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ABSTRACT
Stroke is the first leading cause of death in Portugal and the second worldwide. Acute ischemic
stroke conduct to a cascade of neuronal cell death processes that persists after blood reperfusion for
months. In this way, there is a need for combinatorial neuroprotective therapies, which minimize
cerebral injuries and enhance natural neuro-restoration processes.
BDNF is a neurotrophin with recognized post-stroke potent neuroprotective action. However, its
short biological half-live in circulation and the serious side effects caused by the increasing of
administrated dose hinder its use as therapy. DNA nanotechnology conjugated with TrkB-agonist
aptamers (designated C4-3 aptamers) may be a promising solution, combining the high affinity and
specificity of aptamers, with the possibility of a stable transport and a regulated biodistribution
across the organism. This would enable a precise targeting, minimizing the drug side effects.
In the present thesis, tetrahedral DNA Nanostructures (TDN) carrying 3 overhang sequences were
developed and functionalized with a new synthesised version of the RNA C4-3 aptamer with a 3´-end
extension (TDN-Apt). In parallel, a neurotropic peptide-DNA conjugate (Tet1-DNA) was additionally
tested for hybridization with the TDN (TDN-Tet). The good yield of hybridization confirmed the
appropriate exposition of the TDN overhang extensions.
The biological functionality was evaluated in terms of targeting capability and TrkB receptor
stimulation. Cell internalization of TDN, TDN-Apt and TDN-Tet was evaluated in ND7/23 cell line and
neuronal primary cortical cells, revealing an enhanced cell uptake of the functionalized structures in
comparison with TDN. Preliminary evaluation results of TrkB receptor activation suggested a
tendency of TDN-Apt to present similar activity than C4-3 aptamer. Notwithstanding, TDN-Apt may
reach a higher potential, once obtained a single population of TDN–3xApt in solution.
In summary, the successful outcomes demonstrate the potential of Tetrahedral DNA
Nanostructures as neuronal targeted carriers. Multifunctionalization of the DNA nanostructures with
both therapeutic aptamers and targeting peptides and/or with other types of therapeutic nucleic
acids are possible future strategies to achieve neuronal protection in pathological or traumatic brain
conditions such as stroke.
KEYWORDS: Aptamers, Tetrahedral DNA Nanostructures, BDNF, TrkB, Stroke.
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SUMÁRIO
Os acidentes vasculares cerebrais (AVC) são a primeira causa de morte em Portugal e a segunda
em todo o mundo. Um AVC isquémico conduz a uma cascata de mecanismos de morte neuronal que
persiste após reperfusão cerebral sanguínea durante meses. Há então uma necessidade de uma
combinação de terapias neuro-protetoras que minimizem as lesões cerebrais e potenciem
mecanismos naturais de reparação neurológica.
BDNF é uma neurotrofina com uma importante ação neuro-protetora após um AVC. No entanto,
não é utilizado como terapia devido ao seu reduzido tempo de semi-vida em circulação, e aos
potenciais efeitos secundários graves que poderia causar caso fosse administrada em elevada dose. A
nanotecnologia de DNA conjugada com aptâmeros agonistas do receptor TrkB (designados C4-3)
poderão representar uma solução promissora, combinando a elevada afinidade e especificidade dos
aptâmeros com a possibilidade de um transporte mais estável e uma regulada bio-distribuição pelo
organismo. Permitir-se-ia assim uma capacidade de “targeting” (direcionamento para um alvo),
minimizando os efeitos secundários.
Na presente tese, nano-estruturas tetraédricas de DNA (TDN – do inglês “Tetrahedral DNA
Nanostructures”) com sequências projetadas em 3 vértices foram desenvolvidas e funcionalizadas
com uma nova versão sintetizada do aptâmero “C4-3” de RNA com uma extensão na extremidade 3´
(TDN-Apt). Paralelamente, a hibridação com o TDN foi analisada com um conjugado péptido-DNA
neuro-trópico (Tet1-DNA). O bom rendimento da hibridação confirmou a adequada exposição das
extensões projetadas do TDN.
O diâmetro hidrodinâmico de cada nanoestrutura (TDN, TDN-Apt e TDN-Tet) foi avaliado em
seguida, revelando uma complexa distribuição de populações de variadas dimensões.
A funcionalidade biológica foi avaliada ao nível da capacidade de “targeting” e de estimulação do
receptor TrkB. A internalização celular de TDN, TDN-Apt e TDN-Tet foi avaliada na linha celular
ND7/23 e em células corticais primárias neuronais, revelando um aumento de internalização celular
das estruturas funcionalizadas em comparação com TDN. Resultados preliminares da avaliação do
potencial de ativação do receptor TrkB sugerem uma tendência de TDN-Apt apresentar uma
atividade semelhante ao aptâmero C4-3. No entanto, TDN-Apt poderá alcançar um maior potencial,
uma vez obtida uma única população de TDN-3xApt em solução.
Em conclusão, os bons resultados demonstram o potencial das nano-estruturas tetraédricas de
DNA como transportadores com alvo neuronal. A multifuncionalização das nano-estruturas de DNA
com ambos os aptâmeros terapêuticos e péptidos para “targeting” neuronal, e/ou outros tipos de
ácidos nucleicos terapêuticos, são possíveis futuras estratégias para alcançar proteção neuronal em
condições cerebrais patológicas ou traumáticas, como acidentes vasculares cerebrais.

PALAVRAS-CHAVE: Aptâmeros, Nanostructuras tetraédricas de DNA, BDNF, TrkB, AVC.
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Figure 1. Temporal evolution of neuronal injuries after an acute ischemic stroke. (NSC - neural stem cells, BBB
- blood-brain barrier, MMP - matrix metalloprotease, ROS - reactive oxygen species, RNS - reactive nitrogen
species) Adapted from (Candelario-Jalil, 2009).
Figure 2. Representation of the positive feedback loop between CREB and BDNF mediated by synaptic activity
(neuronal survival mechanism), as well as the CREB shut-off pathway induced by extrasynaptic NMDARs
stimulation (activated mechanism in cerebral ischemia). Adapted from (Lai, Zhang, & Wang, 2014)
Figure 3. a. Assembling of the tetrahedral DNA with siRNAs. b. Structure and orientation of the ligands (siRNA
strands with bullet shapes on the ends). Adapted figure from (Lee et al., 2012).
Figure 4. Molecular robot based on AND logic gates targeting a therapeutic action to specific cell types. It
detects specific antigens (keys) expressed on cells surfaces. It holds a closed configuration if aptamers do not
bind to any cell receptor or if they only bind to one receptor type. Only when cell presents the both receptor
types can the robot be opened, thus releasing the cargo. Adapted figure from (Douglas et al., 2012).
Figure. 5. Sketch of a functional model of a DNA Tetrahedral Nanostructure (TDN) (a) and a Tetrahedral
Nanostructure conjugated with three aptamers in the vertexes (TDN-apt) (b). S1, S2, S3, S4 strands are
represented in blue, yellow, orange and green, respectively, in the area of tetrahedron delineation, and in purple
in the anchors. Aptamers are represented in gray (the sketch is not drawn to scale for simplicity of presentation).
Figure. 6. Ilustration of the executed protocol for DNA template purification with NZYGelpure kit. © 2017
NZYTech, Lda. - Genes and Enzymes (NZYTech, 2017)
Figure. 7 Ilustration of concentration steps of hibridized nanostructures (TDN, TDN&Apt and TDN&Tet/DNA)
with Amicon ® Ultra-0.5 Centrifugal Filter Devices (Merck).
Figure 8. Representation of dsDNA template production. The template (68bp) includes the T7 bacteriophage
promoter sequence (green sequence) upstream of the sense C4-3 cDNA sequence. (The bold black sequence
indicates the characteristic variable region of C4-3 aptamer.)
Figure 9. Representation of the in vitro transcription process from dsDNA template (68bp) to C4-3 RNA
Aptamer (51nt). The T7 RNA polymerase (represented in green) starts transcription at the highlighted red G in
the promoter sequence. It moves from 3' to 5' end of DNA template sense strand and synthesizes the
complementary RNA strand (purple strand) in the 5' to 3' direction. (The bold black sequence indicates the
characteristic variable region of C4-3 aptamer, while the bold purple RNA nucleotides indicates the 2'-Fluoro
modified nucleotides (2’F-C; 2’F-U))
Figure 10. a) Native PAGE with 68bp DNA template. Low range GeneRuller DNA Ladder in the left lane for
control of DNA size. b) Denaturing PAGE with 51nt RNA aptamer with 2’F-dCTP and 2’F-dUTP. Low Range ssRNA
Ladder in the left lane for control of RNA size. c) Native PAGE with 51nt RNA aptamer submitted to Slow
Annealing (94 °C, 4min→ ↓0,02 °C/s → 4 °C) in the presence of HEPES buffer (20mM HEPES, 140mM NaCl, 5mM
KCl), being loaded with DNA Loading Buffer in the gel (1) or submitted to Fast Annealing (94 °C,4min → ice) and
loaded with RNA loading buffer in the gel (2). Low range GeneRuller DNA Ladder in the left lane and Low Range
ssRNA Ladder in the right lane for control of RNA size. The arrows indicate the folded aptamers.

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|xii

Figure 11. Representation of dsDNA template production. The template (89bp) includes the T7 bacteriophage
promoter sequence (green sequence) upstream of the sense C4-3ext cDNA sequence. (The highlighted black
sequence indicates the characteristic variable region of C4-3 aptamer.)
Figure 12. Representation of the in vitro transcription process from dsDNA template (89bp) to C4-3ext RNA
Aptamer (72nt). The T7 RNA polymerase (represented in green) starts transcription at the highlighted red G in
the promoter sequence. It moves from 3' to 5' end of DNA template sense strand and synthesizes the
complementary RNA strand (purple strand) in the 5' to 3' direction. (The highlighted black sequence indicates
the characteristic variable region of C4-3 aptamer, while the highlighted purple RNA nucleotides indicates the 2'Fluoro modified nucleotides (2’F-C; 2’F-U))
Figure 13. a) Native PAGE with 89bp DNA template and an excess of T7 reverse sequence. Low range
GeneRuller DNA Ladder in the left lane for control of DNA size. b) Denaturing PAGE with C4-3 (51nt) and C4-3 ext
(72nt) RNA aptamers with incorporated 2’F-dCTP and 2’F-dUTP. Low Range ssRNA Ladder in the left lane for
control of RNA size. c) Native PAGE with 72nt RNA aptamers submitted to Fast Annealing (94 °C,4min → ice) and
loaded with RNA loading buffer (1) or submitted to Slow Annealing (94 °C, 4min→ ↓0,02 °C/s → 4 °C) in the
presence of HEPES buffer (20mM HEPES, 140mM NaCl, 5mM KCl), being loaded with DNA Loading Buffer in the
gel (2). Low range GeneRuller DNA Ladder in the left lane and Low Range ssRNA Ladder in the right lane for
control of RNA size.
Figure 14. Control analysis of TDN individual strands by PAGE. S1, S2, S3, S4: strand 1, strand 2, strand 3 and
strand 4, respectively.
Figure 15. PAGE analysis of the stepwise TDN assembly with exemplificative combinations of one, two, three
or four assemble sequences. On the right, illustrative assembled structures are presented. A GeneRuler DNA
ladder is presented in the first lane with the corresponding base pair numbers.
Figure. 16. PAGE analysis of the influence of the annealing method and MgCl2 concentrations in 1 µM TDN
assembling (Fix: Fixed temperature annealing method (75 °C), F.c: FAST cool annealing method). GeneRulers 100
bp Plus and 1kb DNA ladder are presented in the most left and right lanes, respectively, with the corresponding
base pair numbers. Adapted figure with cut of a lane for interpretation simplification.
Figure 17. Percentages of each TDN assembly reaction product, excluding the individual TDN bands. Results
from 3 independent experiments (mean±SD).
Figure 18. Analysis of reaction temperatures for TDN-aptamers hybridization. TDN controls (1st lane: original
assembled 1 uM TDN; 2nd lane: diluted TDN and heated to 43 °C similarly to one hybridized TDN sample; 3rd
lane: TDN sample previously filtered through a 0,2 uM Spin-X column, then diluted and heated to 43 °C).
Aptamer controls (folded aptamer in the same buffer as hybridized TDN samples (10mM Mg2+; 50mM Na+) and
heated to 43 °C; last lane: unfolded aptamer diluted in H2O)
Figure. 19. Comparison of magnesium effect in the C4-3ext aptamer folding. a) Same Native PAGE than figure
3.4.c. b) Native PAGE and 1x TBE supplemented with 50 mM KCl and 2 mM MgCl2. Lane 1) C4-3ext aptamers
submitted to Fast Annealing (94 °C,4min → ice) and loaded with RNA loading buffer. Lane 2) C4-3ext aptamers
submitted to Slow Annealing (94 °C, 4min→ ↓0,02 °C/s → 4 °C) in the presence of HEPES buffer (20mM HEPES,
140mM NaCl, 5mM KCl), being loaded with DNA Loading Buffer in the gel. Lane 3) Same conditions than sample
2, but with an addition of 2mM MgCl2 in the HEPES buffer. The arrows represent two secondary conformations
adopted by the C4-3ext aptamer.
Figure 20. PAGE analysis of different hybridization ratios of TDN and aptamers. Hybridization at 37 °C for 3h
in the presence of 5 mM Mg2+ and 50 mM Na+. GeneRuler Low Range DNA Ladder in the left lane.
Figure 21. Lane quantification of %TDN of each sample with different TDN-Apt ratios upon PAGE resolving.
Quantifications from the gel presented in supplementary figure S11. All samples were hybridized in the presence
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of 5mM Mg2+, 50mM Na+ at 37 °C for 3h, except the second sample (ratio 1:6) that was hybridized with 10mM
Mg2+ and 150mM Na+. A normalization factor was introduced in the quantification of hybridized structures,
according to the increase of band intensity proportional to the base pairs numbers (supplementary Table S2).
Figure 22. PAGE analysis of different hybridization ratios of TDN and Tet1/DNA. Hybridization at 37 °C for 3h
in the presence of 10 mM Mg2+ and 50 mM Na+, except the second sample of ratio 1:2*, which was hybridized
at 50 °C for 1h. GeneRuler 100bp Plus DNA Ladder in the first lane and GeneRuler Low Range DNA Ladder in the
last lane.
Figure 23. Lane quantification of DNA nanostructures (%) of each sample with different TDN-Tet ratios upon
PAGE resolving. Quantified PAGE presented in figure 22. A normalization factor was introduced in the
quantification of hybridized structures, according to the increase of band intensity proportional to base pairs
numbers (Supplementary Table S2).
Figure 24. Percentages of each TDN assembly reaction product of TDN-Tet functionalization, excluding the
free Tet-DNA conjugate bands. Results from 3 independent experiments (mean ± SD).
Figure 25. Comparison of TDN-Apt before and after PAGE purification. Percentages of each TDN-Apt
hybridization reaction products, excluding the free-aptamers. Calculated by division of each band intensity per
total TDN bands intensity (excluding the free-aptamer bands). Results from 2 independent experiments (mean ±
SD).
Figure 26. Percentages of each TDN assembly product after PAGE purification. Results from 2 independent
experiments (mean ± SD).
Figure 27. a) Representation of a tetrahedron formed by spheres to illustrate the side length of a DNA
tetrahedron nanostructure. b) Illustration of a circumscribing sphere as a model of the hydrodynamic sphere
formed by tetrahedron in solution.
Figure 28. DLS analysis of unpurified TDN. Results from 3 records of the same sample. Mean of the first
intensity peak: 17,76nm (± 8,14 nm). Main volume peak represents 99,2% of the volume occupied by
nanostructures.
Figure 29. DLS analysis of TDN purified by PAGE and filtered with Spin-X columns (0,2 μm). Results from 3
records of the same sample. Mean of the first intensity peak: 11,97 nm (± 5,37 nm); Main volume peak
represents 99,8% of the volume occupied by nanostructures.
Figure 30. DLS analysis of TDN-Apt purified by PAGE and filtered with Spin-X columns (0,2 μm). Results from 3
records of the same sample. Means of each smaller intensity peak (from left to the right): 5,86 nm (± 1,18 nm),
8,56 nm (± 2,42 nm), 10,25 nm (± 3,58 nm), 16,20 nm (± 6,04 nm), 24,30 nm (± 7,60 nm); Main volume peak
represents 99,8% of the volume occupied by nanostructures.
Figure 31. DLS analysis of unpurified TDN-Tet by PAGE. Results from 3 records of the same sample. Mean of
the first intensity peak: 19,70 nm (± 4,88 nm). Main volume peak represents 96,1% of the volume occupied by
nanostructures.
Figure 32. Confocal images of neuronal cortical cells stained with fluorescently labelled STV-649 (red)
(Control), treated with TDN (0,2 μM), TDN-Apt (0,2 μM), or TDN-Tet (0,2 μM). A) 649 Stv channel displayed in
grays to enhance signal distinction. Scale bar: 25 μm. B) Composite images with all merged channels (649 Stv,
DAPI, Bright field) (figures e-h). Scale bar: 25 μm. C) Amplified region of the respective image B, with enhanced
contrast in order to highlight the nanostructures sub-cellular locations. Open arrows indicate specific uptake,
while close arrows indicate unspecific uptake. The nucleus was stained with DAPI (blue).
Figure 33. Preliminary quantification of TDN, TDN-Apt and TDN-Tet (0,2 μM) uptake in neuronal primary
cortical cells by fluorescence quantification of figures 31.A.
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Figure 34. Confocal images of neuronal differentiated ND7/23 cells non-treated, stained with fluorescently
labelled STV-649 (red). a) Composite image with all merged channels (649 Stv, DAPI, NF-H). b) Composite image
with Stv-649 and DAPI merged channels. c) Stv-649 channel displayed in grays for enhance signal distinction. The
nucleus was stained with DAPI (blue). Neurites were stained with Alexa-488 labelled antibodies against Heavyneurofilament (NF-H). Scale bars: 25 μm (above).
Figure 35. Confocal images of neuronal differentiated ND7/23 cells treated with TDN-Apt (0,1 μM) and
stained with fluorescently labelled STV-649 (red). a) Composite image with all merged channels (649 Stv, DAPI,
NF-H). b) Composite image with Stv-649 and DAPI merged channels. c) Stv-649 channel displayed in grays to
enhance signal distinction. The nucleus was stained with DAPI (blue). Neurites were stained with Alexa-488
labelled antibodies against Heavy-neurofilament (NF-H). Scale bars: 25 μm. Open arrows indicate specific uptake.
Figure 36. Fold-change of pTrkB immunofluorescence of neuronal primary cortical cells treated with BDNF
(50ng/mL) and C4-3 aptamer (0,2 μM) in relation to non treated (NT) cells. Results from 5 independent
experiments (mean ± SD). Statistical significance assessed by unpaired t-tests (two-tailed): * p < 0,1; ** p < 0,01.
Figure 37. a. Fold-change of pTrkB immunofluorescence of neuronal differentiated ND7/23 cells treated with
BDNF (10 ng/mL), C4-3 aptamer (0,2 μM), TDN-Apt (0,1 μM) and TDN (0,1 μM) in relation to non treated (NT)
cells. Results obtained from 1 experiment (mean ± S.D.). b. Exemplificative fluorescence microscopy images of
neuronal differentiated ND7/23 cells non-treated (NT), treated with TDN, BDNF (10ng/mL), C4-3 Apt or TDN-Apt (from left to
the right as indicated in the legend). The first line present the composite images with all merged channels (488 pTrkB, DAPI,
brightfield). The bottom line present the 488-pTrkB channel displayed in greys.

Figure 38. a. Fold-change of pTrkB immunofluorescence of neuronal primary cortical cells treated with BDNF
(50 ng/mL), C4-3 aptamer (0,2 μM), extended C4-3 aptamer (0,2 μM), TDN-Apt (0,1 μM) and TDN (0,1 μM) in
relation to non treated (NT) cells. Results from 1 experiment (mean ± S.D). b. Exemplificative fluorescence
microscopy images of neuronal primary cortical cells non-treated (NT), treated with TDN, BDNF (50ng/mL), C4-3ext Apt, C4-3
Apt or TDN-Apt (from left to the right as indicated in the legend). The first line present the composite images with all merged
channels (488 pTrkB, DAPI, brightfield). The bottom line present the 488-pTrkB channel displayed in greys.

