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Glycosylation is arguably the most important functional post-translational modification in brain cells and

abnormal cell surface glycan expression has been associated with neurological diseases and brain

cancers. In this study we developed a novel method for uptake of fluorescent nanodiamonds (FND),

carbon-based nanoparticles with low toxicity and easily modifiable surfaces, into brain cell subtypes by

targeting their glycan receptors with carbohydrate-binding lectins. Lectins facilitated uptake of 120 nm

FND with nitrogen-vacancy centers in three types of brain cells – U87-MG astrocytes, PC12 neurons and

BV-2 microglia cells. The nanodiamond/lectin complexes used in this study target glycans that have

been described to be altered in brain diseases including sialic acid glycans via wheat (Triticum aestivum)

germ agglutinin (WGA), high mannose glycans via tomato (Lycopersicon esculentum) lectin (TL) and core

fucosylated glycans via Aleuria aurantia lectin (AAL). The lectin conjugated nanodiamonds were taken up

differently by the various brain cell types with fucose binding AAL/FNDs taken up preferentially by

glioblastoma phenotype astrocyte cells (U87-MG), sialic acid binding WGA/FNDs by neuronal phenotype

cells (PC12) and high mannose binding TL/FNDs by microglial cells (BV-2). With increasing recognition of

glycans having a role in many diseases, the lectin bioconjugated nanodiamonds developed here are well

suited for further investigation into theranostic applications.
1 Introduction

Fluorescent nanodiamonds (FNDs) are highly biocompatible in
vitro and in vivo carbon based nanocarrier tracking agents
suitable for drug delivery1,2 including for anti-cancer therapeu-
tics.3–6 They have excellent photostability and show high optical
contrast in uorescence microscopy images1,7–9 and the highest
cellular uptake among members of the nanocarbon family,9,10

making them suitable for bioimaging and diagnostics. The
surface chemistry of FNDs allows for surface functionalization
with various functional groups (e.g. carboxylic groups) that
facilitate attachment of different molecules,11 and FND particle
sizes can be tailored easily within the size range of 20–
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500 nm.12,13 The uorescent diamonds contain defects in their
crystal lattice that are key contributors to their luminescence
and photostability by trapping photoelectrons and energy in the
center of the lattice surrounded by carbons following photo-
emission.14,15 Nitrogen-vacancy (NV) center nanodiamonds are
most commonly used for research purposes as they show broad
uorescence in the spectral range between 600 nm and 800 nm
in the rst near-infrared biological window.16

Selective targeting of only diseased cells and exclusion of
targeting to healthy cells is an important and emerging eld of
study in applications of nanodiamonds for drug delivery.17–20

Strategies for attaching a variety of polymer coatings and anti-
bodies to FNDs have been developed in recent years, although
the majority of research in this eld has been done on deto-
nation FNDs rather than high pressure–high temperature
(HPHT) FNDs, which were used in this study.6,11,21 Functional-
ized nanodiamonds have been targeted to a variety of diagnostic
cancer biomarkers on cellular membranes, such as CD44, for
improving bioimaging and compatibility with correlative light
and electron microscopy.21,22 Additionally, intracellular nano-
diamond targeting strategies developed for organelles via
monoclonal anti-nuclear pore complex antibody,23 mitochon-
drial localizing sequence (MLS) peptide24 and nuclear localiza-
tion signal (NLS) peptide25 will be advantageous for improving
long term imaging, localized magnetometry, monitoring of
Nanoscale Adv., 2022, 4, 1551–1564 | 1551
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intracellular temperature changes and delivery of therapeutic
antisense agents.

An unexplored strategy for targeting cells with nano-
diamonds is to attach lectins, a class of proteins with affinity for
binding to glycans.26,27Glycans, located at the outermost surface
of cells, are a rst point of contact for lectins28 and almost all
cells are coated with a �150 nm thick layer of glycoconjugates
known as the glycocalyx.29,30 Glycosylation is a post translational
modication that attaches glycan moieties to proteins, proteo-
glycans and lipids30 and changed glycosylation is evident in
many brain diseases and disorders31 making the targeting of
cell surface glycans an attractive prospect.30 Binding of lectins to
glycans has been shown to initiate cellular uptake via receptor-
mediated endocytosis, causing internalization of the lectins.19,32

Glycan coated detonation nanodiamonds targeting bacterial
lectins have been developed previously to help inhibit biolm
formation and bacterial colonization33,34 but to date, no studies
have utilized lectin coated nanodiamonds for glycan biomarker
directed targeting or uptake. There are lectins with specic
binding sites for a single type of glycan receptor such as Aleuria
aurantia lectin (AAL), which binds specically to core fucose
(the monosaccharide 6-deoxy-L-galactose) on protein-linked N-
glycans,35,36 while other lectins have binding pockets for more
than one glycan structural type.37 Wheat germ agglutinin
(WGA), for example, can multivalently bind to sialic acid and/or
N-acetylglucosamine (GlcNAc) containing glycans.38 Similarly,
tomato lectin (Lycopersicon esculentum; TL) has wide specicity
for GlcNAc,39 as well as poly-N-acetyl lactosamine (GlcNAcb1-
4Gal)n (ref. 40) and oligomannose N-glycan structures.41

Glycan expression is well known to be altered in the central
nervous system (CNS) cells throughout developmental stages
and CNS disease progression30,42,43 but targeting specic cells
via their glycan receptors with lectin-conjugated nanodiamonds
based on cell-type dependent expression is so far unexplored.
For example, sialic acid is ubiquitously expressed on CNS cells
and changes in expression levels have been observed in the
pathophysiology of Alzheimer disease, Parkinson's disease,
schizophrenia,44 inclusion body myopathy45 and glioblastoma.46

Additionally, core fucosylated N-glycans are a viable biomarker
for CNS specic cancers such as glioblastoma multiforme,
which express increased core fucose structures on the surface of
cancer cells and tissues compared to normal brain cells and
tissues and therefore core fucosylated N-glycans could be
a target for diagnosis and drug delivery.47,48

The glycan receptor subtypes occurring on CNS cell surfaces
can potentially be cell-type specic and altered during CNS
development and disease.49–51 The current study is reporting on
the rst strategy for conjugating nanodiamonds to different
lectins and imaging the targeting of specic CNS cell types. This
bioconjugation was carried out using carbodiimide chemistry
and was characterized by dynamic light scattering, uorescence
microscopy and transmission electron microscopy (TEM). The
uptake of the three types of lectin-conjugated nanodiamonds was
evaluated in neuronal cells, microglia cells and astrocyte cells by
laser scanning confocal uorescence microscopy and we report
on cellular health, active uptake and cell viability of the exposed
cell types. Our ndings demonstrate that lectin-conjugated
1552 | Nanoscale Adv., 2022, 4, 1551–1564
nanodiamonds are compatible with bio-imaging studies in
brain cells and are endocytosed under normal culturing condi-
tions, these coated diamonds show CNS cell-type preferences for
uptake based on their lectin binding affinities. Delivery of most
nanomaterials or drugs into the CNS is oen blocked by the
blood–brain barrier (BBB) as a protection mechanism52 although
polyethylene glycol (PEG) and biopolymer coating on nano-
diamonds facilitates their passing through the BBB following
intravenous injection in mice.53 Coating FNDs with PEG and
lectins,54 especially WGA, could be even more benecial for
crossing the BBB55 without causing disruption,56 while achieving
targeting to CNS cells. The nanodiamond-based platform devel-
oped here can be adapted in future studies for efficient ways of
achieving cell-type specic drug delivery to brain cells using
lectin-conjugated nanodiamonds.
2 Experimental
2.1 Production of carboxylated nanodiamonds

Nanodiamonds produced via the HPHT synthesis with a broad
size distribution of 30–150 nm were purchased from Nabond
Technologies, China. Nitrogen-vacancy centers were created
through electron beam irradiation (2 MeV, uence of 1 � 1018

electrons per cm2) at room temperature followed by annealing in
vacuum for 2 hours at 800 �C and oxidized for 4.5 hours in air at
520 �C. The oxidized nanodiamond powder was dispersed in
deionized (DI) water at 1 mg mL�1 and sonicated using a horn
sonicator with a 66% duty cycle for 1 hour at 125W. As a result of
the of the oxidation process several oxygen-containing groups are
present on the surface of FNDs, which was shown in the Fourier-
transform infrared (FTIR) results as explained in Section 2.2.
2.2 Bioconjugation of uorescent nanodiamonds with
lectins

Wheat germ agglutinin (WGA, L4895), tomato lectin (TL,
L0401), uorescein isothiocyanate conjugated WGA (WGA–
FITC) (L4895), uorescein isothiocyanate conjugated TL (TL–
FITC) (L0401), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, 03450), N-hydroxysuccinimide (NHS, 130672), ethanol-
amine $99% (E6133), dithiothreitol (DTT), phosphate buffered
saline with 10% (v/v) bovine serum albumin (BSA containing
PBS, SRE0036), Dulbecco's phosphate buffered saline (PBS,
Merck; D8537; 1�) and poly(ethylene glycol) 2-aminoethyl ether
acetic acid (PEG, 757861), a modied version of PEG containing
carboxyl and amine groups, were purchased from Sigma-
Aldrich, Australia. Aleuria aurantia lectin (AAL, L-1390L) and
uorescein isothiocyanate conjugated AAL (AAL–FITC) (FL-
1391) were purchased from Vector Laboratories, United States.

