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Aptamers have excellent specificity and affinity in targeting cell
surface receptors, showing great potential in targeted delivery
of drugs, siRNA, mRNA, and various nanomaterials with ther-
apeutic function. A better insight of the receptor-mediated
internalization process of aptameric conjugates could facilitate
the design of new targeted drugs. In this paper, human
transferrin receptor-targeted DNA aptamer (termed HG1-9)-
fluorophore conjugates were synthesized to visualize the inter-
nalization, intracellular transport, and nano-environmental
pH of aptameric conjugates. Unlike transferrin that showed
high recycling rate and short duration time in cells, the syn-
thetic aptameric conjugates continuously accumulated within
cells at a relatively slower rate, besides recycling back to cell sur-
face. After long incubation (R2 h), only very small amounts of
HG1-9 conjugates (approximately 5%) entered late endosomes
or lysosomes, and more than 90% of internalized HG1-9 was
retained in cellular vesicles (pH 6.0–6.8), escaping from degra-
dation. And among the internalized HG1-9 conjugates,
approximately 20% was dissociated from transferrin receptor.
The lower recycling ratios of HG1-9 conjugates and their disso-
ciation from receptors promote the accurate and efficient
release of their loaded drugs. These results suggest that aptamer
HG1-9 could be provided as a versatile tool for specific and
effective delivery of diverse therapeutic payloads.

INTRODUCTION
Aptamers, also termed “chemical antibodies,” are single-stranded
DNA or RNA oligonucleotides, which can specifically bind target
molecules in the way similar to antibodies.1 Compared with anti-
bodies, aptamers have more merits, such as high chemical stability,
low immunogenicity, chemical synthesis, and ease in modification
and linkage to various drugs without batch-to-batch variation.1,2

These advantages endow aptamers with great talent as targeting
carriers for precise delivery of therapeutic agents.3 More recently, ap-
tamer-drug conjugates (ApDCs) have been attracting much
attention.4,5 Sullenger et al. reported an RNA aptamer that could spe-
cifically internalize into prostate cancer cells, and the aptamer-mono-
methyl auristatin (highly toxic drugs) conjugates could efficiently kills
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cancer cells without disturbing normal cells.6 Besides drugs, aptamers
have also been investigated for targeted delivery of microRNAs, small
interfering RNAs, and antisense oligonucleotides.7,8 However,
compared with antibody-drug conjugates, which are already being
used in clinics,9 there is still a long journey for ApDCs serving as clin-
ical medicines. One of the roadblocks is that the internalization path-
ways of these aptameric conjugates are not quite clear, greatly
constraining the design and application of ApDCs.

Oligonucleotides are often thought to enter cells with very low effi-
ciency, due to the abundance of negative charge and relatively large
molecular size.10 As an exception, aptamers that bind to cell surface
receptors could be effectively transferred into cells, e.g., AS1411 (ap-
tamer against nucleolin)11 and sgc8c (aptamer targeting protein tyro-
sine kinase 7, PTK7)12 were reported to be taken up within cells after
binding their target proteins. Nevertheless, the fates of these ap-
tamers, with degradation in lysosomes or not, are not clear yet.

Ligands of receptors on cell surfaces usually take receptor-mediated
endocytic pathways. That is, ligand-receptor complexes on cell sur-
faces recruit a series of proteins to form clathrin-coated pits on the
cell membrane, and they are transferred from the cell surface to early
endosomes. Subsequently, different complexes are sorted into
different intracellular vesicles for different destinations, such as recy-
cling in Golgi apparatus/recycling endosomes or degradation in lyso-
somes.13 It is well-known that different receptors lead to different
fates of ligands in cells; moreover, to one receptor, there are some
different ligands that may initiate different endocytic pathways. For
example, transferrin receptor (TfR, or CD71) can recognize multiple
exogenous and endogenous ligands, such as transferrin (Tf), ferritin,
hereditary hemochromatosis factor (HFE), and malaria parasite.14–16
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For these ligands, their endocytic pathways are quite different, Tf-TfR
complex is recycled back to cell surface, while HFE-TfR complex is
destined for degradation in lysosomes; whereas, the endocytic path-
ways of other ligands have not been clarified yet.17,18 TfR has been
widely used for targeted delivery of therapeutic agents against dis-
eases, owing to the ubiquitous expression on cells and highly effective
endocytosis.19–21 It is known that hTf can be rapidly internalized in
early endosome and recycled back to the cell surface, where the
high internalization and recycling rate of hTf leads to very short dura-
tion time in cells, which limits the release efficiency of hTf-loaded
drugs. Thus, several ApDCs targeting TfR have been reported, such
as a 20-F modified RNA aptamer (aptamerWaz) for targeting delivery
of siRNA-loaded liposomes22 and co-delivery of a chemotherapeutic
drug (doxorubicin) and an inhibitor of a cell-survival factor23, and a
DNA aptamer for targeting therapy of pancreatic cancer.24 However,
comprehensive endocytic pathways of these ApDCs have seldomly
been reported yet. Aptamer Waz has been creatively integrated
with Broccoli aptamer to study targeted delivery of large RNA
payload. This aptamer-RNA conjugate can maintain its functional
form within cells.25 As unnatural ligands of receptors, aptameric con-
jugates may encounter altered fates, comparing to the endogenous li-
gands. Dynamic visualization of the internalization of these synthetic
ligands will gain new insight into endocytosis of ApDCs and provide
useful information for drug design.26–28