Figure 39. Quantification of pTrkB intensity from western-blot analysis of neuronal cortical primary cells from
at least three independent experiments. C4-3 aptamer (0,2 μM) results from 6 independent experiments, BDNF
(50ng/mL) from 4, BDNF (10ng/mL) from 3 and TDN-Apt (0,1 μM) from 2. (Error bars representing S.D)
Significance assessed by unpaired t-tests vs NT (two-tailed): **** p < 0,0001; ** p < 0,01.
Figure 40. a. Quantification of pTrkB intensity from western-blot analysis of neuronal cortical primary cells
from one to six independent experiments. C4-3 aptamer (0,2 μM) results from 6 independent experiments,
BDNF (50ng/mL) from 4, BDNF (10ng/mL) from 3 and TDN-Apt (0,1 μM) from 2, and TDN (0,1 μM) from 1
independent experiment (mean ± S.D.). The left graph includes all measurements, while the right one excludes
the BDNF (50ng/mL) and BDNF (10ng/mL) for better comparison of the presented groups. b. Exemplificative
immunoblot of neuronal cortical cells. Cortical neurons were incubated with BDNF (10 ng/ml), C4-3 aptamers
(200 nM), TDN-Apt (200nM) and TDN (200nM) for 15 min. The blots were probed with the indicated antibodies.
The p-Trk antibody recognizes p-TrkB (Y516). NT, Non-treated sample; IB, immunoblotting.
Figure S1. In silico analysis at 37ºC by NUPACK of the most stable secondary structures of C4-3 aptamer
(51nt), ext C4-3 aptamer (72nt) and ext C4-3 aptamer hybridized with an RNA sequence corresponding to TDNanchor DNA sequence (description from left to the right). RNA energy parameters based in Serra & Turner, 1995,
with 1.0 M Na+ and 0.0 M Mg2+. Left figure analysis: Nucleotides: 51 nt; Free energy: -12.60 kcal/mol;
Probability: 0.220. Middle figure: Nucleotides: 72 nt; Free energy: -17.80 kcal/mol; Probability: 0.120; Right
figure: Nucleotides: 93 nt; Free energy: -42.78 kcal/mol; Probability: 0.086. Notice the adoption of the initial
aptamer conformation (left picture) when the C4-3ext aptamer is hybridized to a TDN anchor sequence.
Figure S2. In silico design of TDN by NUPACK.
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Figure S3. Analysis of C4-3 aptamer DNA template migration in native gel (a) and C4-3 RNA aptamer in
denaturing gel (b) for comparison of each DNA template purification method. a) Sample 1 was purified by gel
precipitation, while sample 2 was purified by C&C5 columns. GeneRuller DNA Ladder in the left lane for control
of RNA size. b) Samples 1 and 2 are the correspondent RNA aptamers (without modified nucleotides) produced
with DNA template 1 and 2. Low Range ssRNA Ladder in the left lane for control of RNA size.
Figure S4. Analysis of ext C4-3 aptamer migration in denaturing gels for comparison to each previous
correspondent DNA template purification method: PAGE purification (a) and with NZYGelpure columns
(NZYTech) (b).
Figure S5. Analysis of the influence of manganese concentration on the IVT yield. Preliminary optimization of
IVT reaction, performed with only 0,2ug of DNA template and without addition of modified nucleotides. RNA
purified on column C&C25 with DNA digestion on column. RNA mass quantified by molar-mass conversion after
absorbance quantification by Nanodrop. Results show mean ± standard deviation (n=2 independent
experiments)
Figure S6. Quality control of DNA template primer sequences. Sample 1 – T7 Reverse sequence; Sample 2 –
forward C4-3 extended sequence; Sample 3 – forward C4-3 extended sequence + T7 Reverse sequence (1:1)
heated at 59ºC during 30min, without addition of T7 polymerase or dNTPs; Sample 4 – forward C4-3 extended
sequence + T7 Reverse sequence (1:6) heated at 59ºC during 30min, without addition of T7 polymerase or
dNTPs.
Figure S7. Titration of TDN oligonucleotides by two-strands annealing with different ratios for each strand.
Figure S8. PAGE analysis of different annealing method for TDN assembly optimization. Different ramp of
temperatures from 94°C to 4ºC described in the legend at the right of the polyacrylamide gel. PAGE result of
lane 1 should not be taken into consideration, since there was one strand missing in the assembly reaction.
Figure. S9. PAGE analysis of influence of TDN concentrations and MgCl2 concentrations in TDN assembling
(percentage of 500-600bp band volume divided by the volume of all bands in the same lane). Annealing method:
75ºC fixed temperature. GeneRulers 100 bp Plus and 1kb DNA ladder are presented in the most left and right
lanes, respectively, with the corresponding base pair numbers.
Figure S10. Exemplificative representation of the predicted more stable hairpin foldings.
Figure S11. PAGE analysis of different hybridization ratios of TDN and aptamers. Hybridization at 37ºC for 3h
in the presence of 5 mM Mg2+ and 50 mM Na+, except the second sample of ratio 1:6*, which was hybridized
with 10 mM Mg2+ and 150 mM Na+. GeneRuler 100bp Plus DNA Ladder in the most left lane and GeneRuler Low
Range DNA Ladder in the most right lane.
Figure S12. a. PAGE analysis of TDN-Apt purification. TDN-Apt (0,25 μM), Purified TDN-Apt (1,19 μM) b. PAGE
analysis of TDN purification. TDN (1 μM), purified TDN (0,33 μM).
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Table S1. Analysis of some physical properties of the RNA-DNA dimer.
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2’F-dUTP

2’-Fluoro-2’-deoxyuridine-5’-triphosphate

2’F-dCTP

2’-Fluoro-2’-deoxycytidine-5’-triphosphate

6-FAM

6-Carboxyfluorescein (fluorescent dye)

BDNF

Brain-derived neurotrophic factor

BSA

Bovine serum albumin

db cAMP

N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt

HCl

hydrochloric acid

HEG

hexaethylene glycol linker

HEPES

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

M

molar

mAb

Monoclonal antibody

min

Minute(s)

MgCl2

Magnesium Chloride

NaCl

Sodium Chloride

NGF

Nerve-growth factor

NT

Neurotrophin

pAb

Polyclonal antibody

PAGE

Polyacrylamide gel electrophoresis

PBS

Phosphate-buffered saline [10 mM Na2HPO4 + 2 mM KH2PO4 + 37 mM NaCl + 2.7 mM
KCl (pH 7.4)]

PDL

Poly-D-Lysin

PhI

Phosphatase Inhibitors

PI

Protease Inhibitors

P/S

Penicillin Streptomycin Solution

PS bond

Phosphorothioate bond

RT

Room Temperature
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RIPA

150 mM NaCl, 1% NP40, 50 mM Tris (pH 8), 0.5% sodium deoxycholate, 0.1% SDS in
distilled water

10x TBE

Tris Base (0,89 M), Boric Acid (0,89 M), EDTA (20 mM), pH 8.4

10x TBS-T

Tris Buffered saline with Tween 20 [330 mM Tris-HCl (pH 7.5), 1,37 M NaCl, and 0.1%
Tween20]

Stv

Streptavidin

TDN

Tetrahedral DNA nanostructure

TDN&Apt

Tetrahedral DNA nanostructure hybridized with Aptamers

TDN&Tet

Tetrahedral DNA nanostructure conjugated with a neurotropic peptide ligand
conjugate

Tet1-DNA

Neurotropic peptide ligand conjugate which function as a non-toxic tetanus toxin HC
fragment

TrkB

Tropomyosin-related kinase B receptor
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1. Stroke and BDNF neuroprotection need
Stroke is the first leading cause of death in Portugal, and the second cause of death and disabilityadjusted life-years lost worldwide (GBD 2015 DALYs and HALE Collaborators, 2016; Rui Ferreira, Rui
Neves, Vanessa Rodrigues, Paulo Nogueira, Andreia Silva, 2014; World Health Organization (WHO),
2013). The neurological repercussions after an infarction are severe, including sensorial and motor
difficulties/paralysis, post-stroke (delayed or late onset) seizures and epilepsy, as well as neuropathic
pain, which severely impact the life quality of patients (Flynn, MacWalter, & Doney, 2008; Lipson et al.,
2005; Myint, 2006).
Stroke can be categorized into haemorrhagic or ischemic, with the ischemic stroke presenting the
higher prevalence (≈87%) (Mozaffarian et al., 2016). Ischemic stroke results from the occlusion of
cerebral vessels, caused by atherosclerotic obstruction, embolism or systemic hypo-perfusion (Gorelick,
1986). The interruption of brain blood flow leads to oxygen-glucose cellular deprivation, that stimulate a
cascade of cell death processes such as excitotoxicity, acidotoxicity and ionic imbalance, peri-infarct
depolarization (PDI), oxidative and nitrative stress, inflammation and apoptosis (Doyle, Simon, &
Stenzel-Poore, 2008; González, Hirsch, Lev, Schaefer, & Schwamm, 2006; Lai et al., 2014). Each process
evolve during different times, from minutes to hours and days. While excitotoxic and necrotic cell death
occurs immediately in the core of the ischemic area within minutes, apoptosis and inflammation occur
after some days in the periphery of focal infarctions, conducting to a slower cell death, that persist
progressively for months (Fig.1) (Candelario-Jalil, 2009; Cipriani, Domercq, & Matute, 2014; Lai et al.,
2014). In the area of ischemic penumbra, the collateral blood flow may attenuate the toxic effects of
stroke, but the overall cell damage impact is dependent on the reperfusion timing and the distribution
of infarction (Grotta & Helgason, 1999; Lai et al., 2014).

Figure 1. Temporal evolution of neuronal injuries after an acute ischemic stroke. (NSC - neural stem cells, BBB - blood-brain
barrier, MMP - matrix metalloprotease, ROS - reactive oxygen species, RNS - reactive nitrogen species) Adapted from
(Candelario-Jalil, 2009).

Intravascular administration with recombinant tPA (tissue-type plasminogen activator) for
thrombolysis is the only currently approved treatment for acute ischemic stroke (Troke & Roup, 1995).
However, it must be administrated in the first three hours after the stroke onset and it has many
contraindications, being responsible for early symptomatic intracranial haemorrhages (sICH) in risk
patients. In this way, less than 10% of the overall patients can benefit from this therapy (Kleindorfer,
Lindsell, Brass, Koroshetz, & Broderick, 2008; Lyerly et al., 2014). Besides, in spite of its instantaneous
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cerebral benefits in restoring brain blood flow, it does not interrupt the cell death cascade in the
penumbra area.
These facts highlight the urgent need for combinatorial neuroprotective therapies, which when
administrated with thrombolytics, may minimize cerebral infarction and enhance natural
neurorestoration processes, from the first moments following the infarction onset.
With this purpose, the most upstream molecular mechanisms of stroke should be addressed.
Excitotoxicity occurs in the first minutes after stroke due to an accumulation of glutamate in the
extracellular space (Fig. 1B), caused by an activation of somatodendritic and presynaptic voltagedependent Ca2+ channels, and blocking of presynaptic reuptake (Benveniste, Drejer, Schousboe, &
Diemer, 1984; Dirnagl, Iadecola, & Moskowitz, 1999). Extracellular glutamate signals are detected and
processed by N-methyl-D-aspartate receptor (NMDAR), which convert them into intracellular neuronal
signalling (Balazs, Hack, & Jorgensen, 1990) .
In normal conditions, the activation of the NMDAR via synaptic activity, induce the phosphorylative
activation of cyclic adenosine monophosphate response element (CRE) binding protein (CREB) and its
co-activator CREB-binding protein (CBP) (Hu, Chrivia, & Ghosh, 1999; Tan, Zhang, Hoffmann, & Bading,
2012). This results in the transcription of CREB-responsive genes, such as brain-derived neurotrophic
factor (BDNF) gene (Favaron et al., 1993). The released BDNF will subsequently activate the TrkB
receptor and induce further BDNF production via an ERK-dependent signaling cascade (Bonni, 1999; Hu
et al., 1999). This positive-feedback loop produces a long lasting neuroprotection, consequent of a brief
NMDAR stimulation (Fig. 2) (X. Jiang et al., 2005).
However, in response to stroke there is a blocking of synaptic NMDAR and an activation of
extrasynaptic NMDAR. The extrasynaptic receptor type (GluN2B) have an opposite effect to the synaptic
NMDA receptors (GluN2A), inhibiting CREB and BDNF gene expression and conducting to excitotoxicity
(Q. Chen et al., 2007; Hardingham, Fukunaga, & Bading, 2002).

Figure 2. Representation of the positive feedback loop between CREB and BDNF mediated by synaptic activity (neuronal
survival mechanism), as well as the CREB shut-off pathway induced by extrasynaptic NMDARs stimulation (activated mechanism
in cerebral ischemia). Adapted from (Lai et al., 2014).

Some hours after post-stroke, the reactivation of synaptic activity enable the activation of the prosurvival signalling, increasing BDNF expression to acute levels as a self-protective mechanism (Béjot et
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al., 2011; Q. Chen et al., 2007; Comelli et al., 1992). BDNF expression increase is associated with
angiogenesis, neurogenesis and neuroplasticity over time, which may potentiate long-lasting
spontaneous functional neurological recoveries several weeks following an ischemic stroke (CandelarioJalil, 2009; Cramer, 2008; Kang & Schuman, 1995; Mang, Campbell, Ross, & Boyd, 2013; Murphy &
Corbett, 2009; Schäbitz et al., 2007). However, the individual genetic (BDNF val66met polymorphism) as
well as the co-existence of negative factors (such as neuroinflammation, apoptosis, oxidative stress,
growth-inhibiting factors) hinder individuals to reach the best outcomes in stroke recovery, as
emphasised in the first part of the introduction (Cramer, 2008; Dirnagl et al., 1999; Egan et al., 2003;
Halliwell, 2006; Qin, Kim, Ratan, Lee, & Cho, 2011).
In this way, BDNF exogenous administration has been explored. Overexpression of BDNF has shown
to induce antiapoptotic mechanisms, to reduce the infarct volume, enhance sensorimotor function, and
the improvement of neurological outcomes in animal model experiments (Schäbitz et al., 2007). A
significant reduction in cerebral tissue loss was additionally shown with early treatment (3h-6h after
stroke onset) in comparison with a later treatment (12h after stroke onset) (Harris et al., 2016).
BDNF mediated survival signalling is then a potent neuroprotective and neurorestorative poststroke
rehabilitation strategy. However, attempts to use BDNF as a therapy in clinical trials have not been
successful (Ochs et al., 2000; Pan, Banks, Fasold, Bluth, & Kastin, 1998). BDNF has a short biological halflive in circulation, and excessive BDNF administration may cause overactivation of TrkB in healthy cells,
causing several side effects, including epilepsy and neuropathic pain (He, Pan, Sciarretta, Minichiello, &
McNamara, 2010; Lähteinen, Pitkänen, Koponen, Saarelainen, & Castrén, 2003; Pan et al., 1998).
A BDNF mimetic with partial activity is a possible strategy to avoid the BDNF drawbacks. A TrkB ECDbinding RNA aptamer have already been generated, being described as a partial agonist (Huang et al.,
2012).
Indeed, aptamers are promising options as therapeutics due to their oligonucleotide nature (Keefe,
Pai, & Ellington, 2010; Pêgo, Oliveira, & Moreno, 2013).

2. Aptamers
Aptamers are single-stranded nucleic-acid molecules generated in vitro in order to bind target
molecules with high affinity and specificity, upon folding into distinct secondary and tertiary structures
(Keefe et al., 2010; J. Zhou & Rossi, 2016).
They are generated by Systematic Evolution of Ligands by Exponential Enrichment (SELEX), a process
in which aptamers are screened from a random synthetic library comprised of 1–1016 different
oligonucleotides, with repeated rounds of in vitro selection until the higher affinity aptamers are
obtained (Sefah et al., 2009; H. Zhu, Li, Zhang, Ye, & Tan, 2015). This process enables the targeting of
any molecule, from small inorganic ions proteins, whole-live cells, viruses and bacteria, while not using
neither cell lines or animals in contrast to antibodies production (C.-H. B. Chen, Chernis, Hoang, &
Landgraf, 2003; Sefah et al., 2009; Shangguan et al., 2006). Once selected, aptamers are easily amplified
through polymerase chain reaction (Iliuk, Hu, & Tao, 2011).
In comparison with antibodies, aptamers present several advantages. They are not immunogenic and
are produced chemically, in a readily scalable process, being selected for and against specific targets.
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While antibodies may be viral or bacterial contaminated in the manufacturing process. Being produced
biologically, they can be more difficult to scale up while preserving its characteristics. Their capacity to
select against cell-surface targets is not available in recombinant antibodies. In addition, aptamers may
be reversibly denatured and its phosphodiester bond is very chemically stable, while antibodies are
more susceptible to irreversible denaturation, which confers them a limited shelf life. Lastly, conjugation
processes for the attachment of dyes or functional groups are orthogonal for aptamers, but stochastic
for antibodies, which lead to product mixtures and reduced activity (Keefe et al., 2010; J. Zhou & Rossi,
2016).
Several applications in biosensing, diagnostics and therapeutics have been explored (Ferreira,
Cheung, Missailidis, Bisland, & Gariépy, 2009; Sefah et al., 2009; Shangguan et al., 2006; Ueki, Atsuta,
Ueki, & Sando, 2017). However, as therapeutics there is only one FDA approved RNA aptamer, although
ten aptamers have already passed in the clinical trials for the treatment of macular degeneration,
coagulation, oncology and inflammation (J. Zhou & Rossi, 2016).
Despite the clear potential of aptamers, as single-therapeutics they may present some limitations
related with the in vivo delivery. Their inherent physicochemical characteristics may conduct to the
metabolic instability, rapid renal filtration or distribution from the plasma compartment into the liver or
spleen and nonspecific immune activation (Keefe et al., 2010; J. Zhou & Rossi, 2016).

3. DNA nanotechnology and aptamers
Several chemical modifications and conjugations of aptamers with other molecules have been
developed to address the pharmacokinetic challenges (Farokhzad et al., 2004; C. Liang et al., 2015;
McNamara et al., 2006; Pastor, Kolonias, McNamara Ii, & Gilboa, 2011; Shu et al., 2015). DNA
nanotechnology is a promising approach to assure the full potentiality of aptamers as therapeutic drugs,
enabling a more stable transport and a regulated biodistribution across the organism.
DNA nanostructures self-assembly is based on the predictable base-pairing of nucleic acids (Seeman,
2007). Unique designs and precise building of versatile 2D to 3D nanostructures with any nm-size and
shape are possible with DNA nanostructures (Bhatia, Surana, Chakraborty, Koushika, & Krishnan, 2011;
Krishnan & Bathe, 2012; Yang, Tan, Mi, & Wei, 2017), from combination of single strands and/or multistranded branched motifs (Dietz, Douglas, & Shih, 2009; Han et al., 2011; Sherman & Seeman, 2004;
Zheng et al., 2009), or combination of a long single-strand with hundreds short strands (DNA origami) as
a scaffold and staples (Ke, Ong, Shih, & Yin, 2012; Rothemund, 2006; Wei, Dai, & Yin, 2012; Yang et al.,
2017).
DNA nanostructures are completely addressable with high level of control and accuracy, enabling
the introduction of a wide variety of biomolecules with spatial and stoichiometric control, during
chemical synthesis of the oligodeoxynucleotides (ODN) or post-synthesis through diverse conjugation
and affinity-based methods (Abramova, 2013; D. Jiang, England, & Cai, 2016; Rinker, Ke, Liu, Chhabra, &
Yan, 2008; Xing et al., 2015).
Some of the main advantages of DNA as a biomaterial are its biocompatibility, nanoscale dimensions,
specific molecular recognition between complementary nucleotides, programmable interactions and
robustness, being functional under a large variety of temperatures and biological conditions
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(Chandrasekaran, Wady, & Subramanian, 2016; Chhabra, Sharma, Liu, Rinker, & Yan, 2010). DNA specific
interactions enable the creation of algorithms for the design of new self-assembled structures which,
together with automated chemical synthesis, make it a powerful building block nanomaterial for diverse
nanotechnological applications (Chhabra et al., 2010; Feldkamp & Niemeyer, 2006).
The conjugation of the superior properties of DNA nanostructures with intrinsic binding capabilities
of aptamers is an emergent strategy with several applications in diverse fields of bioanalysis and
biomedicine (Meng et al., 2016; Sefah et al., 2009).
DNA nanostructures complement the potential of aptamers for example by enabling the
multivalence effect, which may potentiate receptors dimerization and increase the therapeutical
molecular index (Li et al., 2011; Petros & DeSimone, 2010).

