#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Sugar-decorated carbon dots: a novel tool for

i") Check for updates‘
targeting immunomodulatory receptorst

Cite this: Nanoscale Adv., 2022, 4,
5355 a : b c b : : cd
Oren Cooper,® Mario Waespy,” Dechao Chen, ® Serge Kelm,” Qin Li, ®

Thomas Haselhorst*® and Joe Tiralongo & *2

Interactions between sialic acid (Sia) and sialic acid-binding immunoglobulin-like lectins (siglecs) regulate
the immune system, with aberrations contributing to pathologies such as autoimmunity, infectious
disease and cancer. Over the last decade, several multivalent Sia ligands have been synthesized to
modulate the Sia-binding affinity of proteins/lectins. Here, we report a novel class of multivalent siglec
probes through the decoration of a(2,6)-sialyllactose ligands on inherently fluorescent carbon dots (CD).
We show that the preference of a(2,3)-linked Sia for siglec-1 can be altered by increasing the
multivalence of Sia ligands present on the CD, and that a locally high glycan concentration can have
a direct effect on linkage specificity. Additionally, micromolar (ICsg ~ 70 pM) interaction of a(2,6)-

sialyllactose-CD (6-CD) with siglec-2 (CD22) revealed it was capable of generating a significant cytotoxic
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Introduction

The regulatory functions of sialic acid binding
immunoglobulin-like lectins (siglecs) represent promising
therapeutic strategies for a wide range of immunological
disorders and cancer (immunoglyco-therapy)."* Siglecs are type
I membrane proteins displaying an amino terminal V-set
immunoglobulin domain that binds sialic acids (Sia) attached
to terminal regions of cell surface glycoconjugates. Of these,
siglec-2 (CD22) is of pivotal importance in B cell activation and
as such an attractive target for therapies of autoimmune
diseases and B cell derived non-Hodgkin's lymphoma. CD22 is
a B cell-specific transmembrane protein of the Ig superfamily
with seven Ig-like domains. Previous studies in mice, have
demonstrated that CD22 has two distinct functions, firstly its
association with the B cell receptors (BCR) followed by inhibi-
tion of the BCR signal (see ESI Fig. S11).>® CD22 has known
lectin properties and binds with high preference to «(2,6)-
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molecular probe with multiple applications in sialoglycoscience and medicine.

linked Sia in either cis configuration on the B cell surface or in
trans configuration on the surface of other cells, soluble glyco-
proteins and cell-associated antigens.”” As periphery B cells
usually display high levels of «(2,6)-linked Sia on the cell
surface, CD22 will bind them with high affinity.'*"*

The majority of research targeting siglecs has been directed
at antigen therapies,">** however as an alternative, multivalent
sialoglycan ligands have emerged as promising tools targeting
siglecs.” Kiessling and co-workers for example constructed
a copolymer that composed the BCR-binding epitope and the
CD22-specific ligand. The authors found that ¢rans-interactions
between CD22 and Sia glycans are regulated by the activation of
BCR. These copolymers enabled the simultaneous targeting of
BCR and CD22 receptors, induced trans-interactions in the
CD22 signaling, activating several pathways.*®

The natural Sia ligand for CD22 typically occurs on the
same cell (in cis) and/or on adjacent cells (in trans). cis ligands
mask the binding of sialoside ligands and are thought to
regulate the activity of CD22 as modulators of cell signalling."”
This has made it challenging to design targeted siglec
monovalent sialosides.’®>* To address this, multivalent
ligands of sufficient avidity have been shown to be able to
compete with cis ligands, demonstrating a dynamic equilib-
rium of cis and trans ligand probes.>®*® The use of sialosides
on nanoparticles as multivalent Sia ligands is limited.>”** To
date, the most suitable architectures for multivalent presen-
tation of CD22 ligands are liposomes.>*?*” Chen and co-
workers have shown that doxorubicin loaded liposomes
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bearing ligands for CD22 are effective drug delivery vehicles
for depletion of B cells in vivo.** These studies highlight the
importance of multivalent presentation of the Sia ligand for
targeting of CD22-expressing cells.

Recent advances in glyco-nanotechnology has allowed the
development of novel multivalent scaffolds that possess, at the
nanoscale, inherent photonic,* fluorescent,* electronic,* and
magnetic** properties to explore carbohydrate-lectin interac-
tions in an unparalleled manner. Of these, quantum dots
(QDs)*** and carbon dots (CDs)***” have been explored as
suitable tools for cell targeting. QDs and CDs are zero-
dimensional nano-architectures that are intrinsically fluores-
cent,”® which due to their high surface/volume ratios and
abundant surface functional groups are capable of enhancing
avidity, allowing researchers to exploit multivalent interactions.
These platforms thus represent an ideal route for glycan-based
cell targeting, for example as drug delivery systems or imaging
agents and can be used as a diagnostic platform and biosensing
tool making them highly promising theranostic devices.

