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Abstract
Oligonucleotide-carbohydrate conjugates is an efficient strategy to provide cell-specific delivery of oligonucleotides. 
Combining the multivalent nature of molecular spherical nucleic acids (MSNAs) with a proper glyco-decoration results 
in multiglyco-oligonucleotide constructs, which could potentially increase the sugar-based cell surface recognition and 
widen the scope of sugars applied for delivery. On the other hand, MSNAs are prone to scavenger A-receptor-mediated 
endocytosis, the strength of which can hardly be compensated by the sugar-mediated delivery. In this report, the forma-
tion of bleomycin saccharide-decorated MSNAs was evaluated by steady-state and time-resolved spectroscopies, reveal-
ing significant effects on the fluorescence quantum yields and negative cooperativity. Cellular uptake of the MSNAs in 
cancerous 22Rv1 and PC3 cell-lines was evaluated by fluorescence-lifetime imaging microscopy (FLIM), wide-field 
microscopy, and flow cytometry. In addition, optimized synthesis and further characterization (homogeneity and molecular 
mass evaluation, DNase I stability) of these hybridization-mediated macromolecular glycoclusters, consisting of 36 mono/
disaccharide units, were described.
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1  Introduction

Conjugation of oligonucleotides to carbohydrates is a 
potential method to increase their tissue-specific delivery 
and cellular uptake via receptor-mediated endocytosis. For 
example, conjugation to N-acetylgalactosamine (GalNAc) 
[1], which results in targeted delivery to hepatocytes via 
asialoglycoprotein receptors, is applied in FDA (U.S. Food 
and Drug Administration) approved small interfering RNAs 
(siRNAs): Givosiran, Lumasiran, Inclisinar, and Vutrisinar 
[2]. Since many carbohydrate–protein interactions are 
multivalent, multiple copies of the carbohydrate, result-
ing in glycoclusters, are usually needed for sufficient cell-
specific targeting [2, 3]. The biodistribution properties may 
also change due to the altered binding of the conjugates to 
plasma proteins.

Bleomycin (BLM) is a glycopeptoid-derivative that 
is used in cancer treatment. Its targeting to tumors is 
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achieved through a bleomycin disaccharide (i.e. 2-O-(3-O-
carbamoyl-α-d-mannopyranosyl)-l-gulopyranose) while 
the peptoid part is responsible for the cytotoxicity [4–6]. 
BLM saccharides have been shown to increase uptake in 
several cancer cell lines, including breast cancer and pros-
tate cancer [7–10]. The cellular uptake in tumor cells is 
markedly better than in equivalent non-cancerous cell lines, 
proving that the uptake is selective to tumor cells [7, 8]. 
The reason behind the selectivity is expected to be related to 
glucose transporters, which are upregulated in tumors [8, 9]. 
The cellular uptake of BLM is dependent on the placement 
and stereochemistry of the disaccharide as well as the place-
ment of the carbamoyl group [9, 11]. The monosaccharide 
carbamoylmannose by itself is also capable of enhancing 
uptake in tumor cells [10]. Additionally, it has been shown 
that glycoclusters consisting of three BLM saccharides can 
enhance cellular uptake in tumor cells [8, 10, 11], provid-
ing evidence that the interactions of BLM saccharides with 
cell surface receptors are multivalent. BLM saccharides 
have shown potential as targeting moieties for molecules 
other than BLM, including dyes [7, 10, 11], microbubbles 
[12] and nanoparticles [13]. Consequently, bleomycin sac-
charide glycoclusters could also be used in the delivery of 
oligonucleotides.

Molecular spherical nucleic acids (MSNAs) [14–22] and 
other dendritic nucleic acid structures [23–25] may exhibit 
increased cellular uptake compared to linear oligonucle-
otides via Scavenger A-receptor-mediated endocytosis [26, 
27], improved circulation time in vivo [16, 28] and resis-
tance to nuclease degradation [29, 30]. The exact behavior 
is dependent on the size, surface chemistry, and surface 
density of the MSNAs [28, 31–33], as well as plasma pro-
tein binding to their surface [34, 35]. Due to the multiva-
lent nature of these nanoparticular formulations, they may 
offer optimal scaffolds for carbohydrate-mediated delivery. 
Combining glycocluster-conjugated oligonucleotides with 
MSNAs results in highly multivalent carbohydrate deco-
rated structures that are reminiscent of recent C60-fuller-
ene-derived “glyco-superballs”, which have found use as 
anti-viral agents [36, 37] and glycosidase inhibitors [38, 39]. 
This decoration could hide the negatively charged oligonu-
cleotide content while simultaneously enhancing the effect 
of the surface ligands [17, 18, 40]. Since surface chemistry 
plays a major role in the protein corona of nanoparticles [34, 
41, 42], it is likely that the surface decoration of MSNAs 
may also change their protein binding. Our previous stud-
ies have shown that surface decoration with chondroitin 
sulfates [18], folate [22] and Trastuzumab [14] can be used 
to adjust the biodistribution and cellular uptake of MSNAs.

