives and selective

inhibitors of bacterial cell growth. This in vivo study showed
that unlike nano-object II, exposing lactose, nano-object
I, exposing mannose on the nanotube surface, is able to
agglutinate bacteria. The reported results constitute additional
data in favor of using mannose-coated 1D carbon nanotubes
as antiadhesive drugs that compete for FimH binding and
prevent the uropathogenic bacteria from adhering to the
urothelial surface.
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ORN178 control

ORN178 + SWCNTs |

ORN178 control

Figure S5 CFU reduction test of E. coli strains ORN178 and ORN208 with glyconanotubes | and II.
Abbreviations: CFU, colony forming units; E. coli, Escherichia coli.

’
‘ a7 Wi LN o .
HFW  Curr 4 pm Det Mode WD

000x 13.0 ym 0.40 nA Teneo . M 5.00kV ETD SE  10.3mm 4,000x 51.8 um 0.40 nA Teneo

Figure S6 SEM image of bacterial agglutination by glyconanomaterial I. Figure S7 SEM image of no bacterial agglutination by glyconanomaterial Il.
Abbreviation: SEM, scanning electronic microscopy. Abbreviation: SEM, scanning electronic microscopy.
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Table S1 CFU reduction test of E. coli strains ORN 178 and ORN208 with glyconanotubes | and Il

CFU Control ORNI178+ Control ORN208+ Control ORNI178+
ORNI178 SWCNTs | ORN208 SWCNTs | ORNI178 SWCNTs I

| 1,212 485 1,080 1,198 1,701 1,638

2 1,049 571 961 1,162 1,838 1,757

3 986 554 936 1,003 1,785 1,869

4 986 655 1,285 935 1,575 1,594
Average 1,066 566 1,056 1,074 1,725 1,714

SD 106.71 69.88 159.24 125.81 114.66 123.89
Average (%) 100% 53% 100% 100% 100% 99.4%

SD 10.01% 6.54% 15.08% 11.71% 6.64% 7.18%
Abbreviations: SWCNTSs, single-walled carbon nanotubes; CFU, colony forming units; E. coli, Escherichia coli.
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