Each lectin was conjugated separately to the surface of FNDs
following a procedure we have previously described that was
applied to conjugating antibody or streptavidin to FNDs.8

Briey, 400 mL of 120 nm FNDs (1 mg mL�1, FND powder
weighed and suspended in DI water) were rst PEGylated with
24 mL of 50 mgmL�1 PEG22 using EDC/NHS esterication. 80 mL
of 20 mg mL�1 EDC in acidic water (pH 4) that was made from
adding 5 mL hydrochloric acid to 45 mL DI water and 120 mL of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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20 mg mL�1 NHS in acidic water (pH 4) were incubated at room
temperature on a shaker for 20 minutes and EDC was inacti-
vated by addition of 20 mL of 1 M DTT. The carboxylic groups on
the surface of FNDs reacted with amine groups on the PEG
(poly(ethylene glycol) 2-aminoethyl ether acetic acid) to form an
amide bond between the nanodiamond and the PEG. Aer
capping FNDs with PEG, the same amounts of EDC/NHS in
acidic water were added again to activate the carboxyl groups on
the PEG (poly(ethylene glycol) 2-aminoethyl ether acetic acid)
and the same incubation on the shaker with same conditions
was repeated, which then enabled binding to the amine groups
on the lectins (Fig. 1A). The bioconjugation included two
separate steps each including 3–4 hours of incubation on
a shaker at room temperature aer addition of PEG/lectins, and
an overnight incubation on shaker at 4 �C, followed by
quenching with 20 mL of 1 M ethanolamine to react with any
remaining NHS esters on FNDs, on the next day and incubation
on the shaker for two hours at room temperature. Aer that,
each solution was centrifuged (20 000�g, 15 minutes) to remove
excess PEG/lectin and ethanolamine. Finally FND–PEG/FND–
PEG–lectin pellet was resuspended in neutral DI water (pH 7).
Fig. 1 (A) Schematic representation of EDC/NHS chemistry to bioconju
aminoethyl ether acetic acid). (B), (C), (D) and (E) are stained (UAR negativ
(no BSA added). Scale bars 100 nm. (F) Particle size distribution (PSD) by in
water after sonication. (G) Particle size distribution histogram of raw FND

© 2022 The Author(s). Published by the Royal Society of Chemistry
These nal solutions were bath-sonicated at 300 W for 10
minutes aer bioconjugation to reduce unwanted aggregation.
An additional bioconjugation batch was made in which FITC-
labelled lectins of each type were also conjugated to FNDs in
the same way to assess their successful binding and stability.

BSA in PBS was added to each bioconjugated FNDs to block
non-specic binding and prevent aggregation by increasing
colloidal stability.57 BSA was added until each solution reached
a concentration of 1mgmL�1 as a standard, which was the initial
concentration of raw FNDs for comparison purposes (Fig. S1,†
the standard curve created to read concentrations with a Nano-
Drop instrument). To conrm that the solution had a 1 mgmL�1

concentration, dry-weighing of 10 mL of the lectin bioconjugated
FNDs with a precision balance (Secura613-1S, Sartorius, Ger-
many) was done and replicated 3 times, and a dried weight of
�0.01 mg conrmed the correct concentration of 1 mg mL�1 of
bioconjugated FNDs. Another batch of nanodiamonds were
bioconjugated with lectins using the same methods explained
above, but without BSA addition for experiments that measured
the amount of proteins on FNDs, in order to exclude measure-
ment of BSA proteins and only include lectins in the calculations.
gate carboxylated FNDs to lectins using PEG (poly(ethylene glycol) 2-
e staining) TEM images of raw, AAL–, WGA– and TL–FNDs, respectively
tensity of colloidal dispersion of raw and lectin bioconjugated FNDs in
s as supplied with an average size of 100 nm.

Nanoscale Adv., 2022, 4, 1551–1564 | 1553
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They were diluted by PBS that did not contain any BSA to reach
the 1 mg mL�1 standard concentration.
2.3 Characterization of lectin-bioconjugated nanodiamonds

A brighteld TEM (CM10, Philips, Netherlands) operated at the
accelerating voltage of 100 keV was utilized to determine the
size of FNDs and visualize the lectin coating. For TEM sample
preparation, raw and bioconjugated FNDs in aqueous solutions,
from the batch that did not include bovine serum albumin
(BSA), were deposited on 300 mesh formvar/carbon lm copper
grids (FCF300-Cu, Electron Microscopy Sciences, USA) followed
by uranyl acetate replacement or UAR (22405, Electron Micros-
copy Sciences, USA) negative staining. For staining, UAR was
diluted with DI water (1 : 100) and drops of the diluted solution
were placed on paralm. Then, grids were placed on each drop
and incubated at room temperature. Aer 40 minutes, excess
stain was removed by blotting the grids with lter paper, then
were washed in DI water and air-dried overnight.

Particle size distribution, polydispersity index was measured
using DLS (Zetasizer NS, Malvern, U.K.) with a 633 nm laser
source. For sample preparation, 4 mL of raw and bioconjugated
FND solutions were diluted in 1 mL of DI water and bath
sonicated at 300 W for 10 minutes and placed in a folded
capillary zeta cell (DTS1070, Malvern, UK). To compare the
effect of bath sonication on the aggregation of FNDs, the
measurements were repeated also without 10 minutes of bath
sonication at 300 W for 10 minutes before sample preparation
for uptake experiments (Fig. S3 and S4†).

A Fourier-transform infrared spectrum of the FNDs before
bioconjugation (Fig. S5†) was recorded with a Frontier spec-
trometer (PerkinElmer, USA) tted with attenuated total
reection (ART) attachment. Fluorescence spectra of particles
suspended in DI water (0.1 mg mL�1) were recorded with
a custom-built uorescence spectroscopy setup using 520 nm
laser excitation of the FNDs and a spectrometer (SpectraPro,
Princeton Instruments, USA) tted with a charge-coupled device
camera (PIXIS, Princeton Instruments, USA) described in detail
elsewhere.58

To conrm the bioconjugation of lectins to FNDs, FITC
labelled lectins were bioconjugated to FNDs without BSA
(Section 2.2) and 10 mL of raw FND and each of the FITC–lectin–
FNDs were drop casted with a pipette onto a glass slide and
covered by a square coverslip, incubated in the dark overnight at
room temperature to dry and imaged by the FV3000 confocal
microscope.