4. DNA nanostructures functionalization
DNA nanostructures can attain an extreme potential for diverse nanomedicine applications if they
are functionalized with different molecular modules. In this way, functionalization may enable specific
cellular and subcellular targeting, endosomal escape, cargo carrying, imaging, enhancing of stability and
immune surveillance escape (stealth properties) of nanostructures (Lee et al., 2012; L. Liang et al., 2014;
Okholm & Kjems, 2016; Perrault & Shih, 2014; W. Zhou, Li, Xiong, Yuan, & Xiang, 2016), as well as
embedding a programmed behaviour to external stimuli such as temperature, pH or molecular disease
markers, allowing a controlled and selective delivery of the molecular cargo (Douglas, Bachelet, &
Church, 2012; Ferreira et al., 2009; Juul et al., 2013; Modi et al., 2009).
Active targeting can be accomplished through the functionalization of nanostructures with ligands,
such as antibodies, aptamers and peptides, that generally may target membrane-bound proteins,
enabling membrane crossing (Petros & DeSimone, 2010). Aptamers can be directly integrated in the
nanocarrier through nucleic acid hybridization, while other biomolecules, such as proteins and small
molecules, can be entrapped into DNA nanocarriers through covalent or non-covalent interactions
(Biocca & Desideri, 2015). Attachment through non-covalent interactions may be achieved through
streptavidin and biotin molecules, for example. A tetrahedral DNA cage functionalized with a biotin
group can interact non-covalently with streptavidin and, when the streptavidin has additional biotinbinding sites, it can also link other cargo molecules, such as a single chain Fv fragment (C. Zhang et al.,
2012).
Functionalization may enable a cargo carrying for drug delivery or imaging applications. As referred,
small molecules may be entrapped into DNA nanocarriers through covalent or non-covalent
interactions. For example, Turberfield group reported the attachment of a single molecule of
cytochrome c into a tetrahedral DNA nanocage, through the conjugation of a surface amine to the 5’
end of an oligonucleotide strand before the assembly of the tetrahedron. The conjugation was mediated
by two heterobifunctional cross-linkers (Erben, Goodman, & Turberfield, 2006). An example of
noncovalent interactions is the noncovalent encapsulation of an enzyme – horseradish peroxidase (HRP)
– inside a truncated DNA octahedron, described by Knudsen group (Juul et al., 2013). Functional nucleic
acids, as antisense oligonucleotides (ASO), short interference RNA (siRNA) and microRNAs, are directly
integrated in the nanocarrier through nucleic acid hybridization. They are able to regulate the
expression of specific genes in the cell, having a great diagnostic and therapeutic potential. Lee and co-

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|6

workers developed tetrahedral DNA nanoparticles by self-assembling of six DNA strands (Fig. 3). The
3´ends of each self-assembled strand had overhangs complementary to double-stranded siRNAs,
allowing their specific hybridization. The structures were tested in vivo, showing an effective silencing of
the target genes in tumour cells (Lee et al., 2012).

a.

b.

Figure 3. a. Assembling of the tetrahedral DNA with siRNAs. b. Structure and orientation of the ligands (siRNA strands with
bullet shapes on the ends). Adapted figure from (Lee et al., 2012).

Drugs can also be encapsulated. Doxorubicin is an anticancer drug, which naturally intercalates with
DNA, being easily incorporated in the structure of DNA devices. Jiang et al. and Zhang et al. demonstrate
the delivery of doxorubicin into cells in vivo using rod-like DNA origamis or DNA origami triangles as
vehicles (Q. Jiang et al., 2012; Q. Zhang et al., 2014). Zhao et al. reported a similar system, but using a
twisted 3D rod as a carrier, which enabled tuneable release of doxorubicin into cells (Zhao et al., 2012).
To enable imaging applications, the attachment of a green fluorescent protein (EGFP) to DNA
nanostructures have been described through nickel-mediated interactions between a nitrilotriacetic acid
(NTA) from the modified strand and a hexa-histidine tag from the protein (J.-W. Keum & Bermudez,
2012; Shen, Zhong, Neff, & Norton, 2009). Another example is the functionalization with Cy3 and Cy5
fluorophores, which enabled to optically monitor the dynamic movement of the DNA device by
fluorescence resonance energy transfer (FRET) (Andersen et al., 2009). Visualization of the
nanostructures internalized on cells can be accomplished by functionalization of nanostructures with
radioactive isotypes or near-infrared (NIR) emitters, enabling their monitorization by single-photon
emission computed tomography (SPECT) or NIR fluorescence (D. Jiang, Sun, et al., 2016).

5. Dynamic targeting strategies
Aptamers have been used as dynamic switches in DNA nanocarriers, in order to regulate the
activation of the structures both in vitro and in vivo. Since aptamers are selected to have a high
specificity and affinity to certain molecules – from small organic/inorganic molecules to proteins - the
binding of these molecules may act as trigger to change the conformation of the carrier (Amir et al.,
2014; Douglas et al., 2012).
DNA origami nanostructures have been developed based on AND logic gates, capable of delivering a
molecular payload solely to the target cells (Douglas et al., 2012). The dynamic structure was a hinged
origami container with aptamers incorporated in the locking system, capable of triggering the opening
of the container. When both aptamers were bound to the specific target cell receptors, the structure
opened its conformations, allowing the delivery of cargo to the target cells (Fig. 4).
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Figure 4. Molecular robot based on AND logic gates targeting a therapeutic action to specific cell types. It detects specific
antigens (keys) expressed on cells surfaces. It holds a closed configuration if aptamers do not bind to any cell receptor or if they
only bind to one receptor type. Only when cell presents the both receptor types can robot be opened, thus releasing the cargo.
Adapted figure from (Douglas et al., 2012).

Fan group developed a similar logic sensor, but more complex, with multiple logic gates and sensors
(Pei et al., 2012). A 3D DNA nanotetrahedra was functionalized with an i-motif, an anti-ATP aptamer
(AAA), a T-rich mercury-specific oligonucleotide (MSO), and a hairpin structure, switching in response to
protons, ATP, mercury ions, and short strands of DNA.
Other strategy to trigger the releasing of cargo on the target cells, is the conjugation of a
photodynamic agent to an aptamer. DNA aptamers selected against short O-glycan peptides –
specifically expressed on the surface of cancer cells – were modified at their 5’-ends with the
photodynamic therapy agent chlorine e(6). Upon light activation, the aptamers exhibited a remarkable
enhancement (>500-fold increase) in toxicity in epithelial tumour cells compared to the drug alone
(Ferreira et al., 2009).

6. Target delivery of therapeutic molecules
As previously referred, doxorubicin can be delivered by DNA nanostructures specifically to tumour
cells. Zhu et al. created a DNA polymer incorporating doxorubicin, based on an HCR-like mechanism (G.
Zhu et al., 2013). The nanostructures were also functionalized with an aptamer to enable the specific
targeting of cancer cells, leading to the inhibiting of tumour growth in mice. Zhang et al. injected DNA
origami triangles loaded with doxorubicin into the tail veins of tumour-bearing mice, leading to a faster
reduction of tumour mass than delivery of equal amounts of doxorubicin without a DNA origami carrier
(Q. Zhang et al., 2014).
Short interfering DNA (siRNA) and ASO can also been delivered to cells. Keum et al. inserted a DNA
loop containing an antisense sequence into one edge of a TDN and showed a reduction of protein
expression mediated by ASO that lead to the RNaseH-mediated degradation of a target mRNA (J. W.
Keum, Ahn, & Bermudez, 2011). Lee et al. demonstrated the gene silencing mediated by the siRNA
delivery to tumours in a mouse model (Lee et al., 2012). siRNAs were hybridized to TDNs that were also
conjugated to cancer-targeting ligands. As previously referred, they demonstrated in cell culture that
both the number and relative orientation of ligands influenced the uptake and gene-silencing efficiency.
The ligand-coupled TDNs demonstrated a high tissue specificity in mice, accumulating in the kidney and
the tumour mostly, but negligibly in other organs. However, there is no information about the stability
of the structures in vivo, so it cannot be known how robust the structures were in vivo.
A neuron-specific targeting mediated by retrograde transport may be achieved using a synthetic
peptide Tet-1. The peptide presented binding affinity and retrograde transport similar to neuron-
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targeting TeNT Hc fragment, without inducing immunogenicity (J. K. Liu et al., 2005). A tetrahedral DNA
nanostructure functionalized with one to three PNA-Tet1 conjugate molecules have been reported to
efficiently target neuronal cells, with further possibility of transporting therapeutic molecules (Silva,
Moreno, & Pego, 2016).

7. DNA sensor devices
Sensor devices have been developed with capacity of sensing and modulating cellular RNAs as well as
cell receptors.
Hemphill and Deiters constructed a DNA device based on AND logic gates to detect the endogenous
miRNAs miR-122 and miR-21 in live mammalian cells. Gate activation was observed only in cells that
produced both input miRNA (Hemphill & Deiters, 2013). This nucleic acid logic gate opens potential for
monitorization and imaging based on cell-specific markers.
The Shapiro group created a DNAzyme AND gate along with miRNA-derived inputs and microinjected
it into MCF7 breast carcinoma cells. The gate was protected from nucleases by the addition of inverted
thymidine groups to the 3ʹ ends. The gate activation was quantified by analysing the fluorescence
emitted through fluorescence microscopy. This dynamic device also have the potential to diagnose the
state of a disease by detecting and analysing a set of molecular markers (Kahan-Hanum, Douek, Adar, &
Shapiro, 2013).
Tan group constructed a DNA robot, denominated “Nano-Claw”, which combined switchers DNA
aptamers with toehold-mediated strand displacement reactions (You et al., 2014). In the presence of
cancer cells it is capable of performing autonomous logic-based analysis of multiple cancer cell-surface
markers, producing a characteristic signal and enabling the execution of a photodynamic therapy. It has
potential for an accurate disease diagnosis and effective therapy (theragnostic).
Xiang group constructed a reconfigurable, multicolor-encoded DNA nanostructure for multiplexed
monitoring of intracellular microRNAs (miRNAs) in living cells (W. Zhou et al., 2016). The tetrahedral
DNA nanostructures were functionalized with two fluorescently quenched hairpins. In the presence of
the target miRNAs the hairpin unfolds its structures and release fluorescent emissions at distinct
wavelengths, characteristic of each target miRNA, enabling the detection of multiple miRNAs. The DNA
nanostructure nanoprobes exhibited elevated stability comparing to conventional DNA molecular
beacon probes in cell lysates. It was showed that DNA nanostructures were able to enter cells to realize
simultaneous detection of two types of intracellular miRNAs. In this way, these sensors demonstrate a
great potential application of these for imaging, drug delivery and cancer therapy in vivo (W. Zhou et al.,
2016).

8. Biological Barriers
Biological conditions are very complex. The presence of enzymes, cells of the immune system and
biological barriers may interfere with nanostructures, hindering their access to the desired cells and
their consequently their activity (Okholm & Kjems, 2016).
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8.1. Structural stability
Cellular conditions are very different from the conditions of cell-free experiments, which are at room
temperature and sterile conditions with appropriate buffer and salt concentrations. However, in vivo,
DNA nanostructures cannot be stable in the presence of DNases, multiple different opsonins, DNA
binding proteins, higher temperatures (37 °C) and low salt concentrations (less than 1 mM of Mg2+
concentrations) (Y. J. Chen, Groves, Muscat, & Seelig, 2015; Okholm & Kjems, 2016). In this way, DNA
protection methods must be investigated.
In order to mimic the complexity of live cells and enable testing and optimization of nucleic acid
devices in comparably well-controlled conditions, environments with cell lysates, serum and fixed cells
can be used (Y. J. Chen et al., 2015).
Bermudez and Keum were the first to evaluate the stability of a DNA nanostructure in the presence
of endonuclease DNase I or 10% fetal bovine serum (FBS). With DNase I, they found DNA tetrahedron
had a decay time three times slower than linear dsDNA, whereas the decay time in FBS almost differed
by a factor of fifty in the favor of the assembled DNA tetrahedron (J.-W. Keum & Bermudez, 2009).
Later, Yan, Meldrum and collaborators tested the stability of DNA origami in cell lysates. Lysates are
mixtures of cellular components from homogenized cells, imitating the environment found inside the
cell, although the concentrations and activities of the cellular components are not the same. They found
that, after 12 hours of incubation, origamis were structurally stable and could be extracted from the
lysate and characterized, while long single- and double-stranded nucleic acids could not be recovered
after incubation (Mei et al., 2011).
Sleiman group found a similar result to Bermudez study, using a DNA triangular prism. They report
that the half-life of individual strands was less than an hour in 10% fetal bovine serum, whereas intact
structures had a half-life closer to two hours. They also showed that using chemically modified strands
with hexaethylene glycol, prolongated half-lives more than 24 hours, thus improving the decay time of
the DNA prism 7.5 fold (Conway, McLaughlin, Castor, & Sleiman, 2013). To assess the stability of DNA
nanostructures inside cells, Turberfield and his team, DNA tetrahedrons were functionalized with Cy3
and Cy5 fluorophores. They monitor the integrity of the structure by following the FRET efficiency and
found that the tetrahedron was stable for up to 48 h inside HEK cells. After, other studies have reported
similar results, showing that DNA origami structures were less prone to degradation by DNase I than
linear dsDNA (Walsh, Yin, Erben, Wood, & Turberfield, 2011).
Perrault and colleagues tested the structural persistence of DNA origami structures in FBS and found
that DNA origami structures were susceptible to degradation in serum due to nuclease activity with total
loss of structure after 24 h. They tested 3D origamis also in mammalian cell culture media supplemented
with serum, which had low Mg2+ contents – around 0.5 mM – thus imitating physiological levels (Hahn,
Wickham, Shih, & Perrault, 2014). They showed that the origami design, the presence of Mg2+ and the
level of nuclease activity strongly influenced the structural integrity of origamis. After incubation in cell
culture media for a day, DNA octahedrons were partially denatured. Only with addition of 6 mM Mg2+
to the media the effect could be inhibited. However, an origami nanotube resisted, being structurally
stable even without the added salt. This effect may be due to the relatively low charge density of helixes
from nanotube compared to the more densely packed helixes from the octahedron (Okholm & Kjems,
2016). Adding >5% fetal bovine serum to the media all the structures were partially degraded by
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DNases, after 24 hours. Noteworthy, the addition of actin, a protein that binds competitively to
nucleases, was able to intensely reduce nuclease degradation, and it is compatible with cell culture
conditions.
Chemical modifications to the sugar, base and backbone of nucleic acids have been developed to
dramatically enhance their DNA nanostructures stability. The most commonly used modifications
include phosphorothioate inter-nucleotide linkages and 2ʹO-methyl ribose modifications (Watts,
Deleavey, & Damha, 2008). However, since chemical modifications protect nucleic acids against
degradation by nucleases, some of them may tend to have adverse effects on cell viability, as reported
about phosphorothioate bonds (Amarzguioui, Holen, Babaie, & Prydz, 2003; Bramsen et al., 2009).
Therefore, reaching a balance between stability and cell viability has to be taken account when nucleic
acid devices are modified.
Even without total control of in vitro structural integrity of DNA nanostructures, in vivo experiments
have already been conducted in Caenorhabditis elegans, cockroaches and mice (Amir et al., 2014; Bhatia
et al., 2011; Lee et al., 2012; X. Liu et al., 2012; Perrault & Shih, 2014; Q. Zhang et al., 2014). Lee and
colleagues have shown that a tetrahedron had a blood half-life of approximately 24 min in mice,
however, the signal from a single fluorophore is not sufficient to determine the structure stability of the
DNA nanostructures. Similarly, Perrault and Shih have determined the blood half-life to be 38 min
approximately for a DNA origami (Perrault & Shih, 2014). After encapsulating the DNA origami structure
in a PEGylated lipid bilayer they showed that the blood half-life was extended approximately tenfold.
Notwithstanding, unmodified DNA origami have been showed to be eliminated primarily through
kidneys into the urine in further pharmacokinetics and biodistribution analysis.
8.2. Avoiding the immune system
Another challenge for DNA carriers is to avoid the interaction with the immune system. In circulation,
they may be sequestrated by scavenger cells of the mononuclear phagocyte system (MPS), which leads
to the binding of opsonins to the surface of nanoparticles, leading to opsonization and degradation of
nanocarriers by the MPS (Blanco, Shen, & Ferrari, 2015; Salvati et al., 2013). DNA nanostructures have a
special susceptibility to this binding, since many opsonins have positive charge, being naturally attracted
to DNA (Juliano & Stamp, 1975). In addition, DNA nanostructures may also be detected by several
endogenous receptors that detect exogenous double stranded DNA as foreign and potentially malicious
molecules (Surana, Shenoy, & Krishnan, 2015). Double-stranded DNA may be detected for example by
cGAS, IFI16 and DNA-PK in the cytoplasm and by TLR9 inside endosomes. Following detection, receptors
induce interferon production generally, which activates the immune system. The activation of receptors
of the innate immune system by unmodified DNA nanostructures has not yet been investigated.
However, the incorporation of highly immunogenic unmethylated CpG oligonucleotides in DNA
nanostructures has already been reported (Li et al., 2011; Schüller et al., 2011). They are internalized on
endosomes, after endocytosis, where they activate TLR9 receptor, triggering the immune response (L.
Liang et al., 2014). However, IFN-α levels in the blood were reported as unaffected by DNA origami (Q.
Zhang et al., 2014).
Strategies must be created to decrease immune activation in circulation. As already referred,
Perrault and his colleagues developed a strategy that consisted in the encapsulation of the DNA origami
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structure in a PEGylated lipid bilayer (Perrault & Shih, 2014). This reduced immune activation 2 orders of
magnitude below controls and increased pharmacokinetic bioavailability by a factor of 17.
Besides, the interactions of DNA nanostructures with receptors of the innate immune system should
be studied more deeply, in order to found new strategies to enable the use of DNA nanostructures in
living cells and animals.

