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Cellulose nanocrystal and gold nanoparticles are assembled, in a unique
way, to yield a novel modular glyconanomaterial whose surface is then
easily engineered with one or two different headgroups, by exploiting a
robust click chemistry route. We demonstrate the potential of this
approach by conjugating monosaccharide headgroups to the glycona-
nomaterial and show that the sugars retain their binding capability to
C-type lectin receptors, as also directly visualized by cryo-TEM.

Cellulose nanocrystal (CNC) is a low-cost functional material
that can be easily prepared by controlled acidic hydrolysis from
several renewable sources.! Owing to its distinctive biocompati-
bility, biodegradability and excellent chemical stability, CNC
has emerged as one of the most appealing natural biopolymeric
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New concepts

In this work, sulfated cellulose nanocrystal (CNC) and gold nanoparticles
(AuNPs) are assembled in a unique and straightforward way providing a
new modular and functional glyconanomaterial (named CNC-Au-LA).
Our CNC-AuNPs is a glyconanomaterial that provides a conceptual
advance in the field: it combines the complementary physiochemical
properties of AuNPs and polysaccharide-based nanomaterials along with
preserving the main composition and structure of the pristine CNC.
Owing to its unique structure, our CNC-AuNPs surface is easily engi-
neered with one or two different headgroups, by exploiting a robust click
chemistry route, under strictly controlled reaction conditions. The graft-
ing of C-type lectin receptor (CLR)-targeting monosaccharides makes our
glyconanomaterial a powerful tool for a direct visualization of the sugar
headgroup-lectin interactions by cryo-transmission electron microscopy.
We believe that our findings represent an important step that opens up
roads for further investigations of this kind of hybrid
glyconanomaterials as the ‘“next generation” of multifunctional
biocompatible nanotools.

new

scaffolds. As such, it has the potential to be exploited as a
‘magic bullet’ for nanomedicine.”> Small spindle-like size, stiff
chain architecture, and large surface area (250-500 m* g~ '), are
unique features that allow for the preparation of advanced
nanomaterials for many applicative areas, including material
and life sciences.® Concerning biological systems, the known
protein-repellent properties of polysaccharide-based nano-
materials make CNC a suitable nanocarrier for the develop-
ment of therapeutics, resulting in prolonged circulation in
the bloodstream, and delayed opsonization and removal by
immune cells.**”? In addition, its rod-shaped morphology and
surface chemistry significantly affect CNC fate. Interestingly,
CNC exhibits slower rates of renal clearance, and from the
perspective of drug delivery, pristine nanocrystals demonstrated
low unspecific uptake in several cell types.”*** Furthermore, the
hydroxyl groups on the glucose residues enable easy functiona-
lization and bioconjugation® of the CNC surface with specific

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the CNC-Au-LA 1, the monofunctional conjugates CNC-Au—Man 2 and CNC-Au-Fuc 3, and the bifunctional

conjugate CNC-Au-Man—-BODIPY 4.

bioactive molecules that allow targeting to disease sites.”” The
stiff chain architecture makes CNC an excellent platform for the
fabrication of metal nanohybrids.'”® Among them, CNC-gold
nanoparticles (CNC-AuNPs) composites are attractive hybrid
nanomaterials with unique catalytic and sensing properties.”
Protocols for CNC-AuNPs preparation usually employ chemical
modifications of the CNC surface with molecules that work as
reducing agents or stabilizers of gold ion precursors.” Unfortu-
nately, the pre-treatment steps result in significant structural
modifications of the CNC composition and surface chemistry
that, in turn, may significantly impact the physicochemical prop-
erties and nano-bio interactions of the pristine CNC.**” There-
fore, identifying straightforward methodologies that enable easy
access to CNC-AuNPs nanohybrids where the properties of both
components are preserved is highly demanding.’

In this context, we report here on the synthesis of an easily
affordable and modular CNC-AuNPs hybrid glyconanomaterial,
CNC-Au-LA 1 (Fig. 1). This composite was prepared by exploit-
ing a novel and straightforward one-step protocol that com-
bines, in a unique way, the polysaccharide-based glyconano-
material with AuNPs, preserving the main composition and
structure of the sulfated pristine CNC scaffold. Moreover, this
approach lends itself to straightforward post-functionalization
with headgroups and therefore paves the way to a library of

modular glyconanomaterials with the same biocompatible
scaffold.

