
4874 |  J. Mater. Chem. B, 2026, 14, 4874–4902 This journal is © The Royal Society of Chemistry 2026

Cite this: J. Mater. Chem. B,

2026, 14, 4874

Receptor or rhetoric? a critical review of glucose
transporter-targeting in nanomedicine

Matthew Zammit, *ab Jason Fleming ab and Martin Volk c

Despite the significant promise shown by nanoparticle-based diagnostics and therapies, there remain

considerable challenges, especially concerning their targeting accuracy and specificity. This critical

review explores glucose-conjugated nanoparticles (NPs) as more selective diagnostic and therapeutic

tools for cancer treatment and drug transfer across the blood–brain barrier, with a particular focus on

their interactions with glucose transporters (GLUTs) that are typically overexpressed in cancer and brain

capillary endothelial cells. Although there are many reports of increased NP uptake upon glucose-

functionalisation, the mechanistic basis for this targeting remains unclear. Here, we systematically

evaluate the literature across inorganic, polymeric, liposomal, and micellar NP systems, examining how

the nature of the linker and the conjugation strategy influence targeting. We place particular emphasis

on the question whether convincing evidence for GLUT-mediated NP uptake has been provided, which

is only possible using rigorous competition or inhibition control studies. We demonstrate that there is no

such evidence for studies using direct conjugation of glucose, or conjugation via a short linker, to a solid

NP. This is consistent with structural models placing the glucose-binding site deep within the

transporter. However, conjugation at the end of sufficiently long and flexible linkers can enable genuine

GLUT targeting. Similarly, the position and chemical nature of the glucose conjugation site needs to be

considered carefully. Taken together, our review identifies a set of design principles that provide a

rational foundation for future nanomedicine development. Studies incorporating these principles with

stringent GLUT controls are more likely to generate transporter-specific platforms with genuine

translational potential.
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1. Introduction

Despite therapeutic advances in oncology, cancer remains a for-
midable medical challenge. The morbidity of non-personalised
treatment strategies including chemoradiotherapy adds another
complexity for patients, although newer immunotherapy
approaches are demonstrating the benefit of a more tumour-
specific approach. An ability to target cancer cells from normal
bystander tissue with high accuracy remains the holy grail for
cancer treatment delivery to maximise therapeutic benefit and
minimise toxicity.

Although nanomedicine, the use of nanoparticles (NPs) for
diagnosis and therapy, faces its own challenges, it holds great
promise for cancer treatment, even though its translation into
clinical settings has so far been limited.1–7 Some NPs have proper-
ties which make them directly suitable for diagnostic or imaging
purposes, such as the intrinsic fluorescence of quantum dots
(QDs)8 or the contrast enhancement in computed tomography
imaging by gold nanoparticles (AuNPs).9 Therapeutically, AuNPs
have been explored as photothermal and photodynamic agents10

or radiation sensitizers.11 However, their utility is greatly enhanced
when drug molecules or other functional ligands with diagnostic
or therapeutic properties are attached to the surface or incorpo-
rated into porous inorganic, liposomal, micellar, or polymeric
NPs.12–18 Since NPs can be easily functionalised with multiple
ligands simultaneously, it is possible to combine their intrinsic
properties with those of its ligands, creating platforms with multi-
functional diagnostic and/or therapeutic capabilities.19

Moreover, these functionalities may even be directed
towards specific cell types, such as cancer cells, by the addition
of ligands that promote specific cell selection and targeted
active agent delivery.20–26 Thus, the ease with which NPs may be
multi-functionalised to include targeting as well as diagnostic
and/or therapeutic capabilities may prove to be the route to
realise their true potential. NPs are widely believed to undergo
passive targeting towards cancer tissue due to its leaky vascu-
lature and poor lymphatic drainage, the so-called ‘enhanced

permeability and retention’ (EPR) effect;22,27 this is often cited
as one of the main advantages of nanomedicines compared to
small molecules. However, the EPR effect shows only limited
discrimination between cancerous and healthy tissue28 and its
applicability for ‘‘real-life’’ treatment has been questioned.23,29,30

Moreover, it is not of help for the treatment of ill-defined or micro-
metastatic tumours, haematological malignancies or residual
cancer cells in a post-surgical tumour bed. Therefore, active
targeting strategies which direct NPs specifically to cancer cells
once they have reached the target tissue are of great interest and
there is even potential to define ligand targeting to specific
intracellular organelles.31

Active targeting of NPs towards cancer cells has been
attempted using a wide variety of ligands, including monoclo-
nal antibodies, proteins (e.g. transferrin) and peptides, apta-
mers, folates and various carbohydrates.20–22 In this review, we
focus on the use of glucose as the targeting ligand, as it is
readily conjugated to larger molecules or NPs through multiple
synthetic approaches.

The concept of tumour-enhanced glucose uptake was first
described in 1927 by Otto Warburg and has been extensively
studied since.32 It is well established that cancer cells often make
use of aerobic glycolysis for deriving their energy instead of the
more efficient, albeit slower, mitochondrial metabolization of
glucose; this provides a carbon source for the synthesis of
essential biomolecules needed for rapid cell division, but may
also confer other advantages to the cancer cell such as acidifica-
tion of the environment.33 The Warburg effect is the basis for new
approaches in the treatment of cancer, including inhibiting the
glycolytic pathway to selectively stunt the growth of cancer cells,34

and improving tumour imaging using positron emission tomo-
graphy after application of 18F-fluorodeoxyglucose (18F-FDG),
which accumulates in cells with high glycolytic activity and is a
common clinical imaging modality in clinical practice.35,36

Glucose transporters (GLUTs) are overexpressed on the
plasma membrane of many cancer cell types, reflecting this
altered metabolic profile.37–39 GLUTs are a family of transmem-
brane proteins that facilitate the diffusion of glucose through
the plasma membrane.7,37,38 Owing to the brain’s high energy
demands, GLUTs are also abundantly expressed in brain capil-
lary endothelial cells (BCECs); as a result, GLUT-mediated
transcytosis has been proposed as a mechanism for delivering
NPs across the blood–brain barrier (BBB) to support diagnosis,
imaging and treatment of brain tumours.40–43 Additionally,
GLUT targeting has been proposed for antigen delivery to
dendritic cells, which overexpress GLUTs, for cancer immu-
notherapy strategies.44

The overexpression of GLUTs has been exploited for targeted
delivery of glycoconjugated anticancer drugs, with the goal of
reducing required dosages and minimizing side effects.39,45–48

Similarly, many different approaches to target cancer cells or
facilitate BBB transcytosis using glucose-functionalised NPs
have been described in the literature. In this review, we
critically assess these methods, specifically examining whether
the reported enhanced uptake of glucose-conjugated NPs can
be attributed to interactions with GLUTs or are a result of non-
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specific binding to the plasma membrane. The latter mecha-
nism would undermine the principle of selective targeting. We
highlight reports of the successful implementation of GLUT
targeting. However, for many of the proposed glycoconjugation
methods this has not been shown conclusively, and we will
discuss in detail why in many of these cases interaction of the
glycoconjugated NP with GLUTs is in fact unlikely.

2. Background
2.1. The target: glucose transporters

GLUTs, which facilitate glucose diffusion across the plasma
membrane, belong to the solute carrier gene family 2A (SLC2A),
a sub-group of the major facilitator superfamily (MFS) of
proteins.49 There are 14 GLUT isoforms, which are grouped
into three classes. The class I GLUTs, comprising GLUT1,2,3,4
and 14 (a gene duplicate of GLUT3), exhibit high glucose
binding selectivity and are over-expressed in many cancer
types,7,37,38 as well as BCECs.24,40

The glucose transport mechanism of class I GLUTs has been
described in detail recently,49,50 after the structures of several
GLUTs were determined.51–53 Like most MFS proteins, GLUTs
adopt a canonical fold consisting of 12 transmembrane (TM)
helices linked by extra- and intracellular loops or short helices.
These TM helices form two helical bundles with pseudo-2-fold
symmetry, enclosing a central cavity which constitutes the
major substrate binding site. The two helical bundles can adopt
two major conformations, namely outward-facing, where the
central binding site is accessible from the cell exterior (Fig. 1),
or inward-facing, where the binding site is open to the cytosol.
Under physiological conditions with high extracellular and low
intracellular glucose concentrations, glucose binds to the

central binding site in the outward-facing conformation. The
helix bundles then undergo a rocker-switch structural rearran-
gement to form the inward-facing conformation, from which
glucose can be released to the low-concentration environment
of the cytosol, thereby facilitating the concentration-driven
transport of glucose across the plasma membrane.

GLUT1 is the most widely expressed isoform and the most
commonly over-expressed GLUT in cancer cells. Its structure
has been determined in detail,51,53 but only in the inward-open
conformation, the state that facilitates glucose release into the
cytosol. More relevant for targeting of overexpressed GLUT
transporters by glucose conjugated NPs is the outward-open
conformation, i.e. the conformation in which the binding site is
accessible from the extracellular fluid, which also is the pre-
ferred GLUT conformation in absence of substrate.54,55 The
only GLUT for which an outward-open structure has been
determined experimentally is GLUT3,52 as shown in Fig. 1.
However, class 1 GLUTs are generally accepted to have highly
conserved structures; for example, the inward-facing structures
of GLUT1 and GLUT4, which have 66% sequence identity and
87% similarity based on pairwise sequence alignment using
the Smith-Waterman algorithm on the Protein Information
Resource,56 are superimposable with root-mean-square devia-
tion (RMSD) values of 1.09–1.13 Å.57 GLUT3 has 66% sequence
identity and 88% similarity with GLUT1, strongly suggesting
that the outward-facing conformations of GLUT1 and GLUT4
strongly resemble that of GLUT3. This is further supported by
molecular dynamics (MD) simulations58 and the observation
that the glucose binding site of the outward-open GLUT3 is very
similar to that of the inward-open conformation of GLUT1.52

Fig. 1 shows the structure of GLUT3 in the outward-open
conformation, with the main glucose binding site indicated in
colour. The top view (right) reveals a narrow channel with a

Fig. 1 Structure of GLUT3 in the outward-open conformation (PDB-id 4ZWC).52 The protein is shown in tan colour in CPK representation, with a-
helices indicated as cylinders. The lower glucose ring of the maltose ligand present in this structure is rendered in van der Waals (VDW) format (oxygen
red, carbon cyan) as an indication of the glucose binding site; in the maltose-bound outward-occluded conformation this ring overlaps perfectly with
glucose in the glucose-bound GLUT3 outward-occluded conformation and thus can be taken as a good indication of the location of glucose in the
outward-open conformation.52 Left: side-view, with the plasma membrane indicated schematically in grey; right: view from the top (i.e. from the
exofacial side of the membrane). Also shown is part of a NP with 10 nm diameter (to scale). This image was made using VMD software.60
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diameter of 4–5 Å52,59 leading from the extracellular space to
the binding site. The top of the glucose molecule, when bound
in this site, lies approximately 20 Å from the residues lining the
channel entrance.

Molecular docking and molecular dynamics (MD) simula-
tions provide complementary insights to experimental GLUT
structures.55,58,59,61–63 In these simulations, the outward-facing
conformations were derived either from (i) the experimental
structure of GLUT3, (ii) homology models of GLUT1 based on
the structure of xylose permease from Escherichia coli, a close
bacterial homologue, or (iii) MD simulations starting with the
inward-open conformation of GLUT1. While the specific find-
ings vary, the studies consistently identify the main glucose
binding site in the central cavity of the protein, as shown in
Fig. 1. Additionally, they propose the presence of transient
binding sites closer to the entrance of the outward-facing
channel, which steer the ligand towards the main binding site.
These initial binding sites, located at least 9 Å from the channel
entrance, form fewer and weaker hydrogen bonds between
glucose and the protein and therefore provide significantly less
binding strength. Consequently, they do not bind glucose for
longer than a few nanoseconds, unlike the central binding site
where glucose resides for microseconds or longer.58

2.2. Targeted NP uptake mechanism

NPs are too large to pass through membrane transporters (see
Fig. 1), so their cellular uptake via targeting mechanisms requires
exofacial binding to the cell-surface receptor, followed by
endocytosis.7 Endocytosis is a well-established pathway for NP
internalisation,10,64–68 with the principal mechanisms sum-
marised in Fig. 2a. It is also known that endocytic recycling helps
cells regulate GLUTs’ presence on the plasma membrane,69,70

meaning that any NP bound to a GLUT transporter at the time of
endocytosis may be co-internalised.

It should be noted that this uptake results in NPs or clusters
of NPs being enclosed within intracellular vesicles (Fig. 2b).

Whilst this may suffice for diagnostic purposes or certain
therapeutic approaches, it poses a limitation when the active
agent must reach the cytosol or specific intracellular organelles.
In such cases, the NP design must incorporate strategies for
endosomal escape of the NP or its drug payload. Conversely, some
therapeutic approaches, such as photothermal therapy, do not
require internalisation and uptake into the cell is not even
required. Instead, robust binding to the plasma membrane or
membrane receptors is sufficient.10 Thus, even targeting
approaches that do not achieve NP internalisation might be of
interest, though they are likely to have more limited clinical
applications. In the following, we will not distinguish between
NP surface binding and internalisation and refer to both effects as
‘‘uptake’’, since many quantification methods do not allow to
make this distinction, see below.

As discussed in more detail below, it is essential to distin-
guish between specific targeting of glucose conjugates to the
GLUT receptors, which are overexpressed in cancer and BCEC
cells, and non-specific interactions with the cell membrane.
The latter refers to binding which is independent of the
presence of GLUTs,71 and does not support selective cancer
cell or brain targeting.