8.3. Crossing the cell membrane
Finally, the effectiveness of the DNA nanocarrier depends on the efficiency of cellular uptake and
deliver of payload in the intracellular site of action.
Cellular uptake of DNA is usually mediated by positively charged transfection agents, to form neutral
complexes and allow DNA to cross the negatively charged cellular membrane. However, the assembly of
DNA oligonucleotides in compact 3D structures, enhance their intracellular uptake without mediation by
transfection agents, although the underlying uptake mechanism remains unclarified (Li et al., 2011;
Walsh et al., 2011).
Liang et al monitored the entry and transport pathways of 7 nm tetrahedral DNA nanostructures
(TDNs) in live mammalian cells, through a single-particle tracking method (L. Liang et al., 2014). They
propose TDNs were internalized via caveolin-dependent receptor mediated endocytosis, but did not
identified the receptor. As expected, most TDNs moved rapidly in microtubules being transported into
lysosomes. In HeLa cells, 70–80% of TDNs were found structurally stable retained in the lysosome after
12 hours of incubation, which impede their access to the desired subcellular compartment, blocking
their activity in the cells. To surpass this problem, the intracellular fate of the TDNs was modulated, by
functionalization with nuclear localization signals (NLSs) that direct their escape from lysosomes into the
cellular nuclei. In the same way, other peptide sequences can possibly be used for redirection onto
other target organelles. More recently, Biocca and her co-workers demonstrated a receptor-mediated
uptake mechanism, identifying the scavenger oxidized low-density lipoprotein receptor-1 (LOX-1) as the
responsible for cellular uptake of pristine truncated octahedral DNA nanocages in mammalian
fibroblast-like cell lines (COS cells). Although the results cannot be comparable with the ones from Liang
and co-workers, since they have used nanostructures with different size and shapes and different
experimental conditions, their results were concordant. LOX-1 may mediate caveolin-dependent
endocytosis, although full mechanism of LOX-1 endocytosis is not yet established (Sun et al., 2010).
However, it cannot be generalized to all DNA nanoparticles. LOX-1 may not be the only receptor
involved, neither caveolin may be the only possible endocytosis pathway.
Functionalizing nanostructure surface with transferrin or folate is an example of method to target
cancer cells, since their receptors are overexpressed on this cells. Besides, folate receptor is only present
on tumour and inflammatory cells, which increases the targeting specificity (Salvati et al., 2013; Zwicke,
Mansoori, & Jeffery, 2012).
In order to reach the best efficiency on the cellular uptake, not only the nanostructure size and type
of functional ligands are important. Mao and his team found that the amount of folate conjugated on
DNA nanotubes was correlated with the efficiency of uptake in KB cells (Ko, Liu, Chen, & Mao, 2008). Lee
and his colleagues, showed that at least three folate molecules were required to obtain an optimal
transfection of DNA tetrahedron into KB cells. More important, they showed that the efficiency on the
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intracellular delivery was maximized only if ligands were well distributed through nanoparticle surface,
maximizing their local density (Lee et al., 2012). Similarly, the control of spatial orientation of the
membrane-binding ligands nanocalipers of a DNA origami can regulate membrane receptor-mediated
signalling in cancer cells (Shaw et al., 2014). So, the control of spatial orientation and stoichiometry of
functional ligands is essential.
Alternative approaches are based on mimicking virus performance. Mikkilä and colleagues created a
2D DNA origami structure with viral capsid proteins from cowpea chlorotic mottle virus (CCMV) and
correlated the presence of viral capsid proteins with a significantly increase on the uptake of DNA
origami structure in HEK293 cells (Mikkilä et al., 2014).

9. Aim of the thesis
The idealized nucleic-acid nanostructure prototype comprised the conjugation of DNA nanostructures
with C4-3 Aptamers, in order to activate TrkB receptors. The selected model was a Tetrahedral DNA
Nanostructure with 20bp of side, being adapted to include 3 overhang sequences in the vertexes, in
order to hybridized with three extended aptamers.
The close proximity of the aptamers is expected to induce dimerization or multivalence effect,
potentiating TrkB phosphorylation and consequently triggering the neuroprotective signalling cascade.
Therefore, the objectives of the present thesis were the following ones:
1. In vitro synthesys of RNA Aptamers C4-3 (Huang et al., 2012) as well as a new modified version with
a 3´-end extension;
2. Production of Tetrahedral DNA Nanostructures (TDN) carrying 3 overhang sequences;
3. Functionalization of the TDN with the extended aptamers (C4-3ext) or with a neurotropic peptideDNA conjugate (Tet1-DNA), in parallel;
4. Evaluation of nanostructures biological activity on neuronal differentiated ND7/23 cells and
neuronal primary cortical cells, regarding:


Targeting ability (TDN-apt; TDN-Tet1);



TrkB receptor activation (TDN-apt).
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1. MATERIALS
All oligonucleotides (PAGE or HPLC purified) were purchased from Integrated DNA Technologies (IDT),
except the Tet-1 peptide conjugated with DNA (Reverse-Phase HPLC purified) that waspurchased from
Eurogentec (Belgium).
 Tetrahedron (TDN) sequences:
Name

Sequence (5′–3′)

/5Biosg/1CGTACCGCATGATTACAACC*A*GTCAGGGCGAGGAGGGTACT*A*CCGTTTGGTATGAAGGTTG*G
C*GGCCACGTAATCTGAGTTT*A*CCAACCTTCATACCAAACGG*A*GTCAGATGCTCGGGCCCAGC*A*CAATAA
TGACTAAAAGCGACG
DNA S3
/56-FAM/2AGTACCCTCCTCGCCCTGAC*A*GAAAGCACGCGTTTGTTCGC*A*GCTGGGCCCGAGCATCTGAC*A*C
AATAATGACTAAAAGCGACG
DNA S4
G*GTTGTAATCATGCGGTACG*A*AAACTCAGATTACGTGGCCG*A*GCGAACAAACGCGTGCTTTC*A*CA
ATAATGACTAAAAGCGACG
* Represents phosphorothioate linkages (PS bonds)3
DNA S1
DNA S2

 Sequences for production of the C4-3 aptamer cDNA template:
Name
Sequence (5′–3′)
C4-3 DNA

TCG GGC GAG TCG TCT GGC GTG CAG CGG ATA ATA CGA CCG CAT CGT CCT CCC



Sequences for production of the C4-3ext aptamer cDNA template (added extension sequence to
connect to the TDN is underlined):
Name
Sequence (5′–3′)
C4-3ext DNA

CAA TAA TGA CTA AAA GCG ACG ATG GGC GAG TCG TCT GGC GTG CAG CGG ATA ATA CGA CCG CAT CGT CCT CCC

 T7 primer for production of the C4-3 aptamer cDNA template with T7 promoter:
Name
Sequence (5′–3′)
T7 C4-3 Rev.

TAA TAC GAC TCA CTA TAG GGA GGA CGA TGC GG

 Tet-1 peptide conjugated with DNA:
Name
Tet1-DNA

Sequence (5′–3′)

HLNILSTLWKYRC – HEG – CGT CGC TTT TAG TCA TTA TTG

HEG = hexaethylene glycol linker

2. IN SILICO DESIGN
2.1. Analysis of the extended aptamer sequences
An RNA extension was added to the original sequence of aptamer C4-3 in order to connect the aptamers
to the tetrahedral DNA nanostructure. However, this extension does not change the secondary and
tertiary structure of variable region of the aptamer C4-3, in order to maintain the recognition of the TrkB
receptor (Huang et al., 2012).
In this way, the sequence of the extended aptamer was analysed by NUPACK web application software
to predict the most probable secondary structure that aptamer would form in equilibrium. The
sequence was rearranged until the lower free-energy structure present a variable region with the same

1

2

/5Biosg/: tag of Biotin - tag of biotin attached to 5' end of the oligonucleotide sequence.

/56-FAM/: tag of 6-Carboxyfluorescein (6-FAM) attached to 5' end of the oligonucleotide sequence. (fluorescent
dye)
3

PS bond: In a phosphorothioate (PS) bond a sulfur atom is substituted for a non-bridging oxygen in the phosphate backbone of
an oligonucleotide, rendering the internucleotide linkage more resistant to nuclease degradation.
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predicted secondary structure than the original aptamer. The representation of the predicted structures
with lower free-energy are presented in the supplementary information (Supplementary Fig. S1).

2.2. Analysis and design of TDN sequences
NUPACK software also supported the design and analysis of the DNA sequences of the Tetrahedral
Nanostructure (Zadeh et al., 2011). The structure was divided in 2 regions, since NUPACK algorithms do
not compute pseudoknots (complex structures based on the interconnection of different double-strand
sequences through single-strand regions). Then, the structure was analysed and redesigned in order to
minimize secondary structures and undesired interactions and optimize the stability of the desired
assembly. The representation of the resultant substructures is presented in the supplementary
information (Supplementary Fig. S2). The code was based on previous work for optimization of TDN
structures with anchor sequences (Silva et al., 2016), with a few alterations:
 a single unpaired nucleotide was introduced in three of the TDN vertices, spacing the anchors from
the double stranded sequences of TDN, in order to decrease the steric constraints verified in the
previous work;
 in addition, chemically modified nucleotides (with phosphorothioate bonds) were introduced in
each TDN vertex to improve the nucleases resistance;
 finally, the TDN anchors were selected in response to the in silico analysis of the extended aptamer,
since this anchors are complementary to the aptamer extension.
Functional Model of TDN and TDN&Apt
5’ Biotin
Chemically modified nucleotides
(Phosphorothioate Bonds)

3’

6-FAM

S1
6-FAM

S2

Biotin

5’
S3

5’

5’

S4

3’

a.

3’

3’

5’ Biotin
3’

S1
6-FAM

S2

5’
S3

5’

5’

S4

3’

3’

b.

3’
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Figure 5. Sketch of a functional model of a DNA Tetrahedral Nanostructure (TDN) (a) and a Tetrahedral
Nanostructure conjugated with three aptamers in the vertexes (TDN-apt) (b). S1, S2, S3, S4 strands are represented
in blue, yellow, orange and green, respectively, in the area of tetrahedron delineation, and in purple in the anchors.
Aptamers are represented in gray (the sketch is not drawn to scale for simplicity of presentation).

3 . APTAMER PRODUCTION
3.1. DNA template production
The annealing and extension reaction for production of a double stranded DNA template was prepared
by mixing the 2 precursor oligonucleotide strands - C4-3 DNA and T7 C4-3 Rev. – each at a final
concentration of 1μM, with HotStartTaq DNA polymerase, PCR buffer, 10 mM dNTP mix (100μM final)
and Nuclease-free H2O (HotStarTaq Master Mix Kit, Qiagen®). Then, the reaction mix was submitted to a
ramp of temperatures in a Biometra® TPersonal Thermocycler: a first step of 95°C for 15min, followed
by 10 cycles of 94°C for 30s, 59°C for 30s and 72°C for 1min, then a final extension of 72 °C for 10 min,
finishing with a cool down to 4°C at a rate of 3 °C/s.

3.1.1. Purification of DNA template
In order to purify the complete double strand DNA template from the incomplete ones and single
strands, three different protocols were exploited:
a) PAGE purification: DNA template was run at 90 V in a 6% polyacrylamide gel at RT (room
temperature) for 1 h. The DNA band was detected by the UV shadowing technique – a shortwave UV light (254 nm) was shone upon the gel, placed on an plastic wrap over a silica-coated
thin-layer chromatography (TLC) plate (Hassur & Whitlock, 1974) – and the band was excised
with a scalpel blade. Then, the gel portions were centrifuged at 6.000 xg (5 min) through a 0,6
mL eppendorf® tube, with a hole in the bottom made with a 19G needle (Terumo), in order to
fragment the gel portions. A buffer of 300 mM Sodium Acetate (NaAc) were added in a volume
of three to four times the one occupied by the gel (e.g. 350 µL NaAc were added for each 100
mg of polyacrylamide gel). The gel was then incubated at 14.000 rpm overnight (≥ 16 h) in a
Thermomixer (Eppendorf) at controlled temperature (RT, 22 °C). After, it was centrifuged at
13’000 xg, 2min at RT. The supernatant was collected and filtered through a 0,22 μM Corning®
Costar® Spin-X® column (Sigma-Aldrich) at 13.000 xg, 2 min. Next, the gel slurry was filtered in
the same Spin-X column at 13.000 xg, 15 min, in order to maximize liquid extraction and,
consequently, the DNA recovery. Subsequently, DNA was precipitated by adding three volumes
of Ethanol (100%) to the volume of DNA solution, followed by an incubation at -80 °C for at least
4 h. Afterwards, the solution was centrifuged at 13.000 xg, 10 min, 4 °C and the supernatant
was discarded. This step was repeated twice. Finally, DNA was re-suspended in Nuclease-Free
Water (Qiagen) and the concentration measured in a NanoDrop 1000 (Thermo Fisher Scientific).
b) Column purification with DNA Clean & Concentrator™-5 (C&C5) (Zymo Research):
DNA template samples were purified according to manufacturers’ instructions. All centrifugations were
done at 13.000 xg and the elution step was performed with Nuclease-Free Water (Qiagen).
c) Column purification with NZYGelpure kit (NZYTech):
DNA template samples were purified according to manufacturers’ instructions, as illustrated below
(Fig. 6). Each column was used to purify up to 14 reaction samples of DNA template extension. All
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centrifugations were done at 13.000 xg and the elution step was performed with Nuclease-Free Water
(Qiagen).

Figure 6. Ilustration of the executed protocol for DNA template purification with NZYGelpure kit.
© 2017 NZYTech, Lda. - Genes and Enzymes (NZYTech, 2017)

3.1.2. Quality control of DNA
3.1.2.1. Native PAGE
For native PAGE analysis, 1,5 pmols of the purified DNA samples were mixed with NZYDNA loading dye
(6×) (NZYTech) and resolved in an 8% native polyacrylamide gel at 90V for 50 min in TBE (1x) at Room
Temperature (RT). A GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific) was used as size
marker.
The gel was stained with SYBR Gold (Life Technologies, Thermo Fisher Scientific) diluted
1:10.000-15.000 in 1xTBE for 10 min. It was then revealed in a Gel Doc TM XR+ Imaging System (Bio-Rad)
and quantified by Image Lab ™ 5.2.1 software.

3.1.2.2. Nanodrop measurements
After purification of DNA, its concentration was quantified by measuring the ultraviolet (UV) light
absorbance (A) at 260 nm wavelength, and DNA purity evaluated by the absorbance ratios 260/230 and
260/280, using a Thermo Scientific NanoDrop™ 1000 Spectrophotometer. The molar concentration was
calculated according to the Beer-Lambert equation [c = (A*ε)/b], through the molar extinction
coefficient (ε) of the DNA template and considering a pathlength (b) of 1 cm.

3.2. In Vitro Transcription (IVT)
RNA Aptamers were produced by In Vitro Transcription with HiScribeTM T7 High Yield RNA Synthesis Kit
(New England Biolabs). Each reaction was set-up with 2 μg of DNA template, 7,5 mM of each NTP –
standard NTPs: ATP and GTP (New England Biolabs) and NTP with 2'-Fluoro modifications: 2’F-dCTP and
2’F-dUTP (Jena Bioscience GmbH)), 0,5 mM MnCl2, T7 RNA Polymerase Mix, 0,75X Reaction Buffer and
Nuclease-Free Water (Qiagen) in a total volume of 20 µL. (Afonin et al., 2012) Reactions were incubated
at 37 °C for 16 h (overnight) in a Biometra® TPersonal Thermocycler.

3.2.1. Purification of RNA and DNA digestion
DNase I treatment was performed using the DNase I Set ((Zymo Research) to digest DNA template. Each
DNase I reaction was prepared by mixing of 5 µL DNase I, 5 µL DNA Digestion Buffer and 40 µL RNA
samples up to 10 μg (volume adjusted with nuclease-free water). The samples were incubated at room
temperature (20-30 °C) for 15 min.
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Afterwards, the RNA purification was performed using an RNA Clean&Concentrator TM-25 (Zymo
Research), according to manufacturer instructions. Two volumes of RNA Binding Buffer were added to
each sample and mixed, followed by addition of an equal volume of ethanol (100%) and mixed again.
The sample was transferred to a Zymo-Spin™ IIC Column in a Collection Tube, centrifuged at 13.000 x g
for 30 s, and the flow-through discarded. RNA Prep Buffer were added, centrifuged for 30 s, followed by
a two-fold addition of RNA Wash Buffer, once centrifuged for 30 s and later for 2 min, in order to
completely remove the wash buffer. After each centrifugation, the flow-through was discarded. Finally,
the column was transferred into an RNase free tube and elution was made by addition of 25 μl
Nuclease-Free Water (75 °C) directly to the column matrix. After 1-2 min of incubation, the column was
centrifuged at 15.000 x g for 30 sec.

3.2.2. Folding of Aptamers
Aptamers were diluted to 20 µM in 1x HEPES buffer (pH 7,5) (5x: 100 mM HEPES, 700 mM NaCl, 25 mM
KCl) and the annealing of the aptamer was accomplished by increasing the temperature to 94 °C for 4
min, followed by a slow cool until 4 °C at a rate of 0,02 °C/s in a Biometra® TPersonal Thermocycler
(Amsbio, n.d.). The HEPES-saline buffer enables the folding of the aptamers in a physiological pH and
salt solution for subsequent cellular experiments.

3.2.3. Quality control of RNA Aptamers
3.2.3.1. Native PAGE
For native PAGE analysis, RNA aptamers were diluted to 1,5 µM in 1× HEPES buffer or 1× HEPES buffer
with Mg2+ (5× buffer: 100 mM HEPES, 700 mM NaCl, 25 mM KCl, 10 mM MgCl 2). The solution for analysis
consisted in a mix of 1,5 pmols of aptamer with 1× NZYDNA loading dye (6×) (NZYTech) and 1× HEPES
buffer or 1× HEPES buffer with Mg2+.
The samples were resolved in 8% native polyacrylamide gel at 85V for 80 min (4 °C), in TBE (1x) with or
without supplementation of 50 mM KCl and 2 mM MgCl 2, in RNAse free conditions. A Low Range ssRNA
Ladder (New England BioLabs) and GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific) were
used as size markers.
The gel was stained with SYBR Gold (Life Technologies, Thermo Fisher Scientific) diluted in 1xTBE for 10
min. It was then revealed in a Gel DocTM XR+ Imaging System (Bio-Rad) and quantified by Image Lab ™
5.2.1 software.

3.2.3.2. Denaturing PAGE
For denaturing PAGE analysis, an 8% polyacrylamide gel with 8 M urea was prepared and the running
buffer (1x TBE) was heated to 60 °C in a hot “plaque” with magnetic stirring, just before the gel run. A
pre-run at 90 V for 30min was done to increase the gel temperature before running the samples.
An amount of 1,5 pmols of diluted aptamers in Nuclease-free Water were then mixed with an equal
volume of RNA Loading Dye (2x) (New England Biolabs) and heated to 80 °C for 8 min to denature the
RNA aptamers. The wells of the gel were flushed out of urea with TBE using a large tip before loading of
the sample. The heated samples were immediately loaded in the gel and resolved at 100V for 60 min in
RNAse free conditions. A Low Range ssRNA Ladder (New England BioLabs) was used as size marker.
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The gel was stained with SYBR Gold (Life Technologies, Thermo Fisher Scientific) diluted in 1xTBE for 10
min. It was then revealed in a Gel DocTM XR+ Imaging System (Bio-Rad) and analysed by Image LabTM
5.2.1 software.

3.2.3.3. NanoDrop measurements
The RNA concentration was quantified by UV-Vis spectrophotometry in a Thermo Scientific NanoDrop™
1000 Spectrophotometer. The molar concentration was calculated according to the Beer-Lambert
equation [c = (A*ε)/b], through the absorbance at 260 nm wavelength and molar extinction coefficient
(ε) of the RNA, considering a pathlength (b) of 1cm.

4. TDN PRODUCTION
The assembly of the Tetrahedron (TDN) was accomplished by combining equimolar quantities (1 μM) of
the four oligonucleotides strands (S1-S4) in filtered TDN assembly buffer (10 mM Tris-HCl, 20 mM MgCl2,
pH 7,5) prepared with nuclease-free water. The following temperature conditions were then used for
assembly in a thermocycler (Biometra® TPersonal Thermocycler): denaturation step by heating at 94 °C
for 3 min; annealing by a decreasing the temperature at a rate of 3°C/s until 75 °C, where it was
maintained for 45 min, with a final cool down step until 4 °C, with the same velocity rate previously
described. The TDN was preferentially kept at 4 °C overnight, before being used, in order to stabilize its
structure.

