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ABSTRACT 
A im: Fluoresc enc e det ection of breast and prostate cancer cells expressing Tn-antigen, a tumor 
marker, with Vicia villosa lectin (VVL)-labeled nanoparticles. 
M aterials & metho ds: Br east and pr ostat e canc er c ells eng ineered t o expr ess high lev els of Tn- 
antigen and non-engineered contr ols w er e incubated with VVL-labeled or unlabeled red dye-doped 
silica-c oat ed poly styrene nanoparticles. The binding t o c ells was studied with flow cyt ometry, 
c onfocal microsc opy, and electr on micr oscopy. 
Results: Flo w cytometry sho wed that the binding of VVL-labeled nanoparticles was significantly 
higher to Tn-antigen-expressing cancer cells than controls . C onfocal microsc opy demonstrat ed that 
particles bound to the cell surface . A ccording to the corr elativ e light and electron microscopy the 
particles bound mostly as agg regat es. 
Conclusion: VVL-labeled nanoparticles could provide a new tool for the detection of Tn-antigen- 
expr essing br east and pr ostat e canc er c ells. 
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. I ntro duction 

r otein gly cosylation is a post -tr anslational modification,
n which a carbohydrate chain (glycan) is attached to a
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uman protein glycosylation are N -glycosylation (glycan
hain bound to an asparagine) and O -glycosylation
glycan chain bound to serine (Ser), threonine (Thr),
r tyrosine (Tyr)) [ 1 , 4 ]. O -glycosylation can be further
ubdivided into different types, depending on which
arbohydrate is linked to the protein (e.g., linkage of
 -ac etylgalact osamine ( GalNA c) or N-ac etylgluc osamine
 GlcNA c) and which enzymes are responsible for linking
he first carbohydrate to the protein (e.g., GALNT1 or OGT,
 espectiv ely) [ 3 ]. 

Changes in the structure of c ell-surfac e gly cans ar e
elat ed t o various diseases [ 5 ], including malig nancies [ 6–
 ]. A c ommon alt eration in canc er c ells is the presenc e of
runcated O -GalNAc glycans, such as the Tn-antigen and
ts sialylated form Sialyl-Tn-antigen (STn-antigen) [ 4 , 9 ].
he Tn-antigen, consisting of a GalNAc linked to a Ser
r Thr residue, is present in > 80% of breast, 72–81% of
olon and 4–26% of prostate cancers [ 10–13 ]. In addition,
n-antigen is expressed in many other cancer types [ 4 ].
her efor e, the Tn-antigen could act as a marker for various
ancers, particularly at their early stages, and could thus
e applied in early cancer diagnosis [ 14 , 15 ]. 

Current methods of detecting Tn-antigen are based on
he use of lectins (such as VVL) and antibodies [ 15–18 ].
ilva and coworkers coupled VVL to gold electrodes and
tilized electrical impedance spectrosc opy t o monit or

he binding of Tn-an tigen-con taining gly copr oteins [ 19 ].
into et al . employ ed antibodies in an in-situ proximity

igation assay to identify Tn-antigen structures in mucins
r esent on stomach, br east and ovarian adenocar ci-
omas [ 20 ]. Even though the antibodies are widely
sed and new specific antibodies hav e r ecently been
eveloped [ 18 ], they are costly and easily inactiv a ted [ 15 ].
ectins have disadv an tages such as limited sensitivity and
ffinity (the dissocia tion constan t (KD) for monov alen t
arbohydrates is in the mM range) [ 21 ]. Ther efor e, new
lt ernative diag nostic t echnolog ies would be useful [ 22 ]. 

Stable cell labeling agents containing fluorescent
arkers have been developed to stain Tn-antigen-

xpressing cells, and the presence or absence of Tn-
ntigen can thereafter be directly determined by quick
ead-out assays. Gidwani and coworkers studied the bind-
ng of human lectin- and anti-STn antibody-c onjugat ed
ur opium chelate-dy ed polystyr ene (PS) nanoparticles
o immobilized serum cancer antigen 125 (CA125; a
iomarker for epithelial ovarian cancer) in pa tien t serum

n a glycov arian t assay. The binding affinities of the
anoparticle c onjugat es w er e compar ed with that of

ndividual lectins fluorescently labeled with europium
helates. T hey sho wed that the particle-c onjugat ed
ectins and antibodies display ed str onger affinities to
he target biomarkers compared with their unconju-
at ed c ount erparts. Ther efor e, immobilization of lectins
and an tibodies a t high density on the particle surface
enhanced the binding strength to the targets via the
avidity effect [ 23 , 24 ]. 

Nanoparticles to be used as fluorescent cell labeling
agents for gly copr oteins expr essed on c ell surfac es
should be tailored in size and surface chemistry to show
high binding efficiency and a sufficiently long residence
time [ 25 , 26 ]. While quantum dots (QDs) dec orat ed with
rec ept ors have been widely used as fluorescent probes
for biological applications, toxic and costly materials
are typically required for their synthesis, in addition to
the need to optimize their synthesis t o influenc e their
fluoresc enc e emission properties. Polymer particles are a
suitable alt ernative, sinc e their synthesis is c ost-effective,
and they can be doped with a wide range of organic
dy es to achiev e desir ed fluor esc enc e pr operties. Dy e-
doped polymer particles such as polymethylmethacry-
late (PMMA) and PS beads have been developed for a
wide range of applications [ 27–31 ]. 

In this study, we developed and v alida ted new red dye-
doped silica- c oat ed PS nanoparticles labeled with VVL
for the detection of Tn-antigen on breast and prostate
canc er c ell lines. By c ombining a high number of lectins
on a small surface, we expect to ov er come one of
the main limitations occur r ing when only lectins are
used for detecting glycans. The low binding capacity
of the individual lectin is expected to be impr ov ed by
increasing the number of interactions between lectins
and glycans and the opportunities to bind to the cancer-
r elated gly can [ 32 ]. The r ed-fluor escent dy e makes them
suitable for in vitro applications and possibly, in vivo
work in the future. The particles were additionally g raft ed
with polyethylene glycol (PEG) moieties to passiv a te the
particle surface and reduce non-specific binding [ 31–
35 ]. The use of lectin-labeled particles has been used for
microarra y assa y . In this study , w e aim to use nov el parti-
cles, doped with a red dye, for det ection t echniques that
could -in a later step- lead to other clinical applications. 

A s c ell models, we used tw o differ ent br east cancer
cell lines (MDA MB 231 and MCF7) and a prostate cancer
cell line (PC-3), all of which had been gly coengineer ed
to express Tn-an tigen a t a high level by the SimpleCell
technique [ 36 ]. This technique uses zinc finger nuclease-
based gene editing to knockout (KO) COSMC, a priv a te
chaperone of C1GalT1, a protein responsible for elongat-
ing O -glycosyla tion [ 37 ]. Inactiv a tion of the COSMC gene
causes a limitation in the GalNAc-type O - glycosylation
capacity in cells. By this, GalNAc glycans are simplified to
Tn- and STn-antigens. 

Particle binding was studied with flow cytometry and
c onfocal microsc opy for MDA MB 231, MCF7 and PC-
3. The binding pattern of the PEGylated particles was
visualized for MDA MB 231 SC and WT cells and the
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DA MB 231 cells stained with the PEGylated particles
 er e further imaged with corr elativ e light and electron
icroscopy (CLEM). 

. Materials & methods 

.1. Materials 

 description of all materials is reported in supporting
nformation (SI) section 1. 

.2. Synthesis of fluorescent dye & particles 

.2.1. Synthesis of doping dye I, 3,5-bis(4-methoxyl 
styryl)-8-pentafluor ophenyl-4,4-difluor o-4- 
bora-3a,4a-diaza-s-indacene 

ye I w as syn thesized as pr eviously r eported ( 1 H
MR characteriza tion presen ted in SI section 2a,
upplementary Figure S1 ) [ 38 ]. 

The synthesis of positively charged PS particles is
escribed in SI, section 2b. 

Dye doping and silica coating of PS is described in SI,
ection 2c. 