2.3. Design of GLUT targeting ligands

Glucose is generally considered the ideal targeting ligand for
GLUT1, the most widely expressed transporter among cancer-
associated GLUT isoforms,46 as it is the primary substrate for
this carrier. Whilst GLUT1 can also transport other hexoses
such as mannose, D-galactose or xylose, these show significantly
lower affinities for GLUT1.72 Mannose could also target man-
nose receptors, which are highly expressed in some normal
cells, potentially reducing tumour specificity.46 A similar lim-
itation applies to the use of other hexoses which often are used
for the targeting of lectins, carbohydrate-recognising proteins
that are expressed in both normal and cancer cells.73,74

Fig. 2 Nanoparticle uptake via endocytosis. (a) Overview of the different endocytosis mechanisms. Reproduced from ref. 64 with permission from
Elsevier, copyright 2019. (b) Transmission electron micrograph showing that gold NPs are found inside an endosome after incubation of HeLa cells with a
solution of NPs. Adapted from ref. 68 with permission from the American Chemical Society, copyright 2010.
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The design of a glycoconjugated NP capable of binding to a
GLUT receptor involves several key considerations: (i) the posi-
tion on the glucose ring used to form a covalent link to the NP,
(ii) the length of the linker and (iii) the chemical nature of the
linker. Some of these aspects can make use of the extensive
work on small drug glycoconjugates that have been designed for
cancer cell targeted therapy.39,45–47 However, the size of the NPs,
which prevents intrusion of the NP into the channel leading to
the glucose binding site, introduces additional constraints.

The three-dimensional structure of GLUT3 in the outward-
open form shows that the glucose ligand in the central binding
site can form up to nine hydrogen bonds with polar amino acid
residues, involving all hydroxyl and the ring oxygen,52 although
their relative importance cannot be estimated reliably from these
data. There is further stabilization of the glucose by hydrophobic
interactions of the glucose carbon backbone with hydrophobic
residues; the importance of hydrophobic and p–p interactions for
ligand binding in the main binding site has also been high-
lighted for GLUT1.53 Covalently linking a functional group to one
of the glucose carbons can disrupt its binding to GLUT in two
ways: it may introduce steric clashes that require unfavourable
structural rearrangements of the protein, and it may impair
hydrogen bonding due to the removal of a hydroxyl group.

It is noteworthy that the outward-occluded GLUT3 X-ray
structure contains a monoolein molecule in the narrow channel
leading from the extracellular space to the binding site which
forms hydrogen bonds with the C2 and C3 hydroxyl groups of
glucose (see Fig. 3 for glucose carbon numbering). Although it
is not expected that such a molecule is present under physio-
logical conditions, the presence of such a long linear molecule
in the crystal structure close to the glucose ligand suggests that
a covalent link from one of these carbons could be easily
accommodated without significant structural distortions.

Several studies have explored the effect of the removal or
substitution of individual glucose hydroxyl groups on glucose
binding to GLUT1. Early work indicated that the hydroxyls at
C1, C3 and C4 are directly involved in glucose recognition by
GLUT1, most likely by hydrogen bonding, whereas removal of
the hydroxyls at C2 and C6 did not significantly affect binding,
suggesting only weak interactions between these hydroxyls and
the protein.75 More recent results showed that the C1 hydroxyl

may be replaced without significantly affecting binding to
GLUT1, provided a hydrogen bond acceptor is bound to C1;
one notable example is glufosfamide, the only glycoconjugate
which has been tested in human clinical trials.39,47 A similar
tolerance appears to exist at C4, as evidenced by 4-O-propyl-D-
glucose, which retains a binding constant comparable to native
glucose, whereas similar substitutions at C3 consistently reduce
GLUT affinity.47,75 Notably, C2 conjugation does not require a
hydrogen bond acceptor bound to the carbon, which allows for
conjugation via a wide range of conjugation strategies, including
the use of the widely available 2-amino-2-deoxy glucose (gluco-
samine), bound to the drug molecule via a peptide bond.76

C6 conjugation, on the other hand, appears to be less flexible.
6-Deoxy-glucose was reported to have the same GLUT1 binding
constant as glucose,75 suggesting the absence of strong hydrogen
bonding between the C6 hydroxyl group and the protein.
However, binding glucose C6 to the anti-tumour compound
chlorambucil via a peptide bond resulted in a loss of GLUT1
recognition, whereas the same compound bound via an ester
linkage showed strong GLUT1 binding,77 suggesting the need for
a hydrogen bond accepting group at C6 when conjugating at this
site. The same conclusion can be drawn from a recent study
comparing GLUT1 targeting by AuNPs which were conjugated to
glucose at different positions.78 A similar comparison of all
positional isomers of a glucose-platinum conjugate further
confirmed that C2-conjugated glucose has the highest GLUT1-
mediated cell uptake, even when retaining the hydroxyl oxygen
and thus the hydrogen bond accepting capability at the linker
position.79

Overall, conjugation at C2 emerges as the most promising
strategy, supported by both steric and hydrogen bonding con-
siderations. It also seems to allow for a wider range of chemical
strategies for attaching a ligand compared to other positions.
These results are summarised schematically in Fig. 3.

A further feature that needs considering when designing
glycoconjugated NPs is the tether between the glucose moiety
and the NP, particularly its length. As discussed earlier and
illustrated in Fig. 1, the GLUTs’ glucose binding site is located
in the centre of the protein, approximately 20 Å from the entrance
of a narrow channel on the exofacial side of the protein measur-
ing 3–4 Å in diameter.52,59 In contrast to smaller molecules, NPs
are too large to allow significant penetration into this channel.
Although MD simulations suggest the existence of glucose bind-
ing sites closer to the channel entrance which help to guide the
ligand towards the main binding site,58,61–63 binding to these
location is by design only transient, i.e. much weaker and short-
lasting.58 Thus, only the central binding site is expected to hold a
glucose ligand for long enough to allow for endocytosis of the
attached NP to take place. Therefore, the glucose moiety must be
located at the end of a tether with a length of at least 20 Å to be
able to reach the central binding site.

However, another issue which needs to be considered in this
context is the ligand density on the NP surface. It seems
obvious that increasing the number of glucose-bearing ligands
on a NP should lead to increased binding to a GLUT protein or
even to multivalent targeting, i.e. increased binding due to

Fig. 3 Schematic structure of glucose (in the dominant b-D-
glucopyranose form), showing the standard numbering of the carbons.
The colours indicate where conjugation is possible without significant loss
of binding to GLUT1, as discussed in the text – black: conjugation does not
seem possible; light grey: conjugation possible with a wide range of
different bonding strategies; light blue: conjugation possible provided that
a hydrogen bond acceptor is bound to the carbon.
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interactions with several GLUT targets.80 On the other hand, if the
tethered ligands form a dense monolayer on the NP surface, steric
hindrance may impede their access to the narrow channel leading
to the glucose binding site. This is particularly true for solid NPs,
NPs with low surface curvature (i.e. larger NPs) and for the case of
ligands that are just long enough to fulfil the length criterion
outlined in the previous paragraph. In contrast to solid inorganic
NPs, polymeric or micellar NPs provide some additional flexibility
of the NP core to reduce such steric hindrance. However, in
general in may be advisable or even necessary to use a tether that
is longer than the minimum length discussed above or to inter-
sperse glucose-bearing ligands with shorter ligands that act as
spacers to enhance the chances of successful targeting.

It is also interesting to speculate on the nature of the ideal
tether. The exofacial channel leading to the binding site is lined
by many polar residues with hydrogen bonding capability, which
form transient glucose binding sites and hence support glucose
transport to the main binding site.58 This suggests that a hydro-
philic linker could further strengthen NP binding by forming
additional hydrogen bonds to the residues in the channel. On the
other hand, as discussed above, hydrophobic interactions have
been shown to make significant contributions to the glucose
binding affinity of GLUTs and thus may also contribute to
increased binding due to tether interactions. The GLUT3 X-ray
structure contains the hydrocarbon chain of a monoolein mole-
cule in the exofacial channel, which shows that hydrophobic
moieties can be well accommodated in this channel. It has been
shown that conjugation of different moieties to glucose and other
hexoses can lead to a significant enhancement of binding to
GLUTs, reducing the dissociation constant from the mM to the
mM range. Such effects have been reported for small glycoconju-
gates of different drug molecules77,81 as well as aromatic fluores-
cence markers.82–85 For example, conjugation of hydrophobic
chlorambucil to glucose was found to increase the binding to
GLUT1 by a factor of 150.77 This highlights that both hydrophilic
and hydrophobic interactions of the tether may further
strengthen binding of glucose conjugated NPs to GLUTs. The
tether may also affect the targeting specificity of glycoconjugates;
for example, it has been suggested that a more hydrophilic tether
reduces unspecific uptake through the hydrophobic cell
membrane, which is the dominant mechanism for uptake of
smaller glycoconjugates into cells with low GLUT expression,
thus improving the specific targeting of GLUT-rich cells.86

Although the uptake of larger NPs is not expected to proceed
through the cell membrane, unspecific binding and subsequent
uptake by endocytosis may be affected in a similar manner. As
to tether topology, a flexible linear tether, such as a polyethylene
glycol (PEG) chain, is likely ideal to minimise steric hindrances,
although the channel’s diameter is sufficient to accommodate
short side chains or small aromatic rings.

3. Confirmation of GLUT targeting

Numerous studies have investigated the cellular uptake of
glycoconjugated NPs into cancer cells or other cells which

overexpress GLUTs, using a wide range of methods to confirm
or even quantify cellular uptake.65 One elegant approach
involves the use of fluorescent NPs, either intrinsically emissive
or labelled with a fluorescent dye. This enables visualisation by
fluorescence microscopy, which can also reveal the intracellular
localisation of the internalised NPs; Fig. 4a shows the principle
of fluorescence microscopy and Fig. 4b presents images of
Rhodamine-B-labelled glucose-functionalised AuNPs taken up
into different cells as an example for the use of this method.
However, this method is limited to the analysis of a relatively
small number of cells. For larger-scale quantification of the
cellular uptake of fluorescently labelled NPs, flow cytometry is
commonly used. The principle of the method is illustrated in
Fig. 5a, with representative data demonstrating NP–cell inter-
actions shown in Fig. 5b. Another widely used method deter-
mines the average amount of a specific element (e.g. gold for
AuNPs) associated with each cell using methods based on the
vaporization of cells in an inductively coupled plasma (ICP) and
detection of elements based on their optical emission spectra (ICP-
OES, Fig. 6) or mass (ICP-MS), or using flame atomic absorption
spectroscopy (FAAS). Direct visualisation of the NPs may also be
achieved by transmission electron microscopy (TEM), although
quantitative estimates of NP uptake from TEM images are
limited.65 Techniques such as fluorescence microscopy or TEM
can differentiate between internalisation of the NPs into the cell
and association with the plasma membrane without internalisa-
tion. However, in other assays, this distinction requires additional
pre-treatment steps, such as enzymatic or chemical removal of
surface-bound, non-endocytosed NPs.87 In a few cases, a more
specific method has been used, such as measuring drug release
inside cells from a drug-loaded nanocarrier.

However, many of the publications that report cellular
uptake of glycoconjugated NPs did not investigate the question
whether this uptake was mediated by the GLUT target, which is a
requirement for targeted cancer treatment. NP endocytosis can also
occur upon unspecific interactions with the plasma membrane
(adsorptive-mediated endocytosis) or other membrane components
which are not characteristic of cancer cells. The same concern
applies to glycoconjugated small-molecule drugs, even though
the uptake mechanisms may differ. Prior reviews of such
glycoconjugated drugs have highlighted that this question often
remains unresolved in the literature, even for well-studied
molecules.39,45,46,93 Notably, it has been proposed that com-
monly used fluorescent glucose analogues, such as 2-NBDG and
6-NBDG, which have been used for GLUT assays, might occur by
mechanisms that do not make use of GLUTs.71 In the following,
we discuss in some more detail the different approaches that
have been used in an attempt to show that glycoconjugated NP
uptake is due to their interaction with GLUTs.

3.1. Comparison of NPs with different ligands

Many studies in the field compare NP uptake before and after
glycoconjugation or before and after replacing the original
capping layer with one containing a glucose derivative. It must
be stressed that the results of such experiments alone are of
highly limited value for deciding if a particular glycoconjugation
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method does have the potential of directing the NPs to GLUT-
rich cells, since changes to the NP capping layer alone can
significantly affect NP uptake by cells, even in the absence of any
specific interaction with GLUT proteins. In particular, glycoconju-
gation may alter the surface charge of NPs,8 which is known to
affect unspecific binding and hence uptake of NPs by adsorptive-
mediated endocytosis, with negatively charged NPs generally hav-
ing lower uptake due to their repulsion by the negatively charged
plasma membrane.87,94 Additionally, introducing polymer or pep-
tide coatings can significantly affect the ability of NPs to form a
protein corona which influences their tendency for adhering to the
cell surface or internalisation through endocytosis.10,65–67,95 Thus,
an observed increase in NP uptake following glycoconjugation
alone is not sufficient evidence for GLUT-mediated targeting or
cancer cell recognition.

A more meaningful approach involves comparing glycocon-
jugated NPs that differ only in the conjugation positions on the
glucose ring. As discussed, the ability of glucose derivatives to
bind to GLUTs is affected strongly by the location of the
covalent link to the glucose ring (Fig. 3). Modifications at the
C3 hydroxyl lead to significantly impaired binding, whereas
covalently linking C2 or C6 appears to affect glucose binding to

GLUTs to a much lesser extent. Thus, comparing glycoconju-
gated NPs that are identical in their ligand structure except for
the glucose linkage position can provide direct evidence for the
mediation of NP uptake by GLUTs.

3.2. Comparison of different cell lines

A widely used method for assessing the GLUT targeting potential
of glycoconjugated NPs involves comparing their uptake in non-
cancerous and cancerous cells (or other cells with high GLUT
expression). This method relies on the assumption that observed
differences are due mostly to the different levels of GLUT expres-
sion. Although such results are obviously relevant for practical
applications of the NPs investigated, it is well known that different
cell lines differ in their non-specific nanoparticle binding and
uptake behaviours.65,66,88 Therefore, this approach provides at best
a first indication of successful GLUT targeting and needs to be
combined with one of the other methods to assess the general
applicability of the glucose conjugation method used.