Recently, we synthesized tripodal bleomycin saccharide 
(α/β-bleomycin disaccharide and carbamoyl mannose) con-
jugates of a splice-witching oligonucleotide (AONARV7) 

and hybridized these conjugates with a 12-arm C60-derived 
MSNA consisting of complementary 2’-deoxyoligoribo-
nucleotide sequences (Table  1) [17]. Hybridization-medi-
ated MSNAs with 36 carbohydrate units on their surface 
were obtained (Scheme 1A). In this study, we optimized 
the synthesis of the oligonucleotide conjugates (ON2-
ON4, Scheme 1A, Scheme S1), based on strain-promoted 
alkyne-nitrone cycloaddition (SPANC), and provided fur-
ther characterization of the MSNAs (MSNA1-4), including 
their homogeneity/molecular weight estimation by size-
exclusion chromatography equipped with multi-angle light 
scattering detector (SEC-MALS). Steady-state and time-
resolved fluorescence techniques were used to study the 
effect of the sugar-moieties on the spectroscopic properties 
of the AF488-labeled oligonucleotide, and the formation 
of the MSNA was analyzed using the cooperative binding 
model. Cellular uptake of the conjugates (ON1-ON4 and 
MSNA1-4) was studied in 22Rv1 and PC3 cell-lines in 
three different media (serum-free (SF), human serum (HS), 
fetal bovine serum (FBS)), using flow cytometry and fluo-
rescence-lifetime imaging microscopy (FLIM).

2  Materials and methods

2.1  Optimized synthesis of oligonucleotide 
conjugates (ON2-ON4)

Nitrone-modified glycoclusters 4–6S and dibenzocyclooc-
tyne (DBCO)-modified oligonucleotide ON1S (cf. support-
ing information) were synthesized as previously described 
[17]. A multistep synthesis is required for 4–6S, which 
makes them expensive starting materials. Therefore, an 
excess (1.5 equiv.) of ON1S (which can be readily syn-
thesized by an automated synthesizer using commercially 
available building blocks) was used for the SPANC conju-
gation. Each of the glycoclusters (4S, 5S or 6S, 0.1 µmol) 
and ON1S (1.5 equiv.) were dissolved in a small amount 
of water (25 µL). The reaction mixtures were incubated 
overnight at room temperature, and the obtained oligonu-
cleotide-glycoconjugates ON2S-ON4S were purified by 
reversed-phase high performance liquid chromatography 
(RP HPLC, see profiles of crude product mixtures: A-C and 
profiles after purification: D-F, Figure S1). The authentic-
ity of the intermediate products (ON2S-ON4S) was verified 
by electrospray ionization time-of-flight mass spectrometry 
(MS, ESI-TOF). The product fractions were evaporated to 
dryness and the residues were dissolved in a freshly pre-
pared mixture of dimethyl sulfoxide (DMSO, 25 µL), N, 
N-diisopropylethylamine (DIEA, 0.2 µmol) and AF488 
N-hydroxysuccinimide ester (0.5 µmol). The reaction mix-
tures were incubated overnight at room temperature, and 
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the obtained oligonucleotide-glycoconjugates ON2-4 were 
purified by RP HPLC (see profiles of crude product mix-
tures: G-I and profiles after purification: J-L, Figure S1). 
The authenticity of the products (ON2-4) was verified by 
MS (ESI-TOF). ON2, ON3 and ON4 were obtained in 33%, 
19% and 15% overall yields, respectively (based on AF488-
specific UV-absorbance at 497 nm).

2.2  SEC-MALS analysis

SEC-MALS analysis of the MSNAs was performed using 
an Äkta Pure 25 M1 HPLC-system equipped with a Wyatt 
miniDAWN TREOS II MALS-detector and a Wyatt Opti-
lab T-rEX refractive index (RI) detector. A Superdex 200 
Increase 10/300 GL column was used with a flow rate of 
0.75 ml/min and 150 mM sodium phosphate (pH7.0) as the 
mobile phase. For each run, 20–40 µg of MSNA in 500 µL 
of the mobile phase, with 0.1 M NaCl added, was injected. 
A 30  min run time was used. The molecular weight was 

extracted from the major fraction using an average refrac-
tive index increment (dn/dc) of 0.1703 mL/g.