4.1. Evaluation and Characterization of TDN
4.1.1. Native PAGE analysis
Samples were diluted in the 1× TDN assembly buffer and 1× NZYDNA loading dye (6×) (NZYTech). A Low
Range ssRNA Ladder (New England BioLabs) and a GeneRuler Low Range DNA Ladder (Thermo Fisher
Scientific) were loaded next to TDN samples in a 6% native polyacrylamide gel as size markers. Gel was
run at 75V for 1 h (RT) in 1x TBE.
The gel was stained with SYBR Gold (Life Technologies, Thermo Fisher Scientific) diluted in 1xTBE for 10
min. It was then visualized in a Gel DocTM XR+ Imaging System (Bio-Rad) and quantified by Image Lab ™
5.2.1 software.
Since the gel staining intensity is proportional to the mass of dsDNA (since the signal occurs by the
intercalation/interaction of the dye with the nucleobases), it was possible to quantify relative band
intensities. Quantification of TDN was performed by dividing the intensity of the circa 550bp band per
the total intensity of all bands from the same the lane. The relative band intensities were normalized
with respect to the number of base pairs (bp) of the structure, since a structure with double the
nucleotide base pairs, but the same molar quantity, stains with double the intensity than the smaller
structure (Greene, Keum, & Bermudez, 2012).

4.1.2. Nanodrop Measurements
The TDN concentration was quantified as above for RNA but including a reduction of 30% in the total
theoretical molar extinction coefficient (ε) due to the hyperchromicity effect (Xing et al., 2015).
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5. FUNCTIONALIZATION OF TDN WITH APTAMERS OR TET1-DNA CONJUGATES
TDN (0,25 μM) were mixed with aptamers in a ratio of 1:12 with addition of 1x Tris-NaCl buffer (TrisNaCl buffer (5x): 50 mM Tris + 250 mM NaCl (pH 7,5)). (Final 1x TDN-apt assembly buffer: 10 mM Tris, 50
mM NaCl, 5 mM Mg2Cl). Aptamers were previously denaturated by increasing the temperature to 94 °C
for 4 min and immediately cool down by transferring the tube to ice.
TDN (0,5 μM) were mixed with Tet1-DNA conjugates in an optimized ratio of 1:3,3 with addition of 1x
Tris-NaCl buffer (Tris-NaCl buffer (5x): 50 mM Tris + 250 mM NaCl (pH 7,5)). (Final 1x assembly TDN-Tet
buffer: 10 mM Tris, 50 mM NaCl, 10 mM Mg2Cl) Tet1-DNA conjugates were previously heated at 75 °C
for 10 min and immediately cool down by transferring the tube to ice, in order to break any non-specific
self-interaction between DNA-peptide conjugates and assure complete solubilization. .
The hybridization was accomplished by increasing the temperature at 37 °C for 3 h in a Biometra®
TPersonal Thermocycler, fast cooling (3 °C/s) to 20 °C (10 min) , followed by a fast cool to 4 °C.

5.1. Purification of the functionalized structures
Functionalized TDN were first concentrated with Amicon® Ultra 3K devices (Merck), as previously
described for the Amicon® Ultra 10K devices (Merck). After, they were loaded in a 6% polyacrylamide
gel and resolved at 75V for 1 h (RT). The DNA band was detected by the UV shadowing technique, as
previously described above in “Purification of DNA template” (Hassur & Whitlock, 1974) – and the band
was excised with a scalpel blade. Then, the gel portions were centrifuged at 6.000 xg (≥8 min) through a
0,6 mL eppendorf® tube, with a hole in the bottom made with a 19G needle (Terumo), in order to
fragment the gel creating a gel slurry. For each circa 100 mg of gel slurry, 3,5x volumes of the respective
nanostructures (TDN, TDN&Apt, TDN&Tet) assembly buffer (1x) were added. The gel was then incubated
at 1400 rpm overnight (≥16 h) in a Thermomixer (Eppendorf) at controlled temperature (15-20 °C).
After, it was centrifuged at 13.000 xg, 2 min at RT to pellet the gel slurry. The supernatant was collected
and filtered through a 0,22 μM Corning® Costar® Spin-X® column (Sigma-Aldrich) at 13.000 xg, 2 min.
The gel slurry was then transferred to the same Spin-X column and centrifuged at 13.000 xg, 15 min (a
maximum of 200 mg gel approximately per column was loaded). A volume of 200 µL of the respective
nanostructures assembly buffer (1x) was then added to the gel slurry remaining in the column,
centrifuging it again for 15 min at 13.000 xg, in order to maximize the DNA recovery. The column was
cleaned and re-filled with gel slurry until all sample has been centrifuged.
For sample concentration and purification, Amicon® Ultra 10K devices (Merck) were loaded and
manufacturer’s instructions were followed (Fig. 7). Essentially, each column was loaded to a maximum
volume of 500 µL, then centrifuged at 14.000 xg for 5 min. The loading and centrifugations of 5 min
were repeated until all the sample has been loaded. In the final loading, the time of centrifugation was
extended, according to the desired final volume and expected molar concentration (considering a final
yield of 20-30%). The final step consisted in inverting the column into a new low binding tube and
centrifuging at 1000 xg for 2 min to collect the concentrated sample.

14’000xg, 5min
14’000xg, 10-30min
(repeat until loading all sample)

1’000xg, 2min

Figure 7. Ilustration of concentration steps of hibridized nanostructures (TDN, TDN&Apt and TDN&Tet/DNA) with
Amicon ® Ultra-0.5 Centrifugal Filter Devices (Merck).
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5.2. Evaluation and Characterization of TDN conjugates
5.2.1. Native PAGE analysis
For calculation of the yield of functionalized conjugated structures, unpurified and purified samples
were resolved in 6% native polyacrylamide gel at 75V for 1 h (RT) in 1x TBE. Each sample was diluted in
the respective 1× assembly buffer and 1× NZYDNA loading dye (6×) (NZYTech). A Low Range ssRNA
Ladder (New England BioLabs) and a GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific) were
loaded in the same gel as size markers.
The gel was stained with SYBR Gold (Life Technologies, Thermo Fisher Scientific) diluted in 1xTBE for
10min. It was then revelead in a Gel DocTM XR+ Imaging System (Bio-Rad) and quantified by Image Lab
™ 5.2.1 software.
Quantification of relative band intensities followed the same methods previously indicated in the
subsection 4.1.1., and the calculated factors for band normalization are indicated in the supplementary
table S2. The fraction of functionalized TDN per total TDN, as well as the concentration of purified
samples comparing to not purified ones, were then obtained.

5.2.2. Dynamic Light Scattering (DLS)
Nanostructures size was determined by DLS in a Zetasizer Nano ZS (Malvern), using a High concentration
quartz zeta cell ZEN1010 (Malvern). The sample concentration was 1,5-2 μM in the respective TDN
buffer. Samples were additionally filtered with a 0,22 μM Corning® Costar® Spin-X® column (SigmaAldrich) before analysis. All measurements were performed in triplicate at 25 °C.

6. EVALUATION OF NANOSTRUCTURES BIOLOGICAL ACTIVITY
6.1. ND7/23 Cell Line Culture
ND7/23 cells were grown in Dulbecco´s Modified Eagle Medium (DMEM) with GlutaMax (Gibco),
supplemented with 10% FBS (Gibco) and 1% P/S. Cells were passaged every 3-4 days at a ratio of 1:15.
For differentiation of ND7/23 cells into neuronal cells, cells were plated in normal growth media for 1624 h in a pre-treated surface (coated with laminin-111 at 10 μg/mL for 3 h at 37 °C/5% CO2).
Differentiation medium (DMEM-F12 supplemented with 2% b27 (Invitrogen), 1% P/S (Gibco), 0,2 μg/mL
NGF (Merck Millipore) and 1 mM of Dibutyryl cAMP (Sigma-Aldrich)) was added every 2-3 days for 5
days. For microscopy analysis, 1400 cells/well were seeded in μ-slide 12 Wells ibiTreat (Ibidi®).

6.2. Primary Cortical Cell Culture
Neuronal primary cortical cells of mouse embryos (E16.5) were kindly supplied by Sofia Santos and
Marília Torrado, nBTT group. They were dissected from the prefrontal cortex of C57/Bl6 mice embryos,
isolated and cultured in a pre-treated surface (coated with Poly-D-Lysin (PDL) (Sigma) at 50 μg/mL in
borate buffer (pH 8,8) overnight at 37 °C/5% CO2) in Neurobasal medium (Gibco) supplemented with 2%
b27 (Invitrogen), 0,5 mM L-glutamine (Gibco), 25 µM glutamate and 1% P/S (Gibco)) for 7 days at 37
°C/5% CO2, with no medium exchange. For western blot analysis, 15x10 4 cells/well were seeded in 24well plates, while for microscopy analysis, 5x10 4 cell/well were seeded in μ-slide 12 Wells ibiTreat
(Ibidi®).
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Brief description of isolation procedure:
The pregnant female was sacrificed by cervical dislocation and the embryos removed (E16.5). The brains
were extracted and using a magnifier, the meninges were removed and the prefrontal cortices dissected
and transferred to a petri dish containing 10 ml Hanks Balanced Salt Solution (HBSS). After dissection of
all of the brains, the cortices were transferred to a 15 ml tube in 7 ml HBSS. Trypsin (Gibco) was
dissolved in HBSS (1.5 mg/ml) and filtered. Three ml of the Trypsin solution was added to the cortices
followed by an incubation at 37 °C for 12 min in a waterbath. The tube was placed in the waterbath
horizontally and stirred every 3 min. Meanwhile, the multiwells were warmed in the 37 °C incubator.
After the cells and tissue debris were pelleted by gravity to the bottom of the tube, the supernatant was
discarded and 10 ml pre-warmed HBSS with 10% FBS was added in order to stop the action of trypsin.
After turning the tube upside down 3x and waiting for the pellet to form, the supernatant was discarded
and 8 ml pre-warmed HBSS was added to wash the solution in order to prevent growth of glial cells.
After removing the supernatant, 5 ml pre-warmed neurobasal medium with glutamate (0.025 mM), B27
supplement (Gibco) (1:50), L-glutamine (0.5 mM) and gentamycin (Sigma) (50 mg/ml) was added to the
tube and mechanical dissociation of the tissue was performed by pressing the pipette tip against the
bottom of the tube and resuspending.
The solution containing cells was filtered with a 90 μm cell strainer in a 50 ml tube. Next, cells were
counted with Trypan Blue using a haemocytometer. Cells in suspension were then added to multi-wells
coated with PDL. In MW24, cells were diluted in 1 ml neurobasal medium to obtain a concentration of
15 x 104 cells per well. In MW6, cells were diluted in 3 ml neurobasal medium to obtain a concentration
of 84 x 104 cells per well.
One week later, the cells had differentiated and extended processes and half of the media in the wells
were collected in a tube and kept as conditioned media at 4 °C for further use, while the volume was
added up to the initial volume with fresh pre-warmed neurobasal medium without glutamate.

6.3. Immunocytochemistry (IC)
For microscope analysis, cells were washed with PBS and fixed with Pierce™ 4% Formaldehyde (w/v)
(Thermo Fisher Scientific) at RT for 10 min. After washing with PBS, permeabilization was done with
0.1% Triton-X 100 at RT for 5 min, after which cells were washed and blocked with 1% BSA in PBS-T for
30 min at RT. Washing steps were performed three to four times, 5 min each with 1x PBS. Primary
antibodies were diluted in blocking solution and cells were incubated at 4 °C overnight. Cells were
washed and fluorescently labelled secondary antibodies (Invitrogen) were added and incubated in
blocking solution for 1 h at RT protected from light. After washing, 0,1 μg/mL DAPI in PBS was added for
10 min to counterstain the nuclei, followed by final washing and addition of mounting medium
(Fluoromount, Sigma-Aldrich) and the coverslip. Samples were analysed by inverted fluorescent
microscopy (Axiovert 200M, Zeiss) or confocal microscopy (Leica TCS SP5 II, Leica Microsystems).

6.4. Cell internalization analysis
For cell internalization analysis, cells were incubated with TDN and conjugated nanostructures in
Neurobasal medium at 37°C for 3h. IC protocol was then followed. DyLight 649 Streptavidin (1:1000,
Vector Laboratories) was added in blocking solution, for direct detection of the biotin-labelled TDN, and
incubated for 30 min at RT. After, cells were incubated with mouse anti-neurofilament-heavy (NFH)
(Santa Cruz, 1:100), overnight (O.N.) at 4 °C, followed by incubation with anti-mouse IgG secondary
antibody Alexa Fluor 488 (1:1000, Thermo Fisher Scientific).
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Samples were analysed with a Leica TCS SP5 II Confocal Microscopy (Leica Microsystems), using a 40x oil
immersion objective. Z-stack images were converted to maximal projection.

6.5. TrkB receptor phosphorylation detection
For enhancing the detection of TrkB receptor phosphorylation, the culture medium was exchanged for
fresh Neurobasal medium (Gibco) without supplements, 3-6 hours before the experience. Then, cells
were incubated with recombinant human/murine/rat BDFN (PeproTech), aptamers and TDN-Apt in fresh
Neurobasal medium at 37 °C for 15 minutes. Culture medium of non-treated cells was exchanged for
fresh Neurobasal medium.
After incubation, cells were analysed by inverted fluorescence microscopy or by western-blot.

6.5.1.

Inverted Fluorescence Microscopy Analysis

Cells were washed with PBS, fixed with Pierce™ 4% Formaldehyde (w/v) (Thermo Fisher Scientific) at RT
for 10 min, and an IC was performed. The cells were blocked with 1% BSA in PBS-T for 1h. Anti-phosphoTrkB (Tyr816) antibody (EMD Millipore) was diluted 1:300 and goat anti-rabbit IgG secondary antibody
Alexa Fluor 488 (Thermo Fisher Scientific) was diluted 1:1000, both in blocking solution (1% BSA in PBST).
Cells were analysed by inverted fluorescent microscopy (Axiovert 200M, Zeiss), using a LD Plan-Neofluar
20x /0.4 Korr objective, with a minimum of three photos per well. Fluorescence intensity was quantified
by ImageJ, by defining an equal threshold for all images. The lower threshold level was defined by
comparison of the negative control images (not treated) with the positive control ones (BDNF
treatment), in order to minimize the fluorescence of not treated samples, while maintaining the signal
of the BDNF treated samples. Normalization of intensity was done by cell nuclei integrated density.

6.5.2.

Western Blot

After incubation of cells with nanostructures, the culture dish was placed on ice and cells were washed
with phosphate-buffered saline (PBS) and lysed with ice-cold lysis buffer (2X Bolt® LDS Sample Buffer
(Life Technologies, Thermo Fisher Scientific Inc.), 4% ß-mercaptoethanol, 1:100 Protease inhibitors
cocktail (Bimake) and phosphatase inhibitors cocktail (Bimake) in RIPA buffer: 150 mM NaCl, 1% NP40,
50 mM Tris (pH 8), 0.5% sodium deoxycholate, 0.1% SDS in H 2O). After scrapping the wells with a
micropipette tip, the collected samples were sonicated for 5 min, boiled for another 5 min, after which
they were placed in ice. For reduction of viscosity, each sample was passed through an 100 µL Hamilton
syringe multiple times. After being centrifuged at 14.000 rpm (4 °C) for 15 min, samples were conserved
at -80 °C until subjected to SDS-PAGE.
The proteins were resolved in a SDS-polyacrylamide (15%) gel electrophoresis (PAGE) in a MiniPROTEAN Tetra Cell (Bio-Rad) at 100V for 1 h (after 20 min at 80V in the staking gel) and were
electrotransferred for 9 min (Method P0) onto a nitrocellulose membrane (iBlot® Transfer Stack), using
an iBlot™ 2 Dry Blotting System (Invitrogen™).
Membranes were blocked in 5% BSA in TBS-T (1x Tris-buffered saline with 0,1% Tween 20) for 2 h at
room temperature. TrkB phosphorylation was detected by an antibody specifically recognizing the
phosphorylated tyrosine residue 516 (Phospho-TrkA (Tyr490) Rabbit mAb, Cell Signaling Technology),
which was diluted 1:1000 in the blocking solution and incubated overnight at 4 °C. After washing with
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TBST, the corresponding secondary antibody Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L)
(1:20.000; Jackson ImmunoResearch Laboratories) was added in 0,5% BSA in TBST and incubated for 1 h
at room temperature (RT).
Blots were incubated with an enhanced chemiluminescent substrate WesternBright™ Quantum
(Advansta) and the signal was detected with ChemiDoc XRS+ Imaging System (Bio-Rad).
The immunoblotting was repeated for detection of total endogeneous TrkB using TrkB Rabbit mAb
(1:1000, Cell Signalling Technology) in 5% BSA in TBST (overnight, 4 °C) and Peroxidase AffiniPure
Donkey Anti-Rabbit IgG (H+L) (1:20.000; Jackson ImmunoResearch Laboratories) in 0,5% BSA in TBS-T
(1h, RT). For detection of β-Actin, a housekeeping protein, monoclonal Anti-β-Actin antibody IgG1
produced in mouse (1:10.000; Merck) in 5% BSA in TBST (1 h, RT) was used as primary antibody and
bovine Anti-mouse IgG-HRP (1:15.000; Santa Cruz Biotechnology) in 0,5% BSA in TBS-T (1h, RT) as
secondary. Ponceau solution was used as a revert-staining of the membrane for qualitative control of
total loaded protein.
Semi-quantification of western blots was performed with Image Lab ™ 5.2.1 software, by tracing a
rectangular lane per band over the blot, with the smaller width that fit an entire band. The band with
the expected molecular size is then quantified by the sum of all intensities (volume) of the area under
the curve. The background is subtracted to each lane individually by the rolling ball algorithm.
Since there is an inherent variability in the protein quantity loading, each band intensity was normalized
to become comparable and reliable. The bands of each blot were normalized to β-actin, an housekeeping
protein, considering that the protein expression does not change in the period of the experiment. The
normalization was not done to the total endogenous TrkB, since there is evidence of pTrkB signal
accumulated with TrkB signal, which would influence the results.

7.

STATISTICAL ANALYSIS

Statistical data is presented by column graphics in the form of mean ± standard deviation (SD).
Significance was accessed by unpaired t-tests (two-tailed): * p < 0,1, ** p < 0,01, **** p < 0,0001.
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Chapter 3
RESULTS AND DISCUSSION
1. Synthesis of TrkB-agonist RNA aptamers, C4-3 and extended C4-3 aptamers
2. Production of Tetrahedral Nanostructures
3. Functionalization of Tetrahedral Nanostructures with extended C4-3 aptamers or with a
neurotropic peptide conjugate (Tet1-DNA)
3.1. Nanostructures Purification
3.2. Nanostructures size analysis
4. Evaluation of nanostructures biological activity
4.1. Targeting ability
4.2. TrkB receptor activation
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1. In vitro synthesis of C4-3 Aptamers and C4-3 extended Aptamers
i) dsDNA template production
The first step for in vitro synthesis of C4-3 RNA aptamers was the preparation of the DNA template
corresponding to the C4-3 RNA sequence. The DNA template was produced by annealing of two
oligonucleotide strands – the complementary sequence of C4-3 (C4-3 DNA) and a primer containing the
T7 promoter reverse sequence (T7 C4-3 Rev) (Fig. 8).

Figure 8. Representation of dsDNA template production. The template (68bp) includes the T7 bacteriophage promoter sequence
(green sequence) upstream of the sense C4-3 cDNA sequence. (The bold black sequence indicates the characteristic variable
region of C4-3 aptamer.)

An initial optimization of the annealing reaction indicated that 10 annealing cycles were the optimal
number of cycles for obtaining the better quality template, comparing with 6 and 15 cycles.
In order to further access the quality of the produced DNA template, DNA was purified from primers,
DNA polymerase and free dNTPs after annealing. Two different methods were analysed: DNA Clean &
Concentrator™-5 (C&C5) (Zymo Research) and PAGE purification. Integrity of the RNA produced from
each DNA template was compared by denaturing PAGE. It was verified that the RNA obtained from DNA
template clean-up by gel extraction (Sample A) had less smaller fragments, thus being more pure, than
the one obtained by the template clean-up by C&C5 (Sample B)) (Supplementary Fig. S3). Consequently,
the chosen method was the purification by gel extraction. Later, in order to obtain DNA template for a
larger-scale production, another purification method was exploited: column purification with
NZYGelpure kit (NZYTech). This method enabled to obtain pure RNA identical to the one obtained by gel
extraction (Supplementary Fig. S4).
The quality of DNA template was then analysed by PAGE, revealing a DNA template band with the
expected 68 base pairs (bp), when comparing with the DNA ladder (Fig. 10 a).

ii) RNA in vitro transcription (IVT)
DNA template was transcribed by the T7 RNA phage polymerase in the presence of ribonucleotides
(NTPs) (Fig. 9).