3.3. Glucose competition

A standard test for the propensity of glucose derivatives for
binding to GLUTs are competition experiments with glucose or

Fig. 4 Fluorescence microscopy. (a) Principle of a fluorescence microscope, showing the excitation and fluorescence light paths in green and red,
respectively. If a laser is used as excitation light source, there is no need for an excitation filter. (b) Cellular uptake of AuNPs, detected by fluorescence. (A)
A431 cells; (B) A549 cells; (C) LNCaP cells; and (D) 3T3 cells, treated with Rhodamine B-conjugated and glucose-functionalised AuNPs. Top: Bright field
image. Bottom: Rhodamine B fluorescence (red). Scale bar: 20 mm. Fig. 4b reproduced from ref. 88 with permission from Informa UK Limited, trading
Taylor & Francis Group, copyright 2018.
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other sugars which are isotopically or fluorescently labelled to
allow measuring their uptake.75 This method can be adopted
for glucose-conjugated NPs, without requiring labelled glucose;
in the presence of high concentrations of glucose, GLUT-
mediated NP binding should be competitively inhibited, result-
ing in reduced NP uptake. Under the assumption that the
presence of glucose does not interfere with non-specific NP
binding to the cell surface, which can be tested by experiments
using non-glycoconjugated NPs with a similar surface chemis-
try, this provides strong evidence for GLUT-specific targeting.
Due to the fast binding and transport of glucose via GLUTs,96,97

there is no need for long preincubation periods with excess
glucose, but the excess glucose needs to remain during NP
incubation. This suggests that coincubation of the NPs and
excess glucose without any preincubation is a good approach,
which indeed has been shown to work,71,83,90,98 although more
often excess glucose has been added typically 30–60 minutes
prior to the addition of NPs. In fact, prolonged excess glucose
treatment (Z24 hours) is well known to up- or downregulate a
wide range of cellular functions,99–106 which may indirectly
change NP uptake, and therefore should be avoided. However,
failure to observe reduced NP uptake in the presence of glucose
does not definitively rule out GLUT-mediated binding. This
outcome could reflect a significantly higher binding affinity of

the glucose-NP construct, potentially due to additional stabilising
interactions between the glucose-linking tether and the interior of
the GLUT channel. Such significantly increased GLUT binding
affinities upon conjugation of sugars have been found in multiple
previous studies,77,81–85 as discussed above. In such cases, it will be
necessary to undertake more extensive experiments, such as
measuring NP uptake for a range of glucose and NP concentra-
tions and to employ glucose analogues with higher GLUT binding
affinities to unequivocally establish competitive GLUT binding of
the glycosylated NP. Such studies should be informed by protocols
that were used in studying small glycoconjugates with high GLUT
affinities,77,81–84 which included the establishment of a full screen-
ing assay for GLUT5 inhibitors.107

3.4. GLUT inhibition

GLUT-mediated NP uptake can also be investigated in the
presence of GLUT inhibitors, which include natural com-
pounds, such as phloretin or cytochalasin B (Cyt-B), or small
chemicals, such as fasentin or WZB117.39 If their presence, at a
concentration known to inhibit the activity of the relevant
GLUT, significantly reduces the measured uptake of the glucose
conjugated NPs under investigation, this again provides a
convincing argument for the mediation of NP uptake by the
GLUT. Ideally, this should be accompanied by a control showing

Fig. 5 Flow cytometry for the quantification of the cellular uptake of fluorescent NPs. (a) Schematic depicting flow cytometry. A diluted cell suspension
flows through a microfluidic tube, allowing the detection of fluorescence from individual cells by the side scattering detector. The distribution of
fluorescence intensities (SSC) from individual cells reflects the uptake of fluorescing NPs, as depicted schematically. Reproduced from ref. 89 with
permission from Elsevier, copyright 2023. (b) Cellular uptake of fluorescently labelled poly((D,L)lactic-glycolic) acid (PLGA) NPs without or with glucose
functionalization (-Glc) upon incubation of Hep-2 cells in the absence or presence of excess glucose, observed by flow cytometry. Reproduced from ref.
90 with permission from Dove Medical Press Ltd, Taylor & Francis Group, copyright 2017.
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no significant effect on the uptake of non-glycoconjugated NPs
to rule out indirect effects of the inhibitor on non-specific NP
interactions with the membrane. The effect of GLUT inhibitors
is typically observed after short incubation periods;40,44,108–113

typically, they are added 30 minutes prior to the addition of NPs.
The inhibitor should remain present during the NP incubation,
since the inhibiting effect normally decreases rapidly.78 Longer
inhibitor exposure should be avoided, since they are known to
interfere with many other cellular functions when applied on
longer time scales,108,114–116 and thus may have indirect effects
on the uptake of NPs. As with glucose competition experiments,
failure to observe an inhibitor effect does not necessarily exclude
GLUT involvement. NP uptake in the presence of an inhibitor could
arise from a very high binding constant of the glucose-conjugated
NP, so that its binding is preferred to inhibitor binding, or from the
fact that the inhibitor does not work by blocking the GLUT glucose
binding site, but prevents glucose uptake by a different mecha-
nism, such as inhibiting the structural transition from the GLUT
outward-open to the inward-open conformation.

A related strategy involves anti-GLUT antibodies to block
binding to GLUTs, preventing NP uptake via the glucose-targeted
route. However, this method requires caution, since the presence of
a protein at high concentrations may also alter the protein corona
formed on the NP surface, which in turn strongly regulates its
unspecific binding to the plasma membrane and subsequent cell
uptake. In particular, the presence of serum proteins in the NP
corona strongly enhances NP uptake by endocytosis,117 so that even
a partial replacement of those serum proteins in the NP corona by
antibodies may affect cellular uptake. Therefore, control experi-
ments with non-glycoconjugated NPs with a similar surface chem-
istry are needed to rule out such indirect effects of antibodies.

GLUT knockdown or knockout studies may further validate
GLUT-mediated uptake. This is normally achieved through small
interfering RNA (siRNA) mediated gene silencing or CRISPR-based
gene editing, which reduces or eliminates the production of GLUT
transporters at the plasma membrane.118–120 While this can
provide direct mechanistic insight, interpretation of such results
must be undertaken with caution. GLUT knockdown or knock-
out and glucose deprivation, which is the immediate effect of
reduced GLUT expression, can lead to broad effects on cell cycle
and metabolism, oxidative stress pathways, and endocytic
function.104–106,121 As a result, observed reductions in NP uptake
may stem from secondary cellular responses, rather than loss of
NP–GLUT interaction itself. Therefore, while GLUT knockdown
is a valuable tool, results must be interpreted in the context of
such potential off-target metabolic effects.

3.5. In vivo experiments

In some reports of successful cancer cell targeting using glucose-
conjugated NPs, in vitro experiments of the type described so far
were complemented by in vivo experiments, showing NP accu-
mulation in tumour tissue or targeted organs, or providing
insights on the NPs’ biodistribution. Other studies only report
such in vivo results without accompanying in vitro experiments.
Such experiments are, of course, needed for ultimately assessing
the efficiency of any targeted NP design for practical applications.
However, on their own they may not provide reliable evidence for
successful targeting of cancer cells or GLUT receptors, since the
biological response can arise from a complicated interplay of
effects122 which may hide successful targeting of the NPs to the
target or produce misleading results which wrongly suggest such

Fig. 6 ICP-OES for the quantification of cellular NP uptake. (a) Schematic representation of ICP-OES components, including plasma generation (left)
and emission detection (right). Reproduced from ref. 91 with permission from Elsevier, copyright 2023. (b) Cellular uptake of superparamagnetic iron
oxide (SPIO)-loaded micelles (formed from poly(ethylene glycol)-block-poly(e-caprolactone)) without and with glucosamine functionalisation (Glu-)
upon incubation of PC-3 cells at different micelle concentrations (expressed as Fe concentration), detected by ICP-OES. Reproduced from ref. 92 with
permission from Springer Nature, copyright 2017.

Journal of Materials Chemistry B Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

26
 6

:1
2:

24
 P

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02390d


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B, 2026, 14, 4874–4902 |  4883

targeting; therefore, the following review is limited to in vitro
cellular uptake results.

4. Literature review

The aim of this literature review is to evaluate whether glucose-
conjugated NPs can selectively target GLUT overexpressing cells
via GLUT-mediated uptake. Specifically, we assess whether the
observed cellular uptake of such NPs in published studies can
be reliably attributed to interactions with GLUTs rather than
non-specific mechanisms. To do so, we focused on reviewing
the structural configuration of the glucose moiety on the NP,
including the site of conjugation on the glucose ring, and the
nature and length of the linker, together with any direct
evidence for GLUT involvement, such as competition experi-
ments, inhibition studies, or other valid controls previously
discussed in Section 3.

To ensure consistency and relevance, we applied strict inclu-
sion criteria. Only studies in which glucose or glucose derivatives
were covalently attached to the NP surface were included, since
non-covalently bound ligands are unlikely to support specific
receptor-mediated uptake. We also excluded studies using unre-
lated mono- or polysaccharides as ligands, since they exhibit
weaker binding to GLUT1, the most widely overexpressed GLUT
in cancer or BCEC cells and often target other plasma membrane
components. As mentioned previously, we focused exclusively on
in vitro studies as proof of GLUT-mediated uptake; excluding
studies solely reporting in vivo experiments (see Section 3.5).

The following sections are organised according to the nature
of the glucose-NP conjugation, namely, direct attachment,
short linkers, and long linkers. A summarising table of all
reports reviewed here is included in the SI, which provides a
few more details, such as conjugation position on the glucose
ring and uptake quantification method used.

4.1. Direct glucose attachment to the NP surface

Direct attachment of glucose to NP surfaces has been explored
as a strategy for facilitating cellular uptake in several studies.
Given the structural constraints of the GLUT glucose binding
site, the feasibility of glucose attached directly on the NP surface
interacting with these transporters by binding to the binding
site is highly doubtful, as discussed above. This section critically
examines studies employing direct glucose conjugation.

4.1.1. Studies without GLUT targeting control experiments.
1-Thioglucose (1-TG) and its fluorinated derivative, fluoro-6-
deoxy-thio-1-glucose (F-1-TG), have been directly conjugated to
AuNPs through the C1 position, making use of the strong gold–
sulfur affinity. The uptake of 1-TG and F-1-TG-capped Au-NPs
with diameters in the range of 8–14 nm in various cancer cell
lines was 1.5–4 times higher than that of citrate-capped AuNPs of
the same size;11,123–125 Fig. 7 depicts this conjugation and shows
a typical result. Comparison of small Au-nanoclusters (2.6 nm
diameter) with a glutathione or mixed glutathione/1-TG capping
layer using fluorescence microscopy suggested higher uptake of
the latter by cancer cells, but not by non-cancerous cells,

although the distinction between the different levels of NP uptake
is not very clear in the images presented and no quantification
was provided.126 Similarly, 15 nm AuNPs capped with a mixed
1-TG/3-mercapto-1-propanesulfonate (3-MPS) layer showed a small
(25%) increase in uptake into HSG cells (a HeLa cell-derived line)
compared to AuNPs capped with only 3-MPS.127 However, in all of
these cases, the observed increase in uptake may primarily
result from changes to the capping layer. Specifically, reducing
the negative surface charge upon replacing all or some of the
negatively charged citrate, glutathione or 3-MPS ligands by
neutral 1-TG/F-1-TG in turn reduces the electrostatic repulsion
between the NPs and the negatively charged plasma membrane.
This is consistent with previous studies on the effect of the
AuNP surface charge on cell uptake87 and is further supported
by the significantly enhanced uptake of positively charged
cysteamine-capped Au-NPs found in one of those studies.11

Similarly, 20 nm AuNPs with a mixed PEG/1-TG capping layer
demonstrated an increased uptake in THP-1 leukaemia and
MCF-7 breast cancer cells and improved radiosensitivity, com-
pared to AuNPs with a PEG coating.128 This is most likely due to
the well-known fact that a PEG ligand shell prevents unspecific
uptake of NPs,117 so that a reduction of the shell’s PEG content
leads to increased cellular uptake.

In a similar approach, 61 nm silver NPs (AgNPs) were
conjugated to glucosamine at the C2 amine group by ligand

Fig. 7 Example of direct glucose attachment to the NP surface. (a)
Schematic chemical structure of a AuNP coated with a mixture of 3-
mercapto-1-propansulfate (3-MPS) and 1-thio-glucose (TG) (not to scale).
(b) Uptake of 3-MPS-stabilised AuNPs (Au-3MPS) and AuNPs stabilised
with 3-MPS and TG in a molar ratio of 6/1 (Au-3MPS-TG-2) upon incuba-
tion of HSG cells for different time intervals, detected by FAAS. Adapted
from ref. 127 with permission from Elsevier, copyright 2016.
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exchange, whereby citrate and tannic acid ligands are replaced by
glucosamine due to the strong affinity of amines for binding to
silver.129 TEM images showed uptake of glycoconjugated and
non-glycoconjugated AgNPs into Du-145 and PC-3 prostate cancer
cells to a similar extent and various in vitro tests, including NP
toxicity, also showed similar results for both types of NPs,
suggesting that there is no specific interaction of the glycoconju-
gated NPs with GLUTs.

A minor increase (30–50%) of uptake of silica coated CoFe
magnetic NPs (B200 nm diameter) into breast cancer cells (MDA-
MB-231 and MCF-7) and normal breast cells (MCF-10A) was
observed upon conjugation of their carboxylated surface with gluco-
samine at the C2 position.130 However, again the glycoconjugation
caused a significant reduction of the negative surface charge, which
on its own would be expected to result in an increased cell uptake.

