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ABSTRACT: Folate receptors (FRs), membrane-bound proteins that bind specifically to folate with high affinity, are overexpressed
by various cancer types and are therefore used as targets for delivery of therapeutic agents. Molecular spherical nucleic acids
(MSNAs) are dendritic formulations of oligonucleotides (ONs) that may have advantages over linear parent ONs with respect to
delivery properties. Here, we assembled folate-decorated MSNAs, site-specifically radiolabeled them, and then biologically evaluated
their effects in mice bearing HCC1954 breast cancer xenograft tumors. The biodistribution of intravenously administered 18F-
radiolabeled MSNAs was monitored using positron emission tomography/computed tomography imaging. The results revealed
higher accumulation of folate-decorated MSNAs in FR-expressing organs such as the liver, kidney, and spleen, as well as a higher
tumor-to-muscle ratio than that observed for MSNAs without the folate decoration. However, the observed increase was statistically
significant only for MSNA structures with a PO backbone. The observed selective uptake of folate-decorated MSNAs highlights their
potential as targeted delivery vehicles for therapeutic and diagnostic agents in FR-overexpressing cancers.

1. INTRODUCTION

Spherical nucleic acids (SNAs) are oligonucleotide (ON)
nanoparticles comprising a core material (e.g., gold, silica,
liposomes, or proteins) surrounded by a radially arranged layer
of ONs.1−4 SNAs possess characteristics that can be harnessed
for delivery of therapeutic ONs; such characteristics overcome
some major hurdles associated with ONs.5−7 SNAs are taken
up effectively by various cell types via class A scavenger
receptor-mediated endocytosis, a process influenced by the
density and chemical composition of the ONs.8−10 SNAs are
also resistant to degradation by nucleases11,12 and can evade
renal clearance, although this depends on their size and ability
to form a protein corona.13,14 Cell- or tissue-specific ligands
can be hybridized to the outer surface of SNAs, a process that
may mask unfavorable biodistribution properties associated
with the loaded ONs.15,16 In parallel with polydisperse SNAs,
atomically uniform molecular spherical nucleic acids
(MSNAs),2,17 other dendritic ONs,18 and their conjugates

with cell-specific ligands15,19 have received increasing interest
as potential delivery vehicles.

Folate, also known as vitamin B9, is an essential nutrient
involved in cell metabolism and in DNA synthesis and
repair.20,21 Folate receptors (FRs) are membrane-bound
proteins that bind specifically to folate with high affinity.22

Many cancer cells, including ovarian, breast, lung, and
colorectal cancer cells, exhibit increased surface expression of
FRs, making them ideal targets for folate-based drug delivery
systems.23−27

Previous reports show that FR-targeted delivery can be used
to deliver ONs and other nanostructures to malignant tissues,
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and that they have several advantages over nontargeted
delivery methods.28−34 The high specificity of FR targeting
reduces exposure of healthy tissues to potent drugs, resulting in
reduced systemic toxicity and improved patient tolerability.35

FR-targeted nanoparticles evade clearance by blood monocytes
or macrophages within the reticuloendothelial system,36

leading to a prolonged circulation time and accumulation at
the target site. Additionally, FR-targeted delivery vehicles can
access the central nervous system through FR-mediated
transcytosis.37

The increasing number of beneficial therapeutic delivery
characteristics of MSNAs suggests that coating with folate may
increase the precision with which therapeutic ONs are
delivered to cancerous tissues. To evaluate these characteristics
in vivo, MSNAs can be radiolabeled prior to analysis by
preclinical positron emission tomography (PET). Recently,
click chemistry, particularly the inverse electron demand
Diels−Alder (IEDDA) reaction between radiolabeled tetrazine
(Tz) and trans-cyclooctene (TCO)-functionalized targeting
nanoparticles, has gained much attention due to its fast
reaction rates, versatility, and mild reaction conditions.38−43

Our previous studies show that the IEDDA reaction between
[18F]FDG-Tz and TCO-functionalized MSNA is highly
efficient, generates product at a high yield, and is reproducible,
without requiring harsh conditions.44 In addition, it brings the
potential for therapeutic and theranostic approaches. The
combination of imaging and therapy provides a theranostic
approach that allows real-time monitoring of treatment efficacy

and the ability to personalize interventions based on tumor
response.

Herein, [60]fullerene-based MSNAs comprising an anti-
sense ON sequence with either a native phosphodiester
(MSNA-PO)44 or a phosphorothioate (MSNA-PS)44 back-
bone were generated against human epidermal growth factor
receptor 2 (HER2) mRNA and then coated with folate. PS
backbone modification was chosen due to previously reported
increased in vivo stability.45,46 Hybridization-mediated con-
structs harboring folate-conjugated ONs complementary to the
anti-HER2 sequence of MSNAs were then added. These folate-
decorated MSNAs (Fol-[TCO]MSNA-PO and Fol-[TCO]-
MSNA-PS) were monolabeled specifically with fluorine-18
(Scheme 1) and then administered intravenously (i.v.) into
HCC1954 tumor-bearing mice via the tail vein. Finally, the
mice were imaged by using PET/computed tomography (CT).
We also showed the presence of FRs in HCC1954 breast
cancer xenograft tumor cells. This study aims to explore
whether folate decoration enhances the uptake and improves
the targeting capabilities of MSNAs by using the high affinity
of the folate receptors for folate. By directing MSNAs toward
FR-expressing tumors, we anticipate improving targeting
specificity and higher accumulation in the tumor compared
with previously reported structures, thus demonstrating the
potential of folate-decorated MSNAs as an advanced platform
for cancer imaging and therapy.

