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A B S T R A C T

Compared with siRNAs or other antisense oligonucleotides (ASOs), the chemical simplicity, DNA/RNA binding
capability, folding ability of tertiary structure, and excellent physiological stability of threose nucleic acid (TNA)
motivate scientists to explore it as a novel molecular tool in biomedical applications. Although ASOs reach the
target cells/tumors, insufficient tissue penetration and distribution of ASOs result in poor therapeutic efficacy.
Therefore, the study of the time course of drug absorption, biodistribution, metabolism, and excretion is of
significantly importance. In this work, the pharmacokinetics and biosafety of TNAs in living organisms are
investigated. We found that synthetic TNAs exhibited excellent biological stability, low cytotoxicity, and sub-
stantial uptake in living cells without transfection. Using U87 three-dimensional (3D) multicellular spheroids to
mimic the in vivo tumor microenvironment, TNAs showed their ability to penetrate efficiently throughout the
whole multicellular spheroid as a function of incubation time and concentration when the size of the spheroid is
relatively small. Additionally, TNAs could be safely administrated into Balb/c mice and most of them distributed
in the kidneys where they supposed to excrete from the body through the renal filtration system. We found that
accumulation of TNAs in kidneys induced no pathological changes, and no acute structural and functional damage
in renal systems. The favourable biocompatibility of TNA makes it attractive as a safe and effective nucleic acid-
based therapeutic agent for practical biological applications.
1. Introduction

The development of nucleic acid research offers an opportunity for
the use of nucleic acid-based molecules for various biomedical applica-
tions, especially in disease therapeutics and diagnostics. For example,
natural oligonucleotides including antisense oligonucleotides (ASOs),
small interference RNAs (siRNAs), and ribozymes have shown great
promise in modulating specific gene expression in a highly selective
manner for cancer and other disease therapies [1,2]. However, natural
DNA/RNAs exhibit poor target binding affinity, and therefore high doses
are needed, leading to some side effects. Additionally, their acute enzy-
matic degradation and poor cellular uptake give rise to limited applica-
tions in clinical areas [3,4]. Viral gene-delivery vectors such as
adenoviruses, retroviruses, or lentiviruses are commonly used for gene
transfer in vivo but the application of this viral vector is hindered by
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severe immunological responses, high production cost, and low trans-
gene packaging capacity [5–7]. Non-viral delivery systems involving the
use of nanocarriers prepared from natural or synthetic compounds
including polymers, cationic lipids, inorganic nanoparticles, quantum
dots, and nucleic acid nanostructures have been developed as alterna-
tives [8–10]. These nanoparticle-based carriers assist in promoting
intracellular delivery, avoiding endonuclease degradation, and achieving
the stimuli-responsive release of nucleic acids. Nevertheless, the
nonspecific toxicity, insufficient transport to the targeted cells and tis-
sues, and unsatisfying manufacture and quality control hinder the in vivo
and clinical application of non-viral nanocarriers [2,11].

To improve the nuclease resistance, duplex-forming ability, and
pharmacokinetic properties, scientists also put great effort into the
chemical modification of the phosphodiester backbone, sugar moiety, or
nucleobases of natural nucleic acids [12,13]. So far, a number of
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modified ASO analogues such as phosphorothioate oligonucleotides,
peptide nucleic acids (PNAs), locked nucleic acids (LNAs), phosphor-
odiamidate morpholino oligomers, etc. show potentials as promising
therapeutic agents to inhibit target gene expression by steric blocking [4,
9,14]. However, they do suffer from poor cellular uptake, tendency to
self-aggregate in aqueous media, weak binding affinity to natural oligo-
nucleotides, and high toxicity for therapeutic applications [15–17].
Although the advent of a number of clinical trials in cancer and other
disease therapies, the number of antisense drugs approved by the United
States Food and Drug Administration is highly limited [18]. This results
in slow progress in the development of nucleic acid-based therapeutics.

Recently, synthetic α-L-threose nucleic acid (TNA) which is composed
of a backbone repeating of unnatural 4-carbon threose sugar with
phosphodiester linkages taking place at the 20- and 30- vicinal positions of
the threofuranose ring (Fig. 1a), has been considered as a possible RNA
progenitor [19,20]. TNAs can form stable antiparallel duplexes with
complementary sequences of DNA, RNA, and itself even though the
sugar-phosphate backbone is one atom shorter than natural nucleic acids
[20]. In addition, Chaput et al. showed that TNAs remain undigested
after incubation in 50% human serum or human liver microsomes for 7
days and are highly resistant to a strong degradative snake venom
phosphodiesterase (SVPDE). Furthermore, TNAs can protect internal
DNA residues and shield complementary RNA strands from nuclease
digestion [21]. The chemical simplicity, DNA/RNA binding capability,
tertiary structure folding ability, and excellent physiological stability of
TNAs motivate scientists to explore TNA as novel molecular tools in the
area of biotechnology applications. So far, various biologically stable
Fig. 1. Chemical structures and physiological stability of DNA and TNA. (a) The che
analysis and fluorescence scanning of TNA-Cy3 and corresponding DNA-Cy3 strands a
h). (c) Normalized intensity of TNA and DNA strands based on the denaturing PAGE
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TNA aptamers targeting small molecules and large proteins have been
selected by in vitro selection [22,23]. In particular, Yu and coworkers
isolated biostable TNA aptamers that specifically target PD-L1 protein
and demonstrated their potential in vivo anticancer immunotherapeutic
efficacy [24]. Recently, our group found that sequence-controlled TNAs
can be used in carrier-free condition for target gene suppression and in
vivo antisense cancer therapy with no adverse toxicity [25,26]. Subse-
quently, Chaput et al. demonstrated that cytosine-phosphate-guanine
(CpG) oligonucleotide sequence composed entirely of TNA units leads
to the activation of innate immune responses with an induction of rele-
vant mRNA signals and robust B cell line activation [27]. In addition,
Ding and coworkers also proposed a strategy for the construction of a
terminal-closed linear gene with a TNA loop modified primer pair
through polymerase chain reaction (PCR). The developed linear gene
exhibited enhanced enzymatic resistance and serum stability and elicited
a potent and persistent EGFP gene expression in eukaryotic cells [28].
Most recently, Yu and coworkers reported TNA-based enzymes with
RNA-ligation or RNA-cleavage activities [29,30]. Chaput and coworkers
also demonstrated that the introduction of TNA and 20-fluoroarabino
nucleic acid (FANA) modifications into a classic DNAzyme 10–23
(X10-23) significantly enhanced the biological stability and catalytic
activity. The obtained X10-23 could be employed to knock down
allele-specific mRNA sequences in disease cells and detect the viral
pathogen responsible for COVID-19 [31–33]. These findings make TNAs
attractive as nucleic acid therapeutics for disease therapy. Nevertheless,
the pharmacokinetics and biosafety of TNAs in living organisms are never
investigated. Although ASOs reach the target cells/tumors, insufficient
mical structures of DNA (RNA) and TNA oligonucleotides. (b) Denaturing PAGE
fter incubation with 10% FBS for designated time intervals (0, 1, 2, 4, 8, and 24
results.
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tissue penetration and distribution of ASOs result in poor therapeutic
efficacy. Therefore, the study of the time course of drug absorption,
biodistribution, metabolism, and excretion is of significantly importance.