Utilizing this strategy, small AuNPs bearing a lipoamide (LA)
spacer with a terminal chemical reporter (alkyne residue) were
stably embedded into the CNC matrix (Fig. 1). Alkyne residues
were harnessed for the covalent conjugation by a controlled
Cu(i)-catalyzed azide-alkyne cycloaddition (CuAAC) of one or
two structurally different functionalities. C-type lectin receptors
(CLRs) targeting moieties (i.e. mannose and fucose for CNC-
Au-Man 2 and CNC-Au-Fuc 3 respectively, Fig. 1) and a
BODIPY-like fluorescent dye (CNC-Au-Man-BODIPY 4, Fig. 1)
were included thus affording the mono- and bifunctional
conjugates 2-4. Notably, CNC glyconanohybrids 2 and 3 bind
to CLRs (i.e. Langerin and DC-SIGN)" via the monosaccharide
residues installed on the gold surface. Then, utilizing cryo-
transmission electron microscopy (cryo-TEM), we were able to
visualize sugar headgroup-lectin interactions by cryogenic
microscopy.

At first, AuNPs were prepared in situ in a one-step protocol
using commercially available sulfated CNC as the template
(ESIY), Au(m) salts (tetrachloroauric acid, HAuCl,) as precursors
of AuNPs and the o-lipoamide (LA) spacer 5 (Scheme 1A) as a
ligand to ensure the formation of Au-S bonds."" The use of
NaBH, as reducing agent allowed for the quick formation of Au
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Scheme 1 A. Synthesis of CNC-Au-LA 1. B. Synthesis of CNC-Au—-Man 2, CNC-Au-Fuc 3, and CNC-Au-Man-BODIPY 4. Reaction conditions:
(@) NaBH4, MeOH : H,O (9:1), rt, 2 h; (b) CuSOy4, sodium ascorbate, H,O, rt, 12 h; (c) CuSOy4, sodium ascorbate, DMF, rt, 12 h.
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nanoclusters that undergo in situ stabilization by the LA
derivative 5. The use of a methanol : water mixture (9:1 ratio)
was crucial for installing the LA spacer 5 on the Au surface
in situ, thus ensuring the dispersibility of all the reaction
components. The resulting CNC-Au-LA 1 was easily purified
by dialysis, and then fully characterized through a set of
complementary techniques.

Transmission electron microscopy (TEM) showed small
AuNPs (mean Au core diameter around 4.0 nm) with a narrow
size distribution, as more than 80% of the particles were less
than 5 nm (ESL Fig. S1). These particles were stably embedded
into the CNC matrix, thereby avoiding CNC additional deriva-
tization, usually approached to obtain homogeneous nano-
particle distributions.” As expected for small-sized AuNPs,*?
UV-Vis adsorption spectra (ESI,T Fig. S2) of both the reaction
mixture over time and the final CNC-Au-LA 1 did not show a
well-defined plasmon absorption maximum'® (at around
520 nm) typical of AuNPs with larger diameters. The atomic
percentage of Au in the CNC-Au-LA 1 was estimated by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and it consisted of 9.2% w/w (92 pg mg™'). This
implies that more than 90% of the starting Au salt (ESIT) was
converted into AuNPs, thus providing quantitative evidence of Au
recovery. Additionally, the loading of the spacer 5 was assessed by
elemental analysis to be roughly 17% w/w (0.072 mmol of 5 over
100 mg of 1, based on nitrogen content: ESI,;+ Table S1).

The presence of the LA residues on the CNC surface was also
confirmed by the "H NMR spectrum of a DMSO-d6 dispersion
of CNC-Au-LA 1 (ESL Fig. S3). Then, scanning transmission
electron microscopy/energy dispersive X-ray (STEM-EDX) ana-
lysis of CNC-Au-LA 1 confirmed the co-presence of Au and S
(ESL T Fig. S4) due to the LA spacer attached to the AuNPs
surface through the terminal thiol groups. The X-ray diffraction
(XRD) patterns of the CNC-Au-LA 1 (ESLT Fig. S5) exposed two
different crystalline phases that were compatible with the cubic
structure characteristic of Au and the monoclinic structure
characteristic of cellulose. All the peaks matched for the position
and intensity of the reference patterns (i.e. JCPDS 00-066-0091
(gold) and JCPDS 00-056-1718 (cellulose If)) and the lattice
parameters (a = 4.0791(7) A, Au; a = 7.8613(1) A, b = 8.0500(3) A,
¢ =10.4790(6) A, B = 92.9533(9)°, cellulose I) were close to those
expected for bulk Au (a = 4.0778 A) and cellulose If (a = 7.784 A,
b=8.2014,c=10.384, f= 96.5°), respectively, confirming that the
samples consisted of cellulose nanorods coated with AuNPs. The
Au crystallite diameter (dxgrp = 3.9(2) nm), obtained by Scherrer
analysis, is comparable to the size obtained with TEM measure-
ments, suggesting that the AuNPs may be considered single
crystals with a high degree of crystallinity. Furthermore, XRD
data, compared with those obtained by TEM analysis, provided
further evidence for the presence of a typical semicrystalline
cellulose structure, with an average crystallite size of 4.8(1) nm.
Finally, the (-potential of CNC-Au-LA 1 was —41 + 1 mV,
indicating that the synthetic process does not significantly affect
the surface charge of the sulfated pristine CNC (i.e. { = —39 + 2 mV).