Quantication of lectins conjugated to FNDs was carried out
using the micro bicinchoninic acid based (Micro BCA™)
Protein Assay Kit (23235 Thermo Fisher Scientic). Briey,
following the protocol provided by supplier for a microplate
assay, bovine serum albumin (BSA) standard samples with
varying concentrations of 5–200 mg mL�1 were prepared for the
calibration. The samples prepared separately were lectin bio-
conjugated FNDs without BSA or raw FND solutions at the same
concentration (0.6 mg mL�1). 150 mL of each control sample or
test sample were transferred to a at bottom 96-well plate
(Greiner CELLSTAR®), and 150 mL of Micro BCA reagent added
1554 | Nanoscale Adv., 2022, 4, 1551–1564
to each well. The microplate was incubated at 37 �C. Aer 2
hours, the absorbance was measured at 562 nm on
a PHERAstar® FSX plate reader (BMG LABTECH, Germany).
Finally, the concentration of lectin protein present in each
solution was calculated using the standard curve and validated
by the dry weight method explained in Section 2.2.
2.4 Cell culture

Three cell lines were utilized representing different types of
brain cells: rat PC12 neuronal phenotype cells, human U87-MG
glioblastoma phenotype astrocyte cells and mouse BV-2 micro-
glia phenotype cells. PC12 cells were obtained from ATCC (CRL-
1721), U87-MG from ATCC (HTB-14), and BV-2 cells were
a generous gi from Professor Gilles Guillemin (Macquarie
University, Sydney, Australia). These cell lines were each grown
in complete Dulbecco Modied Eagle Medium (DMEM) with
high glucose (4500 mg L�1), 10% (v/v) Fetal Bovine Serum (FBS)
(10437028 Gibco Life Technologies, USDA-approved regions),
and 1% (v/v) penicillin–streptomycin (Pen/strep) (10 000 units
penicillin and 10 mg streptomycin per mL in 0.9% (v/v) NaCl,
P0781 Merck) with the addition of 5% (v/v) Normal Horse Serum
(H1138 Merck; Australian Origin) only for PC12 cells as rec-
ommended by American Type Culture Collection (ATCC). Cells
were maintained in a humidied incubator with a mix of 95%
air and 5% CO2 gas at 37 �C. Cells were cultured aseptically in
Greiner Bio-One Cellstar© T75 tissue culture asks, sterile with
plug seal caps (Mfg part number: 658170) in biosafety cabinets.
All cells were sub-cultured for further experiments.
2.5 Treatment of cells with bioconjugated nanodiamonds
and actin staining

A stock solution was prepared containing either 10 mg of raw
FNDs (non-bioconjugated) or lectin-conjugated nanodiamonds
per 1 mL of PBS. Cells at a seeding density of 50 000/well were
sub-cultured onto sterile coverslips (no. 1, 22 � 22 mm2

MenzelGläser) in 6 well plates for 24 hours. Aerwards, cells,
except for untreated controls (Fig. S2†) were treated with 10 mL
of a 1 mg mL�1 stock solution of either raw or bioconjugated
nanodiamonds at 37 �C and 5% CO2 for 24 hours. Media was
removed, cells were washed with 1� PBS prior to 10min xation
on a shaker with 4% (v/v) formaldehyde solution (F8775, Merck,
diluted in Milli-Q water) and then washed a further 3 times with
1� PBS. The xed cells on coverslips were stained with f-actin
lament stain according to the manufacturer's protocol
(ActinGreen™ 488 ReadyProbes™ reagent R37110, Life Tech-
nologies, Australia) in 1 mL of PBS, incubated on a rocker for
30 min, and washed again 3 times with PBS. Coverslips were
then mounted onto microscopy slides (Livingstone, Universal
Microscope Glass Slide) using ProLong™ Glass antifade
mountant with NucBlue™ (P36981, Life Technologies, Aus-
tralia). These protocols were repeated to produce n¼ 3 replicate
slides for each condition for analysis.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.6 Lipopolysaccharide-stimulated inammation in BV-2
microglia cells

Resting microglia (BV-2) cells generally do not have high uptake
of nanoparticles59 unless they are activated by a signal such as
lipopolysaccharide (LPS)-stimulated inammation.60 As
a control for uptake, 5000 BV-2 microglia cells were sub-
cultured in complete DMEM overnight onto sterile coverslips
(22 � 22 mm2) in 6-well plates as described in Section 2.5. Cells
were treated with LPS (500 ng mL�1; LPS-EB Ultrapure; Inviv-
oGen) and incubated for 4 hours; cells were then washed with
1% (v/v) PBS and 10 mg of raw–FNDs (1 mg mL�1) in 2 mL of
complete media and incubated at 37 �C and 5% CO2 for 24
hours. Then, cells were washed with 1% (v/v) PBS, xed and
mounted on microscopy slides following the protocol described
above.
2.7 Cytotoxicity assays

CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS) kit (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) was
used to measure the viability of cells aer treatment by different
concentrations of raw/bioconjugated FNDs. They were then
seeded at densities of 10000 (U87-MG), 5000 (BV-2) or 25000
(PC12) cells/well into 96 well plates (Greiner CELLSTAR®) with
200 mL complete DMEM media and kept in a humidied incu-
bator with 95% air and 5% CO2 at 37 �C overnight. Each of the
above cell lines reached conuency in the same size dish within
a different period of time. Therefore, cell seeding densities of
each cell type were optimized for conuency in 24 hours prior to
MTS assay in order to avoid the saturation of absorbance. Cells
were treated with raw/bioconjugated FNDs suspensions at
concentrations of 5, 10, 15 and 30 mg mL�1 with 5 replicates.
Cells without any FNDs (0 mg mL�1) in complete cell culture
media were used as negative controls (shown as untreated
control). Raw/bioconjugated FND solutions (3 replicates) were
added to complete cell culture media at concentrations of 0, 5,
10, 15 and 30 mg mL�1 but without any cells and were dened as
blanks. Aer 24 hours of incubation with 95% air/5% CO2 at
37 �C, 20 mL MTS reagent was added to each well. Aer 1 hour,
absorbance was measured at 490 nm wavelength using
a microplate reader (Synergy H1, Biotek, USA). GraphPad Prism
9 soware was used to analyze the cell viability by normalizing
the mean absorbance of treated cells compared to the control of
each raw or bioconjugated FNDs concentration aer subtrac-
tion of blank samples.
2.8 Low temperature uptake

Cell viability of U87-MG cells at 4 �C was tested for 8 hours.
Approximately 1000 U87-MG cells were sub-cultured in 3 wells
of a 24 well plate (�3 replicates) with complete media (DMEM,
10% (v/v) fetal bovine serum and 1% (v/v) Pen/strep) for 24
hours. The medium was then changed to HEPES containing
phenol red-free DMEM (21063029, Gibco, Life Technologies),
known for maintaining physiological pH when 95% air/5% CO2

condition is not available,61 10% (v/v) FBS and 1% (v/v) pen/
© 2022 The Author(s). Published by the Royal Society of Chemistry
strep. Aer changing the medium, the cells were incubated at
4 �C for 8 hours. Muse™ Cell Analyzer and Viability Assay Kit
(MCH100102) benchtop ow cytometry was used to calculate
the percentage of viable U87-MG cells in each sample.

U87-MG astrocyte cells were sub-cultured onto round
coverslips (Livingstone, CS12RD) within 2 � 24 well plates
(Greiner CELLSTAR®, 662160) for 24 hours. Complete medium
was added to the cells of one plate and the second plate of cells
were treated with HEPES containing DMEM. The cells, except
for untreated controls (cells with no FNDs), were then treated
with 10 mg of raw–FND or bioconjugated FND 1 mg mL�1

solutions per well �3 replicates in each plate. The plate with
complete media (control) was incubated at 37 �C and 95% air/
5% CO2 for 8 hours and the plate with HEPES containing
DMEM (experiment) was incubated at 4 �C for 8 hours. The
medium was removed, cells were xed, and stained with
ActinGreen and mounted onto slides following the protocol
described in Section 2.5. These samples were imaged by uo-
rescent wideeld inverted microscopy (Olympus IX83, with
DP80 monochrome camera).

2.9 Light microscopy

An Olympus Fluoview (FV3000) confocal laser scanning micro-
scope equipped with a UAPON 100x/1.49 NA TIRF oil objective
lens with Olympus Low Autouorescence Immersion Oil
(IMMOIL-F30CC, part #86-834) was used to conrm that FNDs
were successfully bioconjugated to FITC–lectins (by co-
localization, see details on image analysis below) via laser
excitation and emissions collected for FITC (ex 488 nm; em 500–
550 nm) and nanodiamond (ex 561 nm; em 650–750 nm). Cells
containing nanodiamonds were imaged on the same micro-
scope using a 60� long working distance objective (UPLSA-
PO60XS2; W.D.: 0.3 mm, silicon oil) with Olympus silicone
immersion oil (part # Z-81114), and a scanning speed of 8.0 ms
per pixel capturing 10 Z-slices with 0.5 mm step size from each
image. The resulting images were used for analysis by
measuring FND uorescence intensity. FNDs, NucBlue™ and
ActinGreen™ stains were excited at 561 nm, 405 nm and
488 nm, respectively, and their uorescence was collected at
650–750 nm, 420–450 nm and 500–550 nm, respectively.