.2.2. Coating of dye-doped silica-coated particles 
with a secondary silica shell 

00 mg of the silica-shelled particles w er e suspended
n 8.9 ml Milli-Q w a ter and 33.2 ml absolute ethanol

ith 10 min sonication. 2.9 ml of 32% ammonia was
hen added and 3.5 ml TEOS (15.7 mmol) was introduced
nto the solution at a rate of 0.01 ml min 

−1 using a
yringe pump with stirring at 300 rpm. After dosing
as c omplet e, the r eaction was allow ed t o c ontinue for

5 min. The particles w er e washed thr ee-times with 96%
thanol, with cen trifuga tion a t 12,700 ×g for 10 min,
ith 5 min sonication between washes. The resulting
articles ( SiO 2 @PS , 1600 mg) w er e dried ov ernight under
 vacuum. 

.2.3. APTES & PEG modification of SiO 2 @PS 
0 mg of SiO 2 @PS w er e w eighed out separately in
wo 2 ml Eppendorf tubes and dispersed in 1.2 ml
bsolute ethanol with 5 min sonication, then 0.6 ml
 a ter:37% HCl 9:1 was added and the mixtur es w er e

onicated for 10 min. The particles w er e cen trifuged a t
0,000 ×g for 5 min, then washed twice with 1.2 ml
bsolute ethanol with 5 min sonication between
 ashes and cen trifuga tion a t 10,000 ×g for 5 min.

he particles w er e r esuspended in 1 ml absolute
thanol with 5 min sonication. In one tube, 50 μl
PTES (47.3 mg, 0.2 mmol) was added. To the other

ube, 25 μl APTES (23.7 mg, 0.1 mmol) and 25 μl 3-
metho xy(polyethyleneo xy)propyl]trimetho xysilane 
26.9 mg, average 0.1 mmol) were added. Both
suspensions w er e mixed for 23 h in a thermomixer at
750 rpm and 40 ◦C. Afterwar d , the particles w er e purified
by washing three-times with 1 ml absolute ethanol,
with cen trifuga tion a t 10,000 ×g for 5 min after each
wash. The APTES-modified particles ( A@SiO 2 @PS ) and
APTES/PEG-modified particles ( AP@SiO 2 @PS ) w er e dried
in a vacuum oven overnight. 

2.2.4. COOH functionalization of A@SiO 2 @PS & 

AP@SiO 2 @PS particles 
30 mg each of A@SiO 2 @PS and AP@SiO 2 @PS particles
w er e suspended in 1 ml absolute ethanol with 10 min
sonication. 80 mg of succinic anhydride (0.8 mmol) was
dissolved in 400 μl Dimeth ylf ormamide. 100 μl of the
solution was added to each vial. The particle suspensions
w er e mixed for 18 h in a thermomixer at 1000 rpm
and 40 ◦C. Afterwar d , the particles w er e purified by
washing three-times with 1 ml absolute ethanol, with
cen trifuga tion a t 10,000 ×g for 3 min after each w ash.
The resulting particles ( CA@SiO 2 @PS (shortened to CA )
and CAP@SiO 2 @PS (shortened to CAP )) w er e dried in a
vacuum oven overnight. 

Conjugation of VVL to CA@SiO 2 @PS and
CAP@SiO 2 @PS is described in SI, section 2d. The
obtained particles w er e VVL-CA@SiO 2 @PS (short ened t o
VVL-CA , for particles with amino groups on the surface)
and VVL-CAP@SiO 2 @PS (shortened to VVL-CAP , for
particles with amino and PEG groups on the surface). 

2.3. In vitro cell experiments 

2.3.1. Materials 
SC cell lines w er e engineer ed at the Center of Glycomics
(Pr of. Henrik Clausen, Univ ersity of Copenhagen, Den-
mark) as described in SI, Section 3 and cultured in-
house [ 36 ]. HEK293T cells w er e kindly pr o vided b y Cecilia
Sahlg ren’s laborat ory ( ̊Abo Akademi University). 10 cm
c ell culture plat es and 24-well plat es w er e obtained
fr om Corning. 96 w ell plates w er e obtained fr om Gr einer
Bio-One. Gridded coverslips used for CLEM were kindly
pro vided b y Dr. Mar k us Peur la (Laboratory of Electron
Microsc opy, Institut e of Biomedicine, University of Tur k u).

2.3.2. Cell lines & in vitro cultures 
Human breast canc er c ell lines MDA MB 231 WT,
MDA MB 231 SC, human prostate cancer cell line PC-
3 WT, PC-3 SC and HEK 293T cells w er e cultur ed in
DMEM medium, supplemented with 10% inactivated
fetal bovine serum, 1% l -glutamine and 1% penicillin-
str eptomy cin for human breast cancer cell line MCF7 WT
and MCF7 SC 10 μg ml −1 insulin (human recombinant,
zinc solution) was added. Cells were kept in an incubator
at 37 ◦C and 5% CO 2 . Cells w er e authenticated by the
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dentiCell STR profiling service (Department of Molecular
edicine, A ar hus Univ ersity Hospital , D enmar k). R egular
yc oplasma t ests were performed with the Lonza LT07-

18 kit. Unc onjugat ed and biotinylat ed VVL was obtained
rom Vect or Laborat ories and A le xa Fluor 488-c onjugat ed
treptavidin was obtained from Thermo Fisher Scientific. 

The engineered cell lines ar e r eferr ed to as SimpleCells
SC) [ 34 ]. The corresponding non-engineered (“wild-
ype”, WT) canc er c ells w er e used as contr ols. As an
xtra contr ol , w e used HEK293T c ells as a non-canc erous
ell line. WT, SC and HEK293T cells w er e incubated
ith PEGyla ted/nonPEGyla ted VVL-labeled nanoparticles

further r eferr ed to as V VL-CAP/V VL-CA ) as well as
he c orresponding PEGylat ed/nonPEGylat ed unlabeled
ontrol nanoparticles (further r eferr ed to as C AP/C A ). 

.3.3. Flow cytometry 
 total of 1 × 10 5 cells w er e used per w ell in a 96-well
late. Cells w er e incubated with 50 μl of biotinylated VVL

n PBS (0.01 mg ml −1 ) or V VL-CA , V VL-C AP , C A and C AP
0.05 mg ml −1 ) for 30 min in the dark and on ice. Cells
hat w er e incubated with biotinylated VVL w er e further
ncubated with 50 μl of A le xaFluor 488-conjugated
treptavidin in PBS (dilution 1:1000) for 30 min in the dark
nd on ic e. Fluoresc ently tagged c ells (with biotinylat ed
VL/streptavidin A le xa Fluor 488 or V VL-CA , V VL-CAP ,
A and CAP ) w er e analyzed with flow cytometry. 

.3.4. Staining of fixed cells with particles 
 total of 5 × 10 4 cells w er e plated on a 24-well plate
n sterile co verslips. T he plates w er e put ov ernight in
n incuba tor a t 37 ◦C and 5% CO 2 . The next day cells
 er e fixed with 4% paraf ormaldeh yde (200 μl per well)

or 15 min at room temperature. On the day of staining,
BS was r emov ed and the cells w er e incubated in the
ark at RT with biotinylated VVL in 200 μl PBS at a final
 onc en tra tion of 10 μg ml −1 (200 μl per well; 1 μl of
he stock solution of biotinylated VVL in 200 μl PBS).
e xt , cells w er e incubated with 200 μl of A le xaFluor
88-c onjugat ed streptavidin in PBS (dilution 1:1000) for
0 minutes at RT and in the dark. Then, cells w er e

ncubated with 200 μl of Phalloidin in PBS (dilution
:300; to stain F-actin) and 200 μl Hoechst 33342 dye

n PBS (dilution 1: 1500; to stain nuclei) for 5 min.
or staining with VVL-CA , VVL-CAP , CA and CAP, the
articles w er e tr eat ed similarly, exc ept that the c ells
 er e incubated with the particles at a c onc entration of

.05 mg ml −1 before the fixation step. The incubation
as done on ice and in the dark for 30 min. Coverslips
 er e mounted on microscope slides and stored in the
ark a t 4 ◦C un til imag ing. For imag ing with the scanning
lectr on micr oscope (SEM), samples w er e not mounted
n c overslips aft er incubation with the nanoparticles but
w er e fixed with 2% glutar aldehyde (EM gr ade) in 0.2 M
HEPES for 120 min at RT. Before imaging with the SEM,
samples w er e sputt er-c oat ed with platinum (thickness
6 nm). 