Glycosides 6 and 7 (Scheme 1B), respectively, a p-mannose
derivative (Man, compound 6, Scheme 1B) and a i-fucose
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derivative (Fuc, compound 7, Scheme 1B) bearing a PEGylated
linker at the anomeric position, were prepared according to a
previously reported protocol.”® The terminal azide groups of 6
and 7 were reacted with the alkyne residues on the CNC-Au-LA
1 surface using a CuAAC in H,O using a 2:1 glycosides to LA
ratio. The loading of the sugar headgroups was calculated by
elemental analyses based on the nitrogen content of 2 and 3
compared with the precursor CNC-Au-LA 1 (1.02% w/w in 1 vs.
1.60% w/w in 2 vs. 1.58% w/w in 3, Table S1, ESIt). In particular,
elemental analyses showed a loading of the saccharides 6 and 7,
respectively, of 5.21% w/w (i.e. 0.027 mmol of Man over 100 mg
of 2, Table S1, ESIf) for CNC-Au-Man 2 and 4.25% w/w
(i.e. 0.039 mmol of Fuc over 100 mg of 3, Table S1, ESIf) for
CNC-Au-Fuc 3. The presence of the sugar headgroups on the CNC
surface was confirmed by the "H NMR spectrum of 2 and 3 that
provided signals in the range of 3.8-4.8 ppm that can be attributed
to the monosaccharides 6 and 7 (ESL Fig. S6 and S7).

The synthesis of the bifunctional conjugate 4 was performed
to demonstrate that this approach allows for the simultaneous
covalent grafting of different headgroups on the glyconano-
material surface by fine-tuning the equivalents of the azide-
bearing reagents employed in an iterative step-by-step conjugation
route (Scheme 1B). In particular, the mannose CNC-conjugate 2
was selected as the model nanomaterial. At first, a CuAAC using a
mannoside 6:LA ratio of 0.5:1 was performed in the same
experimental conditions reported above. Then, the resulting
CNC-Au-Man 2a (3.55% w/w loading of 6, ESL Table S1) was
further conjugated to the BODIPY 8'* in DMF (Scheme 1B) afford-
ing the CNC-Au-Man-BODIPY 4. The grafting of the CNC-AuNPs
surface was controlled step-by-step using elemental analysis (ESL T
Table S1) and UV-vis spectroscopy. The loading of the BODIPY 8 on
the surface of 5 was estimated by UV-vis spectroscopy (Amax =
630 nm) using the molar extinction coefficient of BODIPY 8" in
DMSO and was found to be 0.46% w/w (ESLT Fig. S8) according to
the boron content assessed by ICP-AES analysis (ESI,i Table S1).
Furthermore, excitation with UV-light (4,,x = 380 nm or 580 nm)
resulted in a fluorescence emission peak at 1 = 635 nm (ESL¥
Fig. S8), whereas no emission of the precursor CNC-Au-Man 2a
was observed (data not shown). In addition, the CNC-Au-Man-
BODIPY 4 was nicely detected under the laser-scanning confocal
microscope (ESLT Fig. S9A). The shortened fluorescence lifetime
observed for 4 compared to BODIPY 8 (2.0-2.7 ns and 3.2 ns,
respectively; ESL Fig. S9B and C) can be related to the plasmonic
effects of the nearby AuNPs or self-quenching of the neighbor-
ing dyes on the surface of CNC. Of note, the photo-stability of
the CNC-Au-Man-BODIPY 4 was assessed on LA-4 murine lung
epithelial cells using the commercially available Atto647N-
DPPE (ESIt) as a control. Data showed that the CNC-Au-
Man-BODIPY 4 is very photo-stable under continuous confocal
recordings (ESI, Fig. S10), indicating its potential for further
long-term imaging experiments.