Scheme 1. Synthesis of Radiolabeled MSNAsa

aThe reaction conditions were as follows: (i) TCO-PEG4-NHS in 0.1 M sodium borate (pH 8.5), 4 h at room temperature (rt); (ii) folate-
decorated Fol-ON (12 eq.) in PBS (pH 7.4), 1 h at rt; (iii) [18F]FDG-Tz in PBS (pH 7.4), 5 min at rt.
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2. MATERIALS AND METHODS
2.1. Synthesis of Folate-Modified Fol-ON. Folate N-

hydroxysuccinimidyl ester (1.5 μmol in 5 μL of dimethyl
sulfoxide, DMSO) was added to a buffered mixture of 5′-
amino modified phosphodiester oligonucleotide bearing the
HER2-sense sequence (50 nmol in 100 μL of 0.1 M sodium
borate, pH 8.5). The reaction mixture was shaken gently for 4
h at room temperature (rt) and then subjected to reversed-
phase high-performance liquid chromatography (RP-HPLC).
An analytical RP column (Thermo Scientific Hypersil ODS
C18, 250 × 4.6 mm, 5 μm), a linear gradient from 5% to 45%
acetonitrile in 50 mmol L−1 triethylammonium acetate over 25
min, a flow rate of 1.0 mL min−1, and detection at 260 nm
were used for purification. The product fractions were
collected and lyophilized to dryness. The authenticity of the
product was verified by electrospray ionization time-of-flight
mass spectrometry (MS ESI-TOF) (Figure S1). The yield
(25%) of the isolated product (i.e., Fol-ON) was determined
by the UV absorbance at 260 nm.
2.2. Synthesis of Hybridization-Based Folate Con-

jugates Fol-[TCO]MSNA-PO and Fol-[TCO]MSNA-PS.
TCO-functionalized PO and PS MSNAs were prepared
according to a previously published protocol.44 Briefly, the
azide-modified C60-core (0.8 μmol in 900 μL of DMSO) was
treated with a 5′-bicyclo[6.1.0]non-4-yne (BCN)- and 3′-
amino-modified ONs (0.2 μmol in 100 μL of H2O) to yield
monofunctionalized C60-ON conjugates, which were then
isolated by RP-HPLC and exposed to a slight excess of 5′-
BCN-modified ONs (1.2 eq./azide group) in an aqueous
solution containing 1.5 M NaCl. This process yielded 12-arm
MSNAs with an amino modification, specifically [NH2]-
MSNA-PO and [NH2]MSNA-PS; these were then TCO-
functionalized through selective amide coupling using TCO-
PEG4-NHS (50 equiv) in 0.1 M sodium borate, pH 8.5. After
4 h reaction at rt, phosphate-buffered saline (PBS) was added
and the excess TCO-PEG4-NHS was removed by centrifugal
filtration for 9 min at 14,000× g (Amicon Ultra, 30-kDa
molecular weight cutoff; Merck, Darmstadt, Germany). PBS
addition and centrifugation were repeated five times to isolate
the desired [TCO]-MSNAs in 95% yield. To add the folate
decoration, [TCO]MSNA-PO or [TCO]MSNA-PO (8 nmol
in 30 μL of phosphate-buffered saline, PBS) was treated with
complementary Fol-ONs (96 nmol in 100 μL of PBS) for 1 h
at rt. The authenticity and homogeneity of Fol-[TCO]MSNA-
PO and Fol-[TCO]MSNA-PS were verified using a size-
exclusion chromatography apparatus equipped with a multiple
angle light scattering detector (SEC-MALS) (Figures S2 and
S3) and by polyacrylamide gel electrophoresis (PAGE) (Figure
S4). PAGE, SEC-MALS, and enzymatic stability of the MSNAs
were performed, and detailed experimental procedures are
described in the Supporting Information.
2.3. Radiosynthesis of [18F]Fol-MSNAs. [18F]FDG-Tz

was synthesized as described earlier.47 Briefly, a commercially
available tetra-O-acetyl mannose triflate (Sigma-Aldrich, St.
Louis, MO, USA) was used as the starting material to generate
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG). After purifica-
tion by semipreparative HPLC to remove excess precursor,
[18F]FDG was conjugated to N-(4-(1,2,4,5-tetrazin-3-yl)-
benzyl)-2-(aminooxy)acetamide via oxime formation. After
semipreparative HPLC purification, [18F]FDG-Tz (49.6 ± 3.8
μL in PBS [pH 7.4], n = 3; 1.0 nmol, 119.8 MBq, n = 2) was
mixed with Fol-[TCO]MSNA-PO or Fol-[TCO]MSNA-PS

(9.3 ± 0.9 nmol in 37−97 μL; n = 3). The IEDDA click
reaction between radiolabeled Tz and TCO-functionalized
MSNA was conducted according to a previously published
method.44 Briefly, the reaction was maintained for 5 min at rt,
and the reaction products were purified by ultrafiltration
(Amicon Ultra filter devices; 0.5 mL, 30 kDa cutoff; Merck,
Darmstadt, Germany). For this, the reaction mixture was
placed into the filter device, which was then filled with RNase-
free PBS until the volume reached 200 μL. The filter was
centrifuged three times at 14,100g for 5 min at rt. The final
formulation in RNase-free PBS was subjected to radio-SEC
(Waters Protein-Pak; 0.1 M monopotassium phosphate, pH
7.0, 1 mL/min) and radio-TLC (thin-layer chromatography).
2.4. HER2 and FR-α Levels in HCC1954 Breast Cancer

