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Tumour enzyme affinity mediated peptide
molecular crowding for targeted disruption
of hyperactivated glucose uptake†

Germain Kwek,a Shonya Lingesh,a Sayba Zafrin Chowdhurya and
Bengang Xing *ab

An unconventional environment-responsive molecular crowding via

specific binding between small molecule peptide inhibitor derivatives

and an overexpressed tumour enzyme has been developed. Assem-

blies of such short peptides selectively localize on tumour surfaces

and exhibited unique functions in disrupting hyperactivated glucose

uptake, providing novel insights towards strategic tumour treatment.

Molecular crowding is a natural phenomenon in which bio-
molecules (such as small lipids, peptides, large structural proteins
and polysaccharides) are tightly packed within a limited intracellular
space.1 Despite being in an extremely compact environment, the
corresponding concentration and distribution of various bio-
molecules are nonetheless well-adapted and heterogeneously varied
by nature in a well-controlled manner in order to sustain life.2

Recent studies have highlighted the importance of a dense and
complex macromolecular composition to accurately simulate phy-
siological performance3 in the fields of chemical biology studies,4

novel drug discoveries5 and enhanced medical diagnostics.6

Intriguingly, there have also been increasing reports of
molecular crowding being critical in affecting different char-
acteristics and properties of diseases7 such as tumours.8 Recent
studies demonstrated that incorporating inert crowder poly-
mers into the extracellular matrix negatively impedes prolifera-
tion and hinders the adhesion ability of cancer cells.9

Moreover, differential responses from cancer and normal cells
upon the addition of polymers to mimic mucinous tumour
microenvironments have also been investigated. Selective elon-
gation and scattering, an effect commonly known to be a result
of reduced proliferation and enhanced migration, was observed
to be induced in cancer cells while no major change was

observed in normal cells.10 Nonetheless, the detrimental effects
on proliferation and metastasis of cancers and tumours caused
by the degree of macromolecular crowding have also been
explicitly studied.11 To date, molecular crowding is commonly
achieved through extensive crowding of the extracellular micro-
environment with various macromolecular crowder polymers
etc.12 Simple, environment-responsive molecular crowding
instigated by small molecular based platforms still remain
elusive.

Recently, developments in small molecular peptide-based
self-assemblies have received tremendous attention and have
been well-applied for various disease imaging, detection, and
therapies.13 Particularly, such simple and unique small mole-
cular peptide-based designs can selectively induce environmen-
tal responsive molecular crowding systems that predominantly
occur at specific subcellular locations14 and organelles such as
the nucleus,15 mitochondria16 and Golgi apparatus17 to cause
detrimental effects selectively in diseased areas. However, most
of the reported developments mainly focus on reaction-based
morphological changes to induce molecular crowding. The
extensiveness of the enzymatic activity and saturation of the
active site might pose potential drawbacks in complex living
systems. On the other hand, simple and direct binding affinity
based molecular crowding that can specifically localize at
subcellular locations for selective perturbation of cellular activ-
ities remains less exploited.18

As an attractive therapeutic target in human cancer,19 furin
is a unique membrane-localized proteolytic enzyme20 in which
its aberrant overexpression is an observed characteristic in
many malignant tumours.21 As such, furin activated intracel-
lular self-assemblies of small molecular peptides have
been vastly reported for various imaging and therapeutic
applications.22 Therefore, leveraging on the innate enrichment
of furin expression in tumours, we propose a simple yet novel
tumour enzyme affinity mediated molecular crowding system.
Herein, we present an unconventional alternative by exploiting
inhibitor-like binding affinities to an enzymatic active site,
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subsequently bringing about an extensive molecular crowding
selectively on the surface of tumour cells to disrupt vital cellular
activities (Fig. 1). Typically, a furin-specific peptide sequence
(RVRR),20 which strongly binds to its catalytic active site, was
chosen to react with Nap-FF,23 a commonly used hydrogelating
moiety for the purpose of controlled self-assembly in aqueous
solutions. To endow potent inhibitor-like properties, the
C-terminal was amidated with an 11-carbon alkyl chain.24 This
highly hydrophobic alkyl moiety is also expected to provide
substantial interactions for both pericellular membrane
anchoring25 and enhanced driving forces for nanofiber self-
assembly.26