2.3.5. Instrumentation & software 
All instrumen ta tion and softw ar e ar e pr esented in SI
section 1. 

3. Results 

3.1. Synthesis & characterization of d ye-dope d 

particles for lectin c onju gation 

PS particles w er e chosen as cor e particles. Using a
published prot oc ol [ 39 ], cationic PS nanoparticles were
synthesiz ed b y suspension polymerization in aqueous
media. The resulting aqueous suspension of the PS
particles was thereafter incubated with a THF solution of
dye I for 30 min to allow the imbibing of the dye into the
particles. The red-emitting fluorescent dye I ( Figure 1 A)
containing a BODIPY core was used as a dopant [ 38 ].
In THF, absorption occurs at 669 nm, and emission is
observed at 691 nm following excitation at 600 nm
( Figure 1 B). After dye-doping, silica coating was necessary
to allow easy functionalization of the particle surface,
and t o prot ect the PS c or e fr om dy e loss in subsequent
functionalization steps car r ied out to facilitate lectin
conjugation. The suspension of dye-doped PS particles
was ther efor e diluted in w a t er, and silica c oa ting w as
performed in aqueous media using l -lysine as a catalyst.
This first silica shell was too porous to adequately protect
the doped PS cor e, ther efor e, a denser secondary silica
shell was synthesized on the surface of the first silica
shell following a modified Stöber method [ 40 , 41 ]. The
absorption and fluoresc enc e spectra of the dye-doped
silica particles ( SiO 2 @PS ) showed that the doping process
was suc c essful ( Figur e 1 B). Compar ed with the dy e in THF,
the absorption and emission w er e r ed-shift ed t o 682 nm
and 694 nm, r espectiv ely. Considering also the band
maxima in toluene, the shifts can be entirely attributed
t o dispersive int eractions ( Supplementary Figure S2 , SI
section 4). 

To c onjugat e VVL t o SiO 2 @PS , it was nec essary t o
further functionalize the silica surface with appropriate
anchoring groups like carboxylic acid groups. The par-
ticles w er e first r eact ed with APTES t o introduc e amino
groups on the surface ( A@SiO 2 @PS ), after which the
particles w er e r eact ed with suc cinic anhydride t o yield
carboxylic acid groups ( CA@SiO 2 @PS , shortened to CA ).
To investigate the effect of PEGylation on the particle
behavior, SiO 2 @PS particles w er e also r eacted with
APTES and a PEGylated silane (3-[methoxy(polyethylene
o xy)propyl]trimetho xy silane) simultaneously, t o intro-
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uce amino and PEG groups on the surface, yielding
P@SiO 2 @PS . These particles w er e also reacted with

uc cinic anhydride t o yield particles with PEG g roups and
arboxylic acid groups on the surface ( CAP@SiO 2 @PS ,
hort ened t o CAP ) ( Figure 2 ). 

To determine the number of accessible amino groups
n the surface of A@SiO 2 @PS and AP@SiO 2 @PS , as well
s the c onversion t o carboxylic acid groups in CA and
AP , the ninhydrin test was performed ( Supplementary
igure S3 , SI section 5). A@SiO 2 @PS and AP@SiO 2 @PS
ontained 0.45 and 0.14 mmol g 

−1 of (ac c essible) amino
r oups, r espectiv ely. No amino groups were det ect ed in
 A and C AP , demonstrating the suc c essful c onversion
f surface amino groups. Based on the specific surface
rea of SiO 2 @PS determined from porosimetry (37.7 m 

2

 
−1 , Supplementary Figure S4 , SI section 6), the density
f amino groups grafted onto the surface of A@SiO 2 @PS
nd AP@SiO 2 @PS was calculated to be 7.2 groups nm 

−2

nd 2.2 groups nm 
−2 respectively. Since the virtually

uan tita tiv e conv ersion of the amino gr oups to carboxylic
 roups was ac c omplished based on the results of the
inhydr in test, car boxylic acid group densities on CA and
AP should be comparable, r espectiv ely ( Supplementary
igure S3 , SI). 

T he synthesiz ed particles w er e further characterized
 y TEM, z eta poten tial and TGA measuremen ts. From
tatistical analysis of TEM images, the PS nanoparticles
ave a diameter of 40 ± 8 nm ( Figure 3 A). The overall
ilica shell thickness of SiO 2 @PS was determined to
e 18 ± 2 nm resulting in a final particle size of
6 ± 11 nm ( Figure 3 B). A s expect ed from zeta potential
easurements (SI section 7), the PS particles displayed

ositive potential due to the protonated amino groups
n the outer surface supplied by the AIBA initiator used
uring PS synthesis, while SiO @PS possessed a negative
2 
surface charge from the silanol groups on the outer
surface. Modification with APTES led to the r eintr oduction
of amino groups on the surface for A@SiO 2 @PS and
AP@SiO 2 @PS and consequently, a net positive charge,
which was reduced for CA and CAP after condensation
of the amino groups with succinic anhydride ( Figure 3 C).
The PEG chains in troduced on to the particle surface
possess a neutral charge and w er e not expected to
influence the surface charge of the particles. TGA mea-
suremen ts indica ted mass loss from the combustion of
cov alen tly a ttached organic groups on the particle sur-
face with increasing temperatur e ( Figur e 3 D ). T he mass
loss incr eased fr om 0.9% to 1.8% for A@SiO 2 @PS and
AP@SiO 2 @PS , r espectiv ely. Together with the decr ease
in ac c essible amino g roups stat ed before (7.2 g roups
nm 

−2 and 2.2 groups nm 
−2 ), one can conclude that

AP@SiO 2 @PS are indeed functionalized with a mixture of
APTES groups and PEG chains. 

C A and C AP w er e then c onjugat ed t o VVL using
sulfo-NHS and EDC in phosphate buffer as previously
reported [ 23 , 24 ]. The obtained particles w er e VVL-
CA@SiO 2 @PS (short ened t o VVL-CA , for particles with
amino groups on the surface) and VVL-CAP@SiO 2 @PS
(short ened t o VVL-CAP , for particles with amino and
PEG groups on the surface). The affinity of the resultant
particles to the Tn-antigen was thereafter investigated. 

3.1.1. Analysis of Tn-antigen expression level in 

SimpleCells (SC) by flow cytometry 
To v alida te the specificity of the nanoparticles toward
the Tn-antigen, MDA MB 231 SC and MCF7 SC breast
as well as PC-3 SC prostate cancer cell lines w er e used ,
together with their WT counterparts as controls (Section
3, SI) [ 36 , 42 ]. As an extra contr ol , non-cancer ous HEK293T
cells w er e used . The high lev el of Tn-antigen expr ession
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n the SC was confirmed via VVL staining using flow
ytometry ( Figure 4 and Supplementary Figure S6 , SI
ection 8). The Median Fluoresc enc e Int ensity (MFI) is
sed here because the lectins are small enough to
ind individual Tn-antigen units and ther efor e the total
uoresc enc e emission observed from the bound lectins

s proportional to the total amount of Tn-antigen present
n the cell surface. The staining intensities of the MDA MB
31 SC, MCF7 SC and PC-3 SC cell lines w er e significantly
igher than that of the corresponding non-engineered

WT) cells, indicating increased levels of Tn-antigen in SC.
he r elativ ely gr eatest differ ence in Tn-antigen expression
as found in the MDA MB 231 SC, with 35-fold MFI

ompared with the WT. However, the MFIs for MCF7
C and PC-3 SC w er e 6- and 10-fold higher compared
ith WT cells, r espectiv ely. The high expr ession of Tn-

ntigen in the SC makes these models suitable for the
 alida tion of the newly synthesized VVL-nanoparticle
 onjugat es. A very low binding of VVL was found in the
on-canc erous HEK293T c ells. Density plots ar e pr esented

n Supplementary Figure S6 , SI section 8. 
3.1.2. Validation of VVL-labeled particle binding on 