2.3  Absorption and fluorescence measurements

Absorption spectra of the solutions were recorded with 
Shimadzu UV3600 spectrophotometer (Japan) and the 
fluorescence spectra with FLS-1000 photoluminescence 
spectrometer (Edinburgh Instruments, U.K.) with 470  nm 
as the excitation wavelength. The fluorescence spectra were 
corrected according to the wavelength sensitivity of the 
detector and the excitation source intensity. Time-resolved 
fluorescence was measured using a time-correlated single 
photon counting (TCSPC) system (PicoQuant GmBH, 
Chaussee, Germany) consisting of a PicoHarp 300 control-
ler and a PDL 800-B driver. The samples were excited with 
the pulsed diode laser head LDH-P-C-485 at 483 nm at a 
time resolution of 130 ps. The signals were detected with 
a microchannel plate photomultiplier tube (Hamamatsu 

Table 1  The studied MSNAs, the oligonucleotides used in hybridization and the carbohydrates on the conjugates
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R2809U). The influence of the scattered excitation light was 
reduced with a cutoff filter (transmission > 490 nm) in front 
of the monitoring monochromator. Fluorescence decays 
were monitored at 520 nm. The instrumental response func-
tion (IRF) was measured separately, and the decays were 
deconvoluted and fitted by applying the iterative least-
squares method to the sum of 1–2 exponents (Eq. 1).

I (t) =
∑

i
aie

−t/τ i � (1)

In this Eq. 1, τi is the global lifetime and ai is the local ampli-
tude (pre-exponential factor). The amplitude averaged life-
times ⟨τ⟩ were calculated using Eq. 2.

⟨τ⟩A =
∑

i

aiτi/
∑

i

ai� (2)

2.4  Cellular uptake studies for microscopy

2.4.1  Cell culture

PC3 (European Collection of Authenticated Cell Cultures, 
UK) and 22Rv1 (American Type Culture Collection, USA) 
cells were cultured in RPMI-1640 medium with ʟ-glutamine 
supplemented with 1% (v/v) penicillin-streptomycin and 
with 10% (v/v) of either fetal bovine serum (FBS), human 
serum (Merck, Espoo, Finland) or without serum.

Scheme 1  a Synthesis of the MSNAs. ON1-4 are 2´-OMe ribonucleo-
tides with a phosphorothioate backbone, except for the single phos-
phodiester bond at the 5´-end. ON5 is a 2´-deoxyribonucleotide with a 

phosphate backbone. Conditions: (i) 0.3 equiv. ON5 in DMSO/water 
(9:1, v:v), (ii) 1.2 equiv./branch ON5 in 1.5  M NaCl (aq.) b SEC-
MALS analyses of MSNAs1-4
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2.4.2  Widefield microscopy

For all cellular uptake studies, stock solutions of the MSNAs 
and oligonucleotides (1 µM) were prepared in 1 × PBS 
(phosphate buffered saline), which were then diluted into the 
media used for the studies. Uptake studies of ON1 − 4 and 
the corresponding MSNAs1 − 4 (10 nM) were carried out 
with PC3 and 22Rv1 cells. Data were compared to untreated 
PC3 and 22Rv1 cells in matching serum conditions. Uptake 
studies were carried out in serum-free medium as reported 
previously [17]. Either 86,000 cells/cm2 PC3 or 107,500 
cells/cm2 22Rv1 cells were seeded in 8-well chamber slides 
in standard tissue culture conditions for 24 ± 2 hours before 
experimentation. Cells were then incubated with ON1–4 or 
MSNA1 − 4 for 4 h, after which the cells were washed with 
1 × PBS- and fixed with 4% (w/v) paraformaldehyde for 
15 min and stained with ProLong Diamond Antifade Moun-
tant with DAPI (4′,6-diamidino-2-phenylindole) and sealed 
with a coverslip. Widefield microscopy was performed 
within 2 weeks of fixation. Fixed samples were imaged with 
a Nikon Eclipse Ti2-widefield microscope. Microscope set-
tings were consistent throughout all experiments with each 
cell line. Scale bars in each image are 20 μm. Images were 
edited by enhancing image contrast and brightness with Fiji 
(10.1038/nmeth.2019) [43].

2.4.3  FLIM imaging

Cell samples were prepared 1–2 days prior to FLIM imaging. 
In an 8-well plate 20 000 cells/well were seeded. For 22Rv1 
cells the well plates were coated with Fibronectin. For PC3 
cells the medium was changed to Fluorobrite + 10% FBS 2 h 
before the imaging, whereas for 22Rv1 cells RPMI medium 
without phenol red was used. 50 µl of the MSNA sample 
was added into the wells at the microscope stage directly 
before imaging of the first time points (several minutes after 
the addition) followed by further imaging for 7 h. A single 
cell was imaged every 2 h until the end of the experiment 
or until the cell detached. As the aim of the study was to 
monitor the trafficking of MSNAs in the cells, the excess of 
the label was not washed out prior the FLIM measurements 
in contrast to conventional sample preparation for confocal 
microscopy. This was possible as the signal intensity in the 
cell area was incomparably high regarding the background 
intensity in the medium. Moreover, the area inside the cell 
was selected as the region of interest (ROI) for further anal-
ysis allowing to exclude the effect of the background.