Direct conjugation of glucose to CdTe/CdS core–shell QDs
with a diameter of 3–7 nm resulted in a significant, albeit not
quantified, increase in NP uptake into living yeast cells.131

However, this could easily be due to different unspecific binding
of NPs with different surface chemistries to the cell membrane
rather than specific interactions with GLUT receptors.

No increase of uptake into HeLa or cancer cells was reported
for mesoporous silica nanoparticles (250–300 nm diameter)
after direct conjugation of glucose at its C6 position, as opposed
to the increased uptake found when glucose was bound to the
end of a poly(ethylene imine) (PEI) capping layer on similar NPs
(see below).132

No control experiments were undertaken in any of the
studies described so far to investigate the involvement of GLUT
receptors, e.g. using glucose competition experiments, linking at
different glucose carbons, or using GLUT inhibitors or GLUT
knockout cells. Instead, they relied on the comparison of
glycoconjugated and non-glycoconjugated NPs, which does not
provide reliable evidence for GLUT targeting since the modified
surface properties alone can significantly affect unspecific cell
uptake. A few of the studies compared uptake into cancer and
non-cancer cells, but this also does not provide evidence of
GLUT involvement, as discussed above.

4.1.2. Studies with GLUT targeting control experiments.
There have been a few publications on NPs with glucose directly
attached to the surface where the involvement of GLUTs was
addressed directly by one of the methods mentioned above.

Multiwalled carbon nanotubes (MWCNTs, 180 nm hydro-
dynamic diameter) glycoconjugated by direct attachment of
glucosamine, at its C2 amine group, were shown to be taken
up into MDA-MB-231 breast cancer cells.133 However, no com-
parison was made with non-glycosylated MWCNTs or cells with
lower GLUT expression, making GLUT involvement uncertain.
The only indication of GLUT participation was a slight decrease
in uptake in the presence of excess free glucosamine, but this
was contradicted by the lack of effect from the GLUT1 inhibitor
Cyt-B. Given the significant aggregation of MWCNTs under the
incubation conditions, changes in media composition may
have influenced uptake via non-specific interactions.

A more recent report suggested that 1-TG capped small Au-
nanoclusters (2.5 nm diameter) had significantly higher uptake

into MDA-MB-231 cancer cells than similar Au-nanoclusters
capped by glutathione, and the involvement of GLUT1 was sug-
gested by a decrease of this uptake in the presence of GLUT1
inhibitor Cyt-B.109 However, this conclusion was partly contra-
dicted by a five-fold increase in uptake of the 1-TG capped NPs
upon addition of glucose at a concentration of 18 mM, which is
comparable to the glucose-GLUT dissociation constant,134 and
therefore should have resulted in significant competition between
glucose and NP binding, thus reducing NP uptake. On the other
hand, in light of the size distribution of these NPs, which included
a measurable fraction of NPs with a diameter of less than 1.5 nm,
it is possible that the smallest NPs in this preparation might be
able to enter the top of the narrow channel leading to the glucose
binding site of the GLUT receptor and thus are able to bind even in
the absence of a long tether.

4.1.3. Conclusion. Overall, there is no conclusive evidence
showing that direct attachment of glucose to a solid NP surface
can provide targeting of NPs with a diameter larger than
1–2 nm to cancer or BCEC cells. This is in line with the
expectation discussed above that glucose needs to be bound
to the NP of that size via a tether with a length of at least 20 Å to
reach the GLUT binding site effectively.

4.2. Glucose attachment via short linker

The studies discussed in this section did attempt to conjugate
glucose to the NPs by covalent bonding via a short linker
molecule. The linker length stated here represents the number
of bonds between the glucose ring and the nanoparticle sur-
face; in this section, only studies with a linker length of at most
15 bonds are included, attempts using longer linkers are
summarised in Section 4.3.

4.2.1. Studies without GLUT targeting control experi-
ments. Again, many of the studies using a short linker for
conjugating glucose to a NP did not include conclusive evi-
dence of successful GLUT targeting.

4.2.1.1. Inorganic nanoparticles. Glucose was conjugated at
the C1 position to 80 nm AgNPs via 4-aminothiophenol (7
bonds); this resulted in an increased uptake into A549 cancer
cells, compared to citrate-capped NPs, whereas the uptake into
non-cancerous L929 cells was not increased.135 However,
uptake varied strongly with incubation time, with initial uptake
being faster in non-cancerous cells, suggesting the endocytic
mechanism to be independent of GLUT expression. Based on
results with lactose-conjugated AgNPs, the authors in fact
suggest that glycoconjugation influenced protein corona for-
mation, impacting unspecific NP interactions with the plasma
membrane rather than receptor specificity. Uptake of 54 nm
AgNPs into HepG2 and Neuro2A cells was found to decrease
upon glucose conjugation via thiopropionic acid (6 bonds),
compared to citrate-capped NPs, in spite of the reduced nega-
tive charge of the glycoconjugated NPs.136

Gold/iron oxide shell/core NPs (diameter B5 nm) were
covered with the amphiphilic polymer poly(maleic anhydride-
alt-1-octadecene) (PMAO) and functionalised with either PEG
(MW 750) or glucose at its C1 position via an 8-bond linker; the
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latter showed higher uptake into HeLa cells.137 Similarly, iron
oxide NPs (6 nm diameter) with a PMAO polymer shell were
functionalised by attachment of glucose (C1 position), galac-
tose and PEG via a short linker (B8 bonds) to the carboxylate
groups formed on the PMAO shell upon transfer into water. The
uptake of glucose-functionalised NPs by Vero cells, a monkey
kidney epithelial cell line, was found to be significantly higher
than that of PEG-functionalised NPs, at least for NPs with a
higher degree of functionalisation.138 However, it is well known
that a PEG ligand shell prevents unspecific uptake of NPs,117

and hence there is no indication that the uptake of these
glucose-functionalised NPs was mediated by GLUT receptors.

7 nm silicon NPs (Si-NPs), capped with various carbohy-
drates via a short linker (6 bonds between the Si-NP and glucose
at the C2 position), showed greater uptake in cancer cells (SK-
MEL-28, A549, MCF-7) than non-cancerous cells (MDCK,
HHL5).139 However, glucose-bound Si-NPs exhibited lower uptake
than galactose-bound Si-NPs and similar uptake to mannose-
bound Si-NPs, although these two carbohydrates have approxi-
mately 10 times lower binding constants for GLUT1 or GLUT2
than glucose.72 A lower GLUT binding constant of the ligand is
expected to result in less efficient NP targeting of GLUT-
overexpressing cells, as has been shown explicitly for liposomes
conjugated to mannose or glucose via a long PEG-linker.140 This
suggests that for the Si-NPs described here uptake is not GLUT-
mediated, aligning with the authors’ suggestion that galectins
may act as overexpressed receptors in certain cancer cells.
Similarly, conjugation of glucose at the C1 position to 4 nm Si-
NPs via a linker consisting of 10 bonds resulted in significantly
higher uptake into HeLa cells compared to the original
carboxylate-capped Si-NPs.141 However, this conjugation also
resulted in a change of the NPs’ surface charge to a significantly
less negative value, which will affect the unspecific binding of the
NPs to the cell surface,87,94 limiting any conclusion that can be
drawn from this observation.

Gd3+ loaded mesoporous silica NPs (130 nm diameter) were
conjugated to glucosamine at the C2 position using an 8-bond
linker, which resulted in an increase of uptake into HT1080 cells
by a factor of three.142 However, a lack of characterization of the
Gd3+ loaded NP properties before glycoconjugation, particularly
their size and surface charge, prevents ruling out non-specific
interactions as the cause of increased uptake, since these para-
meters are known to affect NP uptake.87,94,143 A comparison of
lanthanide NPs conjugated with different monosaccharides via a
6-bond linker showed much higher uptake into RAW264.7 and
HeLa cancer cells for glucose (conjugated at C1) than mannose,
galactose, fucose or N-acetylglucosamine as ligands, although no
uptake was observed at all for MKN-45 cancer cells.144 However,
the glycoconjugated NPs were reported to aggregate in aqueous
solution and no further characterisation, such as surface charge
analysis, was undertaken. In the absence of any other control
experiments, it is therefore not possible to draw reliable conclu-
sions on GLUT targeting as compared to unspecific binding to
the cell surface.

Shell–core ZnS-CdSe QDs with diameters of a few nm, with a
polyacrylate coating and functionalised with maltose, i.e. a

disaccharide consisting of two glucose units, were shown to
bind significantly to HeLa cells.145 However, QD functionalisa-
tion with dextran, a glucose based polysaccharide, did not show
the same effect, which led the authors to conclude that this
binding is non-specific. Similarly, conjugation of glucosamine,
at the C2 amine group, to mercaptosuccinic acid capped 3–5 nm
CdSe QDs (5 bond linker) resulted in a two-fold uptake increase
into (non-cancerous) HEK293T cells,8 but the authors state
explicitly that this is due to the change of the QD surface charge
upon conjugation, as verified by a change of the zeta-potential
from a negative to a slightly positive value, and not due to
glycoconjugation. A similar conjugation of glutathione capped
3.6 nm Ag2Se QDs with glucosamine (9 bond linker) signifi-
cantly increased the uptake into MCF-7 (breast) and SW1990
(pancreatic) cancer cells, by a factor of up to 10,146 but again the
glycoconjugation resulted in a significant decrease of the nega-
tive surface charge, which seems the most likely cause of this
uptake increase. Conjugation of glucosamine to 4 nm AuNPs via
mercaptosuccinic acid increased the computed tomography
contrast of A549 cells after incubation with NPs by a factor of
three compared to citrate-capped NPs;147 however, again it
seems likely that the reduction of the negative surface charge
upon replacement of (negative) citrate by (neutral) glucosamine
influenced uptake rather than GLUT receptor targeting.

4.2.1.2. Organic nanoparticles. Glucosamine was also conju-
gated at the C2 amine group to apoferritin nanocages (12 nm)
containing 4 nm AuNPs in their cavity via binding to aspartic
and glutamic acid residues (4–5 bonds between the protein
backbone and the glucose ring), resulting in an approximately
two-fold increase of uptake into cancerous (MCF-7) and non-
cancerous (MCF-10A) breast cells.148 However, the observation
that the relative uptake by cells with low and high GLUT
expression remains unaltered strongly suggests unspecific
uptake, with the increase again resulting from a reduction of
the negative charge of apoferritin,149 rather than from inter-
action with a GLUT receptor. In a similar approach, glucose was
bound to the amino groups of 200 nm glutenin NPs (4–6 bonds
between the protein backbone and the glucose ring) and the
glycoconjugated NPs, loaded with the drug camptothecin, were
shown to induce cytotoxicity in MCF-7 cancer cells.150 However,
the complete absence of any control experiments prevents any
conclusions on GLUT targeting.

100 nm phospholipid/cholesterol liposomes (LIPs) were
modified using n-octyl-b-D-glucopyranoside at the C1 position,
resulting in a short (o8 bonds) linker, since it is most likely
that the alkyl chain is partially or even fully embedded in the
LIP.151 This modification resulted in a modest increase (B50%)
of the uptake into HepG2 cancer cells. However, the modifica-
tion also resulted in a decrease of the particle size and a slightly
less negative surface charge, which may have resulted in this
slight uptake increase.87,94,143 Similarly, doxorubicin-carrying
chitosan NPs (B200 nm diameter) had a significantly higher
uptake into 4T1 cancer cells after conjugation with succinyl
glucosamine at the C2 amine group, although no quantification
of the effect was provided.152 However, the doxorubicin-loaded
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NPs used for the uptake study were poorly characterized, with
no information on size or zeta-potential provided, which raises
the question of how much these parameters change upon
glycoconjugation, which in turn may seriously affect cell uptake
even in the absence of direct interactions with GLUTs.87,94,143

Glycopolymers, i.e. polymers with carbohydrate side chains,
have been widely investigated for their ability to bind to lectin
receptors on the cell surface, which is thought to be increased
by the multivalency of glycopolymers, which allows for multiple
potential interactions with cell surface receptors.93 However,
since lectins are widely expressed on cancerous as well non-
cancerous cells, the specificity of glycopolymers for cancer cells is
expected to be lower than that of ligands presenting individual
glucose groups. Despite this, glucose-bearing polymers may still
interact with GLUT1, provided they meet the general requirements
discussed above. This paragraph discusses two examples of poly-
mers with short linkers between the glucose moiety and the
polymer backbone, none showing any specific interaction
with GLUT1, as expected, due to steric hindrance of the bulky
polymer in the narrow GLUT1 channel. In one study, a series of
methacrylate-based glyco-block polymers were synthesised with
either glucose, galactose or fructose moieties bound to one block
of the polymer backbone via short linkers (4–6 bonds) and used to
form NPs (33–77 nm) upon conjugation with a platinum anti-
cancer compound.153 Uptake into MDA-MB-231, MCF-7 and A2780
cancer cells was found to be highest for fructose-conjugated NPs,
leading the authors to speculate about the involvement of GLUT5
which has high specificity for fructose,72 but also about the
involvement of various galactose-binding receptors, whereas no
suggestion for the binding mechanism of glucose-conjugated NPs
was made. Notably, the fructose-conjugated NPs were significantly
smaller compared to their glucose- and galactose-conjugated
counterparts, which may also have affected the uptake. In another
study, 11 nm iron oxide NPs were decorated with PEG (30 nm
hydrodynamic diameter) and then further modified by the addi-
tion of short acrylate-based polymers bearing several glucose or
mannose groups with 7–10 bonds between the carbohydrate ring
C1 and the polymer backbone.154 Modification with mannose
increased the NP uptake into A450 lung cancer cells, whereas
modification with glucose had no effect, which the authors took as
indication of interaction with mannose receptors which are over-
expressed in these cell lines.

4.2.2. Studies with GLUT targeting control experiments.
The following studies further characterized GLUT-targeting by
employing various GLUT inhibition strategies.