Upon successful synthesis, the proposed peptidyl furin
inhibitor derivative was characterised using HPLC, MS and
NMR (Fig. S2–S4, ESI†). The binding affinity of the peptide
derivative to the furin enzyme was further examined by deter-
mining its inhibition potency (Ki = 3.0 � 0.1 mM), which is
comparable to similar sequences with potent enzyme
affinities24 (Fig. S10, ESI†). Such desired furin binding affinities
motivated us to further study the self-assembly of the com-
pound in aqueous solution. To this end, a stock solution of the
furin peptide derivative (100 mM) was added dropwise into the
buffer. The morphological properties were further investigated
with TEM (Fig. 2A). Moreover, higher concentrations of the
furin peptide derivative (10 mM) afforded a self-supporting
translucent gel (Fig. 2B), clearly elucidating the successful
formation of self-assembly in solution. Furthermore, prolonged
incubation of the furin peptide derivative in serum or buffer
exhibited no obvious degradation even after 48 hours (Fig. S5,
ESI†), indicating sufficient stability for subsequent live cell
experiments.

We next studied the feasibility of tumour selective molecular
crowding in live cells. In this study, human colon carcinoma,
HCT116 was selected as the target due to its characteristic
overexpression of furin.27 While a normal colon fibroblast,

CCD18-Co19 with a properly regulated furin expression was
chosen as the negative control. Malignant HCT116 cells were
first confirmed to severely overexpress furin compared to
CCD18-Co via a western blot analysis (Fig. 2C). Upon confirma-
tion of the furin expression in both cell lines, HCT116 and
CCD18-Co were each incubated with 100 mM of the furin
peptide derivative. Spatial accumulation of the furin peptide
derivative in treated cells was examined using Congo red dye, a
standard reporter for the indication of self-assembled peptide
structures in live cells.28 The optical microscope images
showed an impressive molecular crowding effect with an
obvious presence of red gel-like substances covering over the
surface of HCT116 (Fig. 3A). As anticipated, the negative control
CCD18-Co exhibited minimal gel-like substances on the cellu-
lar surface (Fig. 3B). However, limited molecular crowding was
unavoidable, most likely due to the innate normal expression of
furin in CCD18-Co (Fig. 2C). To rule out the significant con-
tribution of non-specific pericellular membrane anchoring by

Fig. 1 Molecular structure of the peptidyl furin inhibitor derivative and
tumour enzyme affinity mediated molecular crowding for the selective
disruption of glucose uptake. The furin binding sequence (yellow) tightly
binds to furin on the cellular surface, while Nap-FF (blue) endows the
inhibitor derivative with hydrogelating properties.

Fig. 2 Nanofiber self-assembly properties of the furin peptide derivative
(A) TEM at 100 mM, scale bar: 0.5 mm and (B) translucent gel at 10 mM.
Different extents of molecular crowding in tumour and normal cells due to
(C) contrasting furin expressions.

Fig. 3 Optical images of Congo red stained molecular crowding induced
on (A) tumour cells, (B) normal cells and (C) tumour cells pre-treated with
the furin inhibitor before furin peptide derivative incubation (100 mM), scale
bar: 300 mm. Congo red fluorescence intensity in cell samples.
(lex = 488 nm, lem = 614/50 nm).
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the 11-carbon alkyl chain in the molecular structure, and
clearly elucidate the dependence of enzyme affinity binding to
the extensiveness of molecular crowding observed, the HCT116
cells were subsequently pre-incubated with 200 mM of furin
inhibitor to extensively block the furin active sites prior to
treatment with the furin peptide derivative. The presence of the
red gel-like substances was significantly reduced (Fig. 3C),
therefore confirming the trivial effect of non-specific pericellu-
lar membrane anchoring.

In addition, confocal laser scanning microscope (CLSM)
images (Fig. 4) further confirmed the tumour selectivity and
spatial accumulation of the pericellular molecular crowding.
Significant fluorescence co-localization of Congo red with a
membrane tracker was observed in furin overexpressed
HCT116 cells, suggesting extensive nanofiber molecular crowd-
ing that was localized mainly on the cellular surface. CCD18-Co
on the other hand, with a normal furin expression showed
relatively weak Congo red fluorescence emission, and therefore
a sparse presence of nanofiber molecular crowding even after
similar incubation time periods. The successful extensive spa-
tial accumulation of furin peptide nanofibers selectively on the
cell membrane of HCT116 encouraged us to further study the
possibility of targeted inhibition of vital cellular activities in
tumour cells.