Figure 9. Representation of the in vitro transcription process from dsDNA template (68bp) to C4-3 RNA Aptamer (51nt). The T7
RNA polymerase (represented in green) starts transcription at the highlighted red G in the promoter sequence. It moves from 3'
to 5' end of DNA template sense strand and synthesizes the complementary RNA strand (purple strand) in the 5' to 3' direction.
(The bold black sequence indicates the characteristic variable region of C4-3 aptamer, while the bold purple RNA nucleotides
indicates the 2'-Fluoro modified nucleotides (2’F-C; 2’F-U))
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Manganese chloride was added to the IVT reaction to maximize the yield, according to literature (Afonin
et al., 2012), being selected the concentration of 0,5 mM upon RNA yield analysis (Supplementary
Figure S5).
After RNA clean-up and DNA digestion by C&C25 columns, RNA transcripts were analysed by native and
denaturing PAGE. The denaturing gel revealed a band with the expected bases number (51 nucleotides),
indicating a successful RNA in vitro transcription (Fig. 10 b). The native PAGE analysis was performed as
a qualitative analysis of the aptamer folding. In the presence of cells, the aptamers are expected to
adopt a three-dimensional structure in order to activate the TrkB receptors. In this way, a folding was
induced by incubation at controlled temperature and cation concentration. In one sample the folding
was slightly hindered in gel migration, by mixing the sample with RNA loading buffer (sample 2, fig.
10.c). By comparison with denaturing gel, the samples in the native gel presented two additional bands
that migrate slower. It is possible to identify the denatured structure in comparison with the folded ones
(arrows), by analysing the migration of sample 1 and 2. This confirmed the efficacy of the aptamers
folding. In spite of the presence of two folded structures, it is expected that in the presence of TrkB cell
receptors, the aptamers may adopt the folding that most favours the receptor interaction.

68 bp

51 nt

51 nt

a.

b.

c.

1

2

Figure 10. a) Native PAGE with 68bp DNA template. Low range GeneRuller DNA Ladder in the left lane for control of DNA size. b)
Denaturing PAGE with 51nt RNA aptamer with 2’F-dCTP and 2’F-dUTP. Low Range ssRNA Ladder in the left lane for control of
RNA size. c) Native PAGE with 51nt RNA aptamer submitted to Slow Annealing (94 °C, 4min→ ↓0,02 °C/s → 4 °C) in the
presence of HEPES buffer (20mM HEPES, 140mM NaCl, 5mM KCl), being loaded with DNA Loading Buffer in the gel (1) or
submitted to Fast Annealing (94 °C,4min → ice) and loaded with RNA loading buffer in the gel (2). Low range GeneRuller DNA
Ladder in the left lane and Low Range ssRNA Ladder in the right lane for control of RNA size. The arrows indicate the folded
aptamers.

These methods were subsequently repeated for the in vitro synthesis of the C4-3ext aptamer, with the
extension sequence in the 3´-end of the original aptamer (Fig. 11).
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Figure 11. Representation of dsDNA template production. The template (89bp) includes the T7 bacteriophage promoter
sequence (green sequence) upstream of the sense C4-3ext cDNA sequence. (The highlighted black sequence indicates the
characteristic variable region of C4-3 aptamer.)

Figure 12. Representation of the in vitro transcription process from dsDNA template (89bp) to C4-3ext RNA Aptamer (72nt). The
T7 RNA polymerase (represented in green) starts transcription at the highlighted red G in the promoter sequence. It moves from
3' to 5' end of DNA template sense strand and synthesizes the complementary RNA strand (purple strand) in the 5' to 3'
direction. (The highlighted black sequence indicates the characteristic variable region of C4-3 aptamer, while the highlighted
purple RNA nucleotides indicates the 2'-Fluoro modified nucleotides (2’F-C; 2’F-U))

89 bp

a.

b.

c.

1

2

Figure 13. a) Native PAGE with 89bp DNA template and an excess of T7 reverse sequence. Low range GeneRuller DNA Ladder in
the left lane for control of DNA size. b) Denaturing PAGE with C4-3 (51nt) and C4-3 ext (72nt) RNA aptamers with incorporated
2’F-dCTP and 2’F-dUTP. Low Range ssRNA Ladder in the left lane for control of RNA size. c) Native PAGE with 72nt RNA aptamers
submitted to Fast Annealing (94 °C,4min → ice) and loaded with RNA loading buffer (1) or submitted to Slow Annealing (94 °C,
4min→ ↓0,02 °C/s → 4 °C) in the presence of HEPES buffer (20mM HEPES, 140mM NaCl, 5mM KCl), being loaded with DNA
Loading Buffer in the gel (2). Low range GeneRuller DNA Ladder in the left lane and Low Range ssRNA Ladder in the right lane for
control of RNA size.
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DNA template was properly produced, although a higher molecular weight band was additionally
identifiable, slightly reducing the DNA template production yield (Fig. 13 a). A control analysis of DNA
template primer sequences (Supplementary Fig. S6) enabled the identification of the upper band
visualized in the figure 13 a. The band seems to represent DNA template not extended by polymerase,
but simply coming from the hybridization of the starting DNA strands (forward C4-3 extended sequence
+ T7 Reverse sequence). In order to determine what could be influencing the low DNA template
production yield, both reverse and forward sequence were analysed. T7 reverse sequence was added in
a six-fold excess in comparison with the forward sequence in order to determine if the T7 sequence
could be limiting the DNA template production. Since the upper band was still noticeable in the
presence of an excess of T7 rev primers and dNTPs, the annealing reaction temperature (60 °C) was reanalysed. The temperature of annealing of the template should be 4 °C lower than the dimer melting
temperature, in this way C4-3ext melting temperatures were analysed. The melting temperatures of the
C4-3ext DNA hairpin (58 °C) were found very close to the one of the heterodimer formed by C4-3ext
DNA and T7 reverse primer (61,8 °C). In this way, in order to favour the heterodimer formation and not
the hairpin folding, the selected temperature was 59 °C for the following aptamer productions (QIAGEN,
2010). In spite of the slight reaction yield optimization, the presence of the incomplete template does
not influence the following IVT reaction yield, since DNA is previously purified and then T7 polymerase
just recognize linear double strand templates with the T7 RNA Polymerase promoter sequence in the
correct orientation in relation to sequence to be transcribed (New England Biolabs, n.d.).
After IVT of C4-3ext aptamer, RNA transcripts were analysed by denaturing PAGE. The band with the
expected nucleotides number (72nt) was present, revealing its successful production (Fig. 13 b).
However, a band with larger size than expected was also observable, suggesting an incomplete RNA
denaturation and adoption of a strong secondary structure, with a consequent different gel migration.
Notice that the C4-3 aptamer (51nt) was completely denaturated in the same conditions (Fig. 12 b). The
adoption of different secondary conformations is also confirmed by native gel (Fig. 13 c). Once again,
C4-3ext reveals a very different migration profile than the smaller aptamer. C4-3ext does not show the
denaturated band in partial-denaturing conditions (Fig. 13 c, lane 1) while in non-denaturing conditions
shows two different secondary structures in an apparent equal ratio (Fig. 13 c, lane 2).
The adoption of a preferential folding was after confirmed by NUPACK analysis of the aptamer, which
showed the formation of a hairpin (Suplementary Fig. S1). This is not expected to impair the following
hybridization with TDN. A long portion of the extension sequence is not paired and the connection with
the TDN extension sequence is expected to reduce the minimum free-energy of the folded structure,
according to the NUPACK analysis, leading to a more stable conformation in equilibrium.
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2. Production of TDN
Tetrahedral DNA nanostructure (TDN) assembly involves a one-step reaction consisting on mixing and
subjecting the component single-stranded oligonucleotides to thermal annealing in the presence of a
minimum concentration of cations to stabilize the negative charge-repulsion forces of DNA and
consequently increase TDN stability (Hahn et al., 2014). In order to obtain the highest reaction yield,
some optimization steps were performed, concerning TDN strand ratios, annealing temperature, cation
concentration and TDN concentration.
Initially, each individual TDN strand was analysed by PAGE, by comparing their relative migrations (Fig.
14) S1 strand reveals a longer migration (less base pairs number) since it does not have anchor
sequence, in opposition to the other strands. However, the presence of lower bands in each lane
revealed the co-existence of shorter strands in each oligonucleotide solution, presumably due to an
ineffective purification. In order to minimize the effect of these incomplete strands in TDN assembly
reaction yield, an oligonucleotide molar titration followed this assay (Supplementary Fig. S7).
The titration revealed the ratio of 1 : 1,1 : 0,9 : 1,1 - S1 : S2 : S3 : S4 as the one in which all strands were
presented in equimolar quantity. This is the optimal ratio for TDN hybridization, in order to avoid the
formation of undesired structures.

Figure 14. Control analysis of TDN individual strands by PAGE. S1, S2, S3, S4: strand 1, strand 2, strand 3 and strand 4,
respectively.

Afterwards, stepwise TDN assembly was performed for analysis of the assembly of different
intermediary structures (Fig. 15). As expected, by increasing the number of component strands, the
structures migrate slower (D. Jiang, Sun, et al., 2016). This demonstrates the correct structures
assembling. Notwithstanding, the lower bands indicates the presence of incomplete assemblies, while
the higher bands may represent concatemers (Greene et al., 2012).
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Figure 15. PAGE analysis of the stepwise TDN assembly with exemplificative combinations of one, two, three or four assemble
sequences. On the right, illustrative assembled structures are presented. A GeneRuler DNA ladder is presented in the first lane
with the corresponding base pair numbers.

In order to minimize the formation of undesired assemblies and optimize the TDN assembly reaction
yield, the annealing temperatures, TDN and MgCl2 concentrations were adjusted.
A heterodimer analysis in IDT OligoAnalyzer 3.1 (Integrated DNA Technologies (IDT) website:
https://eu.idtdna.com/calc/analyzer) website of double strand TDN sequences from TDN edges and the
anchor strand with its complementary sequence result in the calculation of melting temperatures from
56 °C to 66 °C.
However, the melting temperature of a complex structure is higher than a simple dsDNA, due to the
cooperativity effect of multiple assembled oligonucleotides, which results in a final structure more
stable than the individual double strands (Conway et al., 2013; Shapiro, Hozeh, Girshevitz, AbuHorowitz, & Bachelet, 2015). Thus, the melting temperature had to be empirically determined.
In this way, different annealing method were analysed, by testing different ramp of temperatures from
94 °C to 4 °C: FAST-cool annealing method (30 sec), SLOW-cool annealing method (2 hours 30 min) and
three FIXED-temperature annealing methods (similar to the fast cool, but pausing in an intermediary
fixed temperature: 66 °C, 70 °C or 75 °C for 45min).
The FIXED-temperature annealing method at 75 °C presented the higher TDN assembled yield, with less
undesired assemblies, suggesting that it is closer to the actual TDN melting temperature (Tm). (Fig. 16
and S8)
Component strand concentrations and MgCl2 concentrations were further analysed. A concentration of
1 μM and the Tris-Magnesium buffer with 20 mM MgCl2 contributed to the higher assembled TDN
percentage when comparing to lower magnesium concentrations and lower TDN concentrations,
resulting in approximately 42% and 44% TDN. (Fig. 16 and Fig. S9)
These conditions seem to favour the intramolecular interactions in relation to the intermolecular ones,
thus having been selected for the following TDN productions.
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Figure. 16. PAGE analysis of the influence of the annealing method and MgCl 2 concentrations in 1 µM TDN assembling (Fix: Fixed
temperature annealing method (75 °C), F.c: FAST cool annealing method). GeneRulers 100 bp Plus and 1kb DNA ladder are
presented in the most left and right lanes, respectively, with the corresponding base pair numbers. Adapted figure with cut of a
lane for interpretation simplification.

A higher yield (≈76%) can be obtained by using more pure TDN individual strands has previously
reported by Silva, Moreno, & Pego, 2016.
However, if we exclude from calculations the individual strands in the bottom of the gel (as it is difficult
to relate the signal from the SYBR Gold intercalating reagent resultant from a single-stranded oligo to a
dsDNA), the TDN assembly yield achieves 68,6 % ± 1,7 % (Fig 17).
TDN
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Figure 17. Percentages of each TDN assembly reaction product, excluding the individual TDN bands. Results from 3 independent
experiments (mean±SD).
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3. Functionalization of Tetrahedral DNA Nanostructures
Aptamer and neurotropic peptide-DNA conjugate (Tet1-DNA) functionalization
Functionalization of TDN with C4-3ext aptamers was achieved through hybridization between the 3’-end
TDN overhangs and the aptamer extension sequences. The C4-3 aptamer original sequence is not
altered, and according to the NUPACK analysis, the presence of the hybridized aptamer extension
sequence does not change its predicted minimum free-energy secondary structure, which should result
in maintaining the aptamer biological function.
A correct hybridization of the aptamers extension with the TDN overhangs can be promoted by an
increase of temperature proximal to the melting temperature of the aptamer-TDN overhang dimer. This
should not compromise the TDN assembly, since a double strand has a lower melting temperature than
TDN.
A hetero-dimer analysis was then performed in the OligoAnalyzer 3.1 (IDT website:
https://eu.idtdna.com/calc/analyzer), in order to find the melting temperature. (Supplementary Table
S1) The dimerization between RNA and DNA presents a lower melting temperature than DNA-DNA
dimer (DNA-DNA: 62.9 °C; DNA-RNA: 46.7 °C). However, this could not be taken into account in the
initial NUPACK design, since it does not enable the analysis of dimerization between DNA and RNA
sequences. Consequently, TDN-aptamer interaction will have a higher minimum free-energy than the
initially predicted, being less stable.
Different annealing temperatures were selected in order to optimize the hybridization between
aptamers and TDN: 37 °C, which is the physiological temperature; 43 °C, which is 4 °C lower than the
calculated DNA-RNA dimer melting temperature; and 65 °C to investigate if a higher temperature could
mediate the unfolding of the C4-3ext aptamer (thereby resolving some possible unfavourable secondary
aptamer secondary structure) and favour the specific hybridization.
All the temperatures resulted in the production of TDN-Apt structures with similar ratios of free and
hybridized TDN, thus being selected the physiological temperature (Fig. 18). This result did however
indicate a very inefficient hybridization reaction, even in the presence of an excess of aptamers (1:4
ratio of TDN:Apt). A complete hybridization with all 3 TDN overhang sequences hybridized to an
aptamer (1 TDN–3xApt) was represented by a faint band, while the free-TDN band was still prominent
as well as the free-aptamers band. The TDN-1xApt seems to represent a similar percentage than freeTDN, while TDN-2xApt are present in a lower percentage.

Figure 18. Analysis of reaction temperatures for TDN-aptamers hybridization. TDN controls (1st lane: original assembled 1 uM
TDN; 2nd lane: diluted TDN and heated to 43 °C similarly to one hybridized TDN sample; 3 rd lane: TDN sample previously filtered
through a 0,2 uM Spin-X column, then diluted and heated to 43 °C). Aptamer controls (folded aptamer in the same buffer as
hybridized TDN samples (10mM Mg2+; 50mM Na+) and heated to 43 °C; last lane: unfolded aptamer diluted in H 2O)
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To try and increase the efficiency, an additional set of experiments focused on the individual C4-3ext
aptamer structure and on the TDN overhangs were preformed.
The folding of the aptamer was re-analysed in the presence of a relatively small magnesium
concentration (2 mM), revealing the preferential adoption of the upper-band conformation (Fig. 19).
This conformation with slower migration is eventually a tertiary structure even more stable than the
lower band, due to the DNA duplex structure stabilization effect of double-charged cations.

a.

1

2

b.

1

2

3

Figure. 19. Comparison of magnesium effect in the C4-3ext aptamer folding. a) Same Native PAGE than figure 10.c. b) Native
PAGE and 1x TBE supplemented with 50 mM KCl and 2 mM MgCl 2. Lane 1) C4-3ext aptamers submitted to Fast Annealing (94
°C,4min → ice) and loaded with RNA loading buffer. Lane 2) C4-3ext aptamers submitted to Slow Annealing (94 °C, 4min→ ↓0,02
°C/s → 4 °C) in the presence of HEPES buffer (20mM HEPES, 140mM NaCl, 5mM KCl), being loaded with DNA Loading Buffer in
the gel. Lane 3) Same conditions than sample 2, but with an addition of 2mM MgCl 2 in the HEPES buffer. The arrows represent
two secondary conformations adopted by the C4-3ext aptamer.

In this way, hybridization reactions were conducted in the presence of a lower magnesium
concentration (5 mM) or with the minimum cations concentration (with 5 mM Mg 2+ and no sodium
ions). This should contribute to a reduction in the formation of strong secondary structures that may
hinder the interaction with TDN extension arms, while still not compromising TDN structure. Since no
relevant difference was found, the first condition was the selected one (5 mM Mg 2+, 50 mM Na+).
In parallel, another ligand molecule was tested for TDN hybridization, in order to confirm the
appropriate exposition of the TDN overhang extensions. The ligand in analysis was a neurotropic Tet-1
peptide conjugated with a DNA oligonucleotide (Tet1-DNA). Tet1 is composed of 3 positive aminoacids
(polar), 3 uncharged and 6 hydrophobic aminoacids, being connected to DNA with a HEG (hexaethylene
glycol) spacer (hydrophilic).
A control analysis of the hybridization process was performed for both TDN-Tet and TDN-Apt, by testing
increasing ligand to TDN ratios.
The hybridization of TDN with 3 aptamers could only be enhanced with the highest excess of aptamer
used, leading to a reduction of the free-TDN band (Fig. 20). The desired functionalized structure only
seems to form in the presence of a large excess of aptamers. In order to see if further increases on the
yields of TDN-3xApt could be obtained, higher excesses of aptamer were subsequently analysed (Fig. 21
and supplementary fig. S11). An increase of cations concentration was also briefly tested in parallel, to
verify the conjecture previously inferred by PAGE analysis of the aptamer folding in figure 19. As
expected, the increase of cations concentration does not seem to benefit the desired hybridizations,
since there was an overall reduction in the TDN hybridizations, presenting more free-TDN and less TDN–
3xApt, in comparison with the reaction with lower cations concentration (Fig. 21 and supplementary fig.
S11). Notwithstanding, 1:12 ratio showed better hybridization in the supplementary figure S11 than in
the figure 20, whereby some technical variations might have occurred.
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The ratios 1:12 and 1:15 attained the higher percentages of hybridized TDN. Since a higher potential
therapeutic effect may be achieve by hybridized structures with more than one aptamer, the
percentages of TDN–1xapt and TDN–2xapt were analysed in function of the increasing ratios. The 1:9
ratio resulted in 49,20% hybridization, 1:12 ratio in 60,31% and 1:15 ratio in 63,94%. In spite of the
constant increase, an aptamer increase in 33,3% from 1:9 to 1:12 ratio, results in an increase of 11,11 %
of the desired hybridized structures, while an aptamer increase of 25% from 1:12 to 1:15 only yields an
increase of 3,63%. Since it was not a noteworthy increase, the selected ratio for the following TDN-Apt
productions was the 1:12 ratio (Fig. 21).

Figure 20. PAGE analysis of different hybridization ratios of TDN and aptamers. Hybridization at 37 °C for 3h in the presence of 5
mM Mg2+ and 50 mM Na+. GeneRuler Low Range DNA Ladder in the left lane.

Figure 21. Lane quantification of %TDN of each sample with different TDN-Apt ratios upon PAGE resolving. Quantifications from
the gel presented in supplementary figure S11. All samples were hybridized in the presence of 5mM Mg2+, 50mM Na+ at 37 °C
for 3h, except the second sample (ratio 1:6) that was hybridized with 10mM Mg2+ and 150mM Na+. A normalization factor was
introduced in the quantification of hybridized structures, according to the increase of band intensity proportional to the base
pairs numbers (supplementary Table S2).