Herein, we report the detailed internalization and intracellular fate of
a human TfR-targeted DNA aptamer, HG1-9. The aptamer-fluoro-
phore conjugates are used to mimic ApDCs for investigation of the
corresponding endocytosis behaviors and their fate within cells by dy-
namic imaging. In addition, the nano-environmental pH change of
aptamer-containing vesicles along the endocytosis is also measured
quantitatively by the conjugation of aptamer HG1-9 and a pH-sensi-
tive ratiometric fluorophore-YNNA. Investigation of the internaliza-
tion of these aptameric conjugates will provide important informa-
tion for rational design and construction of aptamer-based drug
delivery systems.

RESULTS
Initial endocytosis of aptameric conjugates mediated by TfR

HG1-9, a newDNA aptamer (35 nt, 10.9 kDa), selected by cell-SELEX
in our group was chosen for this investigation. HG1-9 was verified to
bind human TfR with high specificity and affinity (Kd < 20 nM) and
compete with transferrin to bind the same sites of human TfR.29,30 To
monitor the internalization of HG1-9, enhanced green fluorescence
protein (EGFP)-fused TfR (TfR-EGFP) was transfected into HeLa
cells, and the transfected cells were incubated with Alexa Fluor 647
fluorophore (AF647) conjugated HG1-9 at 4�C and 37�C in binding
buffer (PBS with 4.5 g/L glucose, 5 mMMgCl2, 1 mg/mL BSA, 0.1 mg/
mL Herring sperm DNA), respectively. When incubated at 4�C,
HG1-9 was observed to be located only on the cell membrane and
overlaid well with TfR-EGFP; when incubated at 37�C, HG1-9 was
located and well overlaid with TfR-EGFP both on cell membrane
and in cytoplasm (Figure 1A). And the amount of HG1-9 in cyto-
plasm increased with the extension of incubation time (Figure S1),
1250 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
suggesting that HG1-9 conjugates could enter live cells through an
active transport process mediated by TfR.

It is well known that the uptake of hTf-TfR complex is clathrin depen-
dent. To explore the endocytosis pathway of HG1-9 conjugates, endo-
cytosis inhibitors (amiloride inhibits macropinocytosis; genistein
interferes with caveolae-mediated endocytosis; methyl-b-cyclodex-
trin [MbCD] interferes with the lipid raft; and chlorpromazine
[CPZ] inhibits the functions of clathrin) were used. After being
pre-treated with inhibitors for 30 min respectively, HeLa cells were
further incubated with HG1-9 conjugates for 1 h. The uptake of
HG1-9 conjugates was not or slightly affected by amiloride, genistein,
or MbCD, but significantly decreased (by 80%) in CPZ-treated cells.
Similar results were also observed in the cellular uptake of hTf (Fig-
ures 1B and S2). These results suggest that the initial endocytosis of
HG1-9 conjugates is clathrin dependent, and HG1-9 conjugate-TfR
complexes could be internalized into cells through forming cla-
thrin-coated pits on the cell membrane.

It has been reported that the ability of ligand-receptor complexes to
stabilize the clathrin-coated pits on the cell surface strongly affects
their internalization rates,31 so different ligand-TfR complexes may
have different internalization rates. What is more, the evaluation of
the initial internalization rate of the HG1-9 conjugates will help to es-
timate its potential as an effective drug carrier. The change of TfR
amount on cell surface after incubation with HG1-9 or hTf could
indirectly reflect the internalization rate of these ligands. Therefore,
Jurkat cells were first pre-incubated with unconjugated HG1-9, hTf,
or control aptamer sgc8c (aptamer against PTK7) at 37�C for
different times (0, 2, 4, 6, 8 min) and quickly fixed by formaldehyde
on ice to freeze the TfR on the cell surface. The amount of TfR on
the cell surface was measured by flow cytometry after staining cells
with anti-TfR antibody (the binding sites of antibody and HG1-9/
hTf are different).30 After incubation with hTf at 37�C for different
times, the change trend of TfR amount on cell surface was consistent
with that of incubation with control aptamer sgc8c. However, the in-
cubation with HG1-9 caused an increase of the TfR amount on the
cell surface at the initial 8 min of incubation (Figure 1C). A similar
trend was also observed in HeLa cells (Figure S3). This result suggests
that HG1-9-TfR complex may retain longer on the cell surface than
hTf-TfR complex, which means a relatively slower internalization
rate of HG1-9-TfR complex. This relatively slower internalization
rate of HG1-9-TfR complex may due to the electrostatic repulsion be-
tween the cell membrane and HG1-9 containing abundant negative
charge, leading to less stable clathrin-coated pits.