Tn-antigen-expressing cancer cells by flow 

cytometry 
Initial tests showed that the nanoparticles VVL-CA , VVL-
C AP , C A and C AP neither display t oxicity t o the c ells nor
affect their viability ( Supplementary Figure S7 , SI section
9). To v alida te particle binding on living cells, MDA MB
231 WT, MCF7 WT and PC-3 WT and the corresponding
SCs together with non-cancerous HEK293T cells w er e
incubated with VVL-CA and VVL-CAP as well as with their
unlabeled (blank) control nanoparticles ( CA and CAP )
( Figure 5 & Supplementary Figure S8 ). Figure 5 A shows
density plots for MDA MB 231 cells incubated with
V VL-CA and V VL-CAP (Section 10, SI for other cell
lines). Figure 5 B, C and D show the percentage of cells
labeled with the different nanoparticles. The percent-
age of labeled cells was r egar ded as a more reliable
measurement than MFI for evaluating the binding of
par ticles. The par ticles have a significantly larger diameter
( ∼80 nm) compared with lectins (up to several nm). This
size differ ence pr ev ents the particles fr om individually
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inding to Tn-antigens on the cell surface . A dditionally,
n a phy siolog ical buffer, the particles can agg regat e,
eading to an artificial increase in the observed MFI.
her efor e, w e decided to use the percentage of labeled
ells when studying the nanoparticles. When incubated
ith VVL-CA and VVL-CAP , 88.4% and 67.8% of the
DA MB 231 SC w er e labeled with the nanoparticles,

 espectiv ely ( Figur e 5 A). For MCF7 SC, the per centages
 er e 67.2% ( VVL-CA ) and 17.9% ( VVL-CAP ). For PC-
 SC, the percentages for VVL-CA and VVL-CAP w er e
2.3% and 8.8% r espectiv ely ( Supplementary Figur e S8 ,
I). In all three SC c ell lines, a sig nificantly increased
taining in tensity w as seen when incuba ted with VVL-
A compared with incubation with CA . This was also
bserved when compared with the corresponding WT
ells (MDA MB 231: p < 0.0001; MCF7: p = 0.0002; PC-3:
p < 0.0001; Figure 5 B, C and D). For the MDA MB 231 cells,
the engineered SCs also showed a significantly increased
staining intensity compared with WT cells when incu-
bated with VVL-CAP (p < 0,0001). How ev er, no signifi-
cantly increased staining intensity was observ ed betw een
PC-3 and MCF7 SCs and WT cells when incubated with
VVL-CAP . 

Staining with CA and CAP particles was also observed
for all cell lines, suggesting some unspecific binding
( Figure 5 and SI section 10, Supplementary Figure S8 ).
A very low binding was found on HEK293T cells for all
particles which presumably represents the presence of
some unspecific binding. Density plots for other cell lines
(MCF7 WT, MCF7 SC, PC-3 WT, PC-3 SC and HEK293T) and
particles are presented in Supplementary Figure S8 , SI
section 10. 
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.1.3. Confocal microscopy analysis of 
Tn-antigen-expressing cancer cell staining 

he binding patterns of VVL, VVL-CA and CA w er e
tudied with a confocal microscope for all cell lines
 Figures 6 , 7 & Supplementary Figure S9 , SI Section 11).
or VVL-C AP and C AP binding we focused on MDA MB
31 cells because flow cytometry showed these results
o be most promising. The VVL staining patterns of MDA

B 231, MCF7 and PC-3 show a clear increase of VVL
n SC compared with WT. The staining of WT with VVL

as mainly located in the intracellular parts of the cells,
ossibly r epr esenting the Golgi ar ea and the endoplasmic

eticulum (ER). In the SC, besides a strong intracellular
taining, also a clear staining was seen on the plasma

embrane ( Figure 6 ). 
The staining of the cells with VVL-CA ( Figure 7 A)

anoparticles displayed a localized staining pattern and
 stronger staining in SC than in WT cells for the three
ell lines. The positive staining observed with VVL-CA
 as loca t ed on the c ell surfac e but did not show such a
omogeneous coverage as observed with VVL. However,

he binding pattern of VVL-CAP on MDA MB 231 was
ore continuous along the contour of the cells than

n VVL-CA . Compared with VVL, intracellular staining
as observed only to a minor extent in each cell type.
 he siz e of fluorescent particles (400 nm to 2 μm)
  
varied suggesting the formation of particle agg regat es.
For VVL-CA , agg regat es of different sizes can form in
the buffer during the staining process, as is expected
for particles suspended in a solution with high ionic
strength [ 43 ]. The unlabeled control particles CA and CAP
also displayed some non-specific binding to the cells (see
Supplementary Figure S9 , SI section 11). 

In some cases, we saw binding of the V VL-CA and V VL-
CAP outside the cellular area which was int erpret ed t o be
non-specific. 

Z-stack confocal images of VVL-CA and VVL-CAP -
labeled MDA MB 231 WT and SC ( Supplementary Fig-
ure S10 , SI section 11) show the distribution of the
nanoparticles a t differen t levels of the cells. It could be
observ ed that mor e particles bound to MDA MB 231 SC
than to WT. In addition, nanoparticles w er e detected in all
layers and partly also on the c overslip. In ag reement with
the previous observ a tion, VVL-CA seemed to form bigger
agg regat es than VVL-CAP . 

3.1.4. Visualization of particles in SEM 

Due to the varied size of the fluorescent particle forma-
tions observed in the c onfocal microsc opy images, we
postula ted tha t aggrega tion of the particles occurr ed .
Ac c ording t o Shr estha et al . [ 44 ] str ong clustering of
single nanoparticles is often observed when working
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Figure 5. Nanoparticle staining of the different cell lines. (A) Density plots for MDA MB 231 WT (upper) and MDA MB 231 SC (lower) 
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ith nanoparticles . C ompared with V VL-CA , V VL-CAP
articles looked smaller and due to the lower fluorescent

nt ensity, the smallest agg regat es or single particles
ould have been undetectable. To investigate if this was
he case in our study, Corr elativ e Light and Electron

icroscopy (CLEM) was utilized [ 45 ]. Corr elativ e light and
lectr on micr osc opy is a c ombination t echnique that
elps avoid the short c omings of these t echniques when

hey are used separately [ 46 ]. It gives us the possibility to
tudy our cells and particles in high resolution (EM) and
t the same time gives us an overview of the different
ells and localization of the fluorescent particles (confocal
icr oscopy). Brightfield and fluor escence images w er e
taken with a confocal microscope to localize cells and
nanoparticles. U sing g ridded c overslips, the same c ells
(and nanoparticles) w er e det ect ed and imaged with
SEM. By this, we confirmed that the fluorescent signal
seen in the confocal microscopy was coming from the
nanoparticles. T he o verlay of the SEM and confocal
images of the MDA MB 231 SC labeled with VVL-CAP
showed that most of the nanoparticles w er e bound to the
cells. The images also showed that discernible fluorescent
particles formed differen tly -sized aggrega tes ( Figure 8 ). In
addition, an SEM picture at a lower magnification showed
the presence of aggregates of different sizes on different
parts of the cell ( Figure 8 ). 
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. Discussion 

he Tn-antigen is a shortened O -GalNAc glycan pattern
ha t is frequen tly observ ed in sev eral cancer types like
r east, pr osta te, ov arian and c olorectal canc er [ 13 , 15 , 47 ].

n these cells, the elongation of the O -GalNAc glycan is
nt errupt ed aft er the addition of the first GalNAc t o the
er or Thr in the newly synthesized protein [ 15 ]. Due
o the frequent presence of the Tn-antigen in breast
ancer ( > 80%) and prostate cancer ( ±4–26%), it has been
tudied as a promising tumor biomar ker, particular ly
or early cancer forms [ 11–13 ]. Curren tly, Tn-an tigen
etection methods are mostly based on the use of lectins

e.g., HPA, VVL), antibodies (e.g., Remab6, 5F4, 1E3) and
olecular ly impr inted polymers [ 18 , 48–50 ]. 
In this study, we developed red dye-doped nanoparti-

les labeled with VVL and v alida ted them for their ability
 o det ect Tn-antigens in br east and pr ostat e canc er c ells.
he particles have a PS core, which makes the synthesis
nd handling of nanometer-sized beads easier [ 39 , 40 ].
The core diameter of 40 ± 8 nm and a silica shell of
18 ± 2 nm result in a particle size of 76 ± 10 nm
( Figure 3 B). The red dye, emitting > 650 nm ( Figure 1 B),
reduces the background signal that occurs < 650 nm due
t o c ellular aut ofluoresc enc e in the in vitr o samples [ 51 ],
and paves the way for possible future applications in
the in vivo and ex vivo models. We used lectins as a
gly can-r ec og nizing t ool . Ev en though they have been
widely used , ther e ar e some disadv an tages. One of the
issues occur r ing in lectin use for the detection of glycans
is the low binding affinity of the lectins toward the
gly can. How ev er, the binding affinity can be aug ment ed
by increasing the number of lec tin-target interac tions as
in our case by binding a high number of lectins on one
nanoparticle [ 23 , 32 ]. By this, the chances of binding to
the glycan are increased. This will also have a positive
effect on the selectivity of the lectins toward the glycan
of interest [ 32 , 52 ]. On the other hand , few er binding
sites are needed to get a good fluoresc enc e read-out
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ecause the particles themselves are highly fluorescent.
ne would need more lectins to make binding visible
ith a microscope, for instance. 