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|36

Figure 22. PAGE analysis of different hybridization ratios of TDN and Tet1/DNA. Hybridization at 37 °C for 3h in the presence of 10
mM Mg2+ and 50 mM Na+, except the second sample of ratio 1:2*, which was hybridized at 50 °C for 1h. GeneRuler 100bp Plus
DNA Ladder in the first lane and GeneRuler Low Range DNA Ladder in the last lane.

Figure 23. Lane quantification of DNA nanostructures (%) of each sample with different TDN-Tet ratios upon PAGE resolving.
Quantified PAGE presented in figure 22. A normalization factor was introduced in the quantification of hybridized structures,
according to the increase of band intensity proportional to base pairs numbers (Supplementary Table S2).

In opposition to TDN-Apt, TDN – Tet hybridization reaction was efficient with the expected ratio of 1:3
TDN:Tet (Fig. 22). Even with a lower TDN-Tet ratio (1:2) the representative TDN–3xTet-DNA band was
already prominent and the free-TDN band undetectable.
After a more detailed analysis, we verified that superior ratios to 1:3 did not reveal a significant increase
in the 3-ligand hybridization, progressively accumulating a larger excess of free Tet1-DNA (Fig. 23). In
this way, the selected ratio was 1:3.3, with 10% more than 1:3 in order not to limit the ligand availability
for TDN hybridization, neither present a larger excess of free ligands.
The increase of TDN-Tet reaction temperature to 50 °C was not favourable comparing to the 37 °C,
resulting in a reduction of the percentage of TDN – 3 Tet1. Therefore, 37 °C was effectively kept as the
hybridization temperature for the following reactions.

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|37

Subsequent PAGE analysis of following nanostructures production revealed an average yield of 57,4 % ±
4,7 % of total TDN functionalization and the absence of TDN not-functionalized. This indicates an
average of ≈ 85% of correct assembly (dividing the %TDN-3xTet per %TDN of correct assembly), showing
a reliable reaction yield (Fig. 24).
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Figure 24. Percentages of each TDN assembly reaction product of TDN-Tet functionalization, excluding the free Tet-DNA
conjugate bands. Results from 3 independent experiments (mean ± SD).

Comparing with the TDN-Apt hybridization, these results seems to demonstrate the proper exposition of
TDN overhangs, pointing the problem only to the aptamer. Notwithstanding, the presence of slight
smear bellow the TDN–3xTet-DNA band in the higher ratio samples, reveals that there might be a very
small subset of structures with slight diferent configurations difficult to resolve on gel. This may be
derived from the use of a not 100% pure population of correctly configured TDN structures, due to the
sub-optimal purification of the individual component strands, as already discussed above (Fig. 14). The
interaction of Tet1-DNA with the improperly assembled TDN may contribute then to the slower
migration of those structures, identified bellow the TDN-Tet band.
Several factors may explain the low hybridization of aptamers with the complementary TDN overhangs.
Not only TDN-Apt hybridization presents a lower melting temperature than initially estimated, but also
the strong secondary structures of aptamers presents higher melting temperatures. Although NUPACK
suggested a minimum free-energy for the C4-3ext aptamer of -17,80 kcal/mol (Supplementary Fig S2
middle), it had a low probability of 0,12, which is the probability of a folded structure to occur in an
equilibrium ensemble. IDT analysis suggested -26,85 kcal/mol with a melting temperature of 71.3 °C
(Supplementary Fig. S10 left), which is notably superior to the melting temperature of TDN and
aptamers (46,7 °C) (Supplementary Table S1). This would explain the low probability of aptamer
hybridization with TDN extensions.
An additional hypothesis to consider is the fact that aptamers may not have been correctly transcribed.
The long template sequence to be transcribed as well as the need to insert modified nucleotides may
reduce IVT reaction yield. If a few nucleotides are missing at 3´-end of some C4-3ext aptamers, the
interaction with TDN extensions would be impaired, not only due to the reduction of melting
temperature between the defective aptamer and the TDN extension, but also due to the undesired
aptamers folding that might reduce the probabilities of interaction with TDN. The presence of defective
aptamers could not be distinguishable by PAGE, since it does not have enough resolution to enable a
separation of large sequences with a few nucleotides of difference. This would explain the need for
higher ratios of TDN:Apt, since in the presence of an excess of aptamers the quantity of both complete
and defective aptamers would increase, increasing the probability of the complete ones to connect with
TDN. The presence of an eventual defect would be eliminated after purification, which would remove
the free-aptamers, maintaining only the complete ones connected to the TDN.
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3.1.

Nanostructures purification

In order not to compromise further in vitro analysis of the nanostructures, they were purified by PAGE.
Technical problems in the purification process of TDN-Tet hindered its purification. Notwithstanding, the
low percentage of free Tet-DNA conjugate (lower faint bands in the gel) may not interfere with cell
internalization of the TDN-Tet structures, being further analysed with no additional purification (Fig. 23).
PAGE purification of TDN-Apt enabled the removal of free-aptamers in excess. However, upon
comparison of TDN-Apt percentages before and after comparison, we verified the reduction of TDN–
2xapt and an increase of TDN–1xapt and free TDN (Fig. 25). This revealed that during the purification
procedure there might be a dissociation followed by a re-arrangement of a portion of the ligands, which
led to the persistance of free folded aptamers in solution in a small percentage (lower faint bands in the
gel) (Fig S12.a). Notwithstanding, similarly to the above argument for TDN-Tet, a small fraction of
aptamers may not interfere with further TDN-Apt analysis.
After TDN purification, concatemers and incorrectly assembled TDN remained in similar proportions in
solution just like before TDN purification (Fig. 26). The method of purification was not precise enough to
remove the TDN lower band (misassembled TDN), justifying the presence of that band. However, the
presence of concatemers may indicate that some restructuration may still occur during the purification
process (Fig S12.b).
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Figure 25. Comparison of TDN-Apt (1:12) before and after PAGE purification. Percentages of each TDN-Apt hybridization reaction
products, excluding the free-aptamers. Calculated by division of each band intensity per total TDN bands intensity (excluding the
free-aptamer bands). Results from 2 independent experiments (mean ± SD).
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Figure 26. Percentages of each TDN assembly product after PAGE purification. Results from 2 independent experiments (mean ±
SD).
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3.2.

Hydrodynamic diameter analysis

Dynamic light scattering (DLS) enables the measurement of the hydrodynamic diameter of
circumscribing spheres containing the nanostructures in solution (Fig. 27 a). First, in order to interpret
the DLS results, the theoretically expected hydrodynamic diameters were calculated for each
nanostructure, as well as the side lengths.
The diameter of a DNA double strand in B-form is 2 nm, while the average length of adjacent base pairs
is approximately 0,277 nm for dsRNA and 0,328 nm for dsDNA (Bao, Zhang, Shi, Wu, & Tan, 2017). Each
TDN side has 20 base pairs and, according to the figure 26 b, half the width of dsDNA helixes should be
considered in the calculation of the theoretical side length (s) of the TDN (Fig. 27 b). In this way,
considering the correction of 2 nm in the tetrahedral side length (a), the approximated average length
will be 8,56 nm (dsDNA length + 2 x half dsDNA radius). This average will have an associated standard
deviation with dependence on several factors, such as nucleotide composition, the type of solution and
the intrinsic DNA bending and flexibility. Besides, there is an actual spacing in TDN vertexes created by
the unpaired nucleotides for spacing the extensions from the main tetrahedral structure, but it was not
considered in the calculation.
Since the center of a circumscribing sphere is coincident with the centroid of a regular tetrahedron (Fig.
27 a), the radius (r) of the sphere will be ¾ of the height (h TDN), which gives 5,55 nm (ℎ =
a; ℎ 𝑇𝐷𝑁 = h + 2; r =

3
4

√6
3

×

ℎ 𝑇𝐷𝑁 ) and consequently, the theoretical hydrodynamic diameter is 11,1 nm

(Verterra, 2017).

a

a)

b)

h

r=1nm

a + 2 x 1 nm

Figure 27. a) Representation of a tetrahedron formed by spheres to illustrate the side length of a DNA tetrahedron
nanostructure. b) Illustration of a circumscribing sphere as a model of the hydrodynamic sphere formed by tetrahedron in
solution.

In literature, TDN with 20 bp sides have been reported to have different measured lengths, such as 5,4
nm (J.-W. Keum & Bermudez, 2012), 6 nm (D. Jiang, Sun, et al., 2016), 11,7 nm (Xing et al., 2015). A
hydrodynamic diameter of 13 nm has been reported by Jiang et. al. (D. Jiang, Sun, et al., 2016).
TDN with extensions presents a more complex hydrodynamic behaviour, less easier to predict, because
of the oscillating extensions beside the tetrahedron geometry that may present strong bending and
stretching flexibilities (Wu, Bao, Zhang, & Tan, 2015). These strands begin with an unpaired nucleotide
and extends with more 20 nucleotides in the most simple structure (TDN). While for TDN-Apt and TDNTet, the extensions include 20 bases pairs in double strand with more 51 nt or 13 aminoacids and a
spacer molecule, respectively.
For TDN, considering a constant rotation in the same direction, the flexible extended arms are expected
to rotate near the main structure, not altering the size of its circumscribing sphere in comparison to a
TDN without extensions. However, if the rotation is changed, the extended arms will oscillate in the
contrary direction until stabilize and rotate close to the main structure again. In this case, the
circumscribing sphere detected by DLS will be higher. Considering the size of the extensions lower than
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the one of a dsDNA sequence with 21 bp (≈ 6,888 nm), the maximum height of TDN would be lower than
14,3 nm and the predicted hydrodynamic diameter lower than 21,5 nm. So the hydrodynamic diameters
may vary from 11,1 nm to 21,5 nm.
TDN-Tet should present a higher hydrodynamic diameter than TDN, since the double strands will be less
flexible, contributing for a slight increase of its hydrodynamic circumscribing sphere.
If the length of the original aptamer (51nt) is considered to be the same of a dsRNA with 25 bp, then the
length of TDN-Apt extensions will be ≈ 13,8 nm. In this way, the maximum height of TDN&Apt would be
≈ 21,2 nm and the largest hydrodynamic diameter ≈ 31,8 nm.
Considering these facts, DLS measurements were performed and the following results were obtained:

Figure 28. DLS analysis of unpurified TDN. Results from 3 records of the same sample. Mean of the first intensity peak: 17,76nm
(± 8,14 nm). Main volume peak represents 99,2% of the volume occupied by nanostructures.

Figure 29. DLS analysis of TDN purified by PAGE and filtered with Spin-X columns (0,2 μm). Results from 3 records of the same
sample. Mean of the first intensity peak: 11,97 nm (± 5,37 nm); Main volume peak represents 99,8% of the volume occupied by
nanostructures.
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Figure 30. DLS analysis of TDN-Apt purified by PAGE and filtered with Spin-X columns (0,2 μm). Results from 3 records of the
same sample. Means of each smaller intensity peak (from left to the right): 5,86 nm (± 1,18 nm), 8,56 nm (± 2,42 nm), 10,25 nm
(± 3,58 nm), 16,20 nm (± 6,04 nm), 24,30 nm (± 7,60 nm); Main volume peak represents 99,8% of the volume occupied by
nanostructures.

Figure 31. DLS analysis of unpurified TDN-Tet by PAGE. Results from 3 records of the same sample. Mean of the first intensity
peak: 19,70 nm (± 4,88 nm). Main volume peak represents 96,1% of the volume occupied by nanostructures.

All samples present the expected size populations in accordance with the previous PAGE analysis. The
smaller size peaks represent the correctly assembled nanostructures as calculated, while the larger size
peaks may represent the incorrect assembled structures, such as concatemers, that remained in the top
of the gel.
However, the intensity peaks does not reflect the expected percentages of each nanostructures in
solution. According to the Rayleigh approximation, the intensity of the scattered light is proportional to
the diameter of the particles to the 6th power. In this way, a nanostructure with 100 nm, for instance,
will scatter 106 more light than a 10 nm structure, which leads to the increase of the intensity peaks of
larger nanostructures not proportional to the quantity of those particles in solution. The conversion
from intensity to volume attributes more relevance to the smaller size nanoparticles populations,
reflecting more approximated values of nanoparticles proportions in solution. However, the mean size
estimated in function of the volume may not be as precise as the one calculated in function of intensity,
since it is dependent on the standard deviation of the calculated size in function of intensity. In this way,
the mean size in consideration will be the one obtained in function of intensity. All samples revealed a
main peak in the 10 nm scale superior to 96% upon this analysis, which confirm the relatively small
fraction of larger assembled structures in solution. In this way, the following interpretations will be only
focused on the smaller sized populations.
Unpurified TDN presented a mean size of 17,76 nm, while purified TDN presented 11,98 nm (Fig. 28,
29). Both fall into the above-predicted hydrodynamic diameters, taking in consideration the extensions
movement, as previously explained.
TDN-Apt presented a similar small size distribution (5,86 nm ± 1,18 nm until 10,25 nm ± 3,58 nm) than
the size distribution of purified TDN (11,98 nm ± 5,37 nm) (Fig. 29, 30). This in agreement with PAGE
results that revealed free-TDN in the purified TDN-Apt sample. TDN-Apt sample presented additional
intensity peaks with high size means, which represent the nanostructures hybridized with different
number of aptamers, in accordance to PAGE results. The larger intensity peak (24,30 nm ± 7,60 nm) fall
in the calculated maximum TDN-Apt hydrodynamic diameter (≈ 31,8 nm).
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Unpurified TDN-Tet presented 19,70nm, which is slightly higher than TDN, due to the lower flexible
extensions, as expected (Fig. 28, 31). An horizontal shift of the curve to the right is notice in comparison
with the other graphs, which is explained with PAGE results once more. TDN-Tet do not present the
free-TDN band, in opposition to the other samples, not presenting lower hydrodynamic sizes than 10 nm
(Fig. 24 – 26).
Although the results were expected, they do not represent the full potentiality of DNA nanostructures.
The high polydispersity index values were influenced by the low purity of the initial TDN strand
components, the low yield of full TDN overhangs functionalization, as well as low yield of PAGE
purification.

4. Evaluation of nanostructures biological activity
Nanostructures biological activity was evaluated in neuronal primary cortical cell cultures and neuronal
differentiated ND7/23 cell lines. ND7/23 cell line is derived from the fusion of neonatal rat dorsal root
ganglia neurons with mouse neuroblastoma. When differentiated, ND7/23 cells develop neurite-like
projections and present an increase expression of neuronal receptors and neuropeptides, more closely
resembling in situ sensory neurons (Silva et al., 2016; Wood et al., 1990). In particularly, high expression
levels of ganglioside GT1b (the receptor of neurotropic peptide Tet1) are presented, potentiating the
specific targeted TDN-Tet delivery (Silva et al., 2016).
TDN-Apt and TDN-Tet were evaluated regarding the neuronal targeting potential by confocal
microscopy, whereas aptamer and TDN-Apt were evaluated in terms of TrkB phosphorylation activity by
immunocytochemistry and western-blot analysis.

4.1.

Targeting potential

The TDN included a biotin label in the non-occupied vertex, being detectable, for example, upon
incubation with a fluorescent streptavidin molecule.
After 3h of nanostructures incubation with neuronal primary cortical cell, both TDN-Apt and TDN-Tet
revealed a higher cell uptake in comparison with free-TDN (Fig. 32). Fluorescence quantification of
figures 32.A. indicated a higher relative fluorescence of TDN-Apt than TDN-Tet, however, this was only a
preliminary quantification (Fig. 33). The higher uptake could be explained by a higher number of TrkB
receptors in comparison with Gtb1 receptors at the membrane, or different receptor binding/uptake
kinetics. Notwithstanding, both nanostructures presented different internalization profiles.
TDN-Apt treated cells present punctate fluorescence, which suggest the presence of TDN-Apt inside
endocytic vesicles (Fig. 32). This is in accordance with the expected, since TrkB phosphorylation is
followed by receptor-ligand internalization and endosome-transporting until the cell nucleus (Park &
Poo, 2012).
TDN-Tet treated cells, in turn, presented a more diffuse fluorescence signal, less punctuated,
throughout the cell body and neurites, with an apparent increased localization of TDN-Tet in cell soma in
comparison with TDN-Apt (Fig. 32).
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Figure 33. Preliminary quantification of TDN, TDN-Apt and TDN-Tet (0,2 μM) uptake in neuronal primary cortical cells by
fluorescence quantification of figures 31.A.

Neuronal ND7/23 cells were analysed with the same treatments as neuronal primary cortical cells, but in
a lower concentration (0,1 μM), which was the defined concentration for the phosphorylation assays
(Fig. 34 – 35).
However, the difficulty in obtaining homogeneous cell distribution hampered us to conclude the effect
of TDN or TDN-Tet treatments. Moreover, the quality of the captured images hindered the preliminary
quantification of TDN, TDN-Tet and TDN-Apt uptake relatively to the non-treated cells, as performed
with the neuronal primary cells.
In spite of the high endogenous biotin levels observed in the non-treated cells, it was possible to detect
some fluorescent punctuate structures in TDN-Apt treated cells (Fig. 34.c, 35.c) (Berkowitz, 2002; Tytgat
et al., 2015). The lower fluorescence punctuate extent in comparison with the detected fluorescence in
the primary cells is associated with the lower treatment concentration. Although the fluorescence green
signal is mainly due to the presence of NF-H staining, it is possible to distinguish punctuate structures
derived by the fluorescently 488-FAM-labbeling of TDN (Fig. 35.a). Since the FAM fluorescence was colocalized with fluorescent punctuate of Stv – 649 staining (yellow punctuate), it is possible to confirm
the neuronal uptake of TDN-Apt.
A more accurate confirmation of the targeting potential of TDN-Apt and TDN-Tet would be possible with
the co-staining of pTrkB or Gt1b receptors, respectively.
In order to avoid the background signal associated with the use of STV-649 (Fig. 34c), an antibody
directed against a fluorescent label already present in the TDN could be used (e.g. an anti-FITC antibody
to increase the fluorescence signal).
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Figure 32. Confocal images of neuronal primary cortical cells stained with fluorescently labelled STV-649 (red) (Control), treated with TDN (0,2 μM), TDN-Apt (0,2 μM), or TDN-Tet (0,2 μM). A) 649
Stv channel displayed in grays to enhance signal distinction. Scale bar: 25 μm. B) Composite images with all merged channels (649 Stv, DAPI, Bright field). Scale bar: 25 μm. C) Amplified region of
the respective image B, with enhanced contrast in order to highlight the nanostructures sub-cellular locations. Open arrows indicate specific uptake, while close arrows indicate unspecific uptake.
The nucleus was stained with DAPI (blue).
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Figure 34. Confocal images of neuronal differentiated ND7/23 cells non-treated, stained with fluorescently labelled STV-649 (red). a) Composite image with all merged channels (649 Stv, DAPI, NFH). b) Composite image with Stv-649 and DAPI merged channels. c) Stv-649 channel displayed in grays for enhance signal distinction. The nucleus was stained with DAPI (blue). Neurites were
stained with Alexa-488 labelled antibodies against Heavy-neurofilament (NF-H). Scale bars: 25 μm (above).
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Figure 35. Confocal images of neuronal differentiated ND7/23 cells treated with TDN-Apt (0,1 μM) and stained with fluorescently labelled STV-649 (red). a) Composite image with all merged
channels (649 Stv, DAPI, NF-H). b) Composite image with Stv-649 and DAPI merged channels. c) Stv-649 channel displayed in grays to enhance signal distinction. The nucleus was stained with DAPI
(blue). Neurites were stained with Alexa-488 labelled antibodies against Heavy-neurofilament (NF-H). Scale bars: 25 μm. Open arrows indicate specific uptake.

4.2.