After internalization, the clathrin-coated pits containing ligand-TfR
complexes would form cellular vesicles, detach from the cell surface,
and be transported to the first stop, early endosomes. Rab5B is a small
GTPase and considered as the protein marker of early endosome.32 To
indicate the early endosome, mCherry fluorescent protein-fused Rab5B
(Rab5B-mCherry) expression plasmid was constructed and transfected
in HeLa cells. To investigate the early endocytic pathway, dynamic
behavior of internalized HG1-9 conjugates in Rab5B-mCherry



Figure 1. Initial endocytosis of aptamer HG1-9 mediated by TfR

(A) Representative confocal images of the binding and distribution of aptamer HG1-9 (AF647 conjugated, 50 nM) to TfR-EGFP transfected HeLa cells at 4�C and 37�C for

30 min; scale, 10 mm. (B) The percentage of the uptake of aptamer HG1-9 and hTf by HeLa cells pre-treated with endocytosis inhibitors (50 mM amiloride, genistein, and

chlorpromazine [CPZ] and 5 mM methyl-b-cyclodextrin [MbCD]) for 30 min at 37�C; the uptake of HG1-9 by untreated cells was 100%. (C) Flow cytometry analysis of the

fluorescence of anti-TfR antibody on the surface of Jurkat cells (representing the content of TfR on cell surface) after incubation with unlabeled hTf (200 nM), HG1-9 (200 nM),

and sgc8c (200 nM) at 37�C for a series of incubation times (0, 2, 4, 6, 8 min). The median fluorescence intensity of anti-TfR antibody on cell surface before incubation (0 min)

was 100%, and the experiment was conducted three times independently, and each time point has three replicates. (D) Time-resolved spinning disk confocal images of HG1-

9 (AF488 conjugated, 50 nM) in Rab5B-mCherry transfected HeLa cells for relative time from 0 s to 136 s; scale, 0.5 mm. (E) Representative confocal images of the binding

and distribution of aptamer HG1-9 (AF647 conjugated, 50 nM) to TfR-EGFP and Rab5B-mCherry co-transfected HeLa cells after incubation for 60min at 37�C; scale, 10 mm.

The white arrows indicate the early endosomes containing HG1-9-TfR complex and Rab5B-mCherry near the cell periphery. t test, *p < 0.05, **p < 0.01, ***p < 0.005; ns, not

significant.
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expressed HeLa cell was visualized by time-resolved spinning disk
confocalmicroscopy. The two-dimensional time-lapse imaging showed
that HG1-9 co-located well with Rab5B near the cell periphery, where
early endosomes are mainly located (Video S1). In single-particle
tracking experiments, Rab5B-mCherry-fused early endosomes (red
spots) quickly swallowed vesicles containing HG1-9 conjugates (green
spots) in 68 s, and then the fission of this early endosome occurred in
about 120 s (Figures 1D and Video S2). The steady colocalization of
HG1-9/Rab5B and HG1-9/TfR after a long time of incubation was
also analyzed in TfR-EGFP and Rab5B-mCherry co-transfected HeLa
cells by theMander’s colocalization analysis, quantifying the colocaliza-
tion by calculating directly as the fraction of one molecule that colocal-
izeswith a secondmolecule.33After incubation for 60min, theMander’s
colocalization coefficient (MCC) of HG1-9/Rab5B (the fraction of
HG1-9 overlapping Rab5B) was calculated to be 0.636 ± 0.223 (n =
12 cells) and the MCC of HG1-9/TfR was 0.642 ± 0.125 (n = 9 cells);
namely, more than half the amount of HG1-9 in cells located in
Rab5B-fused endosomes, andmore than half the amount ofHG1-9 still
associated with TfR in cells (Figures 1E, S4 and Table S2), suggesting
that aptameric conjugates could continuously internalize into cells
even after a long time of incubation.

Together, these observations suggest that at the early stage of endocy-
tosis, the HG1-9 conjugates first bound TfR on the cell surface, then
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1251
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entered cells through a clathrin-dependent pathway with an uptake
rate lower than that of hTf-TfR, and the continuously internalized
HG1-9 conjugates stopped briefly in early endosomes before transfer-
ring to the next destination.