An Olympus IX83 wideeld uorescence microscope
(Olympus, with DP80 monochrome camera) equipped with
a PLAPON O 60x/1.42 NA, oil objective lens with Olympus Low
Autouorescence Immersion Oil (IMMOIL-F30CC, part #86-834)
was utilized for rapid imaging of the low temperature uptake
experimental samples in order to determine passive uptake of
nanodiamond/lectin complexes using staining of NucBlue (ex
358 nm; em 455 nm), ActinGreen™ (ex 494 nm; em 518 nm) and
a custom installed lter suitable for NV center uorescent
nanodiamonds: 555 nm excitation 25 nm bandwidth (ET555/
25x Chroma); 635 nm dichroic (T635lpxr Chroma); 700 nm
emission 75 nm bandwidth (ET700/75m Chroma).

2.10 Image analysis

For measuring co-localization of FITC-labelled lectins with
FNDs, a multi-channel object-based approach to calculate the
Nanoscale Adv., 2022, 4, 1551–1564 | 1555
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co-localized regions was used by Imaris image analysis (version:
8.0.2) soware.62 Two color channels were analyzed for over-
lapping regions in order to identify the intensity of the co-
localized regions. The object channel (FND) was overlapped
on the background channel (FITC) each with a different arbi-
trary colour, manually creating a third channel containing the
ltered voxels from the co-localized sites. The intensity from
these ltered regions was used to calculate the percentage of co-
localized sections.

For the comparison of the amount of FNDs taken up by each
cell line, Imaris image analysis soware was utilized measuring
the uorescence intensity of FNDs in the confocal microscopy
images of cells. For analysis of cellular uptake, manual
thresholding of 10 randomly selected cells from 3 images of
each condition (n ¼ 30 total cells analyzed per lectin) was per-
formed. A contour surface was created around the borders of
each randomly selected cell in the rst and last slice of
maximum Z projection. The mean uorescent intensity of all
pixels of each cell in the FND channel was collected for data
analysis, which was shown with the arbitrary unit (a.u.) by the
soware. The same process was performed for quantifying the
cellular uptake at 37 �C and 4 �C by analyzing the wideeld
microscopy images.
Fig. 2 (A) Confocal microscopy images of raw–FNDs (negative control) a
(yellow; bottom row) is shown of FND fluorescence (red; middle row
a demonstration of successful bioconjugation of lectin to FNDs. Scale b
ground channel (FITC) each with respectively red and green arbitrary co
voxels from the co-localized sites. The intensity from these filtered region
images from different areas of samples with magnification of 100� for ea
raw diamonds for AAL–FND, WGA–FND and TL–FND. (C) The concentra
significantly higher for AAL–FND (p < 0.0001), WGA–FND (p < 0.0001) and
by paired t-tests.

1556 | Nanoscale Adv., 2022, 4, 1551–1564
2.11 Statistics

Data analysis and plotting were performed in GraphPad Prism 9
including normality and lognormality tests to verify the normal
distribution of data. The data was found to have a non-normal
distribution by the Shapiro–Wilk test, therefore statistical
signicance of data was determined by the non-parametric
Kolmogorov–Smirnov test for all experiments. The standard
error of mean (SEM) of analyzed samples was represented as
error bars. Signicance levels are: *p# 0.05, **p# 0.01, ***p#

0.001, and ****p # 0.0001, and not signicant for p > 0.05.
2.12 Figures

Schematic gures in this manuscript including graphical
abstract were created by http://Biorender.com website and edi-
ted by Microso PowerPoint and Windows Paint tool.
3 Results
3.1 Characterization of lectin–PEG–FND bioconjugates

Before the bioconjugation of FNDs to lectins (Fig. 1A), raw
(unconjugated) FNDs were characterized by TEM, showing
a normal size distribution ranging from 25 nm to 225 nm size
nd lectin–FITC conjugated FNDs at 100�magnification. Colocalization
) with FITC fluorescence of conjugated lectins (green; top row) as
ars 5 mm. (B) The object channel (FND) was overlapped on the back-
lour manually creating a third channel (merge) containing the filtered
s was used to calculate the percentage of co-localized sections (n ¼ 3
ch condition), which is significantly higher (p < 0.0001 in all cases) than
tion of protein in lectin–FND solutions measured by micro BCA assay is
TL–FND (p < 0.05) than on the surface of raw nanodiamonds obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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peaking at 100 nm of 100 randomly selected FNDs from six images
(Fig. 1B and G). Raw (Fig. 1B) and bioconjugated FNDs showed
jagged irregular clumped shapes with layers of protein on the PEG
coated FNDs with all lectin conjugations: AAL (Fig. 1C), WGA
(Fig. 1D) or TL (Fig. 1E). DLS particle size distribution (PSD,
intensity weighted) of raw FNDs, PEG–FNDs and AAL–FNDs each
featured only one peak, while conjugated WGA–FNDs and TL–
FNDs PSDs displayed multi-peak patterns, which indicate a broad
size distribution (Fig. 1F). For raw nanodiamonds and PEG–FNDs
the intensity peak at �190 nm was observed with a size range
between �60 nm and �500 nm. For all samples, most particles
were between 100 and 500 nm in size except for WGA–FNDs which
ranged between �100 nm and �1100 nm. The results of DLS
suggest that bioconjugation of raw–FNDs to lectins caused aggre-
gation of particles in the solution which was more noticeable in
cases of WGA– and TL–FNDs. The TEM images of raw/
bioconjugated FNDs (Fig. S3A–H†) showed that sonication of
nanodiamonds for 10 minutes breaks the large aggregated FND
particle clusters within an area of�400 nm2 into smaller aggregates
with lengths and widths of less than 100 nm. DLS results before
and aer bath sonication also conrmed this result (Fig. S4†).

FNDs conjugated with FITC-labelled lectins exhibited co-
localized staining of FITC and nanodiamond emissions as
Fig. 3 Colorimetric MTS cell proliferation assays (n ¼ 5). (A), (B) an
concentrations of each raw or lectin bioconjugated FNDs in glioblastoma
cells (BV-2). Absorbance readings were normalized to the mean values o
non-parametric Kolmogorov–Smirnov tests.

© 2022 The Author(s). Published by the Royal Society of Chemistry
determined by uorescencemicroscopy. Fig. 2A shows raw–FNDs
as a negative control, with AAL–FITC–FND, WGA–FITC–FND, TL–
FITC–FND bioconjugates in yellow (right panels) resulting from
the merged channels of green (for FITC; top panels) and red (for
FNDs; center panels) where there is colocalization (yellow;
bottom panels). Fig. 2B indicates the uorescence intensity
comparison of FNDs (red, em �690–800 nm) co-localizing with
FITC channel (green em�510–540 nm). There was�78%of AAL–
FITC, �73% of WGA–FITC and �97% of TL–FITC co-localized
with FNDs aer the bioconjugation process, which is signi-
cantly higher than the �8% co-localization seen in the same
emission channels with raw–FNDs (negative control, p# 0.0001).
Micro BCA protein assay revealed the concentration of lectins in
AAL–FND, WGA–FND and TL–FND samples were 83.6 mg mL�1,
60.6 mg mL�1 and 33.7 mg mL�1, respectively (Fig. 2C). We
observed a slight interference of wavelength absorbance by raw–
FNDs, which is shown on the graph for comparison.
3.2 Cell health and viability following FND and lectin–FND
treatment

NormalizedMTS results showed that, in general, treatment with
raw/bioconjugated FNDs in concentrations of 10 mg mL�1 and
d (C) cell proliferation viability following treatment with increasing
astrocytes (U87-MG), neuronal phenotype cells (PC12), and microglial
btained for untreated cells. * for p # 0.05, ** for p # 0.01, obtained by

Nanoscale Adv., 2022, 4, 1551–1564 | 1557
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below, do not bring cell viability of U87-MG (astrocytes), PC12
(neurons) and BV-2 (microglia) cells lower than 70% compared
to untreated control cells (Fig. 3A–C). Interestingly, raw–FND
and TL–FND increased cell viability up to 120% compared to
untreated cells in all of the three cell lines, especially BV-2
microglia (p # 0.05). In contrast, treatment with WGA–FND
decreased cell viability in all of the cell lines. Even low
concentrations of WGA–FND decreased the viability of PC12
cells to 60% (5 and 10 mg mL�1) although the change is not
statistically signicant (p ¼ 0.079 and p ¼ 0.28 respectively)
while high concentrations (15 mg mL�1 and higher) reduced the
viability of BV-2 cells signicantly by up to �50% of untreated
control cells (p # 0.01). AAL–FNDs at 15 mg mL�1 and higher
concentrations also decreased cell viability of PC12 (p ¼ 0.57)
and U87-MG (p ¼ 0.079) cells, while they were less harmful to
BV-2 cells even at the 30 mg mL�1 concentration. Cells that were
treated with 10 mg mL�1 and lower concentrations of AAL–FNDs
showed >80% viability (Fig. 3A–C).