The MDA MB 231 and MCF7 breast canc er c ell lines,
nd PC-3 prostate cancer cell line w er e used for the
et ection of truncat ed O -GalNAc glycans. Similar t o many
ther established cancer cell lines [ 53 ], these cells express
n-an tigen a t a much low er lev el than the tumor types
hey orig inat e from [ 53 , 54 ]. To model the high Tn-antigen
expression in breast tumors these WT breast cancer cell
lines w er e gly c oeng ineered via the SimpleCell t echnique
to express corresponding high levels of Tn-antigen which
was confirmed by flow cytometry of VVL-stained cells
( Figure 4 & Supplementary Figure S5 , SI). This staining
demonstra tes tha t SC cells are expressing Tn-antigen in
high amounts, while WT cells show almost no staining. 

The PEG groups were introduced on the surface of the
particles t o reduc e non-specific binding events t o non-
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Figure 8. CLEM imaging of nanoparticle-labeled cells. Staining of MDA MB 231 SC with VVL-CAP imaged with confocal microscopy 
and SEM. Upper left panel: An overlay picture of SEM and a confocal microscopy image showing the location of the red fluorescent 
nanoparticles on the cells (i, ii) . Middle left panel: SEM picture of the same area. The white rectangular areas (i, ii) show the locations 
where the red fluoresc enc e signal was det ect ed. The star shows where the cells are located. A close-up image of the areas (i, ii) can be 
seen on the upper right panel (i) and middle right panel (ii) (magnification: 25 400 x). The lower panel shows a cell at a lower 
magnification (8467 x). The red squares show nanoparticle aggregates of different sizes. 
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arget molecules [ 27 ]. The binding of both VVL-CA and
VL-CAP to MDA MB 231 SC was incr eased compar ed
ith the unlabeled particles and WT cells but PEGylation
id not seem to have much effect on the staining of MDA
B 231 SC or WT cells although the particles seemed

o form smaller fluorescent spots in VVL-CAP - than in
VL-CA -stained cells. PEG is more hydrophilic and thus
ore soluble in aqueous media, which may explain the

resence of smaller clusters in VVL-CAP than in VVL-
CA- stained cells ( Figure 7 A for VVL-CA and Figure 7 B for
VVL-CAP ). Under in vivo conditions, PEGylation is known
to markedly increase the accessibility of the particles to
the target organs and cells by opposing their removal
from the circulation and the extracellular fluids by the
phagocyt osing c ells [ 55 ]. It is inv olv ed in decr easing the
prot ein c orona effect, which means the unspecific protein
binding to the nanoparticles [ 56 ]. How ev er, under in
vitr o c onditions, using different c ell models and particles,
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EGylation has been found to decrease the binding of the
articles to the target proteins on the c ell surfac e [ 57 ].
EGylation may have a corresponding effect in our in
itro setting. How ev er, particles lacking VVL ( CA and CAP )
erving as blank particles, indicated some non-specific
inding. Staining with CA and CAP demonstrates that
on-specific binding is not influenced by cell type (SC
r WT), indicating that binding occurs independently of
n-antigen expression. The results with MCF7 and PC-3
 er e comparable to those of MDA MB 231 except that
VL-CAP particles w er e not specifically bound to SC.
he c ell surfac e c omposition of prot eins on the surfac e
f these cells may hinder the PEGylated VVL-particles

rom binding the Tn-antigen motifs on the cell surface
roteins [ 58 ]. 

Different VVL or particle staining of the used cancer cell
ines may be caused by levels of O -GalNAc glycosylation

hich depends on the cell-specific expression of one or
everal of the 20 ppGalNAc-Ts and the cell-specific array
f the gly copr oteins on the cell surface. Other factors
 ontributing t o the lev el of gly cosylation ar e cell-specific
ignaling, oxy gen lev el , temperatur e, pH and in tumors,
he micr oenvir onment [ 54 , 59 , 60 ]. Staining of MDA MB
31 SC with VVL was mor e effectiv e compar ed with that
f MCF7 SC and PC-3 SC ( Figure 4 ), suggesting higher
xpression of Tn-antigen in these cells. This was also
vident following staining with VVL-CA showing that
he labeling with the particles is in line with the results
r om VVL staining. How ev er, a higher staining efficiency
f SC was observed for VVL-CA than for VVL-CAP . This
ifference was bigger in MCF 7 and PC-3 cells compared
ith MDA MB 231. 

In the confocal microscopic images, we observed VVL
taining of the cell surface as well as on intracellular struc-
ures like the Golgi area and ER. VVL can most probably be
ndocytosed and bind Tn-antigen-expressing structures

nside the cells. The capacity of in ternaliza tion can differ
etween the cell lines. The initiation of O -glycosylation
nd transfer of a GalNAc on the Ser or Thr normally occurs

n the Golgi [ 61 , 62 ] but particularly in cancer cells, GalNAc
r ansfer ases can relocalize to ER with marked functional
 onsequenc es [ 63 , 64 ]. Intrac ellular staining of the c ells
ith the VVL-labeled nanoparticles was only observed in
 small amount. This was probably attribut ed t o the larger
imensions of the particles, their structural rigidity and
ossible particle aggregation in contrast to the lectins. 

To investigate if particles were agg regat ed and if
ingle particles could be observ ed , w e used Corr elativ e
ight and Electron Microscopy (CLEM) [ 45 ]. CLEM has
reviously been applied to check cell binding of the
articles b y Vanco vá and co workers, who used gold
anoparticles and quantum dots for the detection of
 ore fuc osylat ed glycans [ 65 ]. The results showed that
the particles w er e pr esent in differ en tly -sized aggrega tes.
No single particles attached to the cells w er e det ect ed
which could be either due to the resolution limits of
the microscope or due to the removal of the particles
during the washing process of sample preparation for
scanning electr on micr oscop y. T he fixation pr ocedur e
could also induce particle aggregation though, based on
TEM imaging, the particles themselves may be prone to
form clusters. 

5. Conclusion 

The experimental results suggest that the VVL-labeled
nanoparticles could be applied to detecting Tn-antigen-
expressing canc er c ells in the clinical setting. They
could be suitable for the demonstration of Tn-antigen-
expressing living cancer cells such as circulating tumor
cells in pa tien t blood samples and in the follow-up of
tumor pr ogr ession, and tr ea tmen t responses [ 66 ]. The
particles could also be used ex vivo for the demonstration
of Tn-antigen-expressing cancer cells by staining cell
smears or cryosections of tumor samples. However,
optimization of the particles and the PEGylation process
would be needed to decrease the aggregation and non-
specific staining and increase the specific binding of the
par ticles. Par ticularly, a higher fluoresc enc e int ensity of
the particles would help the microsc opic analy sis and
quan tifica tion of Tn-antigen-expressing cancer cells. In
addition, the use of these particles makes it possible
to label them with different lectins at the same time.
This would increase the possibility of detecting a specific
canc er-c ell type. The adv an tage of these particles is that
the dye can be changed which gives a variety of possible
combinations of dyes with increased intensity and lectin-
labeled particles for future studies. In the future, this
type of nanoparticles could be further developed to be
applied in targeting Tn-antigen-expressing cancer cells
for specific therapies in vivo [ 67 ]. The combination of
lectins and r ed-dy e doped nanoparticles, applying the
c onc ept present ed here c ould also be explored for the
detection of other cancer-specific changes with these
nanoparticles c onjugat ed with an appropriat e lectin or
glycan-binding antibody. The use of engineered lectins
could further optimize the use of our particles [ 52 ]. 