The ‘Warburg effect’ is a hallmark of cancer, whereby
hyperactivated glucose utilisation plays a critical role in aggres-
sive tumour growth.29 This correspondingly demands heigh-
tened glucose diffusion across the cellular membrane,
facilitated membrane-bound glucose transporters (GLUTs).30

Particularly, aberrant overexpression of GLUT1 was reported in
gastrointestinal carcinomas31 with the degree of expression
demonstrated as a promising prognostic marker for malignant
progression in the colon.32 As such, HCT116 was further
confirmed to severely overexpress GLUT1 compared to
CCD18-Co via immunostaining (Fig. S6, ESI†). Indeed, this
peculiarity can be leveraged for effective tumour targeting. A
direct approach would be to literally inhibit GLUT mediated
glucose entry into tumour cells, resulting in a complete disrup-
tion of their glycolytic pathway.33 However, a specific blockade
remains a key challenge as GLUTs are ubiquitously expressed in

almost all mammalian cells.34 As such, we aimed to further
study the possibility of selectively disrupting this hyperacti-
vated glucose uptake in tumour cells via the tumour
specific enzyme affinity mediated molecular crowding we have
developed.

[2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-
glucose] (2-NBDG) is a standard fluorescent D-glucose analogue
ideal for evaluating the in vitro ability of glucose uptake in
mammalian cells.35 In order to clearly elucidate the tumour
selective inhibitory effect of glucose uptake, both HCT116 and
CCD18-Co were subjected to different treatments prior to
incubation with an equal concentration of 2-NBDG (100 mM).
Subsequent CLSM imaging and flow cytometric analysis of
2-NBDG fluorescence were performed to investigate the inhibi-
tory effect on glucose uptake for the corresponding treatment
(Fig. 5). Both CLSM imaging and flow cytometric analysis of the
relative 2-NBDG fluorescence observed in HCT116 revealed that
at the same molar concentration (100 mM), the furin peptide
nanofibers could almost inhibit glucose uptake as efficiently as
a specific GLUT inhibitor, phloretin.36 Additionally, a contrast
in the molecular crowding extensivity was also observed to
selectively inhibit glucose uptake in HCT116 colorectal cancer
cells while having a negligible effect on CCD18-Co normal
colon cells. Compared to phloretin, which caused a drastic
inhibition of the glucose uptake in CCD18-Co as well, our
system provides better selectivity by exploiting the versatility
of molecular crowding in response to cellular milieu. Further-
more, the experimental concentration of furin peptide

Fig. 4 Confocal images of cells treated with furin peptide derivative (100 mM),
subsequently stained with Congo red (0.1 mg mL�1) and CellMask membrane
tracker (2.5 mg mL�1), scale bar: 20 mm. Congo red (lex = 488 nm, lem = 614/
50 nm), Cell Mask (lex = 640 nm, lem = 670/50 nm).

Fig. 5 Confocal images of 2-NBDG (100 mM) uptake upon different
treatments, scale bar: 50 mm. Flow cytometric analysis of 2-NBDG fluores-
cence. 2-NBDG (lex = 488 nm, lem = 540/50 nm).
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derivative (100 mM) was observed to have a limited cytotoxic
effect on the cell viabilities of CCD18-Co for up to 48 hours,
whereas substantial toxicity was observed in HCT116 (Fig. S7,
ESI†). These results clearly show that our system is able to
impressively invoke selective inhibition for enhanced tumour
targeting with potentially reduced side effects.

In summary, we synthesised a peptidyl furin inhibitor
derivative modified with hydrogelating moieties to self-
assemble. These assemblies were able to target selectively and
accumulate extensively on furin overexpressed tumour cell
surfaces due to substantial affinity with furin. Instead of the
ordinary exploitation of an erratic proteolytic activity that is
characteristic to tumours, we went with the unconventional
idea of inducing an extensive molecular crowding via enzyme
inhibitor binding affinities to disrupt hyperactivated glucose
uptake selectively in tumour cells, thus providing novel insights
towards new developments in strategic therapy.
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