TrkB phosphorylation detection

The potential for TrkB receptor activation by the different in vitro synthesized aptamer constructs (C4-3
Apt and C4-3ext Apt) and aptamer-functionalized nanostructures (TDN-Apt) was evaluated in neuronal
differentiated ND7/23 cells and primary cortical neuronal cells. With this purpose, pTrkB was detected
by immunofluorescence and western-blot.

4.2.1. Fluorescence Microscopy analysis
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Initially, only C4-3 aptamer functional activity was accessed in primary cortical neuronal cells. C4-3
stimulated cells revealed similar pTrkB immunofluorescence average intensities in comparison with the
BDNF stimulated cells - positive control (Fig. 36). This demonstrate that C4-3 aptamer effectively binds
TrkB, adopting secondary conformations that renders TrkB phosphorylation. However, it would be
expected that C4-3 aptamer did present a submaximal stimulation of TrkB receptor in comparison with
BDNF, since it is a partial TrkB agonist (Huang et al., 2012). Notwithstanding, BDNF stimulation
presented a high variability, thus hindering the identification of its maximal stimulating potential, and
consequently the stimulating potential of C4-3 aptamer. Therefore, more experiments need to be
performed to increase the significance of the results and determine more assertively the stimulating
potential of C4-3 aptamers.

Figure 36. Fold-change of pTrkB immunofluorescence of neuronal primary cortical cells treated with BDNF (50ng/mL) and C4-3
aptamer (0,2 μM) in relation to non treated (NT) cells. Results from 5 independent experiments (mean ± SD). Statistical
significance assessed by unpaired t-tests (two-tailed): * p < 0,1; ** p < 0,01.

Subsequently, TDN-Apt was evaluated in both neuronal differentiated ND7/23 cells and primary cortical
neuronal cells (Fig. 37, 38). Although individual results from each cell culture type are not statistically
relevant, the comparison between experiments may represent a tendency. TDN-Apt seems to present a
fold-change similar to C4-3 aptamer in differentiated ND7/23, while in neuronal cortical cells the higher
variability with TDN-Apt treatment reduced the mean of the final fold-change. However, the existence
of at least one result higher than C4-3 aptamer fold-change, allied to ND7/23 results, may suggest the
potential of TDN-Apt to present at least the same phosphorylation activity than aptamer.
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Figure 37.a. Fold-change of pTrkB
immunofluorescence
of
neuronal
differentiated ND7/23 cells treated with
BDNF (10 ng/mL), C4-3 aptamer (0,2 μM),
TDN-Apt (0,1 μM) and TDN (0,1 μM) in
relation to non treated (NT) cells. Results
obtained from 1 experiment (mean ± S.D.).
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Figure
38.a.
Fold-change
of
pTrkB
immunofluorescence of neuronal primary cortical
cells treated with BDNF (50 ng/mL), C4-3
aptamer (0,2 μM), extended C4-3 aptamer (0,2
μM), TDN-Apt (0,1 μM) and TDN (0,1 μM) in
relation to non treated (NT) cells. Results from 1
experiment (mean ± S.D).

BDNF (10ng/mL)

C4-3 Apt

TDN-Apt

Figure 37. b. Exemplificative fluorescence microscopy images of neuronal differentiated ND7/23 cells non-treated (NT), treated
with TDN, BDNF (10ng/mL), C4-3 Apt or TDN-Apt (from left to the right as indicated in the legend). The first line present the
composite images with all merged channels (488 pTrkB, DAPI, brightfield). The bottom line present the 488-pTrkB channel
displayed in greys.

NT

TDN

BDNF (50ng/mL)

C4-3ext Apt

C4-3 Apt

TDN-Apt

Figure 38.b. Exemplificative fluorescence microscopy images of neuronal primary cortical cells non-treated (NT), treated with
TDN, BDNF (50ng/mL), C4-3ext Apt, C4-3 Apt or TDN-Apt (from left to the right as indicated in the legend). The first line present
the composite images with all merged channels (488 pTrkB, DAPI, brightfield). The bottom line present the 488-pTrkB channel
displayed in greys.
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TDN is not expected to have an influence in TrkB stimulation. From ND7/23 results, TDN did not showed
a significant fold-change vs NT. (Fig. 37) However, one measurement of TDN showed similar fold-change
than BDNF in primary cells. Notwitstanding, beside the natural high variability of the assay, each TDN
presents one FAM molecule, which might have influenced the final immunofluorescence detected. In
the future, a secondary antibody with different label should be used (excitation in the red wavelength,
for instance).
The fold change presented by the ND7 cells is quite superior to the one presented by primary cells,
eventually derived by the cell area and nuclei size, influencing the quantification.

4.2.2. Western-blot analysis
Western-blot analysis confirmed the same MIF conclusions about the partial activity of C4-3, which
presents a stimulatory activity significantly different from non-treated cells, but do not attain the
maximal effects of BDNF stimulation (Fig. 39).

p T r k B f o ld - c h a n g e v s N T ( r e l . u n it s )

Once again, TDN-Apt presents a tendency to have the same fold-change than the aptamer, however
there is still need of repetition of the experiments to increase the significance of this results (Fig. 39, 40).
This is in accordance with the expected result, since TDN-Apt should present at least the same
phosphorylation activity than free C4-3 aptamers. A higher activity could be expected based in the
multivalence presented by TDN and possibility of TrkB dimerization induction (Hasegawa, Savory, Abe, &
Ikebukuro, 2016; Li et al., 2011; Rinker et al., 2008). However, since we were not completely successful
in fully functionalizing the TDN with 3xApt the multivalence effect might have not been reached. In fact
from the quantification of TDN-Apt functionalization circa 20% of TDN have no Apt bound, with 30%
having only 1x Apt (Fig. 25). Indeed the fact that we seem to have some effect from these very suboptimal TDN-Apt samples demonstrates the potential for the platform once a full functionality can be
reached.
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Figure 39. Quantification of pTrkB intensity from western-blot analysis of neuronal cortical primary cells from at least three
independent experiments. C4-3 aptamer (0,2 μM) results from 6 independent experiments, BDNF (50ng/mL) from 4, BDNF
(10ng/mL) from 3 and TDN-Apt (0,1 μM) from 2. (Error bars representing S.D) Significance assessed by unpaired t-tests vs NT
(two-tailed): **** p < 0,0001; ** p < 0,01.

Nevertheless, to account for the variability of the pTrkB quantification by immunofluorescence more
experiments need to be made to increase the significance of the results (Fig. 40.a).
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Figure. 40. a. Quantification of pTrkB intensity from western-blot analysis of neuronal cortical primary cells from one to six
independent experiments. C4-3 aptamer (0,2 μM) results from 6 independent experiments, BDNF (50ng/mL) from 4, BDNF
(10ng/mL) from 3 and TDN-Apt (0,1 μM) from 2, and TDN (0,1 μM) from 1 independent experiment (mean ± S.D.). The left graph
includes all measurements, while the right one excludes the BDNF (50ng/mL) and BDNF (10ng/mL) for better comparison of the
presented groups. b. Exemplificative immunoblot of neuronal cortical cells. Cortical neurons were incubated with BDNF (10
ng/ml), C4-3 aptamers (200 nM), TDN-Apt (200nM) and TDN (200nM) for 15 min. The blots were probed with the indicated
antibodies. The p-Trk antibody recognizes p-TrkB (Y516). NT, Non-treated sample; IB, immunoblotting.
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Conclusion
The number of deaths and disability-adjusted life-years lost worldwide caused by stroke, reflects the
urgent need of a neuroprotective treatment. BDNF is a neurotrophin with recognized post-stroke potent
neuroprotective action. However, its short biological half-live in circulation and the serious side effects
caused by the increasing of administrated dose hinder its use as therapy.
Aptamers are promising oligonucleotide molecules with high affinity and specificity for a ligand,
enabling a precise targeting and avoiding the drug side effects. An RNA aptamer, designated C4-3, was
recently developed to exert a partial activation of BDNF receptor TrkB. DNA nanotechnology may be a
key point to assure the full potential of aptamers as therapeutic drugs, enabling a more stable transport
and a regulated biodistribution across the organism.
In the present thesis, DNA nanostructures were functionalized with a TrkB-agonist RNA aptamer and its
biological functionality was evaluated in terms of targeting capability and TrkB receptor stimulation. In
parallel, functionalization with Tet1-DNA was additionally performed in order to analyse the process of
functionalization, and similarly targeting capability was then evaluated.
Aptamer constructs and TDN were successfully produced. TDN overhangs hybridization were achieved,
although suboptimal yields have been obtained. The differences in TDN functionalization with aptamers
and Tet1-DNA have shown the necessity of future optimizations in the in silico design of the DNA
nanostructures or aptamer extension sequences.
Although, suboptimal structures have been produced, both TDN-Apt and TDN-Tet have shown an
effective internalization in neuronal primary cortical cells in comparison with not functionalized TDN.
Besides, preliminary phosphorylation results suggests that TDN-Apt presents a tendency to have the
same fold-change than the aptamer. In this way, since even suboptimal TDN-Apt samples do have such
effect, it is plausible to suggest that a higher potential could be reached for the platform once a full
functionality is attained.
In summary, the successful outcomes demonstrate the potential of Tetrahedral DNA Nanostructures to
work as neuronal targeted carriers, where functional modules such as therapeutic aptamers and
targeting peptides are not only easily interchangeable but can be foreseen to act synergistically.
Furthermore, the possibility to further equip or load DNA nanostructures with other types of nucleic
acids therapeutics (siRNA, antisense oligonucleotides), or even proteins and small molecule drugs,
highlights this platform as a potential multifunctional therapeutic device to achieve neuronal protection
in pathological or traumatic brain conditions such as stroke.

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|51

Future perspectives
This work has shown TDN-Apt and TDN-Tet neuronal internalization as well as, a potential of TDN-Apt
for TrkB phosphorylation comparable to C4-3 aptamer. However several future points should be
addressed.
In order to enhance the production of DNA-RNA nanostructures in the future, during in silico design
several predicting methods should be adopted, in order to find a more realistic prediction. An enhanced
thermodynamical and structural characterization of the conjugated nanostructures could be performed
before the cellular experiments of biological activity. Several improved methods, have being recently
developed, for example, characterization TDN-Apt interactions with TrkB receptors in solution without
need of surface immobilization, by MicroScale Thermophoresis (MST) or by label-free Backscattering
interferometry (BSI), measuring the binding affinities in the range of mM–pM (Entzian & Schubert, 2016;
Kammer et al., 2014). TDN structural assembly characterization by atomic force microscopy (AFM) is
currently in progress, being followed by TDN-Apt and TDN-Tet characterization. Additional structural
characterization can be performed with transmission electron microscopy (TEM).
The purification methods should be optimized in order to obtained higher yield products and minimize
the re-assembling and aggregation of nanostructures. Size exclusion chromatography (SEC) is a recently
adopted technique for DNA nanostructures purification in large scale with high yields and minimization
of nanostructures re-assembling (Fu et al., 2016; Xing et al., 2015).
Cellular internalization must be accessed with an enhanced immunofluorescence signal than the one
presented in order to detect positive results that could have been missed. In this way, and due to the
background signal problems associated with the use of STV-649, an antibody directed against a
fluorescent label already present in the TDN could be used (e.g. an anti-FITC antibody to increase the
fluorescence signal).
Quantitative internalization analysis could be performed by imaging flow cytometry, in order to quantify
and corroborate the performed qualitative analysis. Adressing the targeting potential of TDN-Apt and
TDN-Tet would be possible with the co-staining of pTrkB or Gt1b, respectively. Time-lapse analysis of
nanoparticles cell internalization with microfluidic systems by confocal microscopy would enable the
precise identification of the nanoparticles internalization routes, an example being the use of
microfluidics chamber allowing the compartmentalization and separation of the neuronal cells soma and
axons. In order to identify the potential for neural selectivity, nanostructures should be additionally
analysed with different neural cells, such as astrocytes, microglia and oligodendrocytes.
The repetition of phosphorylation activity assays must be performed in order to determine more
effectively the potential of TDN-Apt in comparison with BDNF and aptamers. Additional quantification
methods for phosphorylation activity should be addressed. For example, image quantification of the size
and density of presynaptic terminals of neurons exposed to different treatments, since one of the
neurological beneficial effects of BDNF is the increase of density and complexity of presynaptic
specializations (Sanchez et al., 2006).
Analyse of the cell-death rescue from a toxic stimuli, such as glutamate excitotoxicity, should be
performed in order to obtain an estimative of the nanostructure therapeutic potential for neuronal
protection in pathological or traumatic brain conditions such as stroke.
Finally, multifunctionalization of DNA nanostructures with other types of therapeutic nucleic acids are
among the infinite future perspectives for DNA nanotechnology applications.

Aptamer functionalized DNA nanostructures for neuronal targeting and TrkB receptor activation

|52

Suplementary Information
Appendix A
Aptamer 51nt:
5’ - GGGAGGACGAUGCGGUCGUAUUAU
CCGCUGCACGCCAGACGACUCGCCCGA – 3’

Aptamer 72nt:
5’- GGGAGGACGAUGCGGUCGUAUUAUCCGCUGCACGC
CAGACGACUCGCCCAUCGUCGCUUUUAGUCAUUAUUG – 3’

TDN anchor
sequence

5´
3´

3´
5´
3´

3´

Figure S1. In silico analysis at 37ºC by NUPACK of the most stable secondary structures of C4-3 aptamer (51nt), ext C4-3 aptamer
(72nt) and ext C4-3 aptamer hybridized with an RNA sequence corresponding to TDN-anchor DNA sequence (description from left to
the right). RNA energy parameters based in Serra & Turner, 1995, with 1.0 M Na+ and 0.0 M Mg2+. Left figure analysis: Nucleotides:
51 nt; Free energy: -12.60 kcal/mol; Probability: 0.220. Middle figure: Nucleotides: 72 nt; Free energy: -17.80 kcal/mol; Probability:
0.120; Right figure: Nucleotides: 93 nt; Free energy: -42.78 kcal/mol; Probability: 0.086. Notice the adoption of the initial aptamer
conformation (left picture) when the C4-3ext aptamer is hybridized to a TDN anchor sequence.

T2 target structure

T1 target structure

Figure S2. In silico design of TDN by NUPACK.
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Appendix B

a

1

1

2

2

b

Figure S3. Analysis of C4-3 aptamer DNA template migration in native gel (a) and C4-3 RNA aptamer in denaturing gel (b) for
comparison of each DNA template purification method. a) Sample 1 was purified by gel precipitation, while sample 2 was purified
by C&C5 columns. GeneRuller DNA Ladder in the left lane for control of RNA size. b) Samples 1 and 2 are the correspondent RNA
aptamers (without modified nucleotides) produced with DNA template 1 and 2. Low Range ssRNA Ladder in the left lane for
control of RNA size.

a.

b.

Figure S4. Analysis of ext C4-3 aptamer migration in denaturing gels for comparison to each previous correspondent DNA
template purification method: PAGE purification (a) and with NZYGelpure columns (NZYTech) (b).
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Figure S5. Analysis of the influence of manganese concentration on the IVT yield. Preliminary optimization of IVT reaction,
performed with only 0,2ug of DNA template and without addition of modified nucleotides. RNA purified on column C&C25 with
DNA digestion on column. RNA mass quantified by molar-mass conversion after absorbance quantification by Nanodrop. Results
show mean ± standard deviation (n=2 independent experiments)
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Figure S6. Quality control of DNA template primer sequences. Sample 1 – T7 Reverse sequence; Sample 2 – forward C4-3
extended sequence; Sample 3 – forward C4-3 extended sequence + T7 Reverse sequence (1:1) heated at 59ºC during 30min,
without addition of T7 polymerase or dNTPs; Sample 4 – forward C4-3 extended sequence + T7 Reverse sequence (1:6) heated at
59ºC during 30min, without addition of T7 polymerase or dNTPs.
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Appendix. C

Figure S7. Titration of TDN oligonucleotides by two-strands annealing with different ratios for each strand.

Figure S8. PAGE analysis of different annealing method for TDN assembly optimization. Different ramp of temperatures from 94°C to
4ºC described in the legend at the right of the polyacrylamide gel. PAGE result of lane 1 should not be taken into consideration, since
there was one strand missing in the assembly reaction.
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Figure. S9. PAGE analysis of influence of TDN concentrations and MgCl 2 concentrations in TDN assembling (percentage of 500600bp band volume divided by the volume of all bands in the same lane). Annealing method: 75ºC fixed temperature.
GeneRulers 100 bp Plus and 1kb DNA ladder are presented in the most left and right lanes, respectively, with the corresponding
base pair numbers.
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Appendix. D. Ext C4-3 aptamer analysis (from OligoAnalyzer 3.1 – IDT website)
Ext C4-3 RNA aptamer sequence: 5’ GGG AGG ACG AUG CGG UCG UAU UAU CCG CUG CAC GCC AGA
CGA CUC GCC CAU CGU CGC UUU UAG UCA UUA UUG 3’
Analysis settings:
 Oligo concentration: 1 uM
 Na+ conc.: 50 mM
 Mg2+ conc: 20 mM

Hairpin foldings:

ΔG: -26.85 kcal/mol
Tm: 71.3 °C

-25.33 kcal/mol
64.9 °C

-25.03 kcal/mol
67.1 °C

Figure S10. Exemplificative representation of the predicted more stable hairpin foldings.

Analysis of Hetero-dimerization:
Predicted lower Gibbs free energy (delta G) of the dimerization between the aptamer extension
sequence (5’-CGU CGC UUU UAG UCA UUA UUG -3’) and the TDN anchor (5'- CAA TAA TGA CTA AAA
GCG ACG -3'): -13.44 kcal/mole.
Table S1. Analysis of some physical properties of the RNA-DNA dimer:
SEQUENCE:
COMPLEMENT:
Length
GC content
Melt temp
Mol. Weight
Ext. Coefficient

5'- CAA TAA TGA CTA AAA GCG ACG -3'
5'- CGU CGC UUU UAG UCA UUA UUG -3'
21
38.1 %
Target DNA-DNA: 62.9 ºC; Target DNA-RNA: 46.7 ºC
6252.9 g/mole
179900 L/(mole·cm)
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Appendix. E.

Figure S11. PAGE analysis of different hybridization ratios of TDN and aptamers. Hybridization at 37ºC for 3h in the presence of 5
mM Mg2+ and 50 mM Na+, except the second sample of ratio 1:6*, which was hybridized with 10 mM Mg2+ and 150 mM Na+.
GeneRuler 100bp Plus DNA Ladder in the most left lane and GeneRuler Low Range DNA Ladder in the most right lane.

Table S2. Description of bp calculation for band quantifications of TDN-Apt and TDN-Tet by PAGE analysis:
Factor of band normalization
0,585
0,679
0,809
1,000

Real bp
256,5
221
185,5
150

Factor of band normalization

Real bp

Description of bp calculation for TDN-Apt
120 bp + 3 dsDNA of TDN arms (20 bp) + 3 Apt (51 nt/2)
120 bp + 3 dsDNA of TDN arms (20 bp) + 2 Apt (51 nt/2)
120 bp + 3 dsDNA of TDN arms (20 bp) + 1 Apt (51 nt/2)
120 bp + 3 ssDNA of TDN arms (20 nt/2) (TDN)
Description of bp calculation for TDN-Tet

0,833

180

120 bp + 3 dsDNA TDN-Tet (20 nt) (TDN-3Tet)

0,882
0,938
1,000

170
160
150

120 bp + 2 dsDNA TDN-Tet (20 nt) + 1 dsDNA of TDN arms (20nt/2) (TDN-2Tet)
120 bp + 2 dsDNA of TDN arms (20 nt/2) + 1dsDNA TDN-Tet (20nt) (TDN-1Tet)
120 bp + 3 ssDNA of TDN arms (20nt/2) (TDN)

a.

b.

Figure S12. a. PAGE analysis of TDN-Apt purification. TDN-Apt (0,25 μM), Purified TDN-Apt (1,19 μM) b. PAGE analysis of TDN
purification. TDN (1 μM), purified TDN (0,33 μM).
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