The fate of internalized aptameric conjugates within cells

In the hTf-TfR endocytic pathway, the hTf-TfR complex in early endo-
some is subsequently sorted into recycling endosome and recycled back
to the cell surface instead of being transferred to the late endosome or
lysosome for degradation. Thus, whether the fate of internalized
HG1-9 conjugate is similar to that of hTf needs further investigation.
The accumulation of Alexa Fluor 488 fluorophore (AF488)-conjugated
HG1-9 and AF647-conjugated hTf within HeLa cells along with incu-
bation time (5, 15, 30, 60, 90, 120 min) was first measured. The uptake
ratios were acquired by dividing the fluorescence intensity of cells after
incubation for a certain time by that after incubation for 5 min. The
amount of hTf in cells was found to increase in 15 min, and then it
stayed nearly unchanged up to 120 min, while the amount of HG1-9
in cells continuously increased (Figures 2A and S5). This result suggests
thatmost hTf, accompaniedwith TfR, was recycled back to the cell sur-
face, resulting in a quick balance of hTf in cells in 15min, while at least a
portion of HG1-9 conjugates were not shipped out of cells, resulting in
accumulation in cells. Moreover, compared with another aptamer
sgc8c, which has been frequently used in targeted delivery of drugs,34

aptamer HG1-9 showed much higher uptake efficiency than aptamer
sgc8c (Figures S6 and S7). Furthermore, since the 50-end conjugated
HG1-9 showed a moderate nuclease resistance over the control
sequence (Figure S8), the integrity of internalized HG1-9 conjugates
wasmeasured.After incubatedwithHeLa cells for 4 h at 37�C, the inter-
nalized HG1-9 was extracted and analyzed by gel electrophoresis (Fig-
ure 2B). The intact sequence ofHG1-9 was found, suggesting that there
are HG1-9 molecules retained intact instead of being degraded within
cells. This is in agreement with the phenomenon of another reported
TfR aptamerWaz within cells.25 To figure out the next stop of internal-
ized HG1-9 conjugates after early endosome, the colocalization of
HG1-9-fluorophore conjugates with Rab7A-mCherry (late endosome
marker), LAMP1-mCherry (lysosome marker), and DND26 (dye for
lysosomes) in HeLa cells was analyzed (Figures 2C and S9–S11).
Confocal images showed that the fluorescence of HG1-9 poorly over-
laid with that of Rab7A-mCherry (MCC of HG1-9/Rab7A: 0.211 ±

0.090, n = 6 cells), LAMP1-mCherry (MCC of HG1-9/LAMP-1:
0.075 ± 0.032, n = 5 cells), or DND26 (MCC of HG1-9/DND26:
0.128 ± 0.024, n = 16 cells), suggesting that HG1-9 conjugates seldom
entered into late endosomes or lysosomes. Furthermore, the two-
dimensional time-lapse images showed that vesicles containing HG1-
9 conjugates (green spots) could contact with late endosomes contain-
ing Rab7A-mCherry (red spots), but they did not attempt to be assem-
bled; in other words, they appeared to conduct a kiss-and-run fusion
(Videos S3 and S4). This set of results indicates that a large proportion
of internalized HG1-9 conjugates did not enter late endosomes and ly-
sosomes in 2 h and could escape from degradation in lysosomes.

To further investigate whether the internalized HG1-9 conjugates
could also be sorted into recycling endosome, AF647-conjugated
1252 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
HG1-9 was incubated with Rab11A-mCherry (recycling endosome
marker) transfected HeLa cells at 37�C. The two-dimensional
time-lapse imaging showed that the fraction of HG1-9 overlapping
Rab11A was increased from 0.309 to 0.721 with the incubation
time from 3 to 33 min, suggesting the accumulation of HG1-9
in Rab11A-mCherry-fused recycling endosomes (Figure 2D and
Video S5). Confocal imaging and the Mander’s colocalization anal-
ysis showed that the fraction of HG1-9 overlapping Rab11A was
0.828 ± 0.023 (n = 10 cells) and the fraction of HG1-9 overlapping
TfR was 0.812 ± 0.057 (n = 10 cells) in the Rab11A-mCherry and
TfR-EGFP co-transfected HeLa cells after 120 min of incubation
(Figures 2E, S12 and Table S2), suggesting most HG1-9 still
associated with TfR and was enriched in recycling endosomes.
Moreover, as shown in Figure 2E, some red dots (vesicles only
containing HG1-9 conjugates) were observed (indicated by yellow
arrows) without overlapping with TfR and Rab11A, suggesting
that some of the HG1-9 conjugates might dissociate from TfR after
entering cells and be restricted in cellular vesicles without TfR or
Rab11A.