Cells. To quantify folate receptor-alpha (FR-α) and HER2
levels, human HCC1954 ductal breast carcinoma cells
(American Type Culture Collection, Manassas, VA, USA)
were cultured in RPMI-1640 medium (Gibco/Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Biowest, Nuaille,́ France) and 2 mmol of L-
glutamine (GlutaMax 100x, Gibco/Thermo Fisher Scientific,
Waltham, MA, USA). Cells were then harvested and incubated
with phycoerythrin (PE)-conjugated antihuman FR-α antibody
(mouse IgG2a, catalog number 908303, BioLegend, San
Diego, CA, USA), Alexa-488-conjugated antihuman HER2
antibody (human IgG1-Alexa-488, catalog number 570451, BD
Biosciences, Franklin Lakes, NJ, USA) or isotype control
antibodies (mouse IgG2a-PE, catalog number 400212,
BioLegend, and mouse IgG1-Alexa-488, catalog number
570390, BD Biosciences, Franklin Lakes, NJ, USA). After
washing, cells were fixed with paraformaldehyde and flow
cytometry was performed with BD-Fortessa device (BD
Biosciences, Franklin Lakes, NJ, USA) and analyzed with
Flowing Software (Cell Imaging and Cytometry Core, Turku
Bioscience, Turku, Finland) (Figure S6).
2.5. Animal Experiments. All animal experiments were

performed in compliance with the European Union Directive
2010/EU/63 on the protection of animals used for scientific
purposes and were approved by the National Project
Authorization Board in Finland (license number: ESAVI/
21485/2020). Human HCC1954 ductal breast carcinoma cells
(American Type Culture Collection, Manassas, VA, USA) and
female Rj:Athymic-FOXn1nu/nu mice (Janvier Laboratories,
Le Genest-Saint-Isle, France) were prepared as described
previously.44 Animals (aged 6−8 weeks) were inoculated
subcutaneously into the upper back region with 5 million cells
suspended in 50% nonsupplemented RPMI-1640 (Gibco
product, Waltham, MA, USA) and 50% Matrigel (Corning,
Corning, NY, USA). Over a span of 3−6 weeks, tumor growth
was observed visually, and mouse body weight was measured
on a weekly basis. The animals were kept in individually
ventilated cages under standardized specific pathogen-free
conditions at the Central Animal Laboratory, University of
Turku under a 12 h light/dark cycle. All mice had access to
standard soy-free food and tap water ad libitum.
2.6. Biological Evaluation and Image Analysis. Tumor-

bearing mice were injected i.v. with [18F]MSNA-PO,
[18F]MSNA-PS, [18F]Fol-MSNA-PO, or [18F]Fol-MSNA-PS
(6.4 ± 1.6 MBq in 35−110 μL, n = 23) at the start of a 60 min
dynamic PET study conducted using an Inveon Multimodality
PET/CT (Siemens Medical Solutions, Knoxville, TN, USA).
The obtained data were reconstructed using an ordered subsets
expectation maximization three-dimensional algorithm divided
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into 6 × 10, 4 × 60, and 11 × 300 s time frames. Carimas
software (version 2.10, Turku PET Center, Turku, Finland)
was used for image analysis. CT scans were utilized as an
anatomical reference and fused with PET images to guide the
definition of regions of interest (ROIs) in the tumor, muscle
(skeletal), blood pool (heart left ventricle cavity), kidneys,
liver, and urinary bladder (urine content). Tumor ROIs were
drawn over viable tumor tissue, excluding the necrotic core.
The process was described in detail previously.47 PET data are
represented as the standardized uptake value (SUV) as a
function of time postinjection. Inveon Research Workplace 4.1
software was used to capture representative PET/CT images.

Following the PET/CT scan, animals were euthanized, and
organs of interest were collected for weighing and measuring in
a γ-counter (Triathler, Hidex, Turku, Finland). The results are
expressed as the injected radioactivity dose per gram of tissue
(%ID/g). Tumors were cryosectioned (20 μm) for auto-
radiography and hematoxylin-eosin (H&E) staining. For
autoradiography, cryosections were opposed to phosphor
imaging plates (BAS-TR2025, Fuji Photo Film Co. Ltd.,
Tokyo, Japan) overnight, which were then scanned with a
BAS-5000 device (Fuji Photo Film Co. Ltd., Tokyo, Japan),
and analyzed with an AIDA Image Analyzer v.4.19 (Raytest
Isotopenmessgeraẗe, Straubenhardt, Germany). Tumor sec-
tions were stained with H&E according to standard procedure
after being fixed with 10% formalin (phosphate buffered,
including formaldehyde 4%). Stained sections were scanned
with a digital slide scanner (Pannoramic P1000; 3DHistec Ltd.,
Budapest, Hungary).
2.7. In Vitro Blocking Study. The specificity of folate-

decorated MSNA for FRs in tumors was investigated as
previously described.48 Briefly, 20 μm cryosections of tumor
(three sections from three different tumors) were defrosted
gently, first at 4 °C and then at rt. After preincubation in PBS
for 20 min at rt, sets of slides were incubated for 30 min at rt
with [18F]FOL, a tracer that binds to FRs.49 Another set of
slides was preincubated for 10 min with a molar excess of Fol-
[TCO]MSNA-PO (1 μM) as a blocking agent prior to the
application of [18F]FOL. The slides were then rinsed with cold
PBS and dipped into cold water. After drying, the slides were
exposed to phosphor imaging plates (BAS-TR2025, Fuji Photo
Film Co. Ltd., Tokyo, Japan) for approximately 4 h (at least 2
physical half-lives of 18F) and scanned with a Fujifilm BAS-
5000 scanner (Fujifilm, Tokyo, Japan). The results were
analyzed with Carimas software and expressed as the amount
of photostimulated luminescence per square millimeter (PSL/
mm2).
2.8. Statistical Analysis. GraphPad Prism (version 9.1.1)

was used for all statistical analyses and the graphical
presentation of data. The outcomes of the biological evaluation
are expressed as the mean ± standard deviation (s.d.).
Statistical significance was determined through application of
multiple unpaired t-tests, and *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 were considered significant.