In our previous work, we explored the use of CDs as multi-
valent scaffold for lactose.”” Here, self-assembled glycan
monolayers (SAGM) were generated by functionalizing lactose
with an epoxy linker, (3-glycidyloxypropyl)trimethoxysilane
(GOPTS). Subsequent passivation of these SAGM to CDs
provided us with a multivalent glycan coat to explore the effect
lactose has on intracellular localization of CDs in cultured cells.
Given our success with lactose, we have extended our approach
to other glycan classes. To this end, we have engineered
multivalent CDs using our SAGM method to target CD22 for
BCR inhibition (see Fig. 1).
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Experimental procedures
General procedures

All chemicals were purchased from Sigma-Aldrich and used
without further purification. «2,3-Sialyllactose (2,3-SL) and
a2,6-sialyllactose (2,6-SL) were purchased from Elicityl (France).
Lactose (anhydrous) was purchased from Sigma-Aldrich.
Glassware and syringes used for reactions requiring anhy-
drous solvents were dried in an oven (100 °C) for at least 2 h and
allowed to cool in a desiccator. Liquid reagents, solutions or
solvents were added via syringe through a rubber septum.
Reactions were monitored through thin-layer chromatography
(EtOAc/MeOH/H,0 (3:2:0.2)) on TLC silica gel 60 F,5, with UV
light (365 nm) detection and by charring with 7% sulfuric acid
in ethanol. Products were concentrated in vacuo using both
a Biichi rotary evaporator R-114 (bath temperature set to 40 °C
at a pressure of 15 mmHg) and a high vacuum line at room
temperature. Water soluble compounds were freeze dried on
a LDC 1 M Martin Christ Alpha 1-4. 'H NMR and “*C NMR
spectra were measured in the solvent stated in a 400 MHz NMR
spectrometer (Bruker) for the outlined reaction steps. The
photoluminescence spectra of excitation and emission and
absorption spectra of sample were recorded using Duetta
(Horiba) fluorescence and absorbance spectrophotometer. 'H
NMR spectra were obtained using a Bruker 400 MHz spec-
trometer. TEM was performed on a JEOL-2100 high-resolution
transmission electron microscope with a voltage of 200 kV.
FTIR spectral analysis was performed using a Bruker Alpha
Fourier Transform Infra-Red spectrometer. Dynamic light
scattering (DLS) and ¢ analysis were carried out using a Nano ZS

Cytotoxicity of 6-CD in BL Daudi Cells
8500

g
g

Untreated

a
3
s

Luminescence (RU)
£
3

Treated

3
s

IgM 0
0 2 4 6 8 10 12 14 16 18 20

Time (hrs)

Phosphorylation

D Phosphatase
D Kinase

SA Ca* ( | Adaptor Protein

a2,3-Sia

Phospholipase

Caz

ER

Fig. 1 Targeting CD22 in Burkitts Lymphoma (BL) Daudi cells. The B cell receptor (BCR) is closed in resting B cells and CD22 forms homo-
oligomers through cis-interactions with a(2,6)-linked Sia. For signal inhibition, CD22 needs to be recruited to the BCR which can occur through
binding ligands of other cells or as illustrated here with carbon dots, via trans-interactions. Here, the proximity of CD22 to BCR leads to
phosphorylation of the ITIMs of CD22 by LYN. Subsequent signaling cascades through SHP-1 dephosphorylation inhibit further Ca®* release and
negatively regulate the BCR signal. In our work, we demonstrate interaction of a.(2,6)-sialyllactose-CD (6-CD) is capable of interacting with CD22
in trans leading to a significant cytotoxic effect. A more detailed insight into the regulation of the BCR is given in the ESI Fig. S1.¥
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(Malvern Instruments). 384- and 96-well plate experiments were
measured using an Infinite M200 Pro Multimodal Plate reader
(Tecan) in various configurations (absorbance, fluorescence or
luminescence) depending on the indicated readout.