Fluorescence lifetime images were acquired using a fluo-
rescence lifetime microscope MicroTime-200 (PicoQuant, 
Germany) coupled to the inverted microscope Olympus 
IX-71 (Olympus, Japan). Imaging with a 100 × oil objec-
tive having NA 1.4 enabled a minimum spatial resolution 

of 300 nm and a maximum scan area of 80 μm × 80 μm. 
The pulsed laser diode LDH-P-C483 (PicoQuant, Germany) 
emitting at 483 nm (time resolution 120 ps) was used for 
excitation and the emission was monitored using 510  nm 
long pass filter. During imaging the living cells were kept 
at 37 °C and at 5% CO2 using an objective heater (Biosci-
ence Tools, California, USA, TC-1–1005 Temperature Con-
troller) and a custom-made incubator. The SymPhoTime 64 
software was used to calculate the lifetime map images. The 
colors of the FLIM images present the mean arrival time of 
the emitted photons after the excitation pulse (τfast) in each 
pixel. To gain more information on the lifetime changes, 
fluorescence decays were extracted from the ROIs. The 
decay curves were fitted by applying iterative least-squares 
method to the sum of exponents in the Eq. 1 and the inten-
sity averaged fluorescence lifetimes were calculated with 
Eq. 3:

⟨τ⟩I =
∑

i

aiτ
2
i /

∑
i

aiτi� (3)

2.5  Enzymatic stability assay

The MSNAs were diluted into 10mM tris-HCl (pH 7.5 with 
2.5 mM MgCl2 and 0.1 mM CaCl2). The MSNAs (10 µL, 
c(MSNA) = 0.05 µM) were incubated at 37 °C with deoxy-
ribonuclease (DNase) I (1 U/nmol and 5 U/nmol effective 
oligonucleotide content). After 24  h, 5 µL samples from 
the reactions were taken and added into 3 µL of Novex Hi-
Density TBE (tris, borate, ethylenediaminetetraacetic acid) 
Sample Buffer (Invitrogen) on ice. 6.5 µL of each sample 
was loaded onto a 6% TBE polyacrylamide gel which was 
electrophoresed at a constant 100 V for 1 h. After comple-
tion, the gel was stained by SYBR Gold Nucleic Acid Stain 
(Invitrogen) and imaged.

2.6  Quantitative cell uptake and flow cytometry

Quantitative uptake studies of ON1 − 4 and the correspond-
ing MSNAs1–4 (both 2.5 nM) were carried out with 22Rv1 
cells, with untreated cells as control. Cells were seeded into 
either 24-well (105,300 cells/cm2) or 6-well plates (57,700 
cells/cm2) for flow cytometry. Cells were incubated under 
standard tissue culture conditions with either ON1 − 4 or 
MSNAs1–4 for 4  h. After quantitative cell uptake, cells 
were washed with 1 × PBS- and detached with 50 µL Try-
pLE Express. Cells were then resuspended in cold 1 × PBS- 
and pelleted by centrifugation (200 × g, 5 min). The pellets 
were washed with 1 x PBS- and the cells were resuspended 
in 1 mL 1 × PBS- for FBS and serum-free cells and in 600 
µL for cells in HS. The mean fluorescence intensity (MFI) 
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from MSNAs internalized by cells was detected using BD 
LSR Fortessa flow cytometry instrument (BD Biosciences, 
NJ, USA) with solid state diode blue laser (488 nm, 50 mW) 
and 530/30 bandpass filter. FlowJo v10 software was uti-
lized for the data analysis, and the MFI values were sub-
sequently normalized to the control group (untreated cells 
with the same growth media condition) resulting in an arbi-
trary unit of 1 (n = 3). To eliminate the fluorescence intensity 
variations between the samples due to glycodecoration, the 
acquired arbitrary units were further normalized by divid-
ing their positive deviation from the control by the rela-
tive fluorescence efficiencies of the structures acquired by 
fluorescence measurements (see correction factors for flow 
cytometry in supporting information).

3  Results and discussion

3.1  Synthesis

Oligonucleotide conjugates ON1-ON4 and MSNA0 were 
synthesized following previously published protocols 
(Scheme 1A) [17]. Strain-promoted alkyne-nitrone cycload-
dition (SPANC) [44] between nitrone-modified bleomycin 
saccharide derivatives and a dibenzocyclooctyne-modified 
oligonucleotide, followed by labelling with Alexa Fluor 
(AF488) N-hydroxysuccinimide ester, and including two 
RP HPLC purifications, gave the oligonucleotide conjugates 
ON2-ON4 in 33, 19 and 15% overall yield, respectively 
(Scheme S1). The hybridization-mediated MSNAs 1–4 
were assembled by mixing MSNA0 with the correspond-
ing oligonucleotides in a medium (specified later for each 
use case). The homogeneity and molecular weight of the 
MSNAs were estimated by SEC-MALS (Scheme 1B). The 
samples were prepared in phosphate buffer (pH 7.0) with 
added NaCl (0.1 M) using 12 equivalents of the complemen-
tary oligonucleotide (ON1-4). The chromatograms show a 