3. RESULTS
3.1. Synthesis and Characterization of TCO-Modified

Folate-Decorated MSNAs. The TCO-modified MSNAs
used for hybridization-based folate decoration were prepared
as described previously.44 [NH2]MSNA-PO and [NH2]-
MSNA-PS were isolated with a yield of 30−45%. These
[NH2]MSNAs were then TCO-functionalized with TCO-
PEG4-NHS, and [TCO]MSNA-PO and [TCO]MSNA-PS

were isolated by centrifugal filtration (95% recovery). Next,
[TCO]MSNA-PO and [TCO]MSNA-PS were mixed with 6−
36 equiv of Fol-ON in PBS (pH 7.4), slower-migrating broad
bands were observed on the gel, indicating the formation of
hybridization-mediated MSNAs Fol-[TCO]MSNA-PO and
Fol-[TCO]MSNA-PS (Figure 1). For both [TCO]MSNA-PO

and [TCO]MSNA-PS, increasing the amount of Fol-ON
beyond 12 equiv did not affect gel migration, indicating that
complete hybridization is achieved already with 12 equiv.
Interestingly, the hybridization conjugates of [TCO]MSNA-
PS migrated markedly further than those of [TCO]MSNA-
PO. To prepare folate-decorated MSNAs for the radiolabeling
and biodistribution experiments, [TCO]MSNA-PO and
[TCO]MSNA-PS were treated with 12 equiv of Fol-ON in
PBS at r.t. for 1 h. SEC-MALS was used to evaluate the
homogeneity and molecular weights of the MSNAs (Figures S2
and S3). The major peaks in the chromatograms represented
the MSNAs. In addition, faster eluting fractions, representing
noncovalent aggregates, were observed. This is a common
occurrence with macromolecular analytes in SEC-MALS. The
MALS-based detection of the major peaks revealed molecular
masses: Fol-[TCO]MSNA-PO = 114.9 ± 0.1 kDa (Figure S2)
and Fol-[TCO]MSNA-PS = 124.9 ± 0.1 kDa (Figure S3),
which represented the MSNAs (calculated molecular masses:
124.1 and 126.9 kDa, respectively) with relatively large errors

Figure 1. PAGE analysis of folate-decorated MSNAs after hybrid-
ization.
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(ca. 9 and 2 kDa, respectively). However, the MALS-based
analysis of molecular masses is not necessarily accurate with
these size nucleic acid constructs (being also dependent on the
metal ion content), and the observed values matched
sufficiently well with the calculated ones.
3.2. Synthesis and Characterization of 18F-Labeled

MSNAs. [18F]FDG-Tz used for the IEDDA reaction with
TCO-functionalized MSNAs was synthesized in two steps.
Initially, [18F]FDG was produced from commercially available
mannose triflate, followed by an oxime formation step to
generate [18F]FDG-Tz. Two rounds of semipreparative HPLC
were conducted to remove excess mannose triflate and the Tz
precursor.47,50

The IEDDA reaction between [18F]FDG-Tz and folate-
decorated MSNAs was completed in just 5 min at r.t., resulting
in high yields (82.6 ± 15.7%, n = 3) and excellent
radiochemical purity (RCP > 99% by radio-SEC and radio-
TLC, Figure S7). The molecular weights of radiolabeled Fol-
[TCO]MSNA-PO and Fol-[TCO]MSNA-PS extracted from
SEC-MALS were 113.8 ± 0.1 kDa (calculated 124.5 kDa) and
139.1 ± 2.3 kDa (calculated 127.3 kDa), respectively (Figures
S8 and S9). PAGE analysis (Figure S4) revealed that the
radiolabeled MSNAs yielded bands similar to those of their
unlabeled precursors, which in conjunction with SEC-MALS

analysis indicates that the selected radiolabeling protocol does
not compromise the structural integrity of the double helical
MSNAs.
3.3. Enzymatic Stability of the MSNAs. MSNAs

([TCO]MSNA-PO/PS and Fol-[TCO]MSNA-PO/PS) were
incubated in a Tris buffer (pH 7.5) containing DNase I (1 U/
nmol of effective oligonucleotide concentration) and the
enzyme-catalyzed degradation was monitored by PAGE. As
expected, [TCO]MSNA-PS (consisting of the phosphoro-
thioate backbone) proved mainly intact in the given
conditions, whereas [TCO]MSNA-PO and its hybridization
complex Fol-[TCO]MSNA-PO (both consisting of the native
phosphodiester backbone) underwent rapid and complete
DNase I-catalyzed cleavage. On Fol-[TCO]MSNA-PS, in turn,
degradation of the hybridized Fol-sens-HER2-strand resulted
in virtually intact [TCO]MSNA-PS, as monitored by PAGE
(Figure S5).
3.4. HER2 and FR-α Levels in HCC1954 Breast Cancer

Cells. Flow cytometry analysis confirmed that HER2 and FR-α
were predominantly expressed in HCC1954 cells (Figure S6).
The expression levels of HER2 and FR-α were 98.0 ± 1.5%
and 63.3 ± 8.1%, respectively.
3.5. Biological Evaluation. To evaluate the biodistribu-

tion of i.v.-injected 18F-labeled folate-decorated MSNAs, we

Figure 2. Autoradiography of HCC1954 tumor cryosections 60 min after intravenous injection of 18F-labeled MSNAs into female mice. (A) The
amount of radioactivity (upper panels) in the viable tissue is clearly higher than that in the fluid-filled necrotic core, a finding confirmed by H&E
staining (lower panels). Viable tumor tissue appears blue, while necrotic cells stain pink. (B) Quantification of the radioactive bands reveals
differences between the 18F-labeled MSNAs. [18F]MSNA-PO and [18F]MSNA-PS data are reproduced from a previously published paper.44 PSL/
mm2 = photostimulated luminescence per square millimeter. ***p < 0.001, ****p < 0.0001.
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performed dynamic PET/CT imaging and ex vivo studies in
tumor-bearing mice and compared the results with those
obtained for previously studied nonfolate radiolabeled
MSNAs.43

Most of the tumors had a necrotic, fluid-filled core, lacking
blood circulation, which was evident on both ex vivo
autoradiography and H&E staining (Figures 2A and S10)
and on in vivo PET/CT images (Figure 3). Otherwise,
autoradiography indicated a homogeneous distribution of all
tracers within the viable tumor tissue.