To study the possibility of HG1-9 conjugates recycled back to the cell
surface, a competition experiment between fluorophore-conjugated
HG1-9 and unlabeled HG1-9 was further conducted. If the fluoro-
phore-conjugated HG1-9 in cells could be recycled back to the cell sur-
face, the addition of a high concentration of unlabeled HG1-9 in bulk
solution could gradually replace the recycled HG1-9 conjugates on
the cell surface and inhibit its reinternalization, leading to the decrease
of fluorescence in cells. To prove this, HeLa cells were incubated with
fluorophore-conjugated HG1-9 or hTf at 37�C for 15 min; then, after
incubated in freshmedium for another 15min, the cells were incubated
with the two unlabeled ligands (10 folds of conjugated ligands) or me-
dium only for different times (30, 60, and 90 min). As shown in Fig-
ure 2F, all the fluorescence of fluorophore-conjugated HG1-9 or hTf
in cells decreased in 30min after incubationwith unlabeledHG1-9, un-
labeled hTf, and medium only, which may due to that internalized TfR
ligands (HG1-9 andhTf)were transported out of cells through recycling
endosomes or other pathways, e.g., extracellular vesicle secretion since
Tf-TfR complexes are often found in exosomes.35 Nevertheless, there
are some differences between the two ligands. For hTf, the addition of
bothunlabeled ligands (HG1-9 orhTf) could accelerate thefluorescence
decrease of hTf within cells comparing to that in medium only, indi-
cating that conjugated hTf could be continuously recycled back to the
cell surface and replaced by unlabeledHG1-9 or hTf, which also verified
the reliability of this experiment. Interestingly, for HG1-9, the addition
of both unlabeled ligands (HG1-9 or hTf) did not cause significant dif-
ference of the fluorescence decrease curve of fluorophore-conjugated
HG1-9 compared with that in medium only. At the first 30 min, the
fluorescence decrease of HG1-9 conjugates in cells was significantly
less than that of hTf conjugates, suggesting that some of the internalized
aptameric conjugates are more likely to stay in cells instead of recycling
back to the cell surface.

Together, these data suggest that HG1-9 conjugates could transfer
into cells through the pathway mediated by TfR, and the fate of



Figure 2. The retention and recycling of HG1-9 conjugates within cells

(A) The accumulation of HG1-9 (AF488 conjugated, 50 nM) and hTf (AF647 conjugated, 50 nM) within HeLa cells along with incubation time (5, 15, 30, 60, 90, and 120min) at

37�C; the fluorescence ratio of cells after incubation for 5 min was 1. (B) Gel analysis of the integrity of endocytic HG1-9 within cells, HG1-9 (TAMRA conjugated, 50 nM), or

ctr-sq (TAMRA conjugated, 50 nM, negative control) was incubated with HeLa cells for 3.5 h; then cells were incubated in fresh medium for 0.5 h, where 20 pmol of free DNA

was the reference. (C) Representative confocal images of the binding and distribution of aptamer HG1-9 within cells. Top row, HG1-9 (AF488 conjugated, 50 nM) was

incubated with Rab7A-mCherry transfected cells for 60 min; middle row, HG1-9 (AF488 conjugated, 50 nM) incubated with LAMP-1-mCherry transfected cells for 120 min;

bottom row, HG1-9 (TAMRA conjugated, 50 nM) and DND26 co-incubated with cells for 120 min; scale, 10 mm. (D) Time-resolved spinning disk confocal images of HG1-9

(AF488 conjugated, 50 nM) in Rab11A-mCherry transfected HeLa cells after incubation at 37�C for 3 to 33 min, and the corresponding MCC, the fractions of HG1-9

overlapping Rab11A are shown in each image; scale, 2 mm. (E) Representative confocal images of the distribution of HG1-9 (AF647 conjugated, 50 nM) in TfR-EGFP and

Rab11A-mCherry co-transfected HeLa cells after incubation for 120 min at 37�C; scale, 10 mm. (F) The amount change of dye conjugated hTf and HG1-9 within cells

after being recycled and competing by unlabeled ligands. HeLa cells were pre-incubated with AF647 conjugated-hTf (50 nM) and AF488 conjugated-HG1-9 (50 nM) for

15 min, respectively; then the cells were incubated with unlabeled HG1-9 (500 nM) or unlabeled hTf (500 nM) for different times (0, 30, 60, and 90 min). The

fluorescence of cells before incubation with unlabeled ligand was 100%. The experiment was conducted at least twice independently, and each sample has three replicates.