Herein, we synthesized the fluorophore-labeled TNA oligonucleotides
via the well-established cyanoethylphosphoramidite chemistry. The
conventional two-dimensional (2D) culture system was used to examine
and compare the uptake efficiency of TNAs in a number of cancer cell
lines without transfection. Three-dimensional (3D) multicellular tumor
spheroids were built to mimic the in vivo tumor microenvironment for the
study of TNA penetration, distribution, and uptake. Furthermore, animal
models are also used to evaluate the in vivo pharmacokinetics, bio-
distribution, and biosafety of TNAs. These studies not only provide a
better understanding of the biocompatibility of TNAs with living or-
ganisms, but also give an insight into the development of TNA-based
delivery systems with improved therapeutic performance as new mo-
lecular tools in biomedical applications.

2. Materials and methods

2.1. Synthesis and characterization of TNA and DNA

Solid-phase synthesis of TNA and DNA oligonucleotide strands was
conducted on a BioAutomation MerMade MM6 DNA synthesizer. The
TNA was synthesized via previously reported method (Fig. S1) [25]. The
TNA and DNA strands were purified through a gel extraction approach
and desalted with a Sephadex G-25 column. The successful synthesis of
the TNA and DNA strands was confirmed via the Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF)
analysis and the denaturing polyacrylamide gel electrophoresis (PAGE)
analysis. The sequence and mass information of all strands were provided
in Table S1.

2.2. Fetal Bovine Serum assay

TNA-Cy3 or DNA-Cy3 oligonucleotide strands (1 μg) were dissolved
in PBS buffer with 10% Fetal Bovine Serum (FBS) to obtain a final con-
centration of 0.05 μg/μL. After that, the samples were incubated at 37 �C
for various time intervals (0, 1, 2, 4, 8, and 24 h). The samples were
incubated at 60 �C for 15 min to denaturalize the enzymes and subse-
quently characterized with 12% denaturing PAGE analysis in a Maxi
Vertical electrophoresis apparatus. Then, the denaturing gel was scanned
on a Fujifilm FLA-9000 scanner to detect the Cy3 fluorescence intensity.
Afterward, the denaturing gel was stained with StainAll and scanned. The
analysis of Cy3 fluorescence intensity and band intensity of TNA or DNA
strands was performed with the ImageJ software.

2.3. Cell culture

HEK 293 cells, HeLa cancer cells, MCF-7 cancer cells, MDA-MB-231
cancer cells, MDA-MB-468 cancer cells, and U87 cancer cells were ob-
tained from the American Type Culture Collection (ATCC, USA). The cells
were cultured in DMEM medium with 10% FBS, penicillin (100 U/mL),
and streptomycin (100 μg/mL) and incubated at 37 �C in a humidified
5% CO2 atmosphere. MCF-7 cells will be selected for a description of the
following cell experiments unless indicated.

2.4. Cytotoxicity assay

The in vitro cytotoxicity of TNA was measured via a standard MTT
assay. In general, MCF-7 cells were seeded in a 96-well plate at a density
of 5000 cells/well. After overnight incubation, the culture medium was
replaced with fresh medium containing TNA oligonucleotides of various
concentrations (0, 0.5, 1, 3, and 5 μM). The cells were further incubated
for 48 h. 20 μLMTT (5mg/mL in PBS buffer) was then added to each well
and the cells were subsequently incubated for another 4 h. After that, the
culture medium was discarded followed by 200 μL DMSO addition to
3

each well. The plate was incubated in darkness for 30 min at 37 �C and
the absorbance at 590 nm was then recorded with a Cytation 3 micro-
plate reader (Bio-Tek). Data were shown as mean � SD (n ¼ 6).
2.5. Confocal fluorescence imaging