Folate decoration increased the tumor-to-muscle ratio of
both [18F]Fol-MSNA-PO and [18F]Fol-MSNA-PS when
compared with that of nonfolate structures, but the difference
was only significant for [18F]Fol-MSNA-PO (Table S1). The
tumor-to-muscle ratio was highest after [18F]Fol-MSNA-PS
injection (2.84 ± 0.89), with an increasing trend toward the
end of the 60 min scan (Figure 4).

Folate decoration increased the uptake of [18F]Fol-MSNA-
PO significantly in several tissues when compared with the no-
folate structure, with the largest differences observed in the
spleen, bone marrow, ovaries, skin, adrenal glands, large
intestine, kidneys, lungs, and liver (Table 1, Figure S11). In
vivo PET/CT revealed that liver uptake of [18F]Fol-MSNA-PS
was significantly higher than that of nonfolate MSNA (SUV
9.85 ± 1.50 vs 8.01 ± 0.83, p = 0.031, respectively), but no
difference was observed upon ex vivo gamma counting. In
addition, the kidney uptake of [18F]Fol-MSNA-PS tended to
be higher (albeit not significantly). Interestingly, the amount of
radioactivity in blood was significantly higher after folate
decoration of MSNA-PO and significantly lower after folate
decoration of MSNA-PS (Table 1). Such patterns were also
observed after in vivo PET/CT and ex vivo autoradiography
(Figures 2B and 4). The ex vivo %ID/g tumor results (Table 1)
are likely not representative due to measurements being made
in whole tumors, which include the necrotic, fluid-filled core.

Binding of [18F]FOL on tissue cryosections likewise
confirmed the presence of FR-positive cells in HCC1954
tumors. Preincubation with excess unlabeled Fol-[TCO]-
MSNA-PO resulted in a 96.5 ± 0.7% reduction in [18F]FOL
binding, confirming that Fol-[TCO]MSNA-PO binds to FRs
(Figure 5).

4. DISCUSSION
Recently, MSNAs have gained much attention as potential
vehicles for the delivery of therapeutical ONs to target sites.
Therefore, modifications to MSNA to ensure efficient delivery
to target sites or tissues are a crucial area of investigation. Here,
we radiolabeled folate-decorated MSNAs and examined the
impact of the folate decoration on biodistribution.

Folate is an attractive targeting ligand due to its small size
and high affinity for FRs, which are expressed at high levels by
many tumors.51 Several methods are used to incorporate folate
into nanostructures, including covalent conjugation of ONs to
folate,52 hybridization-mediated assembly into folate-contain-
ing costructs,53 and construction of folate-functionalized
liposomes.30,54 In our case, hybridization-mediated structures
were used to affect the biodistribution/targeting properties of
PO/PS-MSNA, recently studied in our group.44

Various studies have explored the use of folate moieties as
functional decorations for targeted ON delivery.28−32,54−56 For
instance, folate conjugation facilitates delivery of small
interfering RNAs (siRNAs) to KB/GFPLuc tumor cells.32

Successful cell-based studies were also conducted by Leamon
et al., who observed delivery of folate-targeted liposome-
encapsulated ONs into FR-bearing cells; however, in vivo
studies did not demonstrate tumor delivery.54 More promising
in vivo results were obtained using DNA/siRNA tetrahedral
nanoparticles in tumor-bearing mice, which demonstrated
accumulation in the primary tumor and prolonged circulation
in the blood.28

Figure 3. PET/CT images (maximum intensity projections in the coronal (upper panels) and transaxial plane (lower panels)) at 15−60 min
postinjection of 18F-labeled MSNAs in HCC1954 tumor-bearing female mice. T denotes the tumor. [18F]MSNA-PO and [18F]MSNA-PS data are
reproduced from a previously published paper.44 SUV = standardized uptake value.
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The IEDDA reaction is a valuable tool in the field of
radiopharmaceutical chemistry due to its selective nature, rapid
reaction kinetics, and occurrence at physiological temperatures.
These characteristics are essential when working with short-
lived radionuclides such as 18F.43 In our study, the IEDDA
reaction between [18F]FDG-Tz and folate-decorated MSNAs
resulted in high radiochemical conversion (82.7 ± 15.7%), as
determined by radio-TLC, as well as an excellent RCP of
>99%. These results align with those of our previous studies in
which we radiolabeled a TCO-functionalized MSNA lacking a
folate moiety; in that study, the IEDDA reaction also yielded
an RCY >80%,44 indicating that folate decoration does not

affect the efficiency of MSNA radiolabeling; however, the
radiolabeling efficiency was influenced by the Tz-to-TCO ratio,
necessitating an excess of TCO to achieve close to a 100%
conversion in the reaction.