3.3 Cellular uptake

The cellular uptake of raw FNDs was investigated in three types of
CNS cells: glioblastoma astrocytes (U87-MG cells; Fig. 4A(i)),
neuronal phenotype cells (PC12; Fig. 4A(ii)) and microglia cells
(BV-2; Fig. 4A(iii)). Furthermore, cellular uptake of AAL–FNDs
(Fig. 4A(iv–vi)), WGA–FND (Fig. 4A(vii–ix)) and TL–FND (Fig. 4A(x–
xii)) was investigated in each of the CNS cell types for comparison.
Fig. 4 (A). Uptake of raw or lectin bioconjugated FNDs by brain cell su
column) and BV-2 (right column) cells treated with raw FNDs (first row),
row). ActinGreen stain for f-actin filaments (green– ex 488 nm; em 500–
561 nm; em 650–750 nm) were observed. Inset zoomed areas selected
Scale bars ¼ 20 mm. (B) Quantification of raw and lectin bioconjugated
fluorescence intensity of nanodiamonds per cell (n ¼ 30 cells). The blac
(a.u.) stands for arbitrary intensity unit. **** for p# 0.0001 and not signific
tests.

1558 | Nanoscale Adv., 2022, 4, 1551–1564
Untreated control cells (no diamonds) showed no signal at the
emission wavelengths of FNDs (690–800 nm) (Fig. S2†).

Measuring the mean uorescent intensity of the cells for
quantitative comparison (Fig. 4B), raw–FNDs endocytosed by
U87-MG and PC12 cell lines were around 8–10 arbitrary unit
(a.u.) in contrast to nearly zero by BV-2 cells (Fig. 4A(i–iii) and B).
The amount of WGA–FNDs endocytosed by PC12 cells was
around 5 times higher than AAL–FND (1 a.u.) and TL–FND (0
a.u.), respectively (Fig. 4A(ii, iv, viii, xi) and B). Microglial cells
(BV-2) took in almost no raw–FNDs (0 a.u.) compared to all
bioconjugated FNDs and had 50% lower uptake of AAL–FNDs
(around 2 a.u.) than TL–FNDs orWGA–FNDs (each around 4 a.u.)
(Fig. 4A(iii, vi, ix, xii) and B). No signicant increase in raw FNDs
endocytosed by U87-MG astrocytes were observed in comparison
to AAL–FNDs (both around 8 a.u.), but there was twice and four
timesmore uptake of raw–FNDs (8 a.u.) compared toWGA–FNDs
(4 a.u.) and TL–FNDs (2 a.u.) (Fig. 4A(i, iv, viii, x) and B). Addi-
tionally, AAL–FND uptake by glioblastoma cells (8 a.u.) was 8
times higher than neurons (1 a.u., p # 0.001), and 4 times more
than microglial cells (2 a.u., p # 0.01) (Fig. 4A(iv–vi) and B).
Neuronal phenotype cells (PC12) showed 20% higher uptake of
WGA–FNDs (5 a.u.) compared to their uptake of AAL–FNDs (1
a.u.) and TL–FNDs (nearly 0 a.u) (Fig. 4A(vii–ix) and B). Microglial
cells took in signicantly lower amount of raw–FNDs (almost
0 a.u.) compared to U87-MG (8 a.u., p # 0.0001) and PC12 cells
(10 a.u., P # 0.001) (Fig. 4A(x–xii) and B).
btypes. Confocal microscopy of U87-MG (left column), PC12 (middle
AAL–FNDs (second row), WGA–FNDs (third row) and TL–FNDs (fourth
550 nm), NucBlue stain of nuclei (blue) and FND fluorescence (red – ex
from representative cells highlight FND uptake (indicated by arrows).
FND uptake by U87-MG (blue), PC12 (red) and BV-2 cells (green) by
k line represents the mean fluorescent intensity bar for each column,
ant for p$ 0.05, obtained from non-parametric Kolmogorov–Smirnov

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In summary, bioconjugation of FNDs with lectins changed
the amount of their uptake by different cell lines. Microglia BV-2
cells had almost no uptake of raw–FNDs while they had the
highest uptake of TL–FNDs andWGA–FNDs and very low uptake
of AAL–FNDs. The uptake of raw FNDs by BV-2 microglia cells
was dramatically increased following LPS treatment, which
indicates that inammation and/or cytokine release is required
for raw diamond uptake by these cells (Fig. S6†). PC12 neuronal
cells had a higher uptake of raw–FNDs than bioconjugated
FNDs, while they showed some uptake of WGA–FNDs and
almost no uptake of either AAL–FNDs or TL–FNDs.
3.4 Cellular viability and uptake in low temperature
conditions

The uptake of raw and bioconjugated FNDs were compared at
4 �C and 37 �C to assess potential differences in active (37 �C)
versus passive (4 �C) uptake of particles.63 In active transport,
external molecules are taken in by various cell mechanisms
depending on the size and type of the molecules with
consumption of energy. At low temperatures such as 4 �C the
cell mechanisms are slowed down and the uptake of FNDs is
lower than active transport, however this passive transport
should not be disrupted. In passive transport no energy
exchange is involved, and nanoparticles can pass through the
membrane of the cells. Only U87-MG cells were tested because
they were the lone cell line in this study with an uptake >0 for
raw FND and all three types of lectin bioconjugated FNDs
(Fig. 4B). Aer 4 hours of incubation at 4 �C, U87-MG cells
showed 99.5% viability (a rounded average of 3750 viable cells
out of 3770 total cells from n¼ 3 replications in 3 plates), which
was reduced to an average of 72% viability (a rounded average of
5500 viable cells out of 7500 total cells from n¼ 3 replications in
3 plates) at 8 hours (Fig. 5A). Considering the mean uorescent
intensity bar as a measure for comparison, there was
Fig. 5 (A) Untreated U87-MG MUSE flow cytometry cell viability test at 4
cells remain viable in this low temperature (n ¼ 3 dishes of cultured cells
(AAL–FND, WGA–FND, TL–FND) uptake by U87-MG astrocyte cells (n¼ 3
used to calculate the fluorescent intensity of themean fluorescent intensi
0.0001, obtained from non-parametric Kolmogorov–Smirnov tests.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a signicantly higher (p # 0.0001) uptake of both raw and
bioconjugated FNDs at 37 �C compared to 4 �C (Fig. 5B). The
uptake of AAL–FNDs at 37 �C (21 a.u) was 7 times higher than at
4 �C (3 a.u) and similarly the uptake of TL–FNDs at 4 �C was
negligible while at 37 �C TL–FND uptake (15 a.u) is almost 75%
less than that of AAL–FND uptake (�21 a.u.). WGA–FND uptake
at 4 �C (�5 a.u) was 33% less than its uptake at 37 �C (�15 a.u.)
by astrocytes (Fig. 5B). In all cases the uptake was higher at
37 �C compared to uptake at 4 �C. TL–FND was not taken up at
4 �C by U87-MG cells. Lectin conjugated NDs appeared to be
more internalised by active transport rather than passive
transport and their transport required more temperature
dependant cellular metabolism energy consumption as
compared to raw FNDs. The uptake of raw–FNDs at 4 �C (8 a.u)
was higher than all bioconjugated FNDs at the same tempera-
ture (3 a.u. for AAL–FND, 5 a.u for WGA–FND and 0.003 a.u for
TL–FND), while their uptake at 37 �C is almost equal to uptake
of AAL–FNDs (�21 a.u.), having almost 2.5 fold less uptake at
lower temperatures.
4 Discussion