MCF-7 cells were seeded in 35 mm glass-bottomed cell culture dishes
at a density of 150,000 cells/dish. After overnight incubation, the culture
medium was replaced with fresh medium containing TNA-Cy3 oligonu-
cleotides at 0.2 μM. The cells were further incubated for various time
intervals (0, 2, 4, 8, 12, and 24 h). The cells without any treatment were
set as 0 h. The cells were then stained with Hoechst 33258 at r.t. for 20
min. After that, the cells were washed with PBS buffer for three times and
fixed and analyzed with a Leica TCS SP5 laser confocal scanning mi-
croscope. The excitation wavelength for the Cy3 dye is 514 nm, and the
emission was collected at 550–600 nm.
2.6. Flow cytometry analysis

MCF-7 cells were seeded in 6-well plates at a density of 150,000 cells/
well. After overnight incubation, the culture medium was replaced with
fresh medium containing TNA-Cy3 oligonucleotides at 0.2 μM. The cells
were further incubated for various time intervals (0, 2, 4, 8, 12, and 24
h). The cells without any treatment were set as 0 h. After that, the cells
were trypsinized and subsequently analyzed on a BD FACS CantoTM II
flow cytometer. A PE filter set was employed for the quantitative mea-
surement of the Cy3 signal. Data was analyzed with the FlowJo software.
2.7. Three-dimensional (3D) multicellular spheroid preparation

To begin with, 48-well plates coated with agarose were prepared with
1% agarose dissolved in PBS buffer, heated in a microwave oven, and
dispensed into each well (0.3 mL/well). After agarose solidification, the
plates were exposed to UV light for 2 h. U87 cells were seeded in an
agarose-coated 48-well plate at a cell density of 5000 cells/well. The
plate was then placed on a shaker at 50 rpm for 24 h. After that, the cells
were incubated in cell incubator with medium renewal after 2 days until
the diameter of multicellular spheroids is over 500 μm. To obtain
multicellular spheroids with different diameters, U87 cells were seeded
in agarose-coated 48-well plates at various cell densities. MCF-7 multi-
cellular spheroids were also prepared to compare the morphology. Dur-
ing the process, careful operation was taken to avoid the disintegration of
multicellular spheroids.
2.8. TNA penetration in 3D multicellular spheroids

To study the time-dependent penetration of TNA, the multicellular
spheroids were prepared and incubated in culture medium containing
TNA-Cy3 oligonucleotides at 0.2 μM for various time intervals (0, 8, 24,
48, and 72 h). To study the concentration-dependent penetration of TNA,
the multicellular spheroids were incubated in culture medium containing
TNA-Cy3 oligonucleotides at various concentration (0, 0.1, 0.2, 0.5, 1,
and 3 μM) for 48 h. After that, the multicellular spheroids were analyzed
via confocal laser scanning microscopy (CLSM) and Flow Cytometry
analysis. For CLSM studies, the multicellular spheroids were imaged
every 5 μm to determine the penetration depth. The 3D images were also
obtained from the reconstruction of all confocal images. For flow
cytometry studies, the multicellular spheroids were treated with trypsin
for 1 h into single cells and these cells were subsequently analyzed on a
BD FACS CantoTM II flow cytometer. Data were analyzed with the
FlowJo software. To study the relationship of TNA penetration depth
with multicellular spheroid diameter, total 60 multicellular spheroids
were analyzed regardless of the TNA incubation time and concentration.
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2.9. Animal studies

The Balb/c mice (6–8 weeks) were purchased from the Laboratory
Animal Research Unit (LARU) of City University of Hong Kong and
housed in a pathogen-free environment. All animal experiments were
approved by the Animal Ethics Committee of City University of Hong
Kong and carried out in accordance with the Guidelines for Care and Use
of Laboratory Animals of City University of Hong Kong.

2.10. Pharmacokinetic studies

To investigate the pharmacokinetics of TNA, purified TNA-Cy5 oli-
gonucleotides were dissolved in PBS buffer and then intravenously
injected into Balb/c mice via tail vein at a dose of 4mg/kg. The volume of
solution is approximately 150 μL depending on the mice weight. Blood
samples were harvested from the orbital venous plexus at designated
time points (0, 0.5, 2, 8, and 24 h) and then centrifuged to get the serum.
Mice were anesthetized using the isoflurane anesthesia system all the
time during the experiments. After that, the Cy5 fluorescence intensity
was determined with a Fluormax-4 Spectrofluorometer. The data were
analyzed and shown as the Mean � SD (n ¼ 3).

2.11. Tissue biodistribution

To investigate the in vivo tissue biodistribution of TNA, TNA-Cy5 in
PBS buffer were intravenously injected into Balb/c mice via tail vein at a
dose of 4 mg/kg. Afterward, the mice were humanely euthanized, and
the selected organs (including heart, lung, liver, spleen, kidneys, brain,
intestine, and muscle) were harvested at designated time points (0, 2, 8,
24, and 72 h) for ex vivo fluorescence imaging. Then, the organs were
fixed in 10% formalin and subsequently imaged with a Fujifilm LAS-4000
Luminescent image analyzer. The obtained images were analyzed with
the ImageJ software.

2.12. In vivo safety analysis

After the intravenous injection of TNA into Balb/cmice via tail vein at
a dose of 8 mg/kg, blood samples were harvested from the orbital venous
plexus at designated time points (0, 0.5, 24, and 72 h) were harvested
and subsequent hematological analysis was performed using an HLIFE
blood analyzer. The obtained mouse blood routine indexes were shown
as mean � SD (n ¼ 3). Blood samples at designated time points (0, 2, 24,
and 168 h) were also harvested for blood biochemical analysis. Blood
biochemical markers including blood urea nitrogen (BUN), creatinine
(CREA), and low-density lipoprotein cholesterol (LDL-C) were analyzed
using Chemray 800 Automated Chemistry Analyzer and shown as mean
� SD (n ¼ 3). Kidneys and intestines were also harvested at designated
time points (0, 2, 24, and 168 h) for hematoxylin and eosin (H&E)
staining. The H&E staining images were obtained with a Carl Zeiss
bright-field Microscope.