Carbon dot synthesis and glycan functionalization

Carbon dot synthesis and characterizations. The hydro-
thermal synthesis of CDs followed our previously established
procedure.*® A typical synthesis required dissolving of 0.5 g of
citric acid and 10 mL of polyethyleneimine (PEI) (MW ~ 800) in
5 mL of distilled water. The mixture was sonicated for 1 min to
form a transparent solution. The solution 1 was then trans-
ferred in a 30 mL Teflon-lined stainless-steel autoclave and
treated at 180 °C in an oven for 6 h (see Scheme 1). After reac-
tion, the mixture was then cooled to room temperature and
appeared as a light-yellow clear solution. The suspension was
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filtered through a Millipore syringe filters with the pore size of
0.22 um followed by dialysis 2 (1 K MWCO, Spectrum Inc.)
against deionised water to remove the unreacted molecules.
Finally, the particles >1 kDA were lyophilized overnight and
resuspended in anhydrous methanol. Hereafter this PEI func-
tionalized CD is referred to as uCD and serves as the principal
scaffold for subsequent glyco-coating using SAGM. As the glyco-
coat is absent on uCD we can considered it “uncoated”.
Glycan conjugation to carbon dot. In separate round bottom
flasks, 100 mg of lactose, 2,6-SL and 2,3-SL was aminated as
described.® Briefly, glycans were dissolved with 5-fold excess (w/
w) ammonium carbonate in ammonium hydroxide and left
sealed and stirring at 50 °C. After 3 days, the seal was removed,
and the mixture allowed to vent for 2 h to remove excess CO,.
Aminated glycans 3 were lyophilized overnight, then placed
under argon and dissolved in 5 mL anhydrous dimethyl
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Scheme 1 An overview of the synthesis of a.2,6-sialyllactose (2,6-SL) coated carbon dots (CD). Synthesis reagents and conditions, 1 citric acid
and polyethyleneimine (MW ~ 800) (1: 20) in 5 mL distilled water, treated in a Teflon-lined autoclave at 180 °C for 6 h; 2 dialysis in distilled water
against 1 K MWCO to remove larger particles, only the dialysate was kept; 3 amination of 2,6-SL. Ammonium carbonate (1: 5 molar excess) in
ammonium hydroxide, 50 °C, 3 days; 4 silanization of 2,6-SL with GOPTS. Anhydrous DMSO : DMF (1: 1), GOPTS in anhydrous methanol, 40 °C,
overnight, acetic anhydride, DMAP, 4 °C, 15 min; 5 passivation to uCD. Anhydrous methanol, RT, overnight. R group indicates position of acetyl

moiety after acetylation.
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sulfoxide (DMSO) and N,N-dimethylformamide (DMF) (v/v, 1:
1). Anhydrous 3-(glycidyloxypropyl)trimethoxysilane (2%, v/v)
was added to the mixture and allowed to react at 40 °C over-
night to form either a lactose-GOPTS, 2,6-SL-GOPTS or 2,3-SL-
GOPTS conjugate 4. The epoxy-ring was acetylated to prevent
ring opening. Here, the product was cooled to 4 °C and
neutralized with acetic anhydride and 4-dimethylaminopyr-
idine (DMAP) (1:1:2, molar equivalents) for 15 min and
stopped with the addition of methanol (1: 1, v/v). The mixture
was allowed to warm to RT and 10 mg of uCD 5 (in anhydrous
methanol) was added and allowed to react overnight. The
resulting products were first dialysed against 3.5 K MWCO
(Spectrum Inc.) in MilliQ water for 16 h to remove larger
aggregates of glyco-CDs. The particles <3.5 kDA were subse-
quently lyophilized and dialysed against 1 K MWCO (Spectrum
Inc.) in 1 L of water for 16 h. Here, the particles >1 kDA were
retained and lyophilized overnight to be used as test
compounds. As all glyco-coated CDs were produced through
self-assembly around uCD, they are all share a similar core
identity only differing by their coat. As such they will be referred
to hereafter as; 6-CD for 2,6-SL coated uCD, 3-CD for 2,3-SL
coated uCD and Lac-CD for lactose coated uCD.

Quantification of glycan conjugation to carbon dot. Detec-
tion and quantification of the respective glyco-coat of 6-CD, 3-
CD and Lac-CD was performed using anthrone reagent as
described.” In brief a stock solution of ACS (97%) anthrone
(Sigma-Aldrich) was prepared by dissolving 20 mg of anthrone
into 10 mL concentrated ACS (98%) sulphuric acid (Sigma-
Aldrich) and protected from light. Lactose disaccharides were
used as a standard to quantitate the carbohydrate concentration
of each CD. In glass vials, 400 pL of anthrone reagent was added
to 200 pL of each standard or test compound, heated in
a boiling water bath for 15 min and cooled in an ice bath. 200 pL
of each sample was aliquoted into a 96 well plate and absor-
bance measured at 622 nm using an Infinite M200 Pro Multi-
modal Plate reader (Tecan). A linear calibration curve (y =
0.001x + 0.0386, R2 = 0.9969) was obtained by plotting absor-
bance against concentration of lactose on Microsoft EXCEL. The
extent of the CD glyco-coat functionalization was determined
using the above calibration curve. The molar concentration was
calculated based on the respective concentrations of glycans in
each carbon dot sample and subsequently used to compare
monovalent glycan concentrations to multivalent glyco-coated
carbon dot concentrations.