Glucose conjugation has been investigated as a strategy for
overcoming the BBB, due to high GLUT1 expression in brain
capillary endothelial cells (BCECs). 2 nm Au-NPs decorated with
mercaptoethoxy-glucose (5 bonds) allowed significantly increased
transport through BCECs compared to non-brain endothelial
cells.155 In comparison, the same AuNPs linked to glutathione
showed lower transport efficiency. However, GLUT1-inhibitor Cyt-
B had no effect and the authors concluded that transport efficiency
differences arose from variations in surface charge or the different
properties of the glycocalyx of BCECs compared to that of endothe-
lial cells from other tissues rather than GLUT-specific binding.

Cobalt ferrite magnetic NPs (27 nm) were functionalised
with glucose or a fluorescent analogue via esterification to the
citrate capping layer (7–8 bond linker), resulting in higher
uptake into MCF-7 and MDA-MB-231 cancer cells than the
unmodified citrate capped NPs.156 This uptake increase might
be due to the effect of the decreased negative surface charge
which is expected to result from the glycoconjugation, but the
authors suggested the involvement of GLUT1, based on the
results of glucose competition and GLUT1 inhibition experi-
ments. The presence of glucose at high concentration (25 mM)
reduced the uptake of the glycoconjugated NPs, but only in MCF-
7 cells which have low GLUT1 expression levels and not in the
MDA-MB-231 cells which express GLUT1 at a four times higher
level. The authors ascribe the absence of a glucose effect on the
latter cells by higher expression of GLUT1 in the presence of high
glucose, counteracting the competition effect, but their own
results show no significantly increased GLUT1 expression after
24 hours in high glucose conditions, when NP uptake was
investigated. It seems much more likely that the difference
between NP uptake in low and high glucose conditions resulted
from the fact that cells had been grown in those conditions for
24 hours, which is known to up- or downregulate a wide range of
cellular functions,99–106 which may indirectly affect NP uptake, as
discussed above; in particular, MCF-7 cells and MDA-MB-231
cells are known to respond differently to high glucose levels.103

The putative GLUT1 inhibitor STF-31 significantly reduced glyco-
conjugated NP uptake, but only after incubation for 6 hours
(MCF-7 cells) or 16 hours (MDA-MB-231 cells). This contrasts with
the normally rapid action of GLUT inhibitors, which are known
to also interfere with other cellular functions when applied on
longer time scales, as discussed above.108,114–116 This suggests the
possibility of an indirect effect rather than inhibition of GLUT1.
In fact, it has been shown that at the low concentrations used
here STF-31 does not act as a GLUT1 inhibitor and reduced
glucose uptake is only observed after STF-31 induced inhibition
of glycolysis and mitochondrial oxidative metabolism via target-
ing of nicotinamide phosphoribosyl transferase (NAMPT) on the
time scale of 10 hours or longer;108,115,116 STF-31 acts as (rapid)
GLUT1 inhibitor only at concentrations above 50 mM, but not at
5–10 mM as used here.108 Therefore, it seems more likely that the
effect of decreased NP uptake in the presence of STF-31 on the
time scale of 6–16 hours which was reported here is an indirect
result of NAMPT inhibition rather than interference with GLUT1
targeting; this is further supported by a report showing that
MCF-7 cells are more sensitive to the presence of STF-31 at these
concentrations than MDA-MB-231 cells.157 Decreased uptake of
glycoconjugated NPs was also found 72 hours after initiating
gene silencing of GLUT1 by siRNA, but it has to be noted that
the significantly reduced levels of GLUT1 expression effectively
lead to intracellular glucose starvation, which is known to affect
a wide variety of cellular functions and cell viability, particularly
in cancer cells,104–106 so that indirect effects cannot be ruled
out. Neither GLUT1 inhibition method was tested on non-
glycoconjugated NPs as control.

A series of reports described significantly increased uptake
of glucosamine-functionalised iron oxide NPs (B10 nm) into

Journal of Materials Chemistry B Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

26
 6

:1
2:

24
 P

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02390d


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B, 2026, 14, 4874–4902 |  4887

cancer cells but not non-cancerous cells after conjugation of
glucosamine at the C2 position to the dimercaptosuccinic acid
capping layer (6–7 bond linker).158–160 Although this modification
reduced the negative surface charge of the NPs, which may affect
cellular uptake, the addition of anti-GLUT1 antibodies significantly
reduced the uptake,158,159 Fig. 8a, and excess glucose completely
reverted the uptake increase,160 Fig. 8b, which suggests binding to
GLUT1 as the main reason for the increased uptake. However,
close inspection of the TEM images158,159 suggests the presence of
a measurable number of NPs with a diameter of a few nm or even
less, see Fig. 8c, which may indeed be able to enter the top of the
narrow channel leading to the glucose binding site of the GLUT
receptor, bringing them close enough to allow glucose binding via
a shorter tether.

Uptake of nanospheres and nanofibers formed from self-
assembled peptide amphiphiles into MCF-7 cancer cells was
investigated using fluorescein-labelled oligonucleotides which
bind to these nanostructures by electrostatic interactions.161

Oligonucleotide uptake was found to occur within minutes of
exposing cells to nanospheres (50–100 nm diameter), and this

uptake was independent of conjugation of glucose at the C1
position to the nanospheres or the presence of endocytosis or
GLUT1 inhibitors. This suggests direct transport of the oligo-
nucleotide into the cell after detachment from the nanospheres,
which have a close to neutral surface charge, rather than uptake
of the NPs. The nanofibers (10 nm diameter, several 100 nm
length), on the other hand, have a significant positive charge
and therefore are able to bind negatively charged oligonucleo-
tides more strongly. Their uptake was found to occur on the
time scale of hours and was shown to proceed via endocytosis.
Glucose conjugation to the nanofiber surface increased their
uptake by a factor of two, but the presence of GLUT1-inhibitor
Cyt-B affected the uptake of non-glucose conjugated and glucose
conjugated nanofibers to the same extent. On the other hand,
an inhibitor of the sodium dependent glucose transporter
SGLT1 affected only the latter ones, leading the authors to
conclude that glycoconjugation leads to the specific interaction
of the nanofibers with SGLT1, but not with GLUTs. The latter
observation may be related to the insufficient length of the
linker between glucose and the hydrophobic core of the

Fig. 8 Uptake of iron oxide NPs with a dimercaptosuccinic acid (DMSA) capping layer without or with conjugation of glucosamine (DG) to DMSA. (a)
Microscopic images of MDA-MB-231 cells after incubation with NPs for different time intervals: NPs without glycoconjugation (A–D); NPs with
glycoconjugation in the absence (E–H) and presence (I–L) of GLUT1 antibodies. NPs were stained using Prussian blue and nuclei were counterstained
with red dye. Reproduced from ref. 158 with permission from Elsevier, copyright 2012. (b) Quantification of NP uptake upon incubation of different cell
lines (MDA-MB-231, MCF-7 and HMEpiCs) for 30 min in the absence and presence of excess glucose (Glu), as determined by an ultraviolet colorimetric
assay. Reproduced from ref. 160 with permission from Springer Nature, copyright 2016. (c) TEM images of iron oxide NPs with a DMSA capping layer
without (left) and with (right) glucosamine functionalisation. The arrows indicate some examples of very small NPs. Adapted from ref. 158 with permission
from Elsevier, copyright 2012.
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nanofibers, preventing the binding of the glucose moiety to the
GLUT binding site.

4.2.3. Conclusion. We have not been able to find any
reports which conclusively demonstrated that conjugating glu-
cose to NPs that are larger than 2 nm via a short linker of 15
bonds or less significantly increases their uptake into cancer or
BBB cells via binding to GLUT1. This further confirms the
conclusion of Section 2, that the linker between the glucose
moiety and the NP needs to have a length of at least 20 Å, so
that the glucose can reach the central binding site of the GLUT
receptor when the NP is not able to significantly penetrate into
the narrow channel leading from the receptor surface to the
binding site.

4.3. Glucose attachment via long linker

This section includes a critical review of studies utilising long
linkers to attach glucose or its derivatives to the NP. For solid NPs,
such linkers are often introduced explicitly to allow glucose to
reach the GLUT binding site via the narrow channel with a length
of 20 Å on the exofacial side of the GLUT receptors, see Fig. 1. In
contrast, polymeric NPs, owing to their often less well-defined
surface, can achieve similar effective linker lengths by conjugating
glucose to one of the polymer’s terminals without the introduction
of a specific linker, unless the synthetic protocol requires it.

4.3.1. Studies without GLUT targeting control experi-
ments. Similarly to the work described in Sections 4.1.1 and
4.2.1, many of the studies using long linkers between the NP
and glucose suggested successful GLUT targeting without pro-
viding conclusive evidence.

4.3.1.1. Inorganic nanoparticles. 13 nm AuNPs were shown to
have significantly higher uptake into RAW264.7 and peritoneal
macrophages after functionalisation of their zwitterionic ligand
shell with glucosamine at its C2 amine (18 bonds).162 However,
the authors explicitly point out that this was likely due to a shift
in surface charge from negative to positive, which promotes the
NPs’ interaction with the negative plasma membrane.

Fluorescent CdTe/CdS core/shell QDs with a diameter of
4 nm and capped with glucose-phenyl diamine disulfide
ligands (18 bonds, glucose conjugated at C1) were shown to
have an approx. 3 times higher uptake into hepatic cancer cells
(HepG2) than the same NPs capped with tetraethyleneglycol.163

The authors speculated that this might be due to GLUT bind-
ing, but it seems more likely that the ethylene glycol ligand
shell reduces unspecific uptake, as it is well known that PEG
ligand shells prevent unspecific uptake of NPs.117 Therefore, in
absence of any other control experiments testing for the invol-
vement of GLUTs, these results do not provide conclusive
support for successful targeting of cancer cells by interaction
with GLUT receptors.

4 nm carbon dots were synthesised from glucose by hydro-
thermal carbonization and therefore were likely to have ‘‘sur-
face functional groups similar to glucose’’ at the end of an
unspecified polymeric tether.164 Using yeast mutant strains in
which all glucose transporters are expressed or deleted, it was
shown that carbon nanodot uptake into yeast cells required the

presence of the yeast glucose transporters,165 which are homo-
logues of the mammalian GLUT transporters.166 Although this
gives some indication of the feasibility of GLUT targeting by
NPs with glucose at the end of a longer linker, the evidence is
indirect at best. The lack of any control beyond a comparison
between yeast strains with different glucose transporter expres-
sion but described as having a ‘‘similar genetic background’’165

does preclude any definitive conclusions.
Iron oxide NPs (10–30 nm) carrying chlorine e6 as photo-

dynamic agent were shown to have three times higher uptake
into Lewis (murine cancer) cells after conjugation of glucosa-
mine at the C2 amine group to the end of the polyglycerol
chains covering the NPs.167 Slightly less uptake of the glyco-
conjugated NPs was observed in non-cancerous (16HBE) cells,
but this was the only control experiment presented here, which
on its own is not sufficient to support any conclusion on
successful GLUT targeting; in particular, no information was
provided on the size or surface charge of the non-
glycoconjugated control NPs carrying Ce6, both of which are
known to have strong effects on NP uptake.87,94,143

For relatively large (200–400 nm) mesoporous silica nano-
particles a minor increase (B50%) of uptake into HeLa and
A549 cancer cells was reported after conjugation of glucose at the
C6 position to the end of a poly(ethylene imine) (PEI) capping
layer132 and doubling of the uptake was found for MDA-MB-231
breast cancer cells.168 Although the PEI capping ligand length
was not specified, it seems likely that it was long enough for the
glucose moiety to reach the GLUT binding site, whereas direct
attachment of glucose to the silica nanoparticles did not yield a
noticeable effect on NP uptake for any of these cells. This might
suggest that the observed effect indeed arose from interaction
with GLUT receptors; however, no control experiments, such as
glucose competition or the use of GLUT inhibitors, were reported,
and for most cell types the PEI capping layer itself had a much
larger effect on NP uptake than the subsequent addition of
glucose, most likely due to its strongly positive charge, so that
any such conclusions can at best be described as tentative.

MWCNTs (110 nm hydrodynamic diameter) decorated with
glucosamine (C2) via a long PEG-phospholipid linker, showed
significant attachment to the surface of MDA-MB-231 breast
cancer cells.133 However, there was no comparison with non-
glycoconjugated MWCNTs or with their interaction with cells
with lower GLUT expression, the addition of the GLUT1 inhi-
bitor Cyt-B had no effect and excess free glucosamine (10 mM)
had only a minor effect, which makes is seem unlikely that this
uptake was mediated by GLUTs.

4.3.1.2. Polymeric nanoparticles. Single-chain polymer nano-
particles (1.9–3.4 nm), glycoconjugated with glucose or methyl
glucoside, were shown to be taken up into HeLa cells.169 Uptake
was reduced by a factor of 2 when glucose was conjugated at C1,
compared to conjugation at C6, which in the absence of control
experiments with non-glycoconjugated NPs or any glucose
competition or GLUT inhibition experiments is the only indica-
tion of GLUT involvement, since conjugation at different posi-
tions of the glucose ring is known to affect GLUT binding
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differently, compare Fig. 3. However, this is only a weak
argument, especially since NPs with glucose bound at C1 also
had a smaller size than those with glucose bound at C6, which
is expected to contribute to the unspecific uptake efficiency.143

Conjugation of glucosamine at its C2 amine group to the
termini of polyether-copolyester dendrimers (7–11 nm hydrody-
namic diameter) led to an 8-fold and 2-fold increase in uptake
into U87-MG and U343-MGa glioma cells, respectively.170 This
modification also enhanced the toxicity of the methotrexate
(MTX) anti-cancer payload and increased transport across a
BBB model. Similarly, conjugation of glucose to the ends of
poly(amidoamine) (PAMAM) dendrimers (12–20 nm) increased
their uptake into MDA-MB-231 cancer cells, but not into non-
cancerous HaCaT cells, and also increased the toxicity of their
MTX payload.171 Mesoporous silica NPs, coated with PAMAM
dendrimers and loaded with the anti-cancer drug deferasirox,
(88 nm) showed increased toxicity toward Y79 cancer cells
following conjugation of glucuronic acid to the PAMAM
dendrimers.172 However, in the first two of these studies glyco-
conjugation also resulted in an increase of the hydrodynamic
diameter and potentially other properties of the dendrimers. For
the third study, insufficient information was provided regarding
the impact of glycoconjugation on nanoparticle size. Therefore,
in the absence of any control experiments, nonspecific uptake
effects cannot be ruled out.