t test, ***p < 0.005; ns, not significant.
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internalized aptameric conjugate is different from hTf conjugate.
Some HG1-9 conjugates could be sorted in recycling endosomes
in the form of HG1-9-TfR complex and recycled back to the cell
surface just like hTf, but some internalized HG1-9 conjugates are
prone to be retained in cells, which can explain the result in Fig-
ure 2A that HG1-9 conjugates could continuously accumulate
within cells.
Ratiometric imaging of nano-environmental pH within cellular

vesicles by YNNA-HG1-9

During the receptor-mediated endocytosis, the related vesicles grad-
ually become acidic and mature, e.g., early endosomes (pH 6.0–6.5),
late endosomes (pH 5–5.5), and lysosome (pH 4.5-5).36,37 The acidic
pH gradient of these vesicles is one of the intrinsic properties of endo-
cytosis.38 Thus, pH value can be another hallmark of endosomes.39 To
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1253
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Figure 3. The imaging and quantitative

measurement of nano-environmental pH within

vesicles containing YNNA-HG1-9

(A) Schematic illustration of pH response of YNNA-HG1-

9. (B) Confocal images of methanol-fixed HeLa cells

incubated with YNNA-HG1-9 in the HEPES buffers

(125 mM KCl, 20 mM NaCl, 0.5 mM CaCl2, 0.5 mM

MgCl2, 5 mM glucose, and 20 mM HEPES) with different

pH values (4.39, 5.11, 5.63, 6.28, 6.42, 7.26, and 7.56),

where the fluorescence was excited at 445 nm and

collected in two channels (green, 455–495 nm; red 505–

600 nm), and the pseudo-color ratiometric images (Fgreen/

Fred) reflect the pH values. (C) The curve of fluorescence

intensity ratios (Fgreen/Fred) versus pH values in fixed cells;

linear range was inserted. (D) Representative confocal

images of the distribution of internalized YNNA-HG1-9

within a live HeLa cell after incubation for 60 min at 37�C,
and the pseudo-color ratiometric image reflected the pH

of vesicles containing YNNA-HG1-9; scale, 10 mm. (E)

The percentage and distribution of YNNA-HG1-9 con-

tained vesicles with different pH (5.5–6.8); 151 regions of

interest (ROIs) were randomly selected from six pseudo-

color ratiometric images.
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determine the pH change along the internalization of this aptameric
conjugate would provide further insights into the endocytic pathway
of this synthetic ligand mediated by TfR. For monitoring the nano-
environmental pH change of internalized aptamer HG1-9, YNNA,
a pH-sensitive ratiometric fluorophore, was synthesized and conju-
gated to HG1-9 by azide-alkynyl click chemistry (Figures 3A, S13,
and Scheme S1). YNNA was originated from a previously reported
pH-sensitive fluorophore, ANNA, by changing the carboxyl group
(ANNA) to an alkynyl group (YNNA). ANNA is a ratiometric fluo-
rescent fluorophore reported by our group, which has been used to
quantitively image intracellular and cancer microenvironmental pH
in vitro and in vivo.40–43

First, to investigate the effect of acidic pH on the binding ability of
HG1-9 and hTf to TfR, the binding of pH-insensitive fluorophore-
conjugated HG1-9 and hTf to fixed HeLa cells in binding buffers
with different pH values was tested. The binding of hTf was nearly un-
changed even when the pH was lowered to 5.34, while the binding of
HG1-9 was slightly affected when the buffer became acidic (pH lower
than 6.36); nevertheless, more than 75% of binding ability of HG1-9
remained when the pH was as low as 5.34, suggesting that some of ap-
tameric conjugates dissociate with TfR, but the majority still bind TfR
in relatively acidic conditions (Figures S14 and S15). Moreover, the
binding ability of YNNA-HG1-9 to cells was verified by flow cytom-
etry (Figure S16). The fluorescence spectra of YNNA and YNNA-
1254 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
HG1-9 in HEPES buffers with different pH
values showed that YNNA-HG1-9 exhibited
similar fluorescence spectra and pH response
to those of YNNA in physiological pH range,
and a linear pH response was found in the range
of pH 4.42–7.32 (Figure S17). To image and
quantitatively measure the nano-environmental pH along the inter-
nalization of YNNA-HG1-9 conjugates in live cells, the fluorescence
ratio-pH curve in cells was acquired. The fixed HeLa cells were incu-
bated with YNNA-HG1-9 in HEPES buffers with different pH values
(4.39, 5.11, 5.63, 6.28, 6.42, 7.26, and 7.56). The fluorescence images
were acquired in two channels: green (455–495 nm [Fgreen]) and
red (505–600 nm [Fred]) under excitation of 445-nm laser. The
pseudo-color ratiometric images showed that the fluorescence inten-
sity ratios (Fgreen/Fred) varied along with the pH change (Figure 3B).
The curve of fluorescence intensity ratios (Fgreen/Fred) versus pH
values (ratio-pH curve) in cells was plotted. A linear relationship
with pH values from pH 5.11 to pH 7.26 was obtained (Figure 3C).