Herein, we found that folate led to increased uptake of
MSNAs (one with a native PO backbone and one with a PS
backbone) by the liver, kidneys, and spleen with increased
tumor-to-muscle ratios. Considering the high expression of
FRs in organs such as the kidneys,57 liver, and spleen,58,59 these
changes in biodistribution could be attributed to FR binding.
Taken together, these findings align with previously reported

Figure 4. Time-activity curves of 18F-labeled MSNAs in HCC1954 tumor-bearing female mice (data were extracted from 60 min dynamic PET
images). [18F]MSNA-PO and [18F]MSNA-PS data are reproduced from a previously published paper.44 SUV = standardized uptake value.
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increases in uptake of DNA/siRNA tetrahedral nanoparticles
by the kidneys.28

The tumor-to-muscle ratio was highest after the injection of
[18F]Fol-MSNA-PS, exhibiting an increasing trend toward the
end of the 60 min scan (Figure 4); however, the difference was
not statistically significant due to data variations. Notably,
folate decoration of [18F]Fol-MSNA-PS led to faster blood
clearance than that of [18F]MSNA-PS, which resulted in a
better tumor-to-muscle ratio.

The HCC1954 cells used in this study are known to be
HER2-positive and express FR-α,60,61 and we confirmed this
ourselves with flow cytometry. To confirm the FR-binding
nature of the folate-decorated MSNAs, we conducted in vitro
analyses utilizing a tracer that binds to FRs, [18F]FOL,49 along
with a molar excess of Fol-[TCO]MSNA-PO as a blocking
agent. [18F]FOL binding verified the expression of FRs in
HCC1954 tumors, and the ability of Fol-[TCO]MSNA-PO to
block [18F]FOL binding confirms that it binds to FRs.

Table 1. Ex Vivo Biodistribution (%ID/g) of 18F-Labeled MSNAs in Female HCC1954 Tumor-Bearing Mice at 60 Min
Postintravenous Administrationab

Tissue [18F]MSNA-PO [18F]Fol-MSNA-PO p value [18F]MSNA-PS [18F]Fol-MSNA-PS p value p valueb

Adrenal gland 2.59 ± 0.15 4.05 ± 0.89 0.004 14.47 ± 3.30 19.48 ± 15.66 0.519 0.092
Blood 2.83 ± 0.40 7.21 ± 3.33 0.013 13.95 ± 4.01 4.42 ± 2.10 0.001 0.123
Bone (skull) 0.63 ± 0.14 0.95 ± 0.25 0.024 2.73 ± 1.13 1.74 ± 0.44 0.092 0.011
Bone + marrow (femur) 1.19 ± 0.05 2.55 ± 0.41 0.0001 5.69 ± 2.35 7.62 ± 1.02 0.113 0.0002
Brain 0.06 ± 0.01 0.10 ± 0.04 0.045 0.26 ± 0.04 0.12 ± 0.04 0.0004 0.392
Cecum (full) 0.27 ± 0.13 0.38 ± 0.08 0.219 0.41 ± 0.15 0.25 ± 0.12 0.066 0.075
Feces 0.24 ± 0.19 0.46 ± 0.33 0.201 0.15 ± 0.27 0.06 ± 0.05 0.444 0.017
Heart 0.78 ± 0.16 1.09 ± 0.40 0.099 4.02 ± 1.84 1.90 ± 1.12 0.045 0.186
Kidneys 3.56 ± 0.85 6.36 ± 1.72 0.006 4.80 ± 1.18 7.09 ± 5.92 0.441 0.803
Large intestine (empty) 0.52 ± 0.11 0.92 ± 0.18 0.005 1.27 ± 0.74 1.51 ± 1.87 0.803 0.524
Liver 9.22 ± 0.69 13.74 ± 3.00 0.006 51.88 ± 9.62 81.32 ± 33.15 0.173 0.026
Lungs 1.28 ± 0.18 2.63 ± 0.87 0.006 11.62 ± 8.24 3.93 ± 3.37 0.076 0.442
Lymph nodes 0.72 ± 0.14 1.22 ± 0.34 0.009 3.21 ± 2.06 5.11 ± 9.17 0.710 0.459
Muscle 0.19 ± 0.07 0.27 ± 0.08 0.104 0.19 ± 0.03 0.15 ± 0.12 0.429 0.073
Ovaries 2.15 ± 0.35 4.53 ± 1.30 0.002 6.39 ± 3.26 8.67 ± 9.23 0.624 0.375
Pancreas 0.31 ± 0.06 0.56 ± 0.20 0.016 0.65 ± 0.15 0.51 ± 0.30 0.361 0.746
Plasma/whole blood ratio 1.67 ± 0.06 1.82 ± 0.22 0.128 2.45 ± 0.63 1.95 ± 0.32 0.136 0.487
Salivary glands 0.33 ± 0.04 0.62 ± 0.30 0.040 1.04 ± 0.55 0.71 ± 0.61 0.384 0.771
Skin 0.78 ± 0.16 1.32 ± 0.27 0.003 1.16 ± 0.42 2.08 ± 4.10 0.640 0.695
Small intestine (empty) 2.39 ± 1.60 3.51 ± 1.32 0.284 8.34 ± 4.06 4.38 ± 5.08 0.198 0.725
Spleen 4.07 ± 0.61 7.63 ± 1.39 0.0003 38.19 ± 3.79 49.33 ± 19.89 0.281 0.009
Stomach (full) 0.59 ± 0.08 0.73 ± 0.24 0.175 3.14 ± 1.29 2.69 ± 2.59 0.733 0.168
Thyroid glands 1.17 ± 0.36 2.06 ± 2.91 0.455 2.13 ± 0.79 2.10 ± 2.28 0.984 0.984
Tumor 0.91 ± 0.13 1.22 ± 0.38 0.085 1.93 ± 0.53 0.89 ± 0.74 0.034 0.394
Urinary bladder (empty) 7.06 ± 7.23 5.10 ± 6.41 0.668 10.76 ± 8.25 3.92 ± 4.93 0.126 0.725
Urine 482.64 ± 229.30 408.30 ± 103.21 0.575 10.54 ± 1.74 14.59 ± 2.40 0.076 0.0001
Uterus 1.98 ± 0.84 3.66 ± 1.18 0.025 4.28 ± 4.62 1.94 ± 1.94 0.298 0.128
White adipose tissue 0.60 ± 0.42 0.52 ± 0.34 0.762 0.59 ± 0.39 0.46 ± 0.40 0.573 0.757

a[18F]MSNA-PO and [18F]MSNA-PS data are reproduced from previously published paper.44 %ID/g = percentage of injected radioactivity dose
per gram of tissue. b[18F]Fol-MSNA-PO vs [18F]Fol-MSNA-PS.