major fraction corresponding to the MSNA and a smaller, 
faster eluting fraction of high molecular weight substance, 
likely caused by aggregation. Molecular weights of 190 kDa 
(MSNA1), 210 kDa (MSNA2) and 210 kDa (MSNA3/4) 
were extracted from MALS of the major fraction (using a 
dn/dc of 0.1703 ml g− 1). The observed molecular masses 
matched calculated molecular masses of MSNAs1-2 rela-
tively well (calc MW: 192 and 215 kDa, respectively) and 
ca. 5% mass deviation was observed in the case of MSNA3-
4 (calc MW: 222 kDa). In our previous study [17] molecular 
mass of MSNA0 was verified by MS, and its hybridization 
with ON1-ON4 was studied by polyacrylamide gel electro-
phoresis (PAGE), DLS and melting temperature studies, all 
of which indicated nearly identical behavior for MSNAs1-4.

3.2  Hybridization of MSNA0

The hybridization between MSNA0 and the AF488-labeled 
oligonucleotides ON1-4 was studied by absorption and 
fluorescence spectroscopy. The presence of sugar-moieties 
in the oligonucleotides ON2-4 decreased the absorbance of 
AF488 to about half of that in the absence of the sugar-moi-
eties in ON1 (Figure S3). Thus, some interaction between 
AF488 and the sugar moieties takes place already in the 
ground state. To observe the effect of sugar-moieties on flu-
orescence intensity, the fluorescence efficiencies φ eff  of 
the oligonucleotides were calculated as

φ eff = IF L,tot

Aλ ex

(4)

where IF L,tot is the total fluorescence, i.e. the area under 
the fluorescence spectrum, and Aλ ex  is the absorbance at 
the excitation wavelength. Comparing the obtained values 
to that of ON1, the fluorescence efficiency is only somewhat 
smaller for the sugar decorated oligonucleotides (Table S1).

To study the formation of MSNAs 1–4 different concen-
trations of oligonucleotides were added to MSNA0 solu-
tion corresponding to ONi:MSNA0 ratios 2, 4, 6, 8, 10, and 
12. The changes in the AF488 absorbances as a function 
of the oligonucleotide concentration are plotted in Fig.  1 
and the spectra are shown in Figure S4. The absorbance 
increases linearly for all MSNAs, but the increase is much 
shallower for the sugar decorated oligonucleotides than for 
ON1. Thus, the decrease in the molar absorption coefficient 
induced by the presence of sugar-moieties is retained during 
the hybridization.

The fluorescence intensity increased during complex-
ation (Figure S5) partly due to the increase in the absor-
bance. The φ eff -values in the presence of MSNA0 
were normalized with the φ eff -values in the absence of 
MSNA0 and the results are shown in Fig. 2 as a function of 

Fig. 1  Absorbance at the maximum wavelength as a function of oli-
gonucleotide concentration during hybridization with oligonucleotide-
MSNA ratios 2–12
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the oligonucleotide concentration. For MSNA1 no change 
in the φ norm

eff  is observed at the lowest concentration cor-
responding to the oligonucleotide-MSNA ratio 2. However, 
for all the sugar decorated oligonucleotides the fluorescence 
is strongly quenched already at this ratio. For MSNA1 the 
fluorescence efficiency decreases with increasing ON1 con-
centration up to oligonucleotide-MSNA ratio 12, whereas 
for the sugar-decorated MSNAs it first increases. For ON2, 
the φ norm

eff  increases slightly for the oligonucleotide-
MSNA ratio 4, but stays nearly constant after that. For ON3 
and ON4, φ norm

eff  increases with increasing oligonucleotide 
concentration until oligonucleotide-MSNA ratio 8. At this 
ratio, the curve of ON3 levels off whereas the efficiency for 
ON4 starts to decrease. Thus, the sugar moieties clearly have 
an effect on the formation of the MSNA-complexes. While 
for ON1 a full complex with all the 12 arms of MSNA0 
bound with the complementary oligonucleotide is formed, it 
seems that for the other oligonucleotides the complexation 
is not proceeding as smoothly. The ground state interaction 
between the AF488 and the sugar moieties could hinder the 
complexation since during the complexation these interac-
tions should break. This could induce the initial increase in 
the relative fluorescence efficiency.

For the sugar derivatives, the absorption spectra are noisy 
and thus, although the steady-state data are good for quali-
tative analysis, no quantitative estimations can be drawn 
from it. Since fluorescence lifetimes do not depend on dye 
concentration, further analysis was done from the time-
resolved data. For ON2-4 the fluorescence decay curves are 
one-exponential, whereas for ON1 and all the MSNAs they 
are two-exponential (Figure S6). Thus, amplitude averaged 
fluorescence lifetime ⟨τ⟩ (Table S2) was utilized to describe 
the overall change in the fluorescence decays. ⟨τ⟩ decreased 
during complexation for all oligonucleotides. For ON1 and 
ON2, the decrease was due to the increase in the proportion 
of the short-living component, whereas for ON3 − 4, both 
the lifetime and the proportion of the short-living compo-
nent changed during complexation.