Article highlights 

• New VVL-labeled fluorescent red dye-doped silica-c oa ted PS 
particles w er e dev eloped and t est ed for det ection of Tn-antigen, 
expressed only in malignant cells. 

• Breast and prostate cancer cell lines gene-engineered to express 
Tn-antigen at a high level and non-engineered counterparts were 
used as models. 

• The VVL-labeled particles bound specifically and effectively to 
Tn-an tigen-e xpressing cells compared with their control cells as 
sho wn b y flo w cyt ometry. 
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• Confocal microscopy showed that the VVL-labeled particles were 
bound to the cell surface of target cells, mostly as aggregates. 

• Further optimization to increase the intensity of the fluoresc enc e 
and decrease the aggregation tendency of particles would help 
detect single particles. 

• The VVL-labeled nanoparticles could be used for recognizing 
Tn-an tigen-e xpressing cells (circulatory tumor cells) in blood 
samples of breast and prostate cancer patients, biopsies, or 
cryosections of tumor samples. In the future, they could also be 
developed to function in vivo as carriers for targeted therapy of 
Tn-an tigen-e xpressing cancer. 

uthor contributions 

 Verhassel: methodology, investigation, data analysis, visual-
zation, wr iting - or iginal draft, wr iting – review & editing. M
imani: methodology, investiga tion, da ta analysis, visualiza tion,
riting - original draft, writing – review & editing. K Gidwani:
ethodology, writing – review & editing. J Sandholm: method-

logy, supervision, visualization, writing – review & editing, K
awliza: c onc eptualization, methodology, supervision, visual-

zation, writing – review & editing. K Rurack: c onc eptualization,
unding acquisition, r esour ces, writing – r eview & editing. P
ärkönen: c onc eptualization, funding ac quisition, r esour ces,

upervision, writing – review & editing. 

inancial disclosure 

he study was funded as part of the European Network
Glyc oImag ing’ by the European Union’s Horizon 2020 r esear ch
nd innov a tion program under the Mar ie Sk � l odowska-Cur ie
ction grant agreement No. 721297. 

Working grants w er e r eceiv ed fr om the Univ ersity of
ur k u Graduate School (Drug R esearch D oct oral Prog ramme),

da Montinin Säätiö (The Ida Montin Foundation), K. Albin
ohansson Foundation, Paulo Foundation and Lounais-Suomen
 yöpäyhdistys (The Cancer Society of Southwestern Finland). 

The authors have no other relev an t affilia tions or financial
nv olv ement with any organization or entity with a financial
nterest in or financial conflict with the subject matter or mate-
ials discussed in the manuscript apart from those disclosed. 

ompeting interests disclosure 

he authors have no competing interests or relev an t affilia tions
ith any organization or entity with the subject matter or mate-

ials discussed in the manuscript. This includes employment,
 onsultancies, honoraria, st ock ownership or options, expert
 estimony, g ran ts or pa ten ts r eceiv ed or pending, or r oyalties. 

riting disclosure 

o writing assistance was utilized in the production of this
anuscript. 

RCID 

lejandra Verhassel https://or cid .org/0009-0006-7289-2791 
artha Kimani https://or cid .org/0000-0002-1292-9795 

amlesh Gidwani https://or cid .org/0000-0002-9014-0618 
ouko Sandholm https://or cid .org/0000-0003-0638-2444 
ornelia Gawlitza https://or cid .org/0000-0002-2043-4522 
nut Rurack https://or cid .org/0000-0002-5589-5548 
Pir kko Här könen https://or cid .org/0000-0001-9440-9971 

References 

Papers of special note have been highlighted as: • of interest; ••
of considerable interest 

1. Reily C, Stewart TJ, Renfrow MB, et al. Glycosylation in
health and disease. Nat Rev Nephr ol . 2019;15(6):346–366.
doi: 10.1038/s41581- 019- 0129- 4 
• This paper gives a clear overview of glycobiology
and focuses on its role in diseases such as cancer. 

2. Varki A. Biological roles of glycans. Glycobiology.
2017;27(1):3–49. doi: 10.1093/glycob/cww086 

3. Schjoldager KT, Narimatsu Y, Joshi HJ, et al. Global view
of human pr otein gly cosyla tion pa thw ays and functions.
Nat Rev Mol Cell Biol. 2020;21(12):729–749. doi: 10.1038/
s41580- 020- 00294- x 
• Here a clear overview of the different types of
glycosylation is explained 

4. Fu C, Zhao H, Wang Y, et al. Tumor-associated
an tigens: tn-an tigen, sTn-an tigen, and T an tigen. HLA.
2016;88(6):275–286. doi: 10.1111/tan.12900 
• This paper gives an overview of aberrant O- glyc ans
and their role in cancer. 

5. Dube DH, Bertozzi CR. Glycans in cancer and
inflamma tion–poten tial for therapeutics and
diagnostics. Nat Rev Drug Discov. 2005;4:477–488.
doi: 10.1038/nrd1751 

6. Adamczyk B, Tharmalingam T, Rudd PM. Glycans
as cancer biomarkers. Biochim Biophys Acta.
2012;1820(9):1347–1353. doi: 10.1016/j.bbagen.2011.
12.001 

7. Thomas D, Rathinavel AK, Radhakrishnan P. Altered
glyc osylation in canc er: a promising target for biomarkers
and therapeutics. Biochim Biophys Acta- Rev Cancer.
2021;1875(1):188464. doi: 10.1016/j.bbcan.2020.188464 

8. Costa AF, Campos D, Reis CA, et al. Targeting Glyco-
sylation: A New Road for Cancer Drug Discov ery. Tr ends
Cancer. 2020;6(9):757–766. doi: 10.1016/j.trecan.2020.04
.002 

9. Brockhausen I. Pa thw ays of O - glycan biosynthesis
in cancer cells. Biochim Biophys Acta-Gen Subj.
1999;1473(1):67–95. doi: 10.1016/S0304-4165(99)001
70-1 

10. Itzkowitz SH, Yuan M, Montgomery CK, et al . Expr ession
of T n, Sialosyl-T n, and T Antigens in Human Colon Cancer.
Cancer Res. 1989;49(1):197 LP–204. 

11. Konska G, Guerry M, C aldefie-Chez et F, et al. Study
of the expression of Tn-antigen in different types of
human breast cancer cells using VVA-B4 lectin. Oncol Rep.
2006;15(2):305–310. doi: 10.3892/OR.15.2.305 

12. K umar SR, Saut er ER, Quinn TP, et al. Thomsen-
Friedenreich and Tn-antigens in Nipple Fluid: Carbohy-
drate Biomarkers for Breast Cancer Detection. Clin Cancer
Res. 2005;11(19):6868–6871. doi: 10.1158/1078-0432.CC
R- 05- 0146 

13. Li Q, Anver MR, Butcher DO, et al. Resolving conflicting
data on expression of the Tn-antigen and implications
for clinical trials with cancer vaccines. Mol Cancer Ther.
2009;8(4):971–979. doi: 10.1158/1535- 7163.MCT- 08- 0934

14. Babino A, Oppezzo P, Bianco S, et al. Tn-antigen is a
pr e-cancer ous biomarker in breast tissue and serum in

https://orcid.org/0009-0006-7289-2791
https://orcid.org/0000-0002-1292-9795
https://orcid.org/0000-0002-9014-0618
https://orcid.org/0000-0003-0638-2444
https://orcid.org/0000-0002-2043-4522
https://orcid.org/0000-0002-5589-5548
https://orcid.org/0000-0001-9440-9971
https://doi.org/10.1038/s41581-019-0129-4
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1038/s41580-020-00294-x
https://doi.org/10.1111/tan.12900
https://doi.org/10.1038/nrd1751
https://doi.org/10.1016/j.bbagen.2011.12.001
https://doi.org/10.1016/j.bbcan.2020.188464
https://doi.org/10.1016/j.trecan.2020.04.002
https://doi.org/10.1016/S0304-4165(99)00170-1
https://doi.org/10.3892/OR.15.2.305
https://doi.org/10.1158/1078-0432.CCR-05-0146
https://doi.org/10.1158/1535-7163.MCT-08-0934


NANOMEDICINE 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n-nitr osomethylur ea-induced rat mammary carcinogen-
esis. Int J Cancer. 2000;86(6):753–759. doi: 10.1002/(sici)1
097- 0215(20000615)86:6 〈 753::aid- ijc1 〉 3.0.co;2- # 