Biological verification and investigations

Hapten inhibition assays. Throughout this study recombi-
nant Fc-chimeras were used. They compromised of the N-
terminal three Ig-domains of the respective siglecs fused C-
terminally to the Fc-part of human IgG1. Expression of siglec-
1 and CD22 in Cho Lec1 cells as well as protein purification
were performed as described.”>** Fetuin-containing «(2,3)- and
o(2,6)- linked Sia was used as a target in hapten inhibition
assays since both siglecs studied here bind to this glycoprotein.
These assays were performed as described® using black, high
binding 384, microplates (OptiPlate, PerkinElmer) to determine
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the half maximal inhibitory concentration of siglec binding
(ICs0) to monovalent 2,3-SL and 2,6-SL and multivalent 6-CD, 3-
CD and Lac-CD. Briefly, siglec Fc-chimeras and anti-hu-IgG-AP
were allowed to bind to immobilized fetuin for 4 h at 4 °C.
Subsequent binding curves of fluorescein diphosphate cleavage
by alkaline phosphatase were used to attain maximum binding
of siglec. To test for inhibition, glyco-coated CDs were incor-
porated into the siglec Fc-chimeras and anti-hu-IgG-AP cocktail
at various concentrations as competitive inhibitors against
immobilized fetuin. Specific binding was obtained by sub-
tracting the average of non-specific binding of probes to
immobilized asialofetuin. IC5, was determined from corre-
sponding binding curves. For a better comparison between
different assays, for each sample its relative ICs, (rICso) was
calculated from its IC5¢ (IC50sample) and the IC;, of the mono-
valent 2,3-SL or 2,6-SL; (ICsogref): TIC50 = IC50re/IC50sample- Each
sample was measured in triplicates and each experiment was
repeated at least three times. Finally, average rICs, values and
corresponding standard deviations were calculated from these
experiments. Standard deviations for all compounds were below
15% of the average rIC50 values.

Cell viability assays. BL Daudi cells with confirmed CD22
expression (see flow cytometry methods) were treated with uCD,
Lac-CD and 6-CD to compare the cytotoxic effects of each CD. As
CDs are naturally fluorescent, the luminescent RealTime-Glo™
MT Cell Viability Assay (Promega) was performed as per
manufacturer's instructions. In brief, cells were counted using
a Neubauer haemocytometer (Marienfeld) and 1 x 10" cells per
well were seeded into a white opaque 96 well plate (CulturPlate-
96, PerkinElmer). For end point assays, the RealTime Glo
reagent was mixed with CDs at varying concentrations and
allowed to incubate overnight. Luminescence was measured at
an integration of 1 s at 37 °C using an Infinite® 200 Pro (Tecan).
Real time monitoring of cell viability was performed using this
same instrument with interval reads every 20 min over the
course of 20 h. Finally, to compare multivalent and monovalent
interactions, MT cell viability assays were performed with 6-CD
at 1 mg mL " in the presence of 2,6-SL. Here, BL Daudi cells
were incubated for 24 h before performing luminometry
measurements using the Infinite® 200 Pro.

Flow cytometry. BL Daudi suspension cells were tested for
CD22 expression using an anti-CD22 antibody [RFB4] with
phycoerythrin (Ex: 488 nm, Em: 575 nm) (abcam). Flow cytom-
etry was performed as described manufactures instructions.
After confirmation of CD22+ expression BL Daudi were counted
using a Neubauer haemocytometer (Marienfeld). Cells were
washed with PBS and resuspended (5 x 10° cells per mL) in
phosphate buffer (pH 7.4) containing freshly dissolved 2 mM
NalO, and incubated for 30 min at 4 °C in the dark. Excess
periodate was destroyed by adding 10 puL of 20% glycerol. 5 x
10" cells per mL were seeded into falcon tubes. Blocking buffer
was prepared fresh, by dissolving 1% BSA in PBS (w/v). Washing
buffer was prepared fresh by dissolving 0.1% BSA (w/v) in PBS.
Cell were blocked with blocking buffer for 1 h at 4 °C and then
washed three times in washing buffer. Cells were incubated
with either 100 pg uCD, Lac-CD or 6-CD for 30 min at 4 °C,
followed by three more washes. Competitive binding assays

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with 100 pg of 6-CD in the presence of 10 pg of methyl-o-9-N-
(biphenyl-4-carbonyl)-amino-9-deoxy-Neu5Ac ~ (BPC-Neu5Ac)>
was performed on both periodate treated and untreated BL
Daudi cells in the same manner described above. Flow cytom-
etry was performed using a CyAn ADP (Beckman Coulter) with
a 405 nm excitation laser and a 450/50 nm emission filter.