The live cell imaging by YNNA-HG1-9 is shown in Figure 3D. After
incubation with live cells for 60 min, YNNA-HG1-9 mainly distrib-
uted in two regions. One is near the cell membrane, which exhibited
fluorescence only in the red channel; and another is in vesicles within
cells, which exhibited fluorescence in both green and red channels,
suggesting the relatively high pH around the cell membrane and rela-
tively low pH in cellular vesicles. The pseudo-color ratiometric image
showed that vesicles containing YNNA-HG1-9 exhibited a purple
pseudo color, further indicating the relatively low pH of these cellular
vesicles. To accurately analyze the nano-environmental pH of inter-
nalized YNNA-HG1-9, 151 regions of interest (ROIs) were randomly
selected from six pseudo-color ratiometric images, and their pH



Figure 4. The schematic illustration of endocytosis pathways of aptamer

HG1-9 and human transferrin (hTf) within a cell
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values were calculated according to the fluorescence ratios (green/
red) and the ratio-pH curve (Figures 3E and S18). The histogram of
pH distribution of the ROIs showed that after incubation for
60 min, the pH values of the vesicles containing YNNA-HG1-9
were in the range of 5.5–6.8, and mainly (74.8%) distributed in the
range of 6.0–6.5, which are consistent with the pH ranges of early en-
dosomes (6.0–6.5) and endocytic recycling compartments (�6.5).44

Moreover, there were approximately 19% of vesicles containing
YNNA-HG1-9, which ranged in pH 6.5–6.8, which is slightly higher
than the pH values of endosomes. These results were consistent with
the conclusion earlier that HG1-9 conjugates first entered into early
endosomes, then mainly were retained in recycling endosomes, and
some could dissociate from TfR and be retained in cellular vesicles,
while few HG1-9 conjugates entered into the lower pH vesicles,
such as late endosomes and lysosomes. Given these observations, it
has been evident that most of the internalized aptameric conjugates
can escape from being degraded in lysosomes, which could also
explain the finding of intact aptameric conjugates in cells.

DISCUSSION
This work has comprehensively clarified the endocytic pathway of
TfR-targeted aptamer HG1-9 conjugates (Figure 4): (1) The internal-
ization of HG1-9 is first mediated by TfR through a clathrin-depen-
dent pathway with a lower rate than that of hTf. (2) The internalized
HG1-9 conjugates are then delivered into early endosomes and stay
for a very short time. (3) A portion of internalized HG1-9 conjugates
are transferred in recycling endosomes and recycled back to the cell
surface, and some are dissociated from TfR and stay in the cellular
vesicles without Rab11A or TfR. (4) After a long incubation (R2
h), more than 90% of internalized HG1-9 was retained in cellular ves-
icles (pH 6.0–6.8), and only approximately 5% of HG1-9 conjugates
entered acidic late endosomes or lysosomes, suggesting that HG1-9
conjugates could escape from degradation in lysosomes. Compared
with hTf, HG1-9 possesses a lower internalization rate and a lower re-
cycling ratio, and HG1-9 could be dissociated from TfR, which would
promote the accuracy and efficiency of the loaded drugs release.
Recently, messenger RNA (mRNA)-based vaccines have become a
promising platform for infectious disease control and cancer immu-
notherapy.45 However, safe and efficient delivery of mRNA is now a
major issue. HG1-9 may have the potential for efficient delivery and
precise release of mRNA vaccines.

MATERIALS AND METHODS
Reagents and materials

The DNA sequences used in this work are listed in Table S1. Unless
otherwise stated, the DNA sequences used were synthesized and pu-
rified by Sangon Biotech (Shanghai, China). Alexa Fluor 647 and
Alexa Fluor 488 labeled DNA sequences were synthesized and puri-
fied by Thermo Fisher Scientific (Carlsbad, CA, USA). Unless other-
wise stated, all the functional group were labeled at 50-end of DNA
sequences, and a thymic nucleotide was added between the fluoro-
phore and the DNA sequence to avoid the fluorescent quenching
by guanine. The stock solutions were prepared by dissolving DNA
freeze-dried powders in phosphate buffer saline (PBS), and the con-
centration of solutions was measured by absorbance of 260 nm. For
formation of stable structures, the dissolved DNA solutions were
heated at 95�C for 5 min, cooled on ice for 10 min, and annealed to
fold the stable structure at room temperature for at least 30 min.
The annealed DNA stock solutions were stored at �20�C.