15. Ju T, Aryal RP, Kudelka MR, et al. The Cosmc connection to
the Tn-antigen in cancer. Cancer Biomark. 2014;14(1):63–
81. doi: 10.3233/CBM-130375 

16. Sz czykuto wicz J, Tkaczuk-W � l ach J, Ferens-Sieczkowska
M. Gly copr oteins Pr esenting Galactose and N-
Ac etylgalact osamine in Human Seminal Plasma as
Potential Play ers Inv olv ed in Immune Modulation in
the Fertilization Process. Int J Mol Sci. 2021;22(14):7331.
doi: 10.3390/ijms22147331 

17. Poiroux G, Barre A, van Damme EJM, et al. Plant Lectins
Targeting O - Glycans at the Cell Surface as Tools for
Canc er Diag nosis, Prog nosis and T herap y. Int J M ol S ci.
2017;18(6):1232. doi: 10.3390/ijms18061232 

18. Matsumoto Y, Kudelka MR, Hanes MS, et al. Identifi-
cation of Tn-antigen O - GalNAc-expr essing gly copr oteins
in human carcinomas using novel anti-Tn recombinant
antibodies. Glycobiology. 2020;30(5):282–300. doi: 10.109
3/glycob/cwz095 

19. S Silva ML, Rangel MGH. A Vicia villosa agglutinin biosen-
sor for canc er-associat ed Tn-an tigen. Sens Actua tors B
Chem. 2017;252:777–784. doi: 10.1016/j.snb.2017.06.021 

20. Pinto R, Carvalho AS, Conze T, et al. Iden tifica tion
of new cancer biomarkers based on aberrant mucin
glycoforms by in situ proximity ligation. J Cell Mol
Med. 2012;16(7):1474–1484. doi: 10.1111/j.1582-4934.20
11.01436.x 

21. Liyanage SH, Yan M. Quantification of binding affinity of
glyc onanomat erials with lectins. Chem Commun (Camb).
2020;56(88):13491–13505. doi: 10.1039/d0cc05899h] 

22. Lour eir o LR, Carrascal MA, Barbas A, et al. Challenges in
an tibody developmen t against T n and Sialyl-T n-antigens.
Biomolecules. 2015;5:1783–1809. 

23. Gidw ani K, Huh tinen K, Kek k i H, et al. A nanoparticle-
lectin immunoassay impr ov es discrimination
of serum CA125 from malignant and benign
sources. Clin. Chem. 2016;62(10):1390–1400.
doi: 10.1373/clinchem.2016.257691 
•• In this paper, the r esear chers focus on serum cancer
antigen 125 (CA125) and explain in detail the benefit
of using lectin-labeled particles over lectins only. 

24. Gidwani K, Nadeem N, Huhtinen K, et al . Eur opium
Nanoparticle-Based Sialyl-Tn Monoclonal Antibody Dis-
criminates Epithelial Ovarian Canc er-A ssociat ed CA125
from Benign Sources. J Appl Lab Med. 2019;4(3):299–310.
doi: 10.1373/jalm.2018.028266 

25. Curtis EM, Bahrami AH, Weikl TR, et al. Modeling nanopar-
ticle wrapping or translocation in bilayer membranes.
Nanoscale. 2015;7(34):14505–14514. doi: 10.1039/c5nr02
255j 

26. Rees P, Wills JW, Brown MR, et al. The origin of het-
erogeneous nanoparticle uptake by cells. Nat Commun.
2019;10:2341. doi: 10.1038/s41467- 019- 10112- 4 

27. Sarma D, Carl P, Climent E, et al. Multifunctional
Polystyr ene Cor e/Silica Shell Micr oparticles with Antifoul-
ing Properties for Bead-Based Multiplexed and Quantita-
tive Analysis. ACS Appl Mater Int erfac es. 2019;11(1):1321–
1334. doi: 10.1021/acsami.8b10306 

28. Tobias C, Climent E, Gawlitza K, et al . Polystyr ene
Micr oparticles with Conv ergently Gr own Mesopor ous Sil-
ica Shells as a Promising Tool for Multiplexed Bioanalytical
A ssay s. ACS Appl Mater Int erfac es. 2021;13(1):207–218.
doi: 10.1021/acsami.0c17940 

29. Behnke T, Würth C, Hoffmann K, et al. Encapsulation of
Hy dr ophobic Dy es in Polystyr ene Micr o- and Nanoparti-
cles via Swelling Procedures. J Fluoresc. 2011;21(3):937–
944. doi: 10.1007/s10895- 010- 0632- 2 

30. Behnke T, Mathejczyk JE, Brehm R, et al. Target-specific
nanoparticles containing a broadband emissive NIR dye
for the sensitive detection and characterization of tumor
developmen t. Bioma terials. 2013;34(1):160–170. doi: 10.1
016/j.biomaterials.2012.09.028 

31. Zhu H, McShane MJ. Loading of Hy dr ophobic Materi-
als into Polymer Particles: Implications for Fluorescent
Nanosensors and Drug Delivery. J. Am. Chem. Soc.
2005;127(39):13448–13449. doi: 10.1021/ja052188y 

32. Haab BB. Using lectins in biomarker r esear ch: addr essing
the limitations of sensitivity and availability. PROTEOMICS
- Clinical Applications. 2012;6(7-8):346–350. doi: 10.1002/
PRCA.201200014 

33. Yang X, Sun Y, Xiang Y, et al . Contr olled synthesis
of PEGylated surface protein-imprinted nanoparticles.
A nalyst . 2019;144(18):5439–5448. doi: 10.1039/c9an0122
1d 

34. Han X, Han W, Zhang S, et al. PEGylation of protein-
imprint ed nanoc omposit es sandwiching CdTe quantum
dots with enhanced fluorescence sensing selectivity. RSC
Adv. 2019;9(65):38165–38173. doi: 10.1039/c9ra08556d 

35. Chen B, Zuberi M, Ben Borgens R, et al. Affinity for, and
Localization of, PEG-Functionalized Silica Nanoparticles
t o Sit es of Damage in an Ex V iv o Spinal Cord Injury Model.
J Biol Eng. 2012;6(1):18. doi: 10.1186/1754- 1611- 6- 1827 

36. St eent oft C, Vakhrushev SY, Joshi HJ, et al . Pr ecision map-
ping of the human O - GalNAc gly copr oteome thr ough
SimpleCell technology. EMBO J. 2013;32(10):1478–1488.
doi: 10.1038/emboj.2013.79 
•• In this paper r esear chers explain the strategy of
the SimpleCell Technique and O-glycoproteome in
more detail and focus on different human cell lines;
including the cell lines used in this paper. 

37. Ju T, Cummings RD. A unique molecular chaperone
Cosmc r equir ed for activity of the mammalian core 1
beta 3-galactosyltr ansfer ase. Proc Natl Acad Sci USA.
2002;99(26):16613–16618. doi: 10.1073/pnas.262438
199 

38. Xu J, Zhu L, Wang Q, et al. meso-C6F5 substituted BOD-
IPYs with distinctive spectroscopic properties and their
application for bioimaging in living cells. Tetrahedron.
2014;70(35):5800–5805. doi: 10.1016/j.tet.2014.06.040 

39. Ernaw a ti L, Balgis R, Ogi T, et al. Role of Acetone in
the Formation of Highly Dispersed Cationic Polystyrene
Nanoparticles. Chem Process Eng. 2017;38(1):5800–5805.
doi: 10.1515/cpe- 2017- 0002 

40. Nandiy an to ABD, Suhendi A, Ogi T, et al. Synthesis of
additiv e-fr ee cationic polystyrene particles with control-
lable size for hollow t emplat e applications . C olloids Surf
A Phy sic ochem Eng Asp. 2012;396:96–105. doi: 10.1016/j.
colsurfa.2011.12.048 