Poly(lactic-co-glycolic acid) (PLGA) NPs (100 nm) were shown
to have significantly higher uptake into HT-29 colon cancer
cells after functionalization with glucosamine (uptake not
quantified).173 Glycoconjugation did not significantly affect
the size or surface charge of the NPs, but in the absence of
any other control experiments it cannot be ruled out that the
increased uptake is the indirect result of the altered NP surface
on unspecific binding.

4.3.1.3. Micelles. In a series of studies, micelles formed from
PEG-b-poly(propylene oxide) block copolymers were used to
deliver anti-cancer drugs or fluorescent markers into rhabdo-
myosarcoma (Rh30) or murine mammary tumor (4T1) cells and
conjugation of gluconic acid at the C1 position to the PEG
chains was shown to result in enhanced cellular uptake of the
micelles and increased cytotoxicity.174–176 Unlike conjugation
with gluconic acid, conjugation with galactose yielded uptake
and cytotoxicity results which were similar to those found with
non-glycoconjugated micelles,174 which was suggested as evi-
dence for successful GLUT1 targeting, since GLUT1 has a 10-
fold lower affinity for galactose than for glucose.72 On the other
hand, glucose deprivation of Rh30 cells for 6 hours prior to
incubation with micelles yielded contradictory results – higher
intracellular drug release by glucose-conjugated micelles was
observed, but also some increase of drug release by non-
glycoconjugated micelles, and no effect of glucose deprivation
on cytotoxicity was found.175 Moreover, it has to be noted that
glycoconjugation resulted in significant changes to the micellar
properties, including significant aggregation, as evidenced by a
significantly increased hydrodynamic size (from 17 nm to 200–
400 nm), and in some cases a change of the surface charge from

positive to negative values, which would be expected to affect
unspecific cellular uptake. In particular, the critical micelle
concentration of glucose-conjugated copolymers is significantly
reduced compared to non-conjugated or galactose-conjugated
copolymers, which raises serious doubts about the conclusion
of successful GLUT1 targeting. Similarly, conjugation of gluco-
nic acid to the PEG chains of NPs composed of amorphous TiO2

and PEG-b-poly(propylene oxide) block copolymer resulted in a
two-fold increase of cellular uptake and significantly enhanced
sonodynamic therapy efficacy in 2D and 3D Rh30 cell cultures
when compared to non-glycoconjugated NPs.177 In vivo studies
further demonstrated faster and more targeted tumour locali-
sation of the glycoconjugated NPs. However, although these
effects may result from interaction of the glucose derivative
with GLUT1, which is overexpressed in Rh30 cells, other effects,
such as NP size or surface charge, cannot be ruled out,
especially in light of the results for micelles formed from the
same block copolymers, since the effects of glycoconjugation
on these parameters were not investigated and no GLUT
inhibition studies were reported.

In a similar approach, PEG-poly(e-caprolactone) block poly-
meric micelles were investigated as carriers of hydrophobic
drug molecules or superparamagnetic iron oxide NPs (SPIONs)
for targeted MRI contrast agents. Uptake of 36 nm micelles
containing SPIONs into prostate cancer (PC-3) cells was greatly
enhanced upon conjugation of glucosamine at the C2 amine
group, by a factor of 5 to 27 depending on micelle concentra-
tions, Fig. 6b.92 Likewise, glucosamine conjugation increased
the uptake of 22 nm micelles carrying doxorubicin by up to
100% for GLUT1-overexpressing Hep-G2, MCF-7 and PC-3
cancer cells, whilst showing no effect on the uptake into L929
cells, which do not overexpress GLUT1.178 Although the latter
observation may suggest successful targeting of GLUT1 in the
cancer cells lines and glycoconjugation did not greatly affect
micelle size or surface charge, potential effects of altered sur-
face chemistry on non-specific binding or uptake cannot be
conclusively ruled out in the absence of appropriate control
experiments, such as GLUT1-inhibition or glucose competition
assays.

Worm-like block copolymer micelles with 800 nm length
and 14 nm diameter showed a significant uptake increase, by a
factor of up to 10, into MDA-MB-231 and U87-MG cells and U87-
MG 3D-spheroids after conjugation of 6-thioglucose (at the C6
position) to their long PEG-chains.80 Most interestingly, the
uptake increase was found to rise with the degree of glycosyla-
tion, but plateaued at a certain level, which the authors suggested
to arise from saturation of multivalent targeting. The size of the
micelles was not affected by glycoconjugation, but no informa-
tion was provided regarding surface charge and no other control
experiments were undertaken. The uptake and release of the
cancer drug paclitaxel from Solupluss copolymer-based micelles
(110 nm diameter) into breast cancer cells has been shown to
increase significantly, by a factor of up to 8, upon conjugation of
glucose at its C1 to the end of some of the long PEG chains of the
Solupluss copolymer.179 However, glycoconjugation had also
been shown to lead to a slight increase of paclitaxel release from
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the micelles in solution, and was not investigated independently
under cytosolic conditions. Furthermore, although the micelle
surface charge was not affected by the glycoconjugation, in the
absence of any other control experiments an unspecific effect due
to the surface modification rather than interaction with GLUT
receptors cannot be ruled out.

The uptake of micellar lipid NPs consisting of 1-tetradecanol
and cholesterol, stabilized by poly(2-oxazoline)s with different
degrees of glycosylation and hydrodynamic diameters of
20–40 nm, into PC-3 and MDA-MB-231 cancer cells, which over-
express GLUT1, was investigated in the absence and presence of
excess glucose.180 For most of these NPs, no increased uptake was
found compared to non-glycosylated NPs, and no suppression of
uptake by excess glucose was observed, making it likely that non-
specific interactions dominate NP binding to the cells.

Nanodiscs (NDs, diameter 50 nm), formed from a mixture of
phospholipids, cholesterol and PEG lipids, were modified by the
addition of a peptide–glucose (C1) conjugate to the end of the
long PEG chains to target GLUT1-mediated transcytosis across the
BBB.181 This resulted in a significant increase (by a factor of 3) of
ND uptake into BCECs (bEnd.3) and a minor increase (B50%)
of uptake into U87 glioma cells, which have lower GLUT1
expression,182 when compared to NDs carrying no peptide or a
similar non-glycoconjugated peptide. The increased uptake of the
glycoconjugated NDs was further confirmed in 3D models, in vivo
studies and cytotoxicity results using paclitaxel carrying NDs.
Glycoconjugation did not result in any changes of the size,
morphology or surface charge of the NDs, which suggested that
the increased uptake may result from interaction with GLUT1. On
the other hand, the presence of 0.55 M glucose reduced the
uptake of the glycoconjugated NDs into bEnd.3 cells only by
25%,183 which raises some doubts on that suggestion, since this
concentration is several orders of magnitude higher than needed
for complete blocking of GLUT1,134 although it is possible that
such an extremely high concentration of glucose had other
secondary effects, creating a hypertonic environment leading
to modification of the cell surface and activation of stress
pathways,184 which may affect ND uptake in different ways.

4.3.1.4. Vesicles. Phospholipid/cholesterol liposomes (LIPs)
of 100–120 nm diameter were modified using glucose-cholesterol
ligands with 17–26 bonds between the cholesterol and glucose
moieties (conjugated at the C6 position) and an increase of
uptake into bEnd.3 or glioma cells (C6) was observed compared
to the same LIPs not carrying a targeting ligand.185,186 Dual
targeting using glucose and RGD-peptide or biotin ligands
showed larger and synergistic effects, which were partly undone
by the addition of excess glucose. However, although glycoconju-
gation did not lead to a significant change of the size or surface
charge of the LIPs, the minor changes of NP uptake by adding
excess glucose were small and barely or not statistically signifi-
cant, possibly because of the removal of excess glucose during
cell incubation with LIPs, and no direct control experiments for
targeting by the glucose cholesterol alone were undertaken, so it
is difficult to draw definitive conclusions on GLUT targeting from
those observations.

Similarly, glucose was covalently linked (at C6) to LIPs using
PEG linkers of varying length, with a minimum length of 30
bonds between the cholesterol and glucose moieties, and transfer
through a BBB model consisting of BCECs and astrocytes was
found to increase by a factor of approximately 8, compared to
similar LIPs without the PEG-glucose ligands.187 However, it has
to be noted that the size of the LIPs with PEG-glucose ligands was
significantly smaller (80–100 nm) than that of the control LIPs
(158 nm) and that their surface charge was significantly less
negative, which could be expected to increase their interaction
with the negatively charged plasma membrane. No further con-
trol experiments were undertaken. In a similar approach, 125 nm
LIPs were modified using glucose bound at C1 by a long PEG-
linker to the phospholipid which significantly increased transfer
through a BBB model consisting of bEnd.3 cells and subsequent
uptake by GL-261 glioma cells.188 Although size and surface
charge of the LIPs were not greatly affected by the glucose
modification, in the absence of further control experiments an
indirect effect on unspecific cell uptake cannot be ruled out.

4.3.2. Studies with GLUT targeting control experiments.
Many of the studies using relatively long linkers between the NP
and the glucose moiety described so far did suggest successful
GLUT targeting but could not provide conclusive evidence for
this effect. However, there have been a number of reports which
did succeed in making this conclusion.

4.3.2.1. Inorganic nanoparticles. Gold and silica NPs (11 and
B100 nm diameter, respectively) with a polydopamine (PDA)/
PEG coating were shown to be taken up into bEnd.3 cells.189 Upon
glucose conjugation to the PEG capping agent (B100 bonds) at
carbon C6 of glucose, a minor increase of cellular uptake of B40%
was observed for both core materials. It cannot be ruled out that
there are some minor contributions from unspecific binding of the
NPs to the cell membrane due to the capping layer modification,
which resulted in a minor shift of the zeta-potential. However,
application of the GLUT1 inhibitor phloretin decreased the uptake
of the glucose conjugated AuNPs to the level of the non-glucose
conjugated ones but did not affect the uptake of the latter ones,
suggesting successful GLUT1 targeting, even if the GLUT1-
facilitated NP uptake is only small compared to the unspecific
uptake. In vivo experiments with these NPs, as well as polymeric
NPs with the same PDA/PEG coating, further confirmed the minor
uptake increase upon glucose conjugation.

Gold nanoparticles (20 nm diameter) with a mixed PEG/
polyion-PEG coating containing small RNA showed an uptake
increase into MDA-MB-231 cancer cell spheroids by up to 70%
upon conjugation of glucose at C6 to the ends of the polyion-
PEGligands.113 This uptake increase was fully eliminated upon
treatment with the GLUT1 inhibitor phloretin, which suggests
the involvement of GLUT1 in the increased NP uptake. Target-
ing by glycoconjugation was also seen in in vivo experiments.
However, the uptake increase is smaller than the unspecific
uptake, and in the absence of experiments testing the effect of
phloretin on the unspecific uptake of non-glycoconjugated NPs,
it cannot be fully ruled out that the different properties of the
capping layer may have affected the unspecific uptake NP
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uptake into cells, even if size and surface charge were not
affected by glycoconjugation.

One of the most comprehensive series of studies showed
conclusively that 20 nm AuNPs can be directed to GLUT1 over-
expressing cells by conjugating them with glucosamine via a thio-
PEG linker (8 repeat units), bound to C2 of glucosamine by an
amide bond. Most interestingly, AuNPs conjugated to glucose-C1,
C3 or C6 by an amide bond and the same thio-PEG-linker (Fig. 9
shows the structures of the four distinct glucose conjugated
AuNPs), which have the same physico-chemical characteristics,
were used as control NPs, all of which showed significantly lower
uptake into A431 cancer cells (factor 3–5).78 This observation
correlates with the known properties of the glucose binding site
in GLUT1, see Fig. 3, which on its own is a very strong indication
of GLUT1 targeting. A linear correlation of AuNP uptake with the
level of GLUT1 expression was found when comparing four cell
lines (cancer cells A431, A549 and LNcaP and 3T3 fibroblast
cells), but only for the AuNPs bound to glucose C2, not for the

much smaller uptake of AuNPs linked to C1 (Fig. 10).88 Competi-
tion with excess glucose resulted in significantly lower uptake of
the AuNPs bound to glucose C2 into A431 cells, but had only a
minor effect on the smaller uptake into 3T3 cells with much
lower GLUT1 expression.78 Pre-incubation with GLUT1 inhibitor
Cyt-B was shown to significantly inhibit the uptake of the AuNPs
bound to glucose C2 for those cell lines with high GLUT1
expression, but had no effect on the smaller uptake of AuNPs
bound to glucose C1 or for cells with low GLUT1 expression
(Fig. 11).88 Taken together, these results conclusively prove
GLUT1-mediated uptake of those AuNPs when conjugated to
glucosamine C2. Experiments with different endocytosis inhibi-
tors confirmed clathrin-mediated endocytosis as the main uptake
mechanism.88 In addition, 5 and 20 nm AuNPs conjugated to C2
of glucosamine via the same thio-PEG linker were also shown to
have significantly higher uptake into exosomes with 114 nm
diameter derived from mesenchymal stem cells than AuNPs
coated with thio-mPEG.190 Again, glucose competition and

Fig. 9 Schematic diagram of the four glucose-functionalised AuNPs (GF-GNP) used in ref. 78, which differ only in the glucose conjugation site (C1, C2,
C3 and C6); the linker is a thio-PEG with 8 repeat units. Adapted from ref. 78 with permission from the American Chemical Society, copyright 2016.