We have developed a new way of targeting nitrogen vacancy (NV)
center nanodiamonds to CNS cells (astrocytes, microglia and
neurons) via their surface glycan receptors by using lectin
conjugation to the nanodiamonds. We utilized FNDs for several
reasons including their photostable and bright uorescence,
high uptake and biocompatibility, as well as their physi-
ochemical properties that allow for surface modication and
coating with lectins. We observed preferred cell type specicity
based on each lectin used and different uptake behaviour for
lectin/nanodiamonds compared to raw nanodiamonds. We
show here that a variety of lectins (AAL, WGA or TL) that target
different glycan receptors (core fucose, sialic acid/GlcNac, poly-
�C after 4 hours and 8 hours of incubation, showing 70% of U87-MG
per time point). (B) Comparison of raw and lectin bioconjugated FND
0) following 8 hours of incubation at 4 �C or 37 �C. Imaris software was
ty of FNDs of each randomly selected andmanually contoured cell. p#

Nanoscale Adv., 2022, 4, 1551–1564 | 1559
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N-acetyl lactosamine/high mannose N-glycan structures on
proteins, respectively) can be covalently attached to the surface
of nanodiamonds. Each of the CNS cell types investigated here
could survive with raw and bioconjugated nanodiamonds at
concentrations below 15 mg mL�1 with little disruption to cell
viability or health64 observed at 37 �C. All of the lectins were
internalised to slightly different extents by the three cell types
but we observed several key cell type dependant preferences.
Raw nanodiamonds were highly endocytosed by neurons and
astrocytes but microglia cells only endocytosed raw FNDs
following LPS stimulated inammation. In contrast, TL–FNDs
were internalized well by microglia cells but were not endocy-
tosed well by neuronal cells. Finally, the uptake of AAL bio-
conjugated nanodiamonds was signicantly higher in human
glioblastoma astrocyte cells compared to the other cells types
investigated.

We utilized oxidised FNDs in order to apply the common
EDC/NHS chemistry method for bioconjugation of lectin
proteins to nanodiamonds.8 The apparent average size of
nanodiamonds in this study increased aer bioconjugation
with lectins and not at all with PEG. Theoretically, the reason
that there is no difference between raw–FNDs and PEG–FNDs
could be that raw–FNDs have been aggregated, but the addition
of PEG to their surface using EDC/NHS chemistry may have
reduced aggregation65 while increasing particle size slightly.
The molecular weights of AAL, WGA and TL are 72 kilo Daltons
(kDa),66 35 kDa (ref. 41) and 71 kDa,67 respectively, so the
theoretically computed size of the molecules for each lectin
should be less than 10 nm.68 However, our ndings show that
bioconjugation of FNDs with lectins adds more than 10 nm to
FND–PEG size, possibly due to aggregation. Lectin coatings
resulted in a self-aggregating role gathering FNDs into clusters.
Since lectins are known for their adhesion ability and many of
them agglutinate red blood cells due to their interactions with
cell surface carbohydrates, the large surface area of the lectin
conjugated FNDs may be due to the formation of aggregated
nanodiamond clusters.69 Bath sonication was able to tempo-
rarily (for about 30 minutes) minimize aggregation of both the
raw and bioconjugated FNDs without breaking the particles70,71

and our ndings demonstrated that sonication did not break
the bonds between lectin, PEG and FNDs, in agreement with
what has previously been shown following bath sonication at
500W ofWGA conjugated liposomes.72 We observed substantial
uptake of all FND types (including raw and bioconjugated
FNDs) in this study immediately aer 10 minutes of bath
sonication.

We measured colocalization of lectin–FITC (ex 488 nm, em
516 nm) FNDs containing nitrogen vacancy centers (ex 561 nm,
em 690 nm) to conrm that the bioconjugation of lectins to the
surface of the diamonds was successful. Nitrogen vacancy FNDs
are in a predominantly NV� charge state, as is the case in our
material that emit at around the wavelength of 620–690 nm in
red (Fig. S7†). It has been shown that FNDs with neutral NV
centers emit at around 550–580 nm wavelength, which is in the
range for green light emission.73 The raw–FNDs without FITC
conjugated lectins showed a negligible colocalization of green
wavelength emissions in addition to the red emission,
1560 | Nanoscale Adv., 2022, 4, 1551–1564
supporting that our material does not have a signicant
proportion of NV centers carrying a neutral charge (10% of the
co-localization as seen with FITC lectin bioconjugated FNDs
due to possible contaminating emission in the FITC readout
from neutrally charged FNDs).

Raw–FNDs and TL–FNDs increased the viability of all cell
lines compared to untreated cells as has been reported in
previous studies for raw nanodiamonds due to releasing lower
amounts of reactive oxygen species.74,75 Those experiments were
conducted at similar and higher concentrations of up to 100 mg
mL�1 of raw–FND in neuroblastoma cells and macrophages74,75

as well as for in vivo studies.76 On the other hand, increasing the
concentration of WGA–FND or AAL–FND in solution above 15
mg mL�1 decreased cell viability. WGA, in contrast to TL, is
cytotoxic to a variety of cancer cell subtypes over time, which
may be caused by their binding to sialic acid and GlcNAc
altering cell cycle functions, or inducing cellular apoptosis and
necrosis.77 This effect could ultimately be benecial in utilizing
WGA–FND as a nanocarrier for anti-cancer drug delivery. The
presence of glycanmoieties attached to serum proteins found in
cell culture media (albumin, transferrin, aprotinin, fetuin, and
bronectin),78 which are targets of AAL and WGA lectins, could
also reduce cell viability79 as the lectins may interact with the
glycoproteins in the media and remove them from nutritional
access to the cells. AAL conjugated microparticles have been
utilized without cytotoxic effects in gut cells of the small
intestine previously although these particles induced cytokine
(IL-2, IFN-y, IL-10, IL-5) secretion with increasing concentra-
tions (50–400 mg)80 which may have produced a similar
inammation in the brain cells investigated here at the higher
(15–30 mg mL�1) concentrations that affected cell viability. AAL
additionally has structural similarities to S. typhimurium LT2
neuraminidase35 and is assumed to mimic neuraminidases in
vitro,80 the presence of which can stimulate neuroinammation
in different brain cell subtypes including neurons, microglia
and astrocytes depending on which of the four neuraminidase
types they are exposed to.81

It is well known that AAL binds preferentially to core fucose
linked (a-1,6) to N-acetylglucosamine35,36 and with lower affinity
to fucose linked (a-1,2), (a-1,3) and (a-1,4) to N-acetyl lactos-
amine related structures and galactose.82–85 Fucosylated glycan
structures are upregulated on the surface of many cancer cells86

including human glioblastoma multiform (GBM) astrocytes,
which has been conrmed by multiple modalities including
high performance liquid chromatography (HPLC), lectin blot-
ting, and microscopy with FITC-labelled Ulex europaeus
agglutinin-1 (UEA-1) for detection of (a-1,2) fucosylation plus
FITC-labelled Lens culinaris (LCA) lectin for detection of core (a-
1,6) fucosylation.47,48,87,88 The upregulation of fucose structures
in cancer can be attributed to the fact that fucosylation is
essential for many core cell functions such as growth,89 prolif-
eration90 as well as cell migration,91 and these cellular processes
occur more in cancer cells than healthy cells.92–94 The AAL–FNDs
used in the current study were mostly taken up by U87-MG type
GBM astrocytes (Fig. 4A(i) and B), which have been reported to
have high fucosylation.95 However, we observed some AAL–FND
uptake by neuronal phenotype cells, which is not surprising as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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neuronal fucose is reportedly critical in growth,96 synaptic
interactions, morphology,97 as well as learning and memory.98

Microglia cells exhibited the least amount of AAL–FND uptake,
supporting previous literature demonstrating low core fucosy-
lation in BV-2 cells.99

WGA multivalently binds to N-acetyl-neuraminic (sialic acid)
and N-acetyl-D-glucosamine (GlcNAc) containing glycans38 while
TL can bind to GlcNAc,39 as well as to polyN-acetyl lactosamine40

and high mannose N-glycan structures.41 We observed some
uptake of WGA–FND and TL–FND into every CNS cell type
investigated, which is not surprising as GlcNAc structures are
abundantly expressed on the surface of most animal cells.100