Recently, we determined the binding constants for 
MSNAs using an independent binding model [17]. The 
independent binding model does not consider the simulta-
neous or subsequent binding of other oligonucleotides at 
unoccupied complementary branches of the MSNA. How-
ever, the complex behavior of the fluorescence efficiencies 
(Fig.  2) implies that the complexation does not happen 
this way. Thus, we decided to use the cooperative binding 
model [45] to analyze our data. In this model the binding 
of a ligand to a site on a target molecule can influence the 
binding of other ligands to other unoccupied sites on the 
same target. For positive cooperativity, the binding of first 
ligand makes it easier for the next one to be bound whereas 
for negative cooperativity each succeeding ligand is bound 

less strongly than the previous one. The Hill plot model for 
a ligand binding to multisubunit [46–49] substrate was used 
to estimate the cooperativity of our systems through Eq. 5:

ln
(

< τ >0 − < τ >i

< τ >0 − < τ >f

)
= α ln [ON ] + α lnK (5)

where < τ >0 is the average fluorescence lifetime in the 
absence of MSNA, < τ >i is the average fluorescence 
lifetime in the presence of MSNA, < τ >f  is the average 
fluorescence lifetime of the complex at ratio oligonucle-
otide-MSNA ratio 12, α  is the experimental Hill´s coeffi-
cient defining the degree of cooperativity of the binding and 
Kc is the binding constant. The Hill´s coefficient α  varies 
from independent value of α = 1 to α > 1 for positive 
cooperativity and α < 1 for negative cooperativity. The 
Hill plots for the present systems are presented in Fig. 3 and 
the results are listed in Table 2.

Fig. 3  Hill plots for the MSNAs, i.e. ln
(

<τ >0−<τ >i

<τ >0−<τ >f

)
 as a func-

tion of ln [ON ]

 

Fig. 2  Normalized fluorescence efficiencies as a function of oligonu-
cleotide concentration corresponding to oligonucleotide-MSNA ratios 
from 2 − 14 (12 for ON2)
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All MSNAs show negative cooperativity with α  vary-
ing between 0.3 and 0.7. The binding constants are of the 
same magnitude for all MSNAs but are slightly lower for 
MSNA3-4 than for MSNA1-2. The linear dependencies 
were observed at ratios 4–12 and only at 8–12 for MSNA4. 
At lower ratios the binding is independent leading to much 
higher binding constants, Kin in Table 2, for all MSNAs but 
MSNA2. The complex formation is most efficient at low 
oligonucleotide-MSNA ratios, when there is plenty of free 
arms and no need to bind on an arm adjacent to an already 
hybridized one. Once the complexation proceeds, the 
already bound oligonucleotides hinder the binding of fur-
ther oligonucleotides to the MSNA. Surprisingly the initial 

binding seems to be strongest for the bleomycin-derivatives 
(MSNA3-4) and weakest for the carbamoylmannose-deriv-
ative (MSNA2). Also, the negative cooperativity is lowest, 
α  is closest to 1, for MSNA3 indicating that the full com-
plex is formed more easily with this system. The weakest 
complex formation seems to be for the MSNA2 and no large 
differences are observed between MSNA1 and MSNA4. As 
a summary, the presence of the sugar groups clearly influ-
ences the spectral properties of AF488 and do seem to ham-
per the formation of the MSNA complex. All the MSNAs 
show negative cooperativity in the binding and the com-
plexation seems to be complete at oligonucleotide-MSNA 
ratio 12.

3.3  Cellular uptake of MSNAs

The uptake of the conjugates was evaluated by wide-field 
microscopy (WF) and FLIM (Fig. 4) in 22Rv1 and PC3 cell-
lines using 10 nM sample concentration. In both cell types, 
MSNAs are taken up relatively effectively, with PC3 cells 
showing a more diffuse cytoplasmic distribution, while in 
22Rv1 cells signal appears as bright vesicular spots, indi-
cating possible endosomal entrapment upon internalization. 

Table 2  Association constants Kco and Hill´s coefficients α  for 
MSNA1-4 complexes from the cooperative model at oligonucleotide-
MSNA ratios higher than 4 and association constants from indepen-
dent binding model Kin at oligonucleotide-MSNA ratios 2–4
MSNA1 ON: MSNA

ratio
Kco α Kin (2–4)a

4–12 1.12 × 106 0.4732 9.17 × 107

MSNA2 4–12 1.17 × 106 0.3087 2.08 × 106

MSNA3 4–12 8.11 × 105 0.6772 6.67 × 108

MSNA4 8–12 7.95 × 105 0.4214 4.55 × 108

a determined from equation 1
<τ > = 1 + 1

K[ONi]