Results
Assembly and characterization of sialoglyco-CDs

In this study, four different CDs were employed to probe the
interaction of multivalently displayed Sia with siglec. Here,
SAGMs of lactose, «(2,6)-sialyllactose (2,6-SL) and «(2,3)-sia-
lyllactose (2,3-SL) were generated using the epoxide function-
ality of GOPTS and employed to decorate CDs, thus imparting
glycan functionality. Within this study, uncoated CD (uCD) and
lactose-CD (Lac-CD) have both previously been extensively
characterized, providing proof-of-principle for our synthesis as
illustrated in Scheme 1.*** Subsequent generation of 6-CD and
3-CD was achieved through passivation to uCD with either a 2,6-
SL or 2,3-SL SAGM, respectively. Here, amination of the
anomeric carbonyl of glucose in 2,6-SL and 2,3-SL is performed
to ensure the Sia moiety faces away from the CD core. Due to the
higher reactivity of the amine group at the reducing end of
glucose, the epoxy ring present in GOPTS affords us control in
positioning the direction of the glycan ligands. The synthesis
and conjugation of the glycan-silylate intermediate and SAGM
passivation to uCD are outlined in Scheme 1. Importantly, self-
assembly of the glycan monolayer occurs on the surface of the
CD as the silanol hydrogen is far more electrophilic and
therefore reactive when compared to the hydrogen of the
carbinol moiety. Due to this difference in the electropositive
silicon, a higher dipole moment for the silanol group occurs
leading to greater hydrogen bonding to the CD.

We have previously shown, that passivation of the glycan-
silylate intermediates of SAGM on the CDs leads to a broader
blue shift of the PL peak compared to uCD.* This phenomenon
was also observed for 6-CD and 3-CD with similar excitation
peaks at 360 nm, indicating successful modification of uCD
surface functional groups (see ESI, Fig. S2t). Of note, 3-CD also
exhibited additional features, with lines of emission across
several frequencies (415 and 430 nm) corresponding to excita-
tion of 380 nm. This bimodal excitation has been similarly
observed in uCD indicating there was still unreacted uCD
present in this sample. Fourier transform infrared spectroscopy
(FTIR) of both 3-CD and 6-CD (see ESI, Fig. S31) confirmed the
generation of the silicon network that forms the backbone of
the SAGM. Here a sharp band at 980 cm ™~ * be ascribed to the Si-
0-Si network. The small sharp peak positioned at 1100 cm ™" is
likely due to the Si-C bond, and the large absorption band
cantered at 875 cm ™' from the Si-N bond to PEL Finally, we
acquired the TEM for 6-CD and 3-CD (see ESI, Fig. S41), which
clearly shows a well-defined carbon core with a reduced area of
density surrounding the core. DLS analysis (see ESI, Table S1+)
illustrated a monodisperse population with size ranging from
70-90 nm, which is consistent with our previous findings.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To unambiguously confirm that uCD was decorated with our
Sia-SAGMs, we employed "H NMR spectroscopy. Consistent with
our previous findings,*” the ring and anomeric protons of both
2,6-SL and 2,3-SL SAGM remain chemically unchanged through
passivation to the uCD surface. "H NMR spectra of 6-CD and 3-
CD (see ESI Fig. S5 and S67) revealed that the anomeric proton of
the glucose moiety (GlcH-1) is predominantly covalently linked
in the a-anomeric configuration to the GOPTS linker. Interest-
ingly, this preference was absent in our previously characterized
Lac-CD.* To confirm that 2,6-SL and 2,3-SL glycans were conju-
gated correctly on 6-CD and 3-CD, we monitored the H3 equa-
torial and axial protons (H3eq/H3ax) of the Sia moiety as
displayed in each panel of the 'H NMR spectra. The H3ax proton
for 3-CD (~1.82 ppm) and 6-CD (~1.76 ppm) revealed that both
CDs are uniquely distinct due to their glycosidic linkage. This is
further supported by the H3eq protons of 3-CD (~2.78 ppm) that
appear as a pronounced doublet of doublet appearing upfield of
the H3eq protons on 6-CD (~2.75 ppm). The presence of protons
resonating from the Sia moiety not only confirms successful
passivation but more importantly, also pre-organisation and
complete solvent exposure of the Sia residue.

The calculation of the molar concentration of glycosylated CDs
was performed using the anthrone assay.’® Here, the molar
concentration was revealed to be 356 + 42.57 uM for Lac-CD, 382
+ 49.12 uM for 6-CD and 290 + 55.56 uM for 3-CD. These values
allowed direct comparison of concentrations used with mono-
valent glycans in subsequent experiments. Of note, the decreased
molar concentration of 2,3-SL compared to Lac-CD and 6-CD
supports the findings from the PL spectra of 3-CD which detected
unreacted uCD. Using the already calculated molarity of the
glycan coated CDs from the anthrone assay, the number of
molecules per carbon dot can be derived from the below eqn (1):

(saw) ¥

n

(1)

where, g is the grams of glycan calculated from the molarity

quantified using the anthrone assay, MW is the molecular

weight of the glycan, N, is Avogadro's number and 7 is the

number of CDs per litre. The number of CDs per litre can be

calculated using the below equation:
W

"= pxd

(2)

where, w is the weight concentration of CD (kg L), p is the
individual particle weight and d is the nanocarbon density
assumed to be 1800 kg m > (based on the density of graphite).
Using these two equations the number of glycan moieties on
each CD was calculated to be 13 + 2 copies for Lac-CD, 14 £ 2
for 6-CD and 11 =+ 2 copies for 3-CD. Based on our findings, our
permissible characterisation of 3-CD and 6-CD indicates that
these multivalent sialosides can act as appropriate probes for
siglec analyses.