41. Stöber W, Fink A, Bohn E. Controlled growth of monodis-
perse silica spheres in the micron size range. Journal of
Colloid and Int erfac e Scienc e. 1968;26(1):62–69. doi: 10.1
016/0021- 9797(68)90272- 5 

https://doi.org/10.1002/(sici)1097-0215(20000615)86:6\begingroup \count@ "003C\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {~}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 753::aid-ijc1\begingroup \count@ "003E\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {~}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 3.0.co;2-
https://doi.org/10.3233/CBM-130375
https://doi.org/10.3390/ijms22147331
https://doi.org/10.3390/ijms18061232
https://doi.org/10.1093/glycob/cwz095
https://doi.org/10.1016/j.snb.2017.06.021
https://doi.org/10.1111/j.1582-4934.2011.01436.x
https://doi.org/10.1039/d0cc05899h]
https://doi.org/10.1373/clinchem.2016.257691
https://doi.org/10.1373/jalm.2018.028266
https://doi.org/10.1039/c5nr02255j
https://doi.org/10.1038/s41467-019-10112-4
https://doi.org/10.1021/acsami.8b10306
https://doi.org/10.1021/acsami.0c17940
https://doi.org/10.1007/s10895-010-0632-2
https://doi.org/10.1016/j.biomaterials.2012.09.028
https://doi.org/10.1021/ja052188y
https://doi.org/10.1002/PRCA.201200014
https://doi.org/10.1039/c9an01221d
https://doi.org/10.1039/c9ra08556d
https://doi.org/10.1186/1754-1611-6-1827
https://doi.org/10.1038/emboj.2013.79
https://doi.org/10.1073/pnas.262438199
https://doi.org/10.1016/j.tet.2014.06.040
https://doi.org/10.1515/cpe-2017-0002
https://doi.org/10.1016/j.colsurfa.2011.12.048
https://doi.org/10.1016/0021-9797(68)90272-5


16 A. VERHASSEL ET AL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

42. St eent oft C, Vakhrushev SY, Vest er-Christ ensen MB,
et al. Mining the O - glyc oprot eome using zinc-finger
nuclease-glyc oeng ineered SimpleCell lines. Nat Methods.
2011;8(11):977–982. doi: 10.1038/nmeth.1731 
•• This paper discusses the SimpleCell technology
and its benefits. 

43. Wang L, Yang X, Wang Q, et al. Effects of ionic
strength and temperature on the aggregation and depo-
sition of multi-walled carbon nanotubes. J Environ Sci.
2017;51:248–255. doi: 10.1016/j .jes .2016.07.003 

44. Shrestha S, Wang B, Dutta P. Nanoparticle processing:
understanding and c ontrolling agg regation. Adv. Colloid
Int erfac e Sci. 2020;279:102162. doi: 10.1016/J.CIS.2020.1
02162 

45. Rilla K, Koistinen A. Corr elativ e light and electron
micr oscopy r ev eals the HAS3-induced dorsal plasma
membrane ruffles. Int J Cell Biol. 2015;2015:769163.
doi: 10.1155/2015/769163 

46. D e B oer P, Hoogenboom JP, Giepmans BNG. Cor related
light and electron microscopy: ultrastructure lights up!
Nature Methods. 2015;12(6):503–513. doi: 10.1038/nmet
h.3400 

47. Ogawa H, Ghazizadeh M, Araki T. Tn and sialyl-Tn-antigens
as pot ential prog nostic mar kers in human ovar ian carci-
noma. Gynec ol Obst et Invest. 1996;41(4):278–283. doi: 10
.1159/000292284 

48. Bojar D, Meche L, Meng G, et al. A Useful Guide
to L ectin Binding: Machine-L earning Directed Anno-
tation of 57 Unique Lectin Specificities. ACS Chem
Biol. 2022;17(11):2993–3012. doi: 10.1021/acschembio.1
c00689 

49. Thurnher M, Clausen H, Shar on N, et al . Use of
O - Gly cosylation-Defectiv e Human Lymphoid Cell Lines
and Flow Cytometry to Delineate the Specificity of
Moluc c ella Laevis Lectin and Monoclonal Antibody 5F4
for the Tn-antigen ( GalNA cel- O -Ser/Thr). Immunol. Lett.
1993;36(3):239–243. doi: 10.1016/0165- 2478(93)90095- j 

50. P alladino P, P api F, Minunni M, et al. Structurally
Constrained MUC1-Tn Mimetic Antigen as Template
for Molecular ly Impr inted Polymers (MIPs): A
Promising Tool for Canc er Diag nostics. Chempluschem.
2022;87(9):e202200068. doi: 10.1002/cplu.202200068 

51. Staudinger C, B or isov SM. Long-wavelength analyte-
sensitiv e luminescent pr obes and optical (bio)sensors.
Methods Appl Fluor esc . 2015;3(4):042005. doi: 10.1088/20
50-6120/ 3/ 4/ 042005 

52. Tommasone S, Allabush F, Tagger YK, et al. The chal-
lenges of glycan rec og nition with natural and artificial
rec ept ors. Chem Soc Rev. 2019;48(22):5488–5505. doi: 10
.1039/C8CS00768C 

53. Sun X, Ju T, Cummings RD. Differ ential expr ession of
Cosmc, T-synthase and mucins in Tn-positive colorectal
canc ers. BMC Canc er. 2018;18(1):827. doi: 10.1186/s12885
- 018- 4708- 8 

54. Radhakrishnan P, Dabelsteen S, Madsen FB,
et al . Immatur e truncated O - glycophenotype of
cancer directly induces oncogenic features. Proc
Natl Acad Sci USA. 2014;111(39):E4066–E4075.
doi: 10.1073/pnas.1406619111 
55. Seib FP, Patel AK, El-Baz N, et al. The impact of
PEGylation on cellular uptake and in vivo biodistribution
of gold nanoparticle MRI contrast agents. Bioengineering.
2022;9(12):766. doi: 10.3390/bioengineering9120766 

56. Forgham H, Zhu J, Zhang T, et al. Fluorine-modified
polymers reduce the adsorption of immune-r eactiv e
prot eins t o PEGylat ed gold nanoparticles. Nanomedicine
(London, England). 2024;19(11):995–1012. doi: 10.2217/
nnm- 2023- 0357 

57. Hama S, Itakura S, Nakai M, et al . Ov er coming
the poly ethylene gly c ol dilemma via patholog ical
envir onment-sensitiv e change of the surface property
of nanoparticles for cellular entry. J Control Release.
2015;206:67–74. doi: 10.1016/j.jconr el .2015.03.011 

58. Fang Y, Xue J, Gao S, et al. Cleav able PEGyla tion: a
strategy for ov er coming the “PEG dilemma” in efficient
drug delivery. Drug Delivery. 2017;24(2):22. doi: 10.1080/
10717544.2017.1388451 

59. Peixoto A, Fernandes E, Gaiteiro C, et al. Hypoxia
enhanc es the malig nan t na ture of bladder canc er c ells
and c onc omitan tly an tagonizes protein O - glycosylation
ext ension. Onc otarget. 2016;7(39):63138–63157. doi: 10.1
8632/oncotarget.11257 

60. Kim SM, Chang KH, Oh DJ. Effect of environmental param-
eters on glycosylation of recombinant immunoglobulin
G pr oduced fr om r ecombinant CHO cells. Biotechnol
Bioprocess Eng. 2018;23(4):456–464. doi: 10.1007/s12257
- 018- 0109- 8 

61. Park JH, Nishidate T, Kijima K, et al. Critical roles of
mucin 1 glycosylation by transactiv a ted polypeptide N-
ac etylgalact osamin yltransf erase 6 in mammary carcino-
genesis . Cancer Res . 2010;70(7):2759–2769. doi: 10.1158/
0008- 5472.CAN- 09- 3911 

62. Gupta R, Leon F, Rauth S, et al. A sy st ematic review on the
implications of O-linked glycan branching and truncating
enzymes on cancer pr ogr ession and metastasis. Cells.
2020;9(2):446. doi: 10.3390/cells9020446 

63. Gill DJ, Tham KM, Chia J, et al. Initiation of GalNAc-
type O - gly cosylation in the endoplasmic r eticulum pr o-
mot es canc er c ell invasiv eness. Pr oc Natl Acad Sci
USA. 2013;110(34):E3152–E3161. doi: 10.1073/pnas.130
5269110 

64. Nguyen AT, Chia J, Ros M, et al. Organelle spe-
cific O - gly cosylation driv es MMP14 activ a tion, tumor
growth, and metastasis. Cancer Cell. 2017;32(5):639–
653.e6. doi: 10.1016/J.CCELL.2017.10.001 
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