2.13. Statistics analysis

All data are presented as the mean � SD. The statistical analysis was
performed using the Student's t-test where applicable.

3. Results

3.1. Physiological stability of TNAs

Fluorescence labelling is a commonly used technique to investigate
the structure and function of nucleic acids in cellular environments for
molecular biology, bioimaging, biosensing, diagnostics, and therapeutics
[34–36]. Generally, cyanine dyes and fluorescein molecules are
commonly used for nucleic acid conjugation [37–40]. On the other side,
Lacroix et al. recently showed that fluorophores themselves can be
4

dissociated, pass through the cellular membrane, and further localize in
intracellular organelles after the fluorophore-labeled DNA/RNA-based
structures were degraded by extracellular nucleases [41]. To confirm the
structural integrity of the fluorophore-labeled TNAs, the
Cy3/Cy5-labeled TNA oligonucleotides were successfully synthesized via
standard phosphoramidite chemistry and further characterized by
MALDI-TOF (Table S1) and denaturing PAGE analyses (Fig. S2). The
sequence we used in this work was just random. There is no specific
function. In our previously reported work, it is indicated that TNA strands
with other sequences were also able be taken up by different types of
living cells [25,26]. In addition, antisense TNA strands without fluo-
rophore labelling can induce targeted gene suppression in cells. These
findings suggest that the TNA cellular uptake might not be sequence-,
length-, or fluorophore-dependent. Thus, we decide to choose the 15-mer
and 17-mer TNAs with random sequences for testing in this work. The
length of these selected TNAs was also close to most of the antisense
reagents used in other studies. In general, the mobility of the oligonu-
cleotides and other polyelectrolytes on denaturing PAGE analysis is
highly depended on the molecular mass and the conformation of oligo-
nucleotides [42]. In the past few years, the conformation of the TNA
strand has been evaluated by several research groups [43–46]. Compared
with DNA or RNA, TNA is a rigid molecule with compact structure.
Therefore, it makes sense that the mobility of TNA strands was slower
than that of DNA or RNA strands even if the mass is a bit smaller. This
phenomenon is even more obvious in native PAGE analysis [25]. For
enzymatic digestion testing, TNA and DNA samples were incubated in
10% FBS in 1� PBS buffer for up to 24 h at 37 �C. As shown in Fig. 1b, the
PAGE analysis indicated the rapid degradation of DNA-Cy3 strands in the
FBS test. Nevertheless, the TNA strands showed consistent Cy3 fluores-
cence signal together with strong enzymatic resistance towards FBS in-
cubation. As quantified in Fig. 1c, DNA-Cy3 strands degraded completely
after 8 h incubation of FBS with a half-life of 2.22 h. On the contrary,
TNA-Cy3 strands did not exhibit significant degradation even after 24 h
incubation of FBS, which is consistent with previous reports [21,26]. Our
results indicated that no enzymatic dissociation of Cy fluorophores from
TNAs is observed and the intrinsic structure of TNAs is completely
resistant to enzymatic degradation. This finding strongly confirmed the
reliability of Cy-labeled TNA oligonucleotides for further tracing and
trafficking in cellular and animal studies.

3.2. Cellular uptake of TNAs

It was reported that TNA oligonucleotides could penetrate and
accumulate inside the cells despite their negative charge [25]. Previous
reports also have shown enhanced cellular uptake for other forms of
XNAs [37,47,48]. In this work, we compared the TNA uptake kinetics in
several types of living cells. Firstly, TNA-Cy3 oligonucleotides were
incubated with a number of cell lines for 24 h. Their cellular uptake ef-
ficiency was characterized and compared using CLSM (Fig. 2a) and flow
cytometry (Fig. S3). Our results indicated that different cell lines
exhibited different TNA uptake behaviors regarding the uptake amount
and distribution pattern. Interestingly, we found that U87, MCF-7, and
MDA-MB-468 cells show substantially higher cellular uptake efficiency of
TNAs when compared with HEK 293, HeLa, and MDA-MB-231 cells
(Fig. 2a). In particular, the uptake kinetic of TNAs in MCF-7 cells was also
imaged via CLSM (Fig. S4). No fluorescence signals were observed for the
first 2 h. Fluorescence signals were first detected at 4 h but the signals
were mostly found on the outer surface of the cells. Fluorescence signals
were clearly observed inside the cells after 8 h of incubation and the
fluorescence signals further increased with incubation time. Further-
more, a clear shift of cell population was found in flow cytometry analysis
at every time point after incubating of TNAs in MCF-7 cells (Fig. 2b),
revealing the time-dependent cellular uptake of TNA oligonucleotides.
We also performed 3D reconstruction based on CLSM images at different
laser scanning depths to further confirm the clear stereoscopic image of
the localization of TNAs inside the cells, rather than adhesion to the