Hapten inhibition assays

In order to determine the relative inhibitory potential of 3-CD
and 6-CD compared to their monovalent counterparts (2,3-SL

Nanoscale Adv,, 2022, 4, 5355-5364 | 5359
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Table 1 Comparison of inhibitory potential of CD-sialosides. Hapten
inhibition assays revealed ICsq values of tested compounds using least
three titrations, standard deviations were within 15%

Siglec-1 CD22
Compound ICso (uM) rICsy” ICso (M) rICs,”
2,3-SL 232.3 1 n.i¢ n.i¢
2,6-SL 584.7 0.4 156.1 1
6-CD 135.0 1.7 67.9 2.3
3-CD 15.4 15.1 n.ic n.ic
Lac-CD n.i n.i n.i n.i

“1ICso values were calculated against 2,3-SL (ICs, 232.3 pM) as
a reference compound. b 11C5, values were calculated against 2,6-SL
(ICso 156.1 puM) as a reference compound. ° Not inhibitory against
1.5 mM. Individual ICs, curves are presented in the ESI Fig. S7.

and 2,6-SL), hapten inhibition assays with CD22 and siglec-1
were performed using immobilized fetuin as the Sia donor.
Here, the equivalent micromolar concentrations of
glycosylated-CDs, as calculated from the anthrone assay, were
used to determine ICs, values for siglec-1 and CD22. Table 1
confirms similar inhibition of siglec activity as previously re-
ported for 2,3-SL and 2,6SL,”**° and Lac-CD (the “asialylated”
control) was unable to inhibit either siglec-1 or CD22. As ex-
pected, 3-CD and 6-CD showed significant increases in inhibi-
tion against their respective siglec targets compared to their
monovalent equivalent. For siglec-1, a 15-fold increase in inhi-
bition was observed for 3-CD compared to monovalent 2,3-SL.
Additionally, although 2,6-SL is not the preferred substrate for
siglec-1, when displayed multivalently, as is the case with 6-CD,
a 1.7-fold increase in rICs, compared to monovalent 2,3-SL was
also observed. This indicates that Sia linkage-specific binding to
siglec-1 can be partially overcome by increasing the multi-
valency of Sia ligands. Moreover 6-CD displayed a 4.3-fold
increase in rICs, compared to its monovalent 2,6-SL parent
compound against siglec-1. For CD22, as expected 3-CD was not
shown to be inhibitory, while 6-CD demonstrated a 2.3-fold
increase in rICs, compared to 2,6-SL. Of note, the ICs, of 6-CD
(67.9 uM) is comparable to that of the known CD22 sialoside
inhibitor, methyl-a-9-N-(biphenyl-4-carbonyl)-amino-9-deoxy-
Neu5Ac (BPC-Neu5Ac:ICs(:35 uM).** Taken together, this
suggests that the multivalent display of Sia significantly
increases avidity of simple glycans.

BL daudi cell viability assays

To further explore the effect that the presentation of Sia moie-
ties and multivalency has on siglec binding in more detail, we
investigated the toxicity of our CDs on Burkitt's Lymphoma (BL)
Daudi cells. Real time luminometry measurements (20 min
intervals) was performed with cell viability being monitored for
20 h to provide a detailed examination of cell growth (Fig. 2).
Interestingly, after 4 h of uCD treatment (Fig. 2, yellow), BL
Daudi cells revealed a 2-fold increase in cell viability as
measured through mitochondrial reductase activity. Compared
to our control, which clearly do not divide as rapidly, these
findings suggest that uCD may induce mitochondrial
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Fig.2 Realtime cell viability of BL Daudi cells with various carbon dots,
6-CD (grey); uCD (yellow); Lac-CD (blue). The bar graph insertis a 24 h
endpoint reading of multivalent 6-CD, monovalent 2,6-SL and
a mixture of 6-CD and 2,6-SL. RPMI control is indicated by *.

hyperactivation leading to increase metabolic viability and MTT
reduction. This is apparent after 14 h, where the BL Daudi cell
population suddenly declines. We have previously reported that
following lysosomal escape, uCD is capable of co-localization
within the mitochondria of HeLa cells.*” A similar mechanism
may occur in BL Daudi cells, with uCD targeting the mito-
chondria leading to hyperactivation and increased MTT reduc-
tion. On the other hand, 6-CD (Fig. 2, grey) and Lac-CD (Fig. 2,
blue) maintain comparable, albeit reduced metabolic activity,
compared to the control (Fig. 2, red) up to 14 h. Beyond this
point, however Lac-CD cytotoxicity is eventually overcome by the
BL Daudi cells. This phenomenon was not apparent for 6-CD
indicating that the Sia moiety is a strong determinant for sus-
tained BL Daudi cytotoxicity. This was confirmed by the addi-
tion of 10 mM 2,6-SL, which abolished cell death (see bar graph
insert in Fig. 2).