Fig. 4  FLIM and wide-field fluorescent microscopy (WF) images of 
PC3 (top) and 22rv1 (bottom) cells at 5 h after addition of MSNA-
complexes to the cell culture medium. The final concentration of the 
MSNA-complexes in the cell culture medium was 10 nM in all cases. 
For each cell-line, upper row has WF images and the lower row FLIM 
images. The control images on the left show the autofluorescence of 
the cells. In the WF images, DAPI fluorescence is shown in blue and 
AF488 in green. In the FLIM images, the color of each pixel correlates 
with the average fluorescence lifetime in the corresponding spatial 

location, the scale bars are given on the right. The excitation wave-
length was 483  nm, the fluorescence was monitored between 510–
800 nm and the time-resolution of the system was 130 ps. The gray 
areas in some of the FLIM images are not attached to the cells but are 
MSNA-complex aggregates floating in the medium and have thus been 
omitted from the ROI. For MSNAs3-4 the strong fluorescence of the 
MSNA-complexes in the medium is visible and thus the background 
in these images is less dark
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The uptake of the MSNAs did not affect the cell morphol-
ogy or density/confluency of PC3 cells.

In FLIM images of PC3 cells, the autofluorescence of the 
cells gives a weak signal with an average lifetime of 2.3 ns. 
5 h after addition of MSNAs into the cell culture medium, 
the uptake of non-glycoconjugated MSNA1 is clearly vis-
ible as blue spots and more uniform green color in the cell. 
For the glycoconjugated MSNAs the uptake is more difficult 
to see, since there are very little changes in the fluorescence 
lifetime compared to that of autofluorescence. However, 
for MSNA2 some blue and yellow spots are visible and 
for MSNA3 a weak fluorescence with a longer lifetime is 
observed on the cell membrane. These findings are more 
pronounced when the images at different time points are 
compared with each other (Figures S7-S10). The changes 
clearly differ from those observed for free oligonucleotides: 
the accumulation of the oligonucleotides on the outer cell 
membrane is observed as red borders on the cells with lon-
ger lifetimes close to 3 ns. This signal is observed already 
at 1 h after addition of the oligonucleotide to the cell culture 
medium. The 22Rv1 cells have more intense autofluores-
cence with average lifetime of 2.5 ns and the MSNA uptake 
is now observed as decrease in the lifetime i.e. increased 

amount of blue and green colors. This is opposite to that 
observed for free oligonucleotides with 22Rv1 cells: again, 
the free oligonucleotides gather to the outer cell membrane 
and have a longer lifetime than the MSNAs.

To gain more information on the lifetime changes, the 
area inside the cell was selected as the region of interest 
(ROI) and fluorescence decays were extracted from them. 
The intensity weighted average fluorescence lifetimes, 
< τ >I , were calculated from the decays (Eq. 3) and are 
plotted as a function of the measuring time in Fig. 5. Please 
note that the < τ >I -values are not equal to the lifetimes 
observed in the FLIM images, but the changes in < τ >I

-values correspond to the changes in the FLIM image life-
times. In PC3 cells < τ >I  increases for all oligonucle-
otides from about 2.7 ns in the absence of oligonucleotides 
to about 3.1 ns at 5 h after addition of oligonucleotides to the 
cell culture medium. In the presence of MSNA-complexes, 
no red border is observed for PC3 cells. For MSNA1, the 
< τ >I  first decreases to 2.52 ns and then starts to increase 
returning to back to 2.7 ns at 7 h after addition. In FLIM 
images (Figure S8) faint blue spots are observed in the cell 
membrane as the MSNA complexes are taken up by the cell. 
In time, some of these spots turn to green and further on to 
yellow, which could indicate that the MSNA-complexes are 
“opening” explaining the change in < τ >I . For MSNA2, 
< τ >I  decreases with time and blue spots are visible on 
the FLIM images indicating that some MSNAs are taken in 
but stay intact during the measurements. For MSNA3 and 
MSNA4 < τ >I  stays nearly constant during the measure-
ments and no conclusions on the uptake and the subsequent 
fate of the MSNAs can be made.

The changes in < τ >I  are smaller for 22Rv1 cells than 
for PC3 cells, which can be partly due to the higher autofluo-
rescence observed for 22Rv1 cells. In 22Rv1 cells, < τ >I  
increases for ON1–3 from about 3.1 ns in the absence of 
oligonucleotides to about 3.2 ns at 3  h after addition and 
then it decreases to 3.05 ns. For ON4, < τ >I  decreases 
a little between 1 and 3 h after addition and stays constant 
after that. In the presence of MSNA-complexes the < τ >I  
decreases by about 0.2 ns during 5 h after addition indicat-
ing that some MSNAs are taken in but stay intact during the 
measurements.

Following FLIM and WF, we evaluated the effect of car-
bohydrate decoration and the effect of the medium on the 
cellular uptake of the conjugates and MSNAs using flow 
cytometry. Since both the carbohydrates and the MSNA for-
mulation quenched the fluorescence to a varying degree, this 
was taken into account in the analysis of the flow cytometry 
results (Fig. 6, Table S3). The cellular uptake of the conju-
gates in different media was then evaluated in the 22Rv1 
cell-line using a 2.5 nM sample concentration.