Figure 5. In vitro binding of [18F]FOL, a known tracer that binds to folate receptors, to HCC1954 tumor cryosections. A molar excess of an
unlabeled Fol-[TCO]MSNA-PO blocking agent led to a significant reduction in tracer binding, indicating that Fol-[TCO]MSNA-PO binds
specifically to folate receptors. PSL/mm2 = photostimulated luminescence per square millimeter. ****p < 0.0001.
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We recognize that our study has some limitations. The
modest increase in tumor uptake after administration of folate-
decorated MSNAs (12 equiv folate/MSNA) compared with
nonfolate MSNAs may be attributed to the presence of
unlabeled Fol-[TCO]MSNAs in the final injection solution.
Unlabeled Fol-[TCO]MSNAs originate from excess TCO-
functionalized Fol-[TCO]MSNAs used during the IEDDA
reaction, which were not removed during the purification step.
The homogeneity and authenticity of radiolabeled MSNAs
were verified by PAGE (Figure S4), radio-TLC, radio-SEC
(Figure S7), and SEC-MALS (Figures S8 and S9) in the
formulation solution. Enzymatic stability of the MSNAs was
evaluated in the presence of DNase I in vitro, but their stability
was not studied in vivo. According to the in vitro-stability tests
with DNase I, [TCO]MSNA-PO and its hybridization
complex Fol-[TCO]MSNA-PO were prone to rapid degrada-
tion, which may confound the interpretability of the
biodistribution results. The functionality of Fol-[TCO]-
MSNA-PS in the presence of DNase I demonstrated that
PS-backbone-stabilized MSNAs, decorated with hybridization-
mediated Fol-ligands, undergo enzymatic cleavage, releasing
the active intact cargo ([TCO]MSNA-PS). Targeting
specificity was addressed only by in vitro autoradiography
experiments. Our results also indicate that the pharmacoki-
netics of the structures significantly affect tumor uptake. In
vitro cellular uptake and activity experiments to downregulate
HER2 would not reliably predict the in vivo behavior of the
MSNAs, and therefore, these studies were excluded. We
attempted to investigate stability of the MSNAs in plasma, but
faced challenges due to plasma protein binding. This was
unfortunate as detailed stability kinetics of MSNAs in vivo
would have explained part of the biodistribution and tumor-
targeting properties of the MSNAs. In addition, the
biocompatibility of the synthesized compounds, particularly
their cytotoxic effects on normal cells, remains to be evaluated.

While this study focuses on the targeting and uptake
characteristics of folate-decorated MSNAs, the potential for
recurrence or resurgence of malignancy following therapeutic
intervention remains an important challenge. Future inves-
tigations should assess the long-term efficacy of these systems
in mitigating cancer relapse, particularly in the context of FR-
expressing tumors.

5. CONCLUSIONS
In this study, we investigated the ability of folate-decorated 12-
armed [60]fullerene-based MSNAs to target FR-expressing
HCC195460 tumors in female mice. Two MSNAs, one with a
native phosphodiester backbone and one with a phosphor-
othioate backbone, were modified with folate and then used in
experiments alongside previously published nonfolate struc-
tures. For the purpose of biological evaluation, MSNAs were
site-specifically labeled with [18F]FDG-Tz using the fast and
efficient IEDDA click chemistry approach, and biodistribution
in mice was studied using dynamic PET/CT. The presence of
the folate moiety in MSNAs resulted in a higher tumor-to-
muscle ratio, as well as increased kidney uptake, which suggests
that the tracers bind to FRs. However, the increase was
statistically significant for only structures with a PO backbone.
In vitro blocking studies confirmed the specific binding of Fol-
[TCO]MSNA-PO to FRs. The observed accumulation of
[18F]Fol-MSNA-PS and [18F]MSNA-PS in the liver under-
scored the critical role of the backbone in determining the
excretion route, with nanoparticles featuring native PO

backbones being eliminated via nuclease-mediated degradation
and urinary excretion. The data presented herein confirm the
feasibility of decorating MSNAs with a folate moiety for
targeting purposes, as well as the FR-binding nature of folate-
decorated MSNAs; however, further investigations should
consider structural improvements to enhance the tumor-
targeting properties.
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∇T.A. and A.Ä. contributed equally to this work. The
manuscript was written with contributions from all authors.
All authors approved the final version of the manuscript.
Funding
This research was supported by the Research Council of
Finland (decision numbers 3089312, 343608, and 350117),
Business Finland Ecosystem Project (448/31/2018), Univer-
sity of Turku Drug Research Doctoral Program, Turku
University Foundation, and the Jane and Aatos Erkko
Foundation.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Aake Honkaniemi for
technical assistance with the PET/CT imaging experiments,
and the Histology Core Facility of the Institute of Biomedicine,
University of Turku, Finland for histological staining.