Flow cytometric analysis of CDs

Flow cytometric analysis was performed to assess the extent to
which 6-CD, Lac-CD and uCD can be recognized by surface
receptors present on BL Daudi cells. CD22+ expression (Fig. 3A)
on BL Daudi cells was confirmed before exploring whether
cytotoxicity of 6-CD in BL Daudi cells is driven through inter-
action with CD22. Here, mild periodate treatment was per-
formed to truncate endogenous linked Sia leading to
unmasking of CD22." Initial probing of the Daudi cells with
uCD and Lac-CD revealed contrasting interactions. Fig. 3B
reveals an 8.5-fold increase in fluorescence for uCD compared
to the control, likely due to the cationic nature of uCD leading to
increased electrostatic interaction with the cell membrane and
subsequent endocytosis.®” This is supported by the finding that
Lac-CD exhibited only a 1.3-fold increase in fluorescence
compared to the control, suggesting that the presence of the Lac
coat is decreasing the non-specific electrostatic interaction
associated with uCD. Fig. 3C demonstrates specific interaction
of 6-CD with CD22, with an 8-fold increase in binding observed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Flow cytometric analysis of various CDs interacting with CD22+ Daudi cells. (A) Unlabeled (black), median: 9.87; anti-CD22 antibody
(green), median: 29.8. (B) Unlabeled (black), median: 2.65; 100 ug Lac-CD (blue), median: 3.6; 100 ug uCD (orange), median: 22.6. (C) Unlabeled
(black), median: 2.65; 100 pg 6-CD (grey), median: 21.6; 100 pg 6-CD with 10 pg BPC-Neu5Ac (red), median: 10.3. (D) B cells were not pretreated
with periodate. Unlabeled (black), median: 2.31; 100 pg 6-CD (grey), median 3.67, scale bar represents 30% of Daudi population, median; 23.7;
100 pg 6-CD with 10 pg BPC-Neu5Ac (red), median: 3.84, scale bar represents 35% of Daudi population, median; 27.

to the unlabelled Daudi population. Importantly, 6-CD bound
with 6-fold higher affinity to BL Daudi cells compared to Lac-
CD, highlighting that the o(2,6)-linked Sia linkage is the
major determinant for binding of these CDs. Additionally,
binding of 6-CD to BL Daudi cells could be inhibited by BPC-
Neu5Ac, a known potent inhibitor of CD22,* therefore unam-
biguously confirming 6-CD interaction with CD22. Our data
clearly shows that the multivalent display of «(2,6)-linked Sia on
CDs achieved using our SAGM approach permits specific tar-
geting of CD22 on B cells.

Given the specific interaction of 6-CD to BL Daudi cell, we
sought to further explore whether multivalent siglec ligands
could be used to probe masked (non-periodate treated) BL
Daudi cells. Fig. 3D shows that 6-CD possessed high enough
avidity to compete with the cis ligands that normally mask CD22
on BL Daudi cells. Here, only a small population of BL Daudi
cells (~30%) demonstrated a 10-fold increase in interaction
with 6-CD. This indicates that masked CD22 is still capable of
dampening the affinity of 6-CD to the entire BL Daudi pop-
ulation. Importantly, this interaction could not be inhibited by
monovalent BPC-Neu5Ac, that has a 2-fold better IC5, compared
to 2,6-linked sialosides, suggesting that 6-CD is binding to CD22
only through trans interactions.

Discussion

The challenge to design targeted siglec sialosides has been
explored in great detail,**"** however the use of sialosides on
multivalent nanoparticles is limited.”*’*”> Based on our

© 2022 The Author(s). Published by the Royal Society of Chemistry

findings, we demonstrate that CDs are suitable scaffolds for
biologically relevant multivalent display of sialosides to target
siglecs as well Sia-recognizing receptors. In light of the varied
cellular responses seen across BL Daudi cells treated with CDs,
our work highlights unique biological responses from exposure
to multivalent glycan scaffolds. Additionally, further research
into the effect that the CD itself has on cellular interactions
would provide useful insight into how these architectures can
be modified to promote targeted endocytosis and uptake.
Herein, we have sought to provide the framework for further
design of intelligent multivalent sialylated CDs that can be used
as targeted drug delivery systems for BL Daudi cells.