The uptake of WGA–FND was high in every cell line but into
neuronal cells in particular, likely because sialic acid type
glycans are highly expressed on the surface of neuronal glyco-
sphingolipids and glycoproteins.101 WGA is routinely used as
a membrane marker for most cell types in uorescence imaging
due to its glycan binding capabilities102–105 therefore it is not
surprising that WGA was taken in with less specicity into all
cell types and this property will be benecial for cellular endo-
cytosis of nanodiamonds across a variety of cell types for
applications such as imaging and drug delivery.106,107 TL–FND
uptake was lower in neuronal cells, with the most uptake of TL–
FNDs seen in microglia cells, in accordance with tomato lectin
oen being utilized as an in vivomarker of microglia cells in the
brain for tracking and staining purposes39,108 due to binding of
oligomannose type N-glycans found abundantly on the surface
of microglia.40,109–111 Our glioblastoma phenotype human
astrocytes internalised TL–FNDs, but to a lesser extent than
microglia, possibly due to the affinity of TL also for GlcNAc as
several lectins such as TL and Griffonia simplicifolia lectin II
(GSLII) have been used previously to demonstrate binding to
GlcNAc on glioblastoma derived cells.112

The cellular uptake of nanoparticles is affected by physical
properties such as their size, shape, surface area and rigidity.113

Nanodiamonds are known for having a high stiffness,114 which
works in favor of cellular uptake,115 but have a large surface
area,1 which does not favor uptake.116 The FNDs used here were
heterogeneous in shape and size (20 nm to 260 nm range in
size) and the raw–FNDs were endocytosed at high levels by
astrocytes and neuronal cells as well as into microglia stimu-
lated by lipopolysaccharide treatment, but not into resting
microglia cells. This is in agreement with previous reports that
the endocytosis of some nanoparticle types including poly-
styrene–poly(ethylene glycol) nanoparticles is highly dependent
on the disease/inammation state of microglia117 unlike other
particles such as quantum dots.

Small nanodiamonds favor higher uptake118,119 thus our
larger lectin conjugated FND aggregates with a size of 500 nm
and above could have more difficulty traveling through the
membrane of cells in comparison to the smaller raw–FNDs.
Smaller molecules such as dyes can passively enter cells via
diffusion towards the density gradient without consumption of
cellular active energy while larger molecules consume cellular
energy and enter cells via active transport against membrane
resistance.120 Active transport is mediated by cell surface-
specic receptors such as glycans, the target of lectins, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
epidermal growth factor receptor proteins.121,122 Low biological
temperatures such as 4 �C decrease the speed of cellular
metabolism, including endocytosis, and can help to distinguish
between active and passive transport.123,124 Our ndings support
that the uptake is shown to increase with temperature based
active transport of FNDs into astrocytes, with no passive uptake
of TL–FND unlike its active transport level. Increased temper-
ature also differentiated the uptake with the lectin conjugated
nanodiamonds showing a greater relative active internalization
than at the lower temperature. Active endocytosis is due to
clathrin/caveolin-mediated uptake by glycan receptors121 and/or
is by driven motions (active macropinocytosis) by the cellular
cytoskeleton (actin laments).113 These ndings suggest that the
functional binding capabilities of lectins on the surface of FNDs
are retained following our bioconjugation methodologies.

5 Conclusions

Our current study presents a novel way of targeted nano-
diamond uptake that works by initiating glycan receptor-based
endocytosis on the surface of cells, a system that nature readily
exploits already for high affinity and efficient viral and bacterial
infection in host organisms.125 Targeting glycan receptors with
nanoparticles bioconjugated to lectins for the purposes of drug
delivery or gene delivery is gaining popularity such as utilizing
lectins to enhance nasal or oral delivery of medicine,126–129 tar-
geting the glycan components of the DNA of HIV patients130 and
targeting microbes.131 Whether glycan targeted therapeutics
could face any unforeseen issues in drug delivery is yet to be
investigated. Considering the high biocompatibility and supe-
rior uorescence imaging qualities of FND132–134 as well as their
potential for applications in chemotherapy135 and radiotherapy
treatments,136 our new lectin–FND platform may be able to be
adapted easily in future studies for in vitro/in vivo diagnosis and
monitoring of therapeutic effects.

Funding

This work is funded by the Australian Research Council (ARC)
Centre of Excellence Scheme through the Centre of Excellence
for Nanoscale BioPhotonics (CE140100003). M. G. is supported
by an Australian Government Research Training Program (RTP)
Scholarship. L. M. P. is supported by an Australian Research
Council Discovery Early Career Research (DECRA) Fellowship
(DE180100206) as well as by the Macquarie University Research
Centre for Diamond Science and Technology. Z. K. is supported
by the Macquarie University Seeding Grant and Restart Grant
schemes. P. R. acknowledges support through an Australian
Research Council DECRA Fellowship (DE200100279) and
a RMIT University Vice-Chancellor's Research Fellowship.

Author contributions

L. M. P., N. H. P. andM. G. designed the study. M. G., Z. K., P. R.,
S. D., N. M. C. conducted the experiments in this study. H. A.
and T. O. irradiated nanodiamond materials for use in this
study. M. G. and Z. K. wrote the manuscript with L. M. P., P.
Nanoscale Adv., 2022, 4, 1551–1564 | 1561

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00036a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

6:
10

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
R., N. H. P. and B. G. critically revising the article for important
intellectual content.

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or nancial relationships that could
be construed as a potential conict of interest.

Acknowledgements

Part of this study was carried out within the framework of QST
International Research Initiative. We are also grateful for Dr
Arthur Chien and Dr Chao Shen (Macquarie University
Microscopy Unit) for assistance with confocal microscopy and
transmission electron microscopy, respectively. Fig. 1A and the
table of contents gure were created with http://Biorender.com.

References

1 R. Kaur and I. Badea, Int. J. Nanomed., 2013, 8, 203.
2 U. Roy, V. Drozd, A. Durygin, J. Rodriguez, P. Barber,
V. Atluri, X. Liu, T. G. Voss, S. Saxena and M. Nair, Sci.
Rep., 2018, 8, 1603.

3 H. Huang, E. Pierstorff, E. Osawa and D. Ho, Nano Lett.,
2007, 7, 3305–3314.

4 Z. W. Zhang, B. H. Niu, J. Chen, X. Y. He, X. Y. Bao, J. H. Zhu,
H. J. Yu and Y. P. Li, Biomaterials, 2014, 35, 4565–4572.

5 H. B. Man, H. Kim, H.-J. Kim, E. Robinson, W. K. Liu,
E. K.-H. Chow and D. Ho, Nanomedicine, 2014, 10, 359–369.

6 H. Lai, M. H. Stenzel and P. Xiao, Int. Mater. Rev., 2020, 65,
189–225.

7 Y. Y. Hui, C.-L. Cheng and H.-C. Chang, J. Phys. D: Appl.
Phys., 2010, 43, 374021.

8 N. M. Cordina, N. Sayyadi, L. M. Parker, A. Everest-Dass,
L. J. Brown and N. H. Packer, Sci. Rep., 2018, 8, 4521.

9 V. N. Mochalin, O. Shenderova, D. Ho and Y. Gogotsi, Nat.
Nanotechnol., 2012, 7, 11.

10 X. Zhang, W. Hu, J. Li, L. Tao and Y. Wei, Toxicol. Res., 2012,
1, 62–68.

11 D. H. Jariwala, D. Patel and S. Wairkar, Mater. Sci. Eng., C,
2020, 113, 110996.

12 E. K. Chow, X.-Q. Zhang, M. Chen, R. Lam, E. Robinson,
H. Huang, D. Schaffer, E. Osawa, A. Goga and D. Ho, Sci.
Transl. Med., 2011, 3, 73ra21.

13 J.-S. Tu, E. Perevedentseva, P.-H. Chung and C.-L. Cheng, J.
Chem. Phys., 2006, 125, 174713.

14 S. Sotoma, Y. Yoshinari, R. Igarashi, A. Yamazaki,
S. H. Yoshimura, H. Tochio, M. Shirakawa and Y. Harada,
Diamond Relat. Mater., 2014, 49, 33–38.

15 J. Wrachtrup, Nat. Nanotechnol., 2010, 5, 314.
16 P. Reineck and B. C. Gibson, Adv. Opt. Mater., 2017, 5,

1600446.
17 X. Q. Zhang, R. Lam, X. Xu, E. K. Chow, H. J. Kim and D. Ho,

Adv. Mater., 2011, 23, 4770–4775.
18 Z. Wang, Z. Tian, Y. Dong, L. Li, L. Tian, Y. Li and B. Yang,

Diamond Relat. Mater., 2015, 58, 84–93.
1562 | Nanoscale Adv., 2022, 4, 1551–1564
19 P. H. Weigel and J. H. Yik, Biochim. Biophys. Acta, Gen. Subj.,
2002, 1572, 341–363.