Then, we performed agglutination studies to prove the
persistence of bioactivity of the sugar headgroups on the
CNC-AuNPs conjugates and, specifically, if the arrangement
of the sugar headgroups allowed for proper recognition by
lectins’ carbohydrate binding domain.'> We initially selected

This journal is © The Royal Society of Chemistry 2023
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the CNC-Au-Man 2 as our CNC glycoconjugate and Concana-
valin A (ConA),'® a plant lectin broadly used for investigating
the multivalent binding of glyco-constructs,'” as a model lectin.
ConA is a tetramer at neutral pH and it has a high binding
affinity with p-mannose and p-glucose (and glycopolymers with
o-p-glucopyranosyl subunits).'”*'® We thus expect aggregation
of ConA with CNC-Au-Man 2 driven by molecular recognition
of the mannose headgroups of 2. With this in mind, CNC-Au-
LA 1 was used as a control. At first, the colloidal stability of 2
(ESL} Fig. S11) in 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethane-1-
sulfonic acid (HEPES) buffer was monitored at room tempera-
ture over time (0-90 min). Then, we studied the interaction of 2
(0.01% w/w) with increasing concentrations of ConA (0-11.3 pM)
(ESLt Fig. S12), by measuring the change in absorption (1 =
490 nm) after 60 min of incubation.’® ConA concentration-
dependent agglutination was observed as indicated by turbidity
measurements (ESLT Fig. S12). Agglutination was also moni-
tored over time by measuring the absorbance changes, upon
addition of a suspension of 2 (0.01% w/w) to a fixed concen-
tration of ConA (10 uM in HEPES buffer, ESI). The data
obtained (ESL+ Fig. S11) indicated that the turbidity of the
solution increased over time. No change in the absorption was
observed by titration of CNC-Au-LA 1 with ConA (ESLt
Fig. S13), hereby confirming that the aggregation was a con-
sequence of the recognition of the mannose headgroups on the
surface of 2 by the lectin. These results prove that the engineer-
ing of the CNC-Au-LA surface ensures an arrangement of the
mannose headgroups that permits the specific recognition of
the monosaccharide residues by the ConA.

On this basis, the binding of the CNC-AuNPs glycoconjugates
to the calcium/magnesium-dependent C-type lectin receptors
(CLRs) DC-SIGN and langerin (as members of the group 2 of
CLRs) was further studied by an ELISA-based solid phase assay
(ESIY).%° Fig. 2 shows the binding of the tested chimera lectins®"*>
to glyconanomaterials-coated ELISA plates. Mannan and polyacrylic

1.6+ ns *

Hl DC-SIGN
B Langerin

Normalized OD 450nm

0.0
CNC-Au-LA CNC-Au-Man CNC-Au-Fuc

Fig. 2 Binding of CNC—-AuUNP conjugates 2 and 3 and of the CNC-Au-LA
1 to C-type lectin-Fc constructs of langerin (chimera langerin-Fc lectin)?*
and DC-SIGN (Ig fusion protein, DC-SIGN-Fc),??> measured by ELISA. Wells
were coated with the corresponding glyconanomaterials 1-3 and the
binding of lectins-Fc was measured as Optical density (OD) read at
450 nm. Data were normalized against BSA-coated wells used as blocking
agent. Bars show the average signal from independent experiments
performed in duplicate. Error bars indicate standard deviations of between
the mean values from three independent experiments performed in
duplicate. One asterisk indicates a p-value < 0.05; ns: not significant.
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acid-Lewis® (PAA-Le) were used as a positive control. In these
experimental conditions, the langerin lectin showed a different
binding on the CNC-Au-Man 2 than the CNC-Au-Fuc 3 (Fig. 2),
in agreement with the pattern of the controls (Mannan and
PAA-Le¥, respectively). DC-SIGN also showed a positive binding
to the studied glyconanomaterials without a significant differ-
ence between 2 and 3. These data were confirmed by titration
studies using increasing concentrations of the tested lectins
(ESLt Fig. S14). Accordingly, langerin showed the capacity to
differentiate between the two glyconanomaterials 2 and 3 (ESL T
Fig. S14). Conversely, the unfunctionalized CNC-Au-LA 1
exhibited lower binding to the tested lectins than the glyco-
conjugates bearing the monosaccharide headgroups (Fig. 2).
The mannose receptor (MR) was selected as a third CLR
belonging to a different group (group 6),>* indeed it has a
different carbohydrate-recognition-domain organization com-
pared to langerin and DC-SIGN. As reported in Fig. S15 (ESIT),
MR showed a weaker binding to the tested nanomaterials
compared to langerin and DC-SIGN.