Fig. 10 Comparison of glucose-functionalised AuNP uptake in cell lines with different GLUT1 expression (A431, A549, LNcaP, 3T3). (A) Relative GLUT1
expression in the four cell types. (B) Uptake of AuNPs conjugated to glucose C2 (2GF-GNP) in the various cell lines, measured by FAAS. (C) Relative
difference between cellular uptake of 2GF-GNP and AuNPs conjugated to glucose C1 (1GF-GNP), defined as: dr = 100*(2GF-GNP – 1GF-GNP)/2GF-
GNP. (D–F) Correlation between GLUT1 expression and (D) 2GF-GNP uptake, (E) 1GF-GNP uptake and (F) dr. Reproduced from ref. 88 with permission
from Informa UK Limited, trading Taylor & Francis Group, copyright 2018.
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GLUT1 inhibition by Cyt-B resulted in a significant reduction of
cell uptake, to a level similar to the thio-mPEG coated AuNPs,
proving the involvement of GLUT1 in NP uptake.

Ovalbumin coated Gd2O3 NPs (21 nm hydrodynamic dia-
meter) showed significantly increased uptake into mouse bone
marrow-derived dendritic cells, which overexpress GLUT1, after
conjugation of glucose via a long linker (1k-PEG-maleimide-
mercaptoundecanoic acid, bound to C2 of glucose), when
compared to non-glycoconjugated NPs.44 Phloretin decreased
the uptake of the glycoconjugated NPs to the level of the non-
glycoconjugated ones, but did not affect the uptake of the latter
ones, which is a strong indication of successful targeting of GLUT1.
In vivo experiments also showed significantly decreased tumour
growth and increased survival rates due to the triggering of immune
responses upon glycoconjugation of Gd2O3@ovalbumin NPs.

3 nm CdTe QDs capped with lipoic acid, lysine and 9-
poly(arginine), resulting in a hydrodynamic diameter of
130 nm, showed increased uptake into HepG2 cancer cells
upon conjugation of glucosamine at the C2 amine group via a
2k-PEG linker, both in absence and in presence of a siRNA
payload.191 Glycoconjugation increased the hydrodynamic dia-
meter and changed the surface charge from slightly positive to
neutral. However, a range of observations confirmed specific
binding of the glycoconjugated QDs to GLUT1, which is over-
expressed in HepG2 cells: (i) minimal uptake of the glycocon-
jugated QDs into U87-MG cells, known to have very low GLUT1
expression; (ii) significantly increased uptake of these QDs into
HepG2 cells under hypoxic conditions, which increases GLUT1
expression; and (iii) significant blocking of NP uptake after pre-
treatment with free glucosamine. In vivo experiments further
supported successful targeting of tumour cells. Similarly, 8 nm
CdSe/ZnS core–shell QDs showed strongly increased uptake into
differentiated C2C12 muscle cells, which overexpress GLUT4, upon
conjugation of glucose at C1 via a long linker (25 bonds).192 The
addition of insulin, which stimulates the translocation of GLUT4
to the cell membrane, further increased QD uptake, whereas
competition with excess 2-deoxyglucose significantly reduced the

uptake, which strongly supports specific binding of the glycocon-
jugated QDs to GLUT4.

Luminescent CaMgSiO3NPs (20–30 nm), doped with various
metal and rare earth elements and coated with PAMAM den-
drimers, were conjugated with 2-deoxy-glucose; it was found
that in the presence of excess glucose uptake of these NPs into
WEHI-164 fibrosarcoma cells was reduced by a factor of three,
strongly suggesting the involvement of GLUT receptors that are
blocked by glucose competition.193 This was further supported
by the observation that cancer cells had much lower viability
upon incubation with these glycoconjugated NPs than non-
cancerous (3T3) cells, and that the viability of the cancer cells,
but not that of the non-cancerous cells, was slightly increased
in the presence of glucose. In vivo testing also confirmed
selective tumour cell targeting and decreased tumour growth.

4.3.2.2. Polymeric nanoparticles. PAMAM dendrimer nano-
conjugates (12–13 nm and 40–43 nm, respectively), functiona-
lised with different anticancer drugs, were reported to have
significantly increased uptake into HepG2 or MCF-7 cancer
cells after conjugation of glucose to a long PEG linker at carbon
C2, with significantly lower uptake of the glycoconjugated NPs
into non-cancerous L02 cells with low GLUT1 expression.194,195

Pre-incubation with 2.5 mM glucose for 4 hours significantly
reduced uptake of the glycoconjugated NPs into the cancer
cells, supporting GLUT1-mediated uptake as the primary
mechanism of targeted delivery. In vitro and in vivo experiments
further confirmed the increased inhibitory effect of drug-
loaded NPs after conjugation with glucose. GLUT1-mediated
uptake was also shown for similar13 nm PAMAM dendrimers
conjugated with doxorubicin, showing increased cytotoxicity
upon conjugation with glucose that was largely reversed upon
application of GLUT1 inhibitors.196

240 nm NPs formed from branched glucose-PLGA polymer
(Glu-PLGA) were investigated as cancer drug carriers and it was
shown that in glucose-free conditions the uptake of Glu-PLGA
NPs into Hep-2 cancer cells was more than three times higher

Fig. 11 Effect of GLUT1 inhibitor cytochalasin B (CB) on the uptake of glucose-functionalised AuNPs (GNPs) conjugated to glucose C1 (1GF) or C2 (2GF)
in cell lines with different GLUT1 expression, measured by FAAS. Blue bars indicate high GLUT-1-expressing cells (A431, A549), red bars indicate low
GLUT-1-expressing cells (LNcaP, 3T3). Reproduced from ref. 88 with permission from Informa UK Limited, trading Taylor & Francis Group, copyright
2018.

Journal of Materials Chemistry B Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

26
 6

:1
2:

24
 P

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02390d


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B, 2026, 14, 4874–4902 |  4893

than that of non-glycoconjugated PLGA NPs of the same size
and surface charge.90 During synthesis of branched glucose-
PLGA polymers, polymerization can start at any of the glucose
hydroxyl groups, which is why they formally often are shown
with PLGA chains starting from all five glucose hydroxyl groups;
this most likely would result in a polymer that could not bind to
the GLUT1 binding site, as discussed above. However, it is well
known that the branching ratio of Glu-PLGA polymers is nor-
mally much smaller,197 especially for polymers with lower MW
as used here, so that it seems highly likely that a significant
fraction of the glucose moieties are at the end of a single (long)
PLGA chain, and thus should be able to bind to GLUT1, unless
conjugation is to glucose-C3, see Fig. 3. In agreement with this
expectation, the presence of 25 mM glucose reduced the uptake
of the Glu-PLGA NPs to the level of the PLGA NPs but had almost
no effect on the uptake of the latter, see Fig. 5b, which provides
convincing evidence for the involvement of GLUT1 in the uptake
of the Glu-PLGA NPs.

A significant effect was also found for paclitaxel-loaded PEG-
PTMC polymeric NPs with a diameter of 71 nm, for which an
increase of uptake into RG-2 glioma cells and transport through
a BBB model (bEnd.3 cells) by a factor of approximately 2 was
found upon conjugation of glucosamine via the PEG constituent
(B60 bonds).111 Competition with glucose as well as the addi-
tion of the GLUT1 inhibitor Cyt-B reduced uptake to almost the
level of non-glycoconjugated NPs, which confirms the involve-
ment of GLUT1 in the enhanced NP uptake. These results were
complemented by in vitro experiments confirming the higher
cytotoxicity of the glycoconjugated NPs198 and their deeper
permeation into 3D spheroids, and by in vivo experiments which
showed the successful transport of the glycoconjugated NPs into
the brain of glioma-bearing mice, whereas essentially no NPs
could be detected without glycoconjugation.

Glycoconjugated PDA-NPs were developed as a pH- and
photothermal-responsive targeted drug delivery system by cova-
lent attachment of glucosamine(Glc-NH2) at its C2 amine group
or 3-amino-1-diethylene glycol-a-D-glucopyranoside (Glc-DEG-
NH2) at C1.199 In vitro cell viability studies confirmed delivery
of the anticancer drug bortezomib (BTZ) into MDA-MB-231 and
MCF-10A cells by both glycoconjugated PDA-NPs, whereas BTZ-
loaded non-glycoconjugated PDA-NPs did not affect cell viability.
The effect was significantly more pronounced for the GLUT1-
overexpressing MDA-MB-231 cancer cells than the non-cancerous
MCF-10A cells and was almost completely inhibited by adding
excess glucose (10 mM). NP uptake experiments on MDA-MB-231
cells showed an uptake increase by a factor of 35 and 46 for PDA-
NPs conjugated with Glc-NH2 and Glc-DEG-NH2, respectively,
compared to non-glycoconjugated PDA-NPs. Uptake of the glyco-
conjugated PDA-NPs was reduced to the level of uptake of non-
glycoconjugated PDA-NPs by GLUT1 inhibitor WZB117 (10 mM),
whereas the inhibitor had no effect on the uptake of non-
glycoconjugated PDA-NPs; however, it should be noted that cells
were incubated with the inhibitor for 24 hours prior to NP
incubation, which may cause secondary effects, as discussed above.
Overall, these results strongly support the suggestion of GLUT1-
mediated uptake, and the usefulness of the glycoconjugated

PDA-NPs was further confirmed by in vivo experiments. The fact
that NP uptake and BTZ delivery were found to be higher for
PDA-NPs conjugated to Glc-DEG-NH2 than those conjugated to
Glc-NH2 could suggest that the additional thin and flexible
linker for the former, comprising of 2 ethylene units, compared
to the slightly more bulky and rigid PDA polymer strand which
constitutes the linker for the latter, enhances its capacity for
accessing the glucose binding site in the centre of GLUT1, see
Fig. 1; however, this difference may also be due to the reported
significantly higher glucose loading when using Glc-DEG-NH2.

100 nm nanocapsules, formed by the polymerisation of N-(3-
aminopropyl) methacrylamide around an antibody-siRNA conju-
gate, were shown to have a threefold higher penetration efficiency
through a BBB model consisting of bEnd.3 cells and significantly
higher uptake into U87 cancer cells after conjugation of 2-deoxy-
glucose to the polymer.98 While glycoconjugation slightly
increased the hydrodynamic diameter of the nanocapsules, it
did not alter the surface charge. Crucially, the presence of 20
mM glucose reduced the BBB-model penetration efficiency and
cell uptake to the level of the non-glycosylated nanocarriers,
which provides strong evidence of the involvement of GLUT1,
which is overexpressed in both cell lines.

4.3.2.3. Micelles. In the context of studying drug carrier
modifications that allow them to cross the BBB, it was shown
that the transport efficiency through a BBB model consisting of
BCECs increased by more than a factor of 2 when Pluronic P105
polymeric micelles (25 nm diameter) were modified by the
addition of glucose to the end of the polymer at glucose carbon
C6.200 Similarly, the inclusion of a small amount of a modified
phospholipid carrying a long PEG-glucose ligand (conjugated at
glucose carbon C1) into LIPs of 110 nm diameter caused a more
than two-fold increase of uptake into BCECs and an even larger
increase of the transport efficiency through a BBB model, com-
pared to LIPs without glycoconjugation.201 Although glycoconju-
gation did not affect the surface charge of the micelles and no
effect was observed by the conjugation of folic acid to the micelles
or an RGD peptide motif to the LIPs, these results on their own
might be due to some unspecific binding effects. However,
uptake or transport efficiency of the glucose-conjugated particles
was significantly reduced by the addition of 0.5–1 mM glucose, a
strong indication of the involvement of GLUT1 which is over-
expressed in BCECs. These results were further supported by
successful in vivo experiments in both studies.

Decorating 30 nm PEG-polyion polymer micelles with glu-
cose via a long PEG linker, see Fig. 12a, resulted in a fourfold
increase of uptake into Neuro2a cells transfected with a GLUT1
expressing plasmid; no such increase was seen in cells trans-
fected with a mock plasmid, see Fig. 12b.40 This uptake increase
was found to be independent of the fraction of negative polyions
that were functionalised with glucose, at least in the investigated
range of 25–50%. Similar PEG-polymer micelles with a diameter
of 45 nm and modified polyion chemistries showed a similar
increase in uptake into breast cancer cells (MDA-MB-231), as well
as a twofold increase in uptake into Caco-2 colon cancer cells and
rat brain endothelial cells upon glucose decoration; in both cases,
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the degree of glycosylation was varied over a wider range (up to
100%), with increasing glycosylation resulting in measurably
larger uptake increase.110,112 For all of these glycoconjugated
micelles, GLUT1 inhibitors completely removed the additional
uptake, but did not affect the uptake of non-glycoconjugated
micelles, see Fig. 12c, which provides convincing evidence of
successful GLUT1 targeting by this glucose conjugation method.
As a further control, the additional uptake was observed only
when glucose was linked at its C6 carbon, but not when it was
linked at the C3 carbon, see Fig. 12b,40 in line with the expecta-
tions discussed above (Fig. 3). These in vitro results were accom-
panied by successful in vivo results showing transfer of the
glycoconjugated micelles across the BBB and subsequent release
of the drug payload.