20 M. Chen, X.-Q. Zhang, H. B. Man, R. Lam, E. K. Chow and
D. Ho, J. Phys. Chem. Lett., 2010, 1, 3167–3171.

21 S. Sotoma, F.-J. Hsieh, Y.-W. Chen, P.-C. Tsai and
H.-C. Chang, Chem. Commun., 2018, 54, 1000–1003.

22 F.-J. Hsieh, Y.-W. Chen, Y.-K. Huang, H.-M. Lee, C.-H. Lin
and H.-C. Chang, Anal. Chem., 2018, 90, 1566–1571.

23 A. Morita, T. Hamoh, A. Sigaeva, N. Norouzi, A. Nagl,
K. J. van der Laan, E. P. P. Evans and R. Schirhagl,
Nanomaterials, 2020, 10, 1962.

24 D. Terada, S. Sotoma, Y. Harada, R. Igarashi and
M. Shirakawa, Bioconjugate Chem., 2018, 29, 2786–2792.

25 H. M. Leung, M. S. Chan, L. S. Liu, S. W. Wong, T. W. Lo,
C.-H. Lau, C. Tin and P. K. Lo, ACS Sustainable Chem.
Eng., 2018, 6, 9671–9681.

26 M. Monsigny, A. C. Roche, C. Sene, R. Maget-Dana and
F. Delmotte, Eur. J. Biochem., 1980, 104, 147–153.

27 N. Sharon and H. Lis, Science, 1972, 177, 949–959.
28 S. Sharma, S. Shekhar, B. Sharma and P. Jain, RSC Adv.,

2020, 10, 34099–34113.
29 S. Roseman, J. Biol. Chem., 2001, 276, 41527–41542.
30 S. Iqbal, M. Ghanimi Fard, A. Everest-Dass, N. H. Packer

and L. M. Parker, Biochem. Soc. Trans., 2018, 47, 89–100.
31 H. H. Freeze, E. A. Eklund, B. G. Ng and M. C. Patterson,

Lancet Neurol., 2012, 11, 453–466.
32 L. Johannes, C. Wunder and M. Shafaq-Zadah, J. Mol. Biol.,

2016, 428, 4792–4818.
33 V. Turcheniuk, K. Turcheniuk, J. Bouckaert, A. Barras,

T. Dumych, R. Bilyy, V. Zaitsev, A. Siriwardena, Q. Wang,
R. Boukherroub and S. Szunerits, ChemNanoMat, 2016, 2,
307–314.

34 A. Barras, F. A. Martin, O. Bande, J.-S. Baumann,
J.-M. Ghigo, R. Boukherroub, C. Beloin, A. Siriwardena
and S. Szunerits, Nanoscale, 2013, 5, 2307–2316.

35 M. Fujihashi, D. H. Peapus, N. Kamiya, Y. Nagata and
K. Miki, Biochemistry, 2003, 42, 11093–11099.

36 F. Fukumori, N. Takeuchi, T. Hagiwara, H. Ohbayashi,
T. Endo, N. Kochibe, Y. Nagata and A. Kobata, J. Biochem.,
1990, 107, 190–196.

37 A. Sood, O. O. Gerlits, Y. Ji, N. V. Bovin, L. Coates and
R. J. Woods, J. Chem. Inf. Model., 2018, 58, 1889–1901.

38 A. Lenman, A. M. Liaci, Y. Liu, L. Frängsmyr, M. Frank,
B. S. Blaum, W. Chai, I. I. Podgorski, B. Harrach and
M. Benk}o, Proc. Natl. Acad. Sci. U. S. A., 2018, 115, E4264–
E4273.

39 S. G. Wohl, C. W. Schmeer, T. Friese, O. W. Witte and
S. Isenmann, PLoS One, 2011, 6, e22408.

40 L. Acarin, J. M. Vela, B. Gonzalez and B. Castellano, J.
Histochem. Cytochem., 1994, 42, 1033–1041.

41 S. Oguri, Glycoconjugate J., 2005, 22, 453–461.
42 L. Veillon, C. Fakih, H. Abou-El-Hassan, F. Kobeissy and

Y. Mechref, ACS Chem. Neurosci., 2018, 9, 51–72.
43 A. Sudo, M. Kanagawa, M. Kondo, C. Ito, K. Kobayashi,

M. Endo, Y. Minami, A. Aiba and T. Toda, Hum. Mol.
Genet., 2018, 27, 1174–1185.

44 P. Wielgat and J. Braszko, Adv. Med. Sci., 2012, 57, 23–30.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00036a


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

6:
10

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
45 P. T. Martin and H. H. Freeze, Glycobiology, 2003, 13, 67R–
75R.

46 M.-C. Amoureux, B. Coulibaly, O. Chinot, A. Loundou,
P. Metellus, G. Rougon and D. Figarella-Branger, BMC
Cancer, 2010, 10, 91.

47 N. Tsuchiya, R. Yamanaka, N. Yajima, J. Homma, M. Sano,
T. Komata, T. Ikeda, I. Fujimoto, H. Takahashi, R. Tanaka
and K. Ikenaka, Int. J. Oncol., 2005, 27, 1231–1239.

48 M. Shan, D. Yang, H. Dou and L. Zhang, Prog. Mol. Biol.
Transl. Sci., 2019, 162, 93–119.

49 R. L. Schnaar, R. Gerardy-Schahn and H. Hildebrandt,
Physiol. Rev., 2014, 94, 461–518.

50 M. Wong, G. Xu, M. Barboza, I. Maezawa, L.-W. Jin,
A. Zivkovic and C. B. Lebrilla, Glycobiology, 2020, 30, 859–
871.

51 S.-C. Tao, Y. Li, J. Zhou, J. Qian, R. L. Schnaar, Y. Zhang,
I. J. Goldstein, H. Zhu and J. P. Schneck, Glycobiology,
2008, 18, 761–769.

52 Y. Zhou, Z. Peng, E. S. Seven and R. M. Leblanc, J. Controlled
Release, 2018, 270, 290–303.

53 H. M. Leung, C. H. Lau, J. W. Ho, M. S. Chan, T. J. H. Chang,
L. H. Law, F. Wang, D. Y. Tam, L. S. Liu, K. W. Y. Chan,
C. Tin and P. K. Lo, Nanoscale, 2021, 13, 3184–3193.

54 W. Acosta and C. L. Cramer, Int. J. Mol. Sci., 2020, 21, 971.
55 Y. Zhang, J. B. Walker, Z. Minic, F. Liu, H. Goshgarian and

G. Mao, Sci. Rep., 2016, 6, 25794.
56 W. A. Banks and A. J. Kastin, J. Neurosci. Res., 1998, 54, 522–

529.
57 B. Zhang, X. Wang, F. Liu, Y. Cheng and D. Shi, Langmuir,

2012, 28, 16605–16613.
58 P. Reineck, D. W. M. Lau, E. R. Wilson, K. Fox, M. R. Field,

C. Deeleepojananan, V. N. Mochalin and B. C. Gibson, ACS
Nano, 2017, 11, 10924–10934.

59 S. Papa, F. Rossi, R. Ferrari, A. Mariani, M. De Paola,
I. Caron, F. Fiordaliso, C. Bisighini, E. Sammali and
C. Colombo, ACS Nano, 2013, 7, 9881–9895.

60 F. Zhang, Y.-A. Lin, S. Kannan and R. M. Kannan, J.
Controlled Release, 2016, 240, 212–226.

61 S. C. Baicu and M. J. Taylor, Cryobiology, 2002, 45, 33–48.
62 A. Koponen, E. Kerkelä, T. Rojalin, E. Lázaro-Ibáñez,

T. Suutari, H. O. Saari, P. Siljander, M. Yliperttula,
S. Laitinen and T. Viitala, Biosens. Bioelectron., 2020, 168,
112510.

63 L. Jiang, X. Li, L. Liu and Q. Zhang, Int. J. Nanomed., 2013, 8,
1825.

64 B. Class, N. Thorne, F. Aguisanda, N. Southall, J. C. McKew
and W. Zheng, J. Lab. Autom., 2015, 20, 164–174.

65 J. S. Suk, Q. Xu, N. Kim, J. Hanes and L. M. Ensign, Adv. Drug
Delivery Rev., 2016, 99, 28–51.
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