The results indicate that the glyconanomaterial 2-3 dis-
plays the sugar headgroups so that their binding to human
carbohydrate-binding receptors is preserved. Overall, the turbi-
dimetry and ELISA assays confirm that the engineered CNC-
AuNPs hybrids are suitable glyconanomaterials to study and
intervene in glycan-lectin interactions.

Then, according to the ELISA preliminary screening we
decided to further investigate the interaction between the
CNC-AuNPs conjugates 2 and 3 and CLRs langerin and DC-
SIGN by microscopy. In particular, cryo-transmission electron
microscopy (cryo-TEM) is a powerful technique for structural
biology and it has recently been utilized to determine the three-
dimensional structure of relevant (glyco)-proteins and to study
structural changes in their native biological environments with
a high degree of detail and a sub-nanoscale resolution.>* This
technique also enables direct visualization of glycan-protein
interactions, as samples are frozen at cryogenic temperatures
that lock specimens in their intact and native state allowing
visualization of assembled structures.*

In this regard, we sought to investigate the observed inter-
actions between the CNC-AuNPs conjugates 2 and 3 and the
chimera lectins langerin and DC-SIGN by cryo-TEM, using TMS
as a buffer (20 mM tris(hydroxymethyl)Jaminomethane (TRIS),
150 mM NacCl, 1 mM CaCl,, 2 mM MgCl,, pH = 8). The CNC-
Au-LA 1 was used as a control to assess the role of the sugar
headgroups in the recognition. Images of the mixture between
CNC-Au-LA 1 and langerin (Fig. 3A) or DC-SIGN (Fig. 3B) in
TMS buffer displayed a homogeneous distribution of isolated
and non-assembled CNC needles that likewise appear in cryo-
TEM images of CNC suspensions.”®

On the other hand, images of a mixture of CNC-Au-Man 2
(Fig. 3C) or CNC-Au-Fuc 3 (Fig. 3E) and the langerin in TMS
buffer indicated the formation of packed networks where CNC
nanorods are organized in self-assembled structures. In particular,
CNC-Au-Man 2 and langerin form self-assembled architectures
which are shaped like bundles of needles (Fig. 3C). Notably, the
same mixture in TRIS buffer plus EDTA (4 mM), to remove residual

Nanoscale Horiz., 2023, 8, 776-782 | 779
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Fig. 3 Cryo-TEM images of the chimera lectins langerin-Fc and DC-SIGN-Fc in TMS treated with a dispersion (0.01% w/w in H,O) of CNC-Au-LA 1
(A and B), respectively; or CNC-Au—Man 2 (C and D), respectively; or CNC—-Au-Fuc 3 (E and F), respectively. Chimera lectins were used at the final
concentration of 0.1 mg mL~ (ESI). Buffer TMS: 20 mM TRIS, 150 mM NaCl, 1.0 mM CaCl,, 2.0 mM MgCl,, pH = 8. Scale bar 100 nm.

Ca>" ions from the stock solution of the lectin, resulted in more
disjointed assembled structures as an indication that some
interactions were disrupted by the EDTA removal of the Ca**
ions (ESI,T Fig. S16). Conversely, both CNC-AuNPs conjugates 2
and 3 treated with DC-SIGN showed a resemblance in the
organization of the assembled structures that resulted in a
thick aggregation of needles (Fig. 3D and F).

Conclusion

We demonstrate that CNC-Au-LA 1 is an unprecedented modular
glyconanomaterial whose surface can be easily modified with one
or two different headgroups by click chemistry. The proper
arrangement of CLR-targeting moieties on its surface and the
morphological features of the polysaccharide-based glyconanoma-
terial make our hybrid cellulose nanocrystal-gold nanoparticles
a unique multivalent scaffold suitable for displaying multiple
copies of sugar headgroups for direct visualization of glycan—
lectin interactions by cryogenic microscopy.

Targeting C-type lectins i.e. DC-SIGN and langerin has been a
long sought-after goal in the design of glyconanomaterials meant
for different therapies (anticancer, antimicrobial) or immune
modulation.>” Importantly, receptor-mediated endocytosis with

780 | Nanoscale Horiz., 2023, 8, 776-782

minimal nonspecific uptake enables the selective treatment of
immune cells.””* Taken together, these findings pave the way
for further investigations of CLR-specific antigen delivery
applications.
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