Thanks to the inherent fluorescence of these next-generation
sialosides we were able to explore through flow cytometric
analysis that cytotoxicity of 6-CD in BL Daudi cells was driven
through trans interactions with CD22 (see Fig. 3D). We propose,
that 6-CD interaction with CD22 allows phosphorylation of
ITIMS by the kinase Lyn and subsequent recruitment of SHP-1
to negatively regulate BCR signal. Studies have demonstrated
that the concentration of «(2,6)-linked Sia present on the B cell
surface is estimated to be in the region of 25-30 mM,**”* around
100-fold higher than the Ky, of CD22 for a2,6-linked Sia (0.1-0.3
mM (ref. 74-76)). These findings indicate CD22 is capable of cis
interaction with glycoprotein ligands on the same cell. Our
hapten inhibition assays revealed only a 2-fold increase in
affinity for 6-CD to CD22 compared to «.2,6-linked Sia, therefore
it is challenging to suggest that 6-CD is capable of cis interac-
tions with CD22.
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Flow cytometry experiments revealed that ‘unmasking’ of
CD22 by mild periodate treatment and removal of active Sia
moieties, enables strong 6-CD binding. Binding of 6-CD to CD22
was limited in non-periodate treated BL Daudi cells, suggesting
that 6-CD interact with CD22 on the B-cell surface through trans
interactions. Our work supports previous findings” that cis
ligands downregulate but do not prohibit binding of ligands in
trans. In vivo, B cells are known to exploit trans interactions to
allow recirculating back to the bone marrow by binding to
ligands that are expressed on sinusoidal endothelium.” Addi-
tionally, it has been shown that binding of higher affinity
multivalent probes to CD22 (ref. 77) or redistribution of CD22
(ref. 75) does not require unmasking. These studies highlighted
a dynamic equilibrium where CD22 can switch between cis and
trans interactions, depending on their relative affinity/avidity.

Further, our 6-CD findings are consistent with work per-
formed by Collins et al., where it was concluded that cis ligands
regulate siglec binding to biologically relevant ¢rans ligands.
This is achieved through thresholds set by cis ligands to control
binding of CD22 by trans interactions.”®”** Importantly,
studies into subpopulations of B cells have shown that cells can
exist in both an unmasked state and that CD22 unmasking can
occur after B cell activation.®>* Taking this into consideration,
as 6-CD binding to CD22 in masked BL Daudi cells could not be
inhibited by the addition of BPC-Neu5Ac, this indicates that
CD22 interacts with 6-CD in trans and this is favoured over the
binding of ligands in cis.

Cross-linking studies have indicated that multivalency is
important to achieve functional interactions with CD22.7* In our
study, the multivalent nature of sialoglyco-CDs permits binding
of more than one copy of CD22 receptor molecules. This is
compounded especially given that CD22 forms homo-oligomers
in resting B cells which would greatly increase the avidity of
CD22-ligand interactions.**®* A study by Gasparrini et al.,
(2016)* using super-resolution imagining techniques demon-
strated that CD22 is organised as nanoscale clusters in resting B
cells. Transgenic mice expressing CD22 mutants showed that
the Sia binding domain of CD22 has a major contribution in
defining both lateral mobility and nanocluster organisation.®®
Given this nanoscale clustering of CD22, it is likely that initial
trans-interactions promote further binding of adjacent 2,6-SL
moieties on our multivalent 6-CD. This in line with previous
observations that suggest that low affinity binding events might
be important in order to ensure that CD22 association, and
allow the signalling event to be rapidly reversible.*” Further, as
CD22 redistributes to the site of cell contact,® it follows that the
avidity of this interaction would also be increased by this
process. This is supported by the cell viability results (Fig. 2, bar
graph insert) where monovalent 2,6-SL decreased the cytotoxic
effects of 6-CD.

Conclusions

The significance of the interaction between Sia and siglecs in
immune regulation, cancer and infectious disease is well
documented, however its role in physiological and pathological
processes remains poorly understood. Here, we report for the
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first time the use of our SAGM approach to generate sialoglyco-
CDs as a scaffold for simple targeting of siglecs. Of note, hapten
inhibition assays with 3-CD demonstrated an IC50 of 15 pM
against siglec-1, equating to a 15-fold increase in affinity
compared to 2,3-SL. Additionally, for 6-CD we show that the
preference of «(2,3)-linked Sia for siglec-1 can be altered as
a result of the multivalent display of Sia ligands present on the
CD. Here, the high surface/volume ratios, and abundant surface
functional groups of the CDs, provide a locally high glycan
concentration that has a direct effect on linkage specificity.
Finally, trans interactions of 6-CD with CD22 was confirmed as
a driver of cytotoxicity in BL Daudi cells. Taken together, our
work highlights the potential of glycoengineered CDs as novel
fluorescent molecular probes for widespread applications in
sialoglycoscience, pharmaceutical and medical applications.
This versatile functional behaviour of sialoglyco-CDs generated
using our simple SAGM approach provides non-invasive diag-
nostic imaging and therapeutic opportunities especially for
drug delivery applications.
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