Fig. 2. Cellular uptake and cytotoxicity of TNA. (a) Flow Cytometry analysis of the TNA cellular uptake behaviors in various cell lines after 24 h incubation. The
leftmost peaks refer to the corresponding control cells without TNA incubation. (b) Flow Cytometry analysis of the time-dependent TNA cellular uptake in MCF-7 cells
(0, 2, 4, 8, 12, and 24 h). (c) 3D reconstruction image of MCF-7 cells incubated with TNA-Cy3 oligonucleotides (0.2 μM) for 12 h. The nucleus was stained with
Hoechst 33258 dye (blue). The white dotted line represents the cell contour. Scale bar ¼ 25 μm. (d) Cytotoxicity assessment of TNA oligonucleotides in HEK 293, MCF-
7, U87, and MDA-MB-468 cells via MTT assays. Data are shown as the mean � SD (n ¼ 6).
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plasma membrane. As indicated in Fig. 2c, the 3D reconstructed image
illustrated that the TNA oligonucleotides were inside the cells instead of
attaching to the cell surface. In addition, the fluorescence signals were
not colocalized within the nucleus, suggesting that the TNA oligonucle-
otides were distributed in the cytoplasm. We conducted additional ex-
periments to investigate and compare the internalization efficiency and
endosomal escape of TNAs after incubation and transfection. To do so,
the MDA-MB-231 cells were incubated/transfected with TNA-Cy3 for 8 h
and were then stained with LysoTracker Red before imaging. We did not
see a big difference in their internalization intensity in two different
treatments as shown in Fig. S5. In addition, about 80% of the Cy3 fluo-
rescence signals were colocalized with the fluorescence signal of Lyso-
Tracker Red. On the other hand, there are still some of TNAs’ signal not
completely overlapping with the LysoTracker Red. In contrast, the
transfected TNAs were not trapped in endosomes inside the cells
(Fig. S5), indicating the effective TNA endosomal escape after
transfection.

Biocompatibility is another important property of novel materials for
biological or biomedical applications. To determine the potential cyto-
toxicity of TNA oligonucleotides, MTT assay was employed. As shown in
Fig. 2d, negligible cytotoxicity was observed in four cell lines used in our
study, including HEK 293, MCF-7, U87, and MDA-MB-468 cells. The
5

relative cell viability remained to be above 95% even after incubated at a
very high TNA concentration for up to 24 h. Instead, the incubation of
cells with a toxic chemotherapeutic drug doxorubicin (Dox) led to severe
cell death (Fig. S6). The substantial cellular uptake and low cytotoxicity
of the synthesized TNA oligonucleotides confirmed their excellent
biocompatibility, motivating us for further in vitro and in vivo studies.
3.3. TNA penetration in 3D cell culture

In general, 2D cultured cells are commonly used for the study of
cellular uptake. Unfortunately, the 2D cultured cells are stretched and
grown as single layers on a planar solid surface, resulting in a lack of a
complex microenvironment, nutritional gradient, intrinsic tensional
force, and altered gene expression profiles found in tumor tissues [49].
To address these limitations, we constructed a 3D culture system based
on multicellular tumor spheroid model, which offers the unique property
to culture cells in a spatially controlled manner, resulting in cell-cell and
cell-matrix interactions that closely mimic the physiological environment
of native tumors. To begin with, MCF-7 and U87 cells were chosen for the
establishment of multicellular tumor spheroids according to the previous
report [50]. Compared with MCF-7 cells, the U87 3D multicellular
spheroids exhibited more uniformmorphology which would be useful for
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characterizing the penetration efficiency and hence were chosen for
further studies (Fig. S7). The U87multicellular spheroids with a diameter
of ~300–500 μm were then incubated with TNA-Cy3 oligonucleotides
and subsequently analyzed with CLSM and flow cytometry. For CLSM
studies, the multicellular spheroid was scanned and imaged every 5 μm
beginning from the very top layer (Fig. S8). For flow cytometry studies,
the 3D multicellular spheroids after TNA incubation were trypsinized
into single cells and subsequently analyzed. An example of the deter-
mination of TNA penetration depth was shown (Fig. S9a). In addition, the
3D image was reconstructed from all the confocal images to present the
top, side, and front views of the multicellular spheroid (Fig. S9b). It
clearly indicated that the TNAs were able to be taken up by 3D cells
without transfection, which is significantly important to antisense cancer
therapy studies. As indicated, the TNA penetration depth in the multi-
cellular spheroids increased with incubation time and reached a
maximum at 48 h (Fig. 3a and b, Fig. S10a). After that, the elongation of
incubation time led to minimal increment of TNA penetration. In addi-
tion, the flow cytometry analysis revealed similar results regarding the
TNA positive cells and Cy3 fluorescence intensity in 3D multicellular
spheroids (Fig. 3c and d).

On the other hand, the results showed that TNA penetration depth
also increased with TNA concentration with 48 h incubation (Fig. 4a and
b, Fig. S10b). Furthermore, as observed, we expect that the maximum
penetration depth would be reached at concentration higher than 3 μM.
In addition, the flow cytometry results indicated the continuous
enhancement in Cy3 fluorescence intensity by increasing the TNA con-
centration (Fig. 4c and d). These results indicated the time-, and
concentration-dependent TNA penetration in multicellular spheroids,
which are consistent with previous reports studying the penetration of
oligonucleotides and nanoparticles in the multicellular spheroids [51,
52].
Fig. 3. Incubation time-dependent penetration of TNAs in 3D multicellular spheroid
μM) in multicellular spheroids against the incubation time (0, 8, 24, 48, and 72 h) (n
oligonucleotides (0.2 μM) for various time points (0, 8, 24, 48, and 72 h). Scale bar ¼
TNA-Cy3 oligonucleotides (0.2 μM) for various time points (0, 8, 24, 48, and 72 h).
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We also investigated the relationship between the TNA penetration
depth and the spheroid diameter. A total of 60 multicellular spheroids
were analyzed regardless of the TNA concentration and incubation time.
As shown, the TNAs could penetrate efficiently throughout the whole
multicellular spheroid (100% relative depth) when the size of the
spheroid is relatively small (below 200 μm) (Fig. 5a and b, Fig. S11).
Nevertheless, when the spheroid diameter increased, the TNA penetra-
tion is limited to a certain extent as raising the TNA concentration and
incubation time no longer led to the TNA diffusion throughout the
multicellular spheroid (<100% relative depth). We found that the
maximum penetration depth was about 150–170 μm for TNA oligonu-
cleotides (Fig. 3a).