PEG/poly(glutamic acid) block copolymers, self-assembled
into 30 nm micelles by complex formation with the cancer drug
cisplatin, were found to have higher in vitro cytotoxicity against
multicellular spheroids of GLUT1-rich OSC-19 cancer cells after
glucose conjugation at C6 at the end of some of the long PEG

chains, which did not affect size or surface charge of the
micelles.119 In comparison, the cytotoxicity of these micelles
was found to be independent of glycoconjugation for U87-MG
cells which express GLUT1 to much lower extent. Moreover,
knocking down GLUT1 in OSC-19 cells resulted in significantly
lower and glycoconjugation-independent cytotoxicity; although
indirect effects of the intracellular glucose starvation in the
GLUT1-knockdown cells cannot be ruled out,104–106 as discussed
above, this suggests the involvement of GLUT1 in the uptake
enhancement by glucose conjugation. In vivo OSC-19 tumour
model investigations also demonstrated superior uptake of the
glycoconjugated micelles, with GLUT1-inhibitor STF-31 or
excess glucose injections reducing uptake of glycoconjugated
micelles whilst uptake of the non-glycoconjugated micelles was
not affected. Most interestingly, micelles with less glucose on
their surface showed higher antitumour activity in these in vivo
experiments, whereas no significant effect of varying the extent
of glucose conjugation were seen in the in vitro experiments.
This was shown to arise from a more rapid clearance of the

Fig. 12 Cellular uptake of glucose-decorated PEG-polyion polymer micelles. (a) Methoxy- and glucose-conjugated PEG-poly(a,b-aspartic acid) block
copolymers (CH3O-PEG-PAsp and Gluc(6)-PEG-PAsp, respectively) were mixed at different ratios. Oppositely charged methoxy-PEG-poly([5-
aminopentyl]-a,b-aspartamide) block copolymer, labelled with fluorescent dye Cy5, (CH3O-PEG-P(Asp-AP)-Cy5) was added and the resulting micelles
were stabilised by crosslinking with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide. (b and c) Uptake of PEG-polyion polymer micelles into Neuro2a
cells co-transfected with GLUT1 expressing plasmid (GLUT1-overexpressing) or mock plasmid: (b) Uptake of micelles without glucose decoration (null/
m) and micelles formed using glucose/methoxy-conjugated PEG-PAsp at ratios of 25/75 or 50/50. Gluc(6) indicates glucose conjugation at carbon C6,
as shown in (a), Gluc(3) indicates conjugation at C3. (c) Effect of GLUT1 inhibitors on the uptake of micelles without glucose decoration (null/m) and
micelles formed using glucose (C6)/methoxy-conjugated PEG-PAsp at ratios of 25/75 or 50/50 into GLUT1-overexpressing cells. Relative uptake was
quantified using the fluorescence of cell suspensions after incubation with micelles, normalized to the fluorescence of GLUT1-overexpressing cells
treated with null/m in the absence of inhibitors. Reproduced from ref. 40 with permission from Springer Nature, copyright 2017.
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glucose-rich micelles from the bloodstream into the liver,
emphasizing the complexity of the interplay between opposing
factors in practical applications of nanomedicines.

4.3.2.4. Vesicles. In a similar approach, B100 nm phospho-
lipid/PEG vesicles containing polyaspartic acid/PEI/siRNA as
the payload showed over tenfold higher uptake into C6/TR cancer
cells and double the transport efficiency across a BBB model
consisting of bEND.3 cells when the end of the 2k-PEG chain was
conjugated to glucosamine (at C2).202 Although no information
on the size or surface charge of the non-glycoconjugated NPs was
given, the addition of phlorizin, a GLUT1 inhibitor, reduced the
uptake and BBB model transport of the glycoconjugated NPs
almost to the level of the non-glycoconjugated NPs, while having
no effect on the non-glycoconjugated controls. This strongly
confirms the involvement of GLUT1 in mediating cellular uptake.
In vivo experiments further supported this conclusion.

The replacement of cholesterol by the structurally similar
glucose-terminated ginsenoside Rg-3 (glucose conjugated at C1)
for the formation of phospholipid–liposomes resulted in 2–3
times higher uptake into C6, BCEC and HUVEC cells, all of
which overexpress GLUT1, and a similar increase of the transport
of these LIPs across a BBB model consisting of BCEC cells.203

Although this was shown to partly arise from the smaller size of
the glucose-terminated LIPs (66 vs. 126 nm), a measurable uptake
increase was also observed when larger glucose-terminated LIPs
were incubated with C6 cells. GLUT1-mediated uptake as a
contributing effect was confirmed by a significant decrease of
uptake of the glucose-terminated LIPs by all three cell lines in the
presence of excess glucose or GLUT1-inhibitors, whereas there
was no effect for the uptake of non-glycoconjugated LIPs.

125 nm liposomes were conjugated to the C2 amine group of
glucosamine via a long PEG spacer, which caused significantly
greater uptake into cancer cell lines with high metabolic activity,
most likely caused by high GLUT1 expression (A431, A549, B16,

4T1), compared to non-conjugated controls.204 In contrast, cells
with low metabolic activity (LNCaP, 3T3 fibroblasts) exhibited no
significant difference in uptake between glycoconjugated and non-
conjugated liposomes. Competitive inhibition studies using Cyt-B
and excess glucose further supported a GLUT1-mediated uptake
mechanism, with reduced uptake of glucose-conjugated liposomes
observed under these conditions. These findings were reaffirmed
in a follow-up study, which consistently demonstrated preferential
uptake of glucose-coated liposomes by high GLUT1-expressing
cancer cells (A431, 4T1, PC-3, MDA-MB-231), compared to non-
glycoconjugated or mannose-conjugated liposomes.140 The latter
showed slightly increased cellular uptake compared to non-
conjugated liposomes, but much lower uptake than glucose-
conjugated ones, aligning with the tenfold lower affinity of
mannose for GLUT1 when compared to glucose.72

4.3.3. Conclusions. The literature summarised in the pre-
ceding section shows that NPs can be targeted towards GLUT-
overexpressing cells using a glucose ligand, provided that a linker
longer than 15 bonds is used to tether it to the NP. This is in
agreement with the conclusion of Section 2 that glucose can only
reach the central binding site if the tether is longer than 20 Å,
since the NP is not able to significantly penetrate into the narrow
channel leading from the receptor surface to the binding site.
The results validate the general approach of GLUT targeting by
glucose-conjugated NPs, although it needs to be stressed that not
all studies investigating a longer linker have conclusively proven
that the increased uptake of glucose-conjugated NPs is due to
interaction with GLUT.

4.4. Summary - design principles for GLUT-targeting nanoparticles

The evidence reviewed above converges on several design para-
meters that govern the effective construction of GLUT-targeting
NPs, as summarised in Table 1.

Our literature review shows that there is no evidence that
direct conjugation of glucose to a NP or even the use of a linker

Table 1 Summary of evidence-informed design principles for glucose transporter (GLUT)-targeting nanoparticles

Design parameter Guidance
Strength of
evidencea Relevant references

Tether length GLUT structure shows that a minimum of 15–20 bonds are required to permit
access of glucose to the central GLUT binding site. This is supported by the
observation that there is no evidence of GLUT-specific uptake in NPs with glucose
bound directly or via a shorter linker

Strong 52, 58 and 59

Tether chemistry Based on small molecule studies, both hydrophilic and hydrophobic elements on
the tether are expected to strengthen binding, although hydrophobic tethers my
increase non-selective uptake. No evidence available from NP studies.

Moderate 77, 81–83, 85 and 86

Glucose
conjugation site

C1, C2 or C6 conjugation preserves sufficient hydrogen-bonding interactions for
GLUT recognition, although conjugation via C1 or C6 must include a hydrogen
bond acceptor; evidenced by many small molecule and some NP studies. C3 is
unlikely to be a suitable conjugation site, whereas the suitability of C4 conjugation
remains unclear.

Strong 39, 40, 47, 75,
78, 79 and 88

Ligand density A larger number of glucose ligands is expected to increase the NP’s affinity to
GLUT or even allow for multivalent targeting. On the other hand, increased ligand
density may reduce the affinity due to steric hindrance, particularly for tethers
with a length close to the minimum (see above). Investigation of this effect
remains highly limited.

Weak 40, 80, 110,
112 and 119

a Strength of evidence defined as: strong – multiple independent studies with consistent findings and structural/mechanistic corroboration;
moderate – several studies with convergent trends but systems-dependent variability and/or incomplete mechanistic validation; weak – limited
number of studies, poor quantification or inconsistent reporting across the system.
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that is shorter than 15–20 bonds allows targeting of these NPs
to GLUT-overexpressing cells, at least for NPs that are larger
than B2 nm. This is in agreement with the predictions based
on the 3D structure of GLUTs outlined in Section 2, showing
that the glucose binding site is deep inside the receptor and can
only be reached via a narrow channel (Fig. 1). On the other
hand, there is clear evidence that NPs conjugated to glucose via
a longer linker can be successfully targeted to GLUT. Although
there are many studies using appropriate long linkers, these
often lack essential controls such as GLUT inhibition or com-
petition assays and findings must therefore be interpreted with
caution. The studies summarised in Section 4.3.2, however, did
include appropriate validation and controls.

In most cases PEG chains were used to provide the necessary
reach and flexibility, but other hydrophilic linkers such as
PAMAM, PLGA or PDA spacers have also proven effective (SI).
It is unclear at the present moment to what extent any interac-
tions between the tether and the residues lining the channel
leading to the glucose binding site contribute to the binding
affinity, since no data are available to answer this question. No
hydrophobic tethers have been investigated.

The carbon position used for glucose conjugation is an
important factor in GLUT recognition. We have found numer-
ous examples of successful GLUT targeting NPs with glucose
conjugated at C1, C2 or C6. All examples using conjugation to C1
or C6 involve an ether bond, i.e. they retain the hydroxyl oxygen.
The need for a hydrogen bond acceptor at these positions, which
already was postulated based on GLUT binding studies of small
molecules (Section 2.3), is highlighted by the lack of uptake of
NPs where the hydroxyl oxygen at C1 or C6 has been replaced by
nitrogen as part of a peptide bond to the linker.78 Conversely,
conjugation to C2 seems to be more flexible, in line with the
expectations based on small molecule studies; most examples
found here use a peptide bond, often using the easily available
2-amino-2-deoxy-D-glucose (glucosamine) and standard carbodii-
mide chemistry. The question whether conjugation at C3 or C4 is
possible remains open, although the general considerations
discussed in Section 2.3 seem to rule out GLUT recognition after
glucose conjugation at C3, but do not rule out conjugation at C4,
provided that a hydrogen bond acceptor is bound to the carbon.

On the other hand, the question of the ligand density on the
NP surface has not been widely studied. As described in Section
2.3, a dense layer of glucose-bearing ligands may result in steric
hindrance, impeding access of the glucose moiety to the
glucose binding site. Unfortunately, most of the literature
discussed here did not quantify the number of glucose bound
to each NP at all and even less studies investigated the effect of
varying the ligand density on NP uptake or toxicity. The few
studies that did so found either no effect40,119 or increased
uptake with increasing glucose density.80,110,112 However, all of
these studies investigated glucose bound at the end of very long
PEG tethers on polymeric or micellar NPs with relatively low
ligand density (typically less than 0.1 glucose per nm2, which is
much lower than the density of B5 ligands per nm2 which can
be achieved with shorter PEG ligands on AuNP surfaces205). The
length of the tether and the low ligand density rule out

significant steric hindrance, so that this question remains open
for now; it will be interesting to see more detailed work on this
in the future.

In summary, successful GLUT recognition appears to depend
on presenting glucose at a sufficient distance from the NP surface
and selecting a conjugation site that preserves key hydrogen-
bonding interactions. Long, flexible linkers, such as PEG together
with C2 or ether-linked C1/C6 attachment currently represent the
most promising design features for glucose–NP conjugates.

5. Conclusion

The literature reports a wide range of NPs, from solid inorganic
metal clusters to liposomal, micellar or polymeric formulations
that have been modified by glucose conjugation for targeting
GLUTs. Most of these were reported to have increased cellular
uptake compared to their non-glycoconjugated equivalents.
However, many of these studies fail to consider that glycoconju-
gation also affects other NP properties which are well-known to
influence cellular uptake, most notably the NP surface charge.
Consequently, increased uptake alone cannot be taken as defini-
tive evidence of GLUT-mediated targeting, as surface modifica-
tion may enhance non-specific cellular uptake without achieving
the desired cell specificity. Robust confirmation of GLUT involve-
ment requires the use of appropriate controls, such as glucose
competition, GLUT inhibition, or gene silencing approaches.

This review supports the predictions derived from GLUT
structural models. Direct conjugation of glucose to solid NPs or
the use of short linkers has not provided convincing evidence of
true GLUT-mediated uptake, whereas long and flexible linkers,
combined with suitable attachment chemistry, have repeatedly
validated the glucose-conjugated blueprint, in agreement with
the known GLUT binding pocket architecture. This demon-
strates that glucose functionalisation is not only conceptually
sound but, when applied with structural and methodological
precision, genuinely works as a route to achieve selective
transporter-mediated nanomedicine delivery in cancer cells or
blood brain barrier delivery applications.

The path towards clinical applications of glucose-conjugated
NPs will need to carefully consider the conditions that are being
targeted. Due to the omnipresence of GLUTs, only cells with
sufficient overexpression of glucose transporters can be targeted
specifically without greatly affecting other cells. This includes
many cancer cell types due to the Warburg effect, i.e. the
enhanced requirement of glucose for the aerobic glycolysis
employed by those cells.37–39 Although the most widely over-
expressed GLUT isoform in cancer cells is GLUT1, some cancers
overexpress other isoforms, which may be better targeted by
other hexoses, or are characterized by only small overexpression
levels. Thus, glucose-conjugated NPs may not be suitable for all
conditions. Similarly, it is well documented that conditions like
inflammation or infection lead to increased uptake of glucose,
which is one of the major drawbacks of 18F-FDG tomography.206

Thus, care will have to be taken to avoid off-target effects,
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although preliminary results suggest that glucose-conjugated
NPs, unlike 18F-FDG, do not target inflammatory tissue.78

Progress in this field will depend on consistent use of
rigorous validation strategies, but the main design rules are
now clear, requiring careful selection of linker length as well as
conjugation site and chemistry to achieve transporter-mediated
delivery. We hope that future studies will build on the princi-
ples outlined in this review to advance glucose-targeted nano-
particle research and ultimately further our progress towards
transporter-targeted treatment strategies.
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