■ ABBREVIATIONS
%ID/g, percentage of injected radioactivity dose per gram of
tissue; CT, computed tomography; DMSO, dimethyl sulf-
oxide; FR, folate receptor; HER2, human epidermal growth
factor receptor 2; HPLC, high-performance liquid chromatog-
raphy; IEDDA, inverse electron demand Diels−Alder; MALS,
multiple angle light scattering; MSNA, molecular spherical
nucleic acid; ON, oligonucleotide; PAGE, polyacrylamide gel
electrophoresis; PBS, phosphate-buffered saline; PET, positron
emission tomography; PO, phosphodiester; PS, phosphor-
othioate; ROI, region of interest; SEC, size-exclusion
chromatography; siRNA, small interfering RNA; SNA,
spherical nucleic acid; SUV, standardized uptake value; TBE,
tris-borate-EDTA; TCO, trans-cyclooctene; TLC, thin-layer
chromatography; Tz, tetrazine

■ REFERENCES
(1) Barnaby, S. N.; Sita, T. L.; Petrosko, S. H.; Stegh, A. H.; Mirkin,

C. A. Therapeutic Applications of Spherical Nucleic Acids. Cancer
Treat. Res. 2015, 166, 23−50.

(2) Li, H.; Zhang, B.; Lu, X.; Tan, X.; Jia, F.; Xiao, Y.; Cheng, Z.; Li,
Y.; Silva, D. O.; Schrekker, H. S.; Zhang, K.; Mirkin, C. A. Molecular
Spherical Nucleic Acids. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (17),
4340−4344.

(3) Banga, R. J.; Chernyak, N.; Narayan, S. P.; Nguyen, S. T.;
Mirkin, C. A. Liposomal Spherical Nucleic Acids. J. Am. Chem. Soc.
2014, 136 (28), 9866−9869.

(4) Brodin, J. D.; Sprangers, A. J.; McMillan, J. R.; Mirkin, C. A.
DNA-Mediated Cellular Delivery of Functional Enzymes. J. Am.
Chem. Soc 2015, 137 (47), 14838−14841.

(5) Juliano, R.; Bauman, J.; Kang, H.; Ming, X. Biological Barriers to
Therapy with Antisense and SiRNA Oligonucleotides. Mol.
Pharmaceutics 2009, 6 (3), 686−695.

(6) de Wolf, H. K.; Snel, C. J.; Verbaan, F. J.; Schiffelers, R. M.;
Hennink, W. E.; Storm, G. Effect of Cationic Carriers on the

Pharmacokinetics and Tumor Localization of Nucleic Acids after
Intravenous Administration. Int. J. Pharm. 2007, 331, 167−175.

(7) Lebedeva, I.; Stein, C. A. Antisense Oligonucleotides: Promise
and Reality. Annu. Rev. Pharmacol. Toxicol. 2001, 41, 403−419.

(8) Choi, C. H. J.; Hao, L.; Narayan, S. P.; Auyeung, E.; Mirkin, C.
A. Mechanism for the Endocytosis of Spherical Nucleic Acid
Nanoparticle Conjugates. Proc. Natl. Acad. Sci. U. S. A. 2013, 110
(19), 7625−7630.

(9) Patel, P. C.; Giljohann, D. A.; Daniel, W. L.; Zheng, D.;
Prigodich, A. E.; Mirkin, C. A. Scavenger Receptors Mediate Cellular
Uptake of Polyvalent Oligonucleotide-Functionalized Gold Nano-
particles. Bioconjugate Chem. 2010, 21 (12), 2250−2256.

(10) Massich, M. D.; Giljohann, D. A.; Seferos, D. S.; Ludlow, L. E.;
Horvath, C. M.; Mirkin, C. A. Regulating Immune Response Using
Polyvalent Nucleic Acid-Gold Nanoparticle Conjugates. Mol. Pharm.
2009, 6 (6), 1934−1940.

(11) Seferos, D. S.; Prigodich, A. E.; Giljohann, D. A.; Patel, P. C.;
Mirkin, C. A. Polyvalent DNA Nanoparticle Conjugates Stabilize
Nucleic Acids. Nano Lett. 2009, 9 (1), 308−311.

(12) Barnaby, S. N.; Perelman, G. A.; Kohlstedt, K. L.; Chinen, A.
B.; Schatz, G. C.; Mirkin, C. A. Design Considerations for RNA
Spherical Nucleic Acids (SNAs). Bioconjugate Chem. 2016, 27 (9),
2124−2131.

(13) Bousmail, D.; Amrein, L.; Fakhoury, J. J.; Fakih, H. H.; Hsu, J.
C. C.; Panasci, L.; Sleiman, H. F. Precision Spherical Nucleic Acids
for Delivery of Anticancer Drugs. Chem. Sci. 2017, 8 (9), 6218−6229.

(14) Chinen, A. B.; Guan, C. M.; Ko, C. H.; Mirkin, C. A. The
Impact of Protein Corona Formation on the Macrophage Cellular
Uptake and Biodistribution of Spherical Nucleic Acids. Small 2017,
13 (16), 1603847.

(15) Tähtinen, V.; Gulumkar, V.; Maity, S. K.; Yliperttula, A. M.;
Siekkinen, S.; Laine, T.; Lisitsyna, E.; Haapalehto, I.; Viitala, T.;
Vuorimaa-Laukkanen, E.; Yliperttula, M.; Virta, P. Assembly of
Bleomycin Saccharide-Decorated Spherical Nucleic Acids. Bioconju-
gate Chem. 2022, 33 (1), 206−218.

(16) Zhang, K.; Hao, L.; Hurst, S. J.; Mirkin, C. A. Antibody-Linked
Spherical Nucleic Acids for Cellular Targeting. J. Am. Chem. Soc.
2012, 134 (40), 16488−16491.
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