3.4. In vivo pharmacokinetics and tissue biodistribution

Motivated by the efficient penetration and uptake of TNA oligonu-
cleotides in in vitro tumor models, we further investigated their in-
teractions with animals. Firstly, body clearance experiments were
conducted to examine the in vivo pharmacokinetics and biodistribution of
TNAs. TNA oligonucleotides were first labeled with Cy5 (TNA-Cy5) and
were then injected intravenously into Balb/c mice. The blood samples
were collected at different time points, and the Cy5 fluorescence signals
were thenmeasured. As shown in Fig. 6a and b, the fluorescence intensity
of Cy5 in the blood increased drastically (by over 150-fold) within 0.5 h
after systemic administration of TNA-Cy5 oligonucleotides. Afterward,
the Cy5 signal displayed a rapid decline. More than 97% of TNAs van-
ished at 8 h. The results indicated the rapid clearance of TNAs during
blood circulation.

We argued that the fast removal of the TNA oligonucleotides was due
to the rapid transfer from the blood into tissues, as other types of oli-
gonucleotides do [53]. Thus, the major organs including the lung, heart,
s. (a) CLSM analysis of penetration depth of the TNA-Cy3 oligonucleotides (0.2
¼ 4). (b) CLSM images of U87 multicellular spheroids incubated with TNA-Cy3
500 μm. (c) Flow cytometry analysis of multicellular spheroids incubated with

(d) Analysis of the TNA positive cells and Cy3 fluorescence intensity in Fig. 3c.



Fig. 4. Concentration-dependent penetration of TNAs in 3D multicellular spheroids. (a) CLSM analysis of penetration depth of the TNA in multicellular spheroids
against the TNA concentration for 48 h (0.1, 0.2, 0.5, 1, and 3 μM) (n ¼ 4). (b) CLSM images of U87 multicellular spheroids incubated with TNA-Cy3 oligonucleotides
of various concentrations (0, 0.1, 0.2, 0.5, 1, and 3 μM) for 48 h. Scale bar ¼ 500 μm. (c) Flow cytometry analysis of multicellular spheroids incubated with TNA-Cy3
oligonucleotides of various concentrations (0, 0.1, 0.2, 0.5, 1, and 3 μM) for 48 h. (d) Analysis of the TNA positive cells and Cy3 fluorescence intensity in Fig. 4c.

Fig. 5. Spheroid size-dependent penetration of TNAs in 3D multicellular spheroids. (a) Plotted coordinates showing the diameter size and corresponding TNA
penetration depth of selected 60 multicellular spheroids. The red line indicates the radius. (b) The relative depth of TNA penetration in the multicellular spheroids
calculated from Fig. 5a. The relative depth is defined as the ratio of the TNA penetration depth to the radius of the multicellular spheroid.
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brain, liver, spleen, kidneys, intestine, and muscle were harvested and
visualized at different time by ex vivo fluorescence imaging. As shown,
the kidneys showed the strongest fluorescence at 2 h after the adminis-
tration of TNAs, suggesting the rapid and dominant uptake and accu-
mulation of TNAs in the kidneys (Fig. 6c–g). Distribution of TNAs in the
organs of the intestine, muscle, and liver was also observed but with
much lower level (Fig. 6h). Furthermore, TNAs in the kidneys decreased
by 65% at 72 h compared with that at 2 h (Fig. 6h), suggesting the
excretion of TNAs from the body through the renal filtration system. The
results are in good agreement with the preferential ultrafiltration of other
7

types of oligonucleotides by the kidney [54–56]. More importantly, the
primary distribution of TNAs in kidneys is consistent with the previous
work reported by Yu and coworkers [24].
3.5. In vivo biosafety of TNAs

So far, TNA oligonucleotides exhibited attractive characteristics such
as remarkable physiological stability, high binding affinity towards
complementary RNAs, and enhanced cellular uptake, making TNAs
promising candidates for the development of diagnostic and therapeutic



Fig. 6. (a) The Cy5 fluorescence spectra of blood serum samples harvested at designated time points (0, 0.5, 2, 8, and 24 h) after intravenous injection of TNA-Cy5
oligonucleotides. (b) The relative fluorescence intensity of blood serum samples obtained from Fig. 6a. (c–g) Fluorescence imaging of organs harvested at different
time intervals (0, 2, 8, 24, and 72 h) after the intravenous injection of TNA-Cy5 oligonucleotides. (h) The relative fluorescence intensity in different organs at different
time points (0, 2, 8, 24, and 72 h) after intravenous injection of TNA-Cy5 oligonucleotides.
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agents. Nevertheless, the concern of the long-term toxicity of developed
XNAs still limits their biological and biomedical applications [9,14]. To
examine the in vivo biosafety of the TNA oligonucleotides, blood samples
were collected at 2, 24, and 168 h after intravenous injection of TNAs. As
shown in Fig. 7a, the blood routine indexes including the white blood
cells (WBC), red blood cells (RBC), platelet (PLT), hemoglobin (HGB),
lymphocytes (LYM), mean corpuscular volume (MCV), mean platelet
volume (MPV), and mean corpuscular hemoglobin (MCH) indicated
negligible differences between sample groups and control groups (un-
treated mice (0 h)), suggesting the TNA administration will not lead to
8

obvious pathological changes. Since the TNA oligonucleotides preferen-
tially accumulated in the kidneys and some in the intestine, we con-
ducted experiments to investigate the potential side effects of TNAs to
these organs, particularly to the kidney. As shown in Fig. 7b, the his-
tology hematoxylin and eosin (H&E) staining of the kidney and intestine
slices for TNA-treated mice revealed no appreciable histopathological
abnormality of the tissues with the tested dose. In addition, we per-
formed blood biochemistry analysis and showed that blood urea nitrogen
(BUN), creatinine (CREA), and low-density lipoprotein cholesterol
(LDL-C) in TNA-treated mice displayed no significant variations