Fig. 5  The intensity averaged fluorescence lifetimes as a function of 
time after adding oligonucleotides and MSNAs into the cell culture 
medium of (a) PC3 and (b) 22Rv1 cells. The trend lines are there only 
to guide the eye
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Due to the potential dissociation of the MSNAs in cells, 
and its effect on fluorescence, accurate comparison between 
the MSNAs and oligonucleotides cannot be done in these 
experiments. It can still be observed that MSNA1 (with-
out sugar decoration) was taken up in each medium (serum 
free = SF, human serum = HS, fetal bovine serum = FBS) 
most efficiently, as could be inferred from the FLIM data as 
well. The most efficient uptake can be observed in serum-
free conditions (SF). It is possible that in serum (HS and 
FBS) protein binding to the MSNAs inhibits the uptake, 
however one should also consider the markedly increased 
uptake in SF condition could be resulted from stress-induced 
endocytosis [50]. Excluding the uptake of MSNA2 (with 
carbamoyl mannose decoration) in SF, the glycoconjugated 
structures showed marginal uptake in the given 2.5 nM con-
centration (cf. the uptakes in the FLIM studies, when 10 
nM concentration was used). The sugar moieties seemed to 
interfere with the potential Scavenger A receptor-mediated 
uptake perceived with MSNAs (cf. MSNA1), and they did 
not show a beneficial compensating impact on the uptake 
under the studied concentration.

Finally, the enzymatic stability of the MSNAs was 
evaluated by incubating them with DNase I (1 U/nmol 
and 5 U/nmol of the effective oligonucleotide content) and 
their degradation was monitored by polyacrylamide gel 

electrophoresis (PAGE) (Figure S11). The MSNAs were 
degraded by DNase I, albeit very slowly (only partial deg-
radation after 24 h) compared to other MSNAs on the same 
C60-carrier [18, 22]. As expected, the full phosphorothioate 
backbone of the complementary oligonucleotide increased 
the stability. Based on the slow degradation, the primary 
mechanism for the release of the oligonucleotide is passive 
dissociation and not carrier degradation.

4  Conclusions

An optimized SPANC conjugation between nitrone-mod-
ified glycoclusters and a cyclooctyne-modified oligonu-
cleotide yielding bleomycin saccharide-oligonucleotide 
conjugates has been described. The oligonucleotide-conju-
gates were used for the assembly of hybridization-mediated 
MSNAs. SEC-MALS proved a valuable tool for evaluating 
homogeneity and authenticity of the hybridization-mediated 
MSNAs (of 192, 216 and 222 kDa). Cellular uptake of the 
MSNAs in 22Rv1 and PC3 cell-lines was evaluated by 
fluorescence-lifetime imaging microscopy (FLIM), wide-
field microscopy and flow cytometry. In FLIM experiments, 
some cellular uptake was observed in 10 nM sample con-
centration in both cell lines and the results were clearer in 

Fig. 6  Cellular uptake of the conjugates in 22Rv1 cell-line evaluated 
by flow cytometry. Media are as follows: serum-free (SF), human 
serum (HS), fetal bovine serum (FBS). The positive deviation from 

control is normalized according to the observed fluorescence quench-
ing assuming that the MSNAs are fully hybridized and intact
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the PC3 cell line whose autofluorescence was weaker. In 
PC3 cells some indication that the non-conjugated MSNA1 
dissociates following uptake was observed, whereas no such 
observation was made for the glyco-conjugated MSNA2–4. 
In flow cytometry data, it was obvious that the carbohydrate 
conjugation of the structures interfered with the uptake. 
Minor differences between the different carbohydrates 
were observed. Out of the carbohydrate-modified MSNAs, 
MSNA2 (with carbamoyl mannose decoration) was taken 
up marginally better than the others, which was in agree-
ment with our preliminary observation [17]. It is worth 
mentioning that effective oligonucleotide concentration is 
used in each case to make this comparison, i.e. 12 fold more 
diluted concentrations are used for MSNAs than for single 
oligonucleotides. In contrast to the expectation that sugars 
would benefit the uptake of MSNAs, it seems likely that 
the carbohydrates interfere with the Scavenger A-mediated 
endocytosis, and cannot compensate this with potential 
sugar-mediated delivery. While small-molecule conjugation 
of MSNAs may still prove to be an effective method for 
the delivery of oligonucleotides, it seems evident that more 
powerful ligands are needed to achieve a significant positive 
effect. It is not a coincidence that the N-acetylgalactosamine 
- asialoglycoprotein receptor recognition has emerged as an 
effective delivery method for oligonucleotides. The same 
ligand-recognition could be applied with MSNAs, but can 
lead to an enhanced liver targeting only. For the extrahepatic 
delivery, antibody-like strong binders [14] such as darpins 
or aptamers may be applied.
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