Fig. 7. In vivo biosafety of TNA oligonucleotides. (a) The blood routine indexes of mice at 0 h, 0.5 h, 24 h, and 72 h after TNAs intravenous injection (WBC: white
blood cells; RBC: red blood cells; PLT: platelet; HGB: hemoglobin (HGB); LYM: lymphocytes; MCV: mean corpuscular volume; MPV: mean platelet volume; MCH: mean
corpuscular hemoglobin). Error bars indicate standard deviation (n ¼ 3). (b) Histology H&E staining of kidney and intestine harvested at 0 h, 2 h, 24 h, and 168 h after
TNAs intravenous injection. Scale bar ¼ 200 μm. (c) Blood biochemistry analysis of renal function at 0 h, 2 h, 24 h, and 168 h after TNAs intravenous injection. (BUN:
blood urea nitrogen; CREA: creatinine; LDL-C: low-density lipoprotein cholesterol). Error bars indicate standard deviation (n ¼ 3).

F. Wang et al. Materials Today Bio 15 (2022) 100299
compared with control groups, suggesting that the TNA uptake and
accumulation in the kidneys induce no acute renal injury and insuffi-
ciency (Fig. 7c). Taken together, these data strongly confirmed the
excellent biocompatibility of TNA oligonucleotides for practical appli-
cations in the biological environment.
9

4. Discussion

TNA possesses attractive properties of chemical simplicity, high
binding specificity towards DNA/RNA, tertiary structure folding capa-
bility, and excellent biological stability, holding great potential in
biology study and biomedical applications [21,22,29]. So far, TNA has
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been widely used in various biomedical applications such as aptamer
selection [22,29], XNAzyme discovery [29–33], gene regulation [25,26,
28], and immunotherapy [24,27]. In this work, we systematically
investigated the interactions of TNA oligonucleotides with living or-
ganisms, including cellular uptake, penetration in 3D cell culture, phar-
macokinetics, tissue biodistribution, and in vivo biosafety for the first
time.

Nucleic acid modification with fluorescence dyes is a mature tech-
nique in chemical synthesis and has been widely used for nucleic acid
tracking and trafficking in biology. However, Lacroix et al. recently
showed that fluorophores themselves can be released, pass through the
cellular membrane, and further localize in intracellular organelles after
the fluorophore-labeled DNA/RNA-based structures were degraded by
extracellular nucleases [41]. To ensure no misleading fluorescent signals
to be obtained for the in vitro and in vivo studies via fluorescence imaging,
serum stability of the fluorophore-labeled TNA oligonucleotides was
investigated and compared. The FBS assays indicated the strong enzy-
matic resistance of TNA oligonucleotides compared with rapid degraded
DNA. TNA-Cy3 oligonucleotides remained integral even after incubation
with FBS for 24 h, however, corresponding DNA-Cy3 oligonucleotides
displayed complete degradation in 8 h incubation (Fig. 1b and c).
Because of the strong biological stability of TNA, we can eliminate the
concern of degradation-caused misleading false signals in fluorescent
nucleic acid imaging.

We used the CLSM and flow cytometry techniques to study the
cellular uptake property of TNAs. Different cell lines displayed distinct
behaviors in TNA uptake amount and distribution pattern (Fig. 2a). Our
findings were in good agreement with the results of phosphorothioate
oligonucleotides [37,53]. In general, factors including length and
sequence of oligonucleotides, chemical modifications, and the cell
physiological state would affect the cellular uptake of oligonucleotide
[37,57]. In previously reported work, it is indicated that TNA strands
with different lengths and sequences exhibited effective cell penetration
[25,26], nevertheless, the number of tested TNAs are still limited.
Alternatively, Stein et al. also demonstrated that the naked LNA can be
efficiently taken up by living cells via the “gymnosis” process without the
use of transfection reagents and enables the sequence-specific gene
silencing in different types of cells [58]. Given that this is a carrier-free
delivery system, gymnotic silencing would offer more antisense
oligonucleotide-specific phenotypes. Additionally, a cellular response is
easily to be interpreted as this response is only related to the added ASOs
[59]. As the cellular TNA uptake was mainly attributed to endocytosis,
the differences in TNA uptake for various cell lines might be due to the
differentially expressed receptors and the distinct membrane lipid
composition on the cell surface [26,37,54]. Compared with siRNAs or
other ASOs, TNAs exhibited effective uptake in living cells without the
aid of carriers [14,25]. This suggests that TNA can be potentially used as
a simple and cost-effective therapeutic agent for cancer therapy. We also
compared the TNA internalization efficiency and endosomal escape in
incubation and transfection methods. The observations confirmed that
majority of the TNAs were trapped in endosomes inside the cells. In fact,
our CLSM results are in a good agreement with the results of its uptake
mechanism studies. We have previously demonstrated that cellular up-
take of TNA was dominantly attributed to a temperature- and
energy-dependent endocytotic pathway [26]. The mechanism of oligo-
nucleotide release from endosomes are still unclear, but the maturation
from early to late endosomes is reported to play an important role [59].
In addition, the transfection reagents do not contribute much to the
internalization efficiency, but they can remarkably boost the endosomal
escape of TNAs and alter their intracellular localization. Therefore, the
development of delivery systems for efficient TNAs transfection can
significantly improve their therapeutic potency.

Although we confirmed the time-dependent cellular uptake of TNAs
into living cells, the experiments were performed on 2D culture systems.
It is generally agreed that the penetration and uptake performance of
therapeutic agents can be quite different in 2D cultures and 3D tumor
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tissues [49]. Accordingly, we prepared U87multicellular spheroids as 3D
cell culture model to mimic the tumor physiological environment and
studied the TNA penetration property via CLSM and flow cytometry
analysis. The results indicated the time-, and concentration-dependent
TNA penetration in multicellular spheroids (Figs. 3 and 4). Increasing
the incubation time and TNA concentration led to the increment of TNA
penetration depth. Nevertheless, the TNA penetration is limited in rela-
tively large spheroids. Raising the TNA incubation time and concentra-
tion could not continuously enhance the TNA penetration and eventually
led to a saturated TNA penetration (Fig. 5). This observation may attri-
bute to the high interstitial fluid pressure and complicated composition
of the extracellular matrix in relatively large multicellular spheroids,
which have been reported to hinder the delivery of drugs and bio-
macromolecules [60,61]. To improve the therapeutic effects, future work
can focus on the development of TNA-based agents with enhanced
penetration property with targeting ligands [8,51].

In this study, we used TNA-Cy5 oligonucleotides to study the in vivo
pharmacokinetics and tissue biodistribution. After intravenous adminis-
tration, TNAs displayed rapid clearance with over 97% of them removed
in 8 h during blood circulation (Fig. 6a and b). The ex vivo fluorescence
imaging showed the rapid transfer of the TNA oligonucleotides from the
blood into tissues, especially in kidneys (Fig. 6d). We believe that the
TNA accumulation in the kidneys was possibly due to the preferential
uptake by the kidney proximal tubule cells [40,62]. TNA oligonucleo-
tides for gene regulation have been reported in the past few years [25–28,
30–32]. For example, Chaput and coworkers demonstrated the TNA CPG
strands can activate innate immune responses with induction of relevant
mRNAs and B-cell activation [27]. Very recently, Yu et al. reported the in
vitro isolation of TNA-based enzymes with RNA-cleaving activity [30].
One selected TNA enzyme, Tz1, can specifically cleave the mutant
epidermal growth factor receptor (EGFR) RNA substrate with a single
point mutation. They also demonstrated the selective inhibition of the
mutant EGFR proteins and subsequent suppressed cell viability in H1975
cancer cells. However, these developed TNA-based reagents are mostly
utilized in in vitro studies. Considering the huge differences between in
vitro and in vivo conditions, the bioavailability of TNA reagents is still a
major challenge for therapeutic applications. Notably, the dominant
accumulation and rapid renal clearance of TNAs in the kidneys might
lead to insufficient delivery of therapeutic TNAs in the targeted cell-
s/tissues though the enzymatic degradation of TNA is not a concern.
Encouragingly, a recent work by Yu and coworkers demonstrated the
altered biodistribution of TNA strands with specific protein-binding
ability [24]. The data indicated that the selected TNA aptamer N5
could specifically accumulate at the tumor site while the scrambled
sequence displayed favoured accumulation in the kidneys in a mouse
model. Thus, selections of TNA strands with targeting ability or modifi-
cations of TNAs with targeting moieties would be necessary for the
efficient delivery and accumulation of therapeutic TNAs in interested
cells or organ tissues to achieve improved therapeutic efficiency and
reduced side effects [24,51].

We also investigated the in vivo biosafety of TNA oligonucleotides.
The mice blood routine indexes indicated insignificant differences after
intravenous injection (Fig. 7a). No histopathological abnormalities were
observed in the H&E staining of kidneys and intestines (Fig. 7b). In
addition, the blood biochemistry analysis suggested no acute renal injury
and no renal insufficiency caused by preferential TNA uptake and accu-
mulation of TNA in the kidneys (Fig. 7c). Notably, it is of significance
investigating the potential recognition of TNAs by the immune system
and the potential consequences of these recognition events. This will be
another piece of TNA work on-going in our group. To plan for this long-
term TNA toxicity studies, we are interested in investigating oligonu-
cleotide accumulation effects, proinflammatory mechanisms, and bind-
ing interactions with proteins [63]. For example, the interactions of TNA
oligonucleotides with immune system and potential proinflammatory
activities needs to be well studied. In addition, treatment of higher doses
or multiple exposures of TNA oligonucleotides to animals might enhance
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the accumulation-related effects and resulted in long-term histopatho-
logical abnormalities. Therefore, a better understanding of TNA toxicity
is beneficial for the future development of TNA-based reagents in bio-
logical and biomedical applications.

5. Conclusions

Compared with siRNAs or other ASOs, synthetic TNAs exhibited
excellent biological stability, low cytotoxicity, and substantial uptake in
living cells without the aid of carriers. Using U87 3D multicellular
spheroids as a model system, TNAs showed their ability to penetrate
efficiently throughout the whole multicellular spheroid as a function of
incubation time and concentration when the size of the spheroid is
relatively small. Additionally, TNAs could be safely administrated into
Balb/c mice and most of them distributed in the kidneys where they
supposed to excrete from the body through the renal filtration system.
Accumulation of TNAs in kidneys induced no pathological changes, and
no acute structural and functional damage in renal systems. The
favourable pharmacokinetics and biosafety of TNAmake it attractive as a
highly biocompatible and cost-effective nucleic acid-based therapeutic
agent for practical biological and biomedical applications. To fully vali-
date the utility of TNAs for disease therapy, investigation of TNA strands
functionalized with targeting ligands is necessary.
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