Anti-transferrin receptor antibody (3B8 2A1, sc-32272) and phycoer-
ythrin (PE) labeled secondary antibody (m-IgGk BP-PE, sc-516141)
were purchased from Santa Cruz Biotechnology (Dallas, Texas,
USA). Human transferrin (unlabeled hTf) (T4132) was purchased
from Sigma-Aldrich (St. Louis, MO). Alexa Fluor 647 and fluorescein
(FITC) labeled human transferrin were purchased from Jackson Im-
munoResearch (West Grove, PA, USA). Lipofectamin RNAiMAX
Reagent and Lipofectamine 3000 were purchased from Invitrogen
(Carlsbad, CA, USA). Amiloride, genistein, chlorpromazine, and
methyl-b-cyclodextrin were purchased from J&K Scientific Ltd. (Bei-
jing, China). Green Lysotracker probe (DND-26) was purchased from
Beyotime Biotechnology (Jiangsu, China). Propargylamine was pur-
chased from J&K Scientific (Beijing, China). 4-Bromo-1,8-naphthalic
anhydride was purchased from Liangang Dye Chemical (Liaoning,
China). 3-Amino-1,2,4-triazole was purchased from Alfa Aesar
(Ward Hill, MA). TBTA (tris[(1-benzyl-1H-1,2,3-triazol-4-yl)
methyl]amine) was purchased from Sigma-Aldrich. All the reagents
were obtained from commercial suppliers and used without further
purification.

Cell lines and cell culture

Jurkat E6-1 (Jurkat, human acute T lymphoblastic leukemia, identi-
fier: 19375.09.3101HUMTCHU123) and HeLa (human cervical can-
cer, identifier: 19375.09.3101HUMTCHu187) cell lines were pur-
chased from Typical Culture Preservation Commission Cell Bank,
Chinese Academy of Sciences (Shanghai, China). All the cell lines
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were cultured in basic medium with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (Corning) and routinely
cultured at 37�C, in a humidified atmosphere with 5% CO2.

Flow cytometry analysis

Briefly, the flow cytometry analysis was conducted to determine the
fluorescence intensity of aptamers or antibodies on/within cells
with some certain treatment. Unless otherwise stated, HeLa cells
that need flow cytometry analysis were prepared as monodispersed
cell suspension after dissociated with PBS containing 0.2% EDTA. Af-
ter being washed, the cell suspension was incubated with fluorophore-
labeled aptamers or antibodies in binding buffer (PBS with 4.5 g/L
glucose, 5 mM MgCl2, 1 mg/mL BSA, 0.1 mg/mL herring sperm
DNA) at 4�C for 60 min. After incubation, the cells were washed
by washing buffer (PBS with 4.5 g/L glucose and 5mM MgCl2) to re-
move nonspecific binding. For investigation of binding ability, cells
were incubated with different concentrations of annealed fluoro-
phore-labeled DNA sequences or transferrin protein for 30 min on
ice in the dark. For competition binding, cells were simultaneously
incubated with fluorophore-labeled DNA sequences and unlabeled
transferrin for 30 min on ice in the dark. For antibody staining, cells
were pre-incubated with 1% BSA and successively incubated with the
monoclonal antibody (1:50) and PE labeled secondary antibody
(1:100) for 30 min on ice in the dark. After incubation, the cells
were carefully washed, resuspended, and filtered by a 400-mesh sieve.
And the fluorescence intensity of cell samples was analyzed by a
FACScalibur flow cytometer (Becton Dickinson, USA).

Live cell imaging by confocal laser scanning microscopy

For steady imaging of live cell, the cells were seeded at desired concen-
trations in the glass bottomed confocal dishes (NEST Biotechnology).
After being cultured at least 24 h, the cells were washed and stained
with dye-labeled aptamers, transferrin protein, or antibodies on ice
or at 37�C. After incubation, cells were washed and imaged by
confocal laser scanning microscopy using OLYMPUS FV3000-IX81
confocal microscope (Olympus Corporation, Japan) with 100�
objective oil lens; and confocal images were acquired as 800� 800
pixels images and processed by Olympus FV31S-SW viewer software.
For FITC, Alexa Fluor 488 (AF488) and EGFP, a 488-nm solid laser
was used, and the emission was collected at 500–600 nm; for rhoda-
mine (TAMRA), PE, and mCherry, a 561-nm solid laser was used,
and the emission was collected at 570–620 nm, and Alexa Fluor
647 (AF647) was excited with a 640-nm solid laser and the emission
was collected at 650–730 nm.

Plasmid transfection

To transfect the fluorescent protein fused proteins in HeLa cells,
plasmid transfection was conducted. First, the total RNA of HeLa cells
was extracted by an RNAeasy Animal Long RNA Isolation Kit with a
Spin Column (Beyotime, China), and then the total RNA was used to
reverse transcript the corresponding cDNA with ProtoScript First
Strand cDNA synthesis kit (New England Biolabs [NEB], MA,
USA). The Rab5B, Rab7A, LAMP1, Rab11A, and TfR genes cloned
from the above cDNA using Q5 High-Fidelity 2X Master Mix
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(NEB) with forward and reverse primers (for Rab5B: forward:
GCCGAATTCTATGACTAGCAGAAGCAC, reverse: GCCGGATC
CTCAGTTGCTACAACACT; for Rab7A, forward: GCCGAATTCT
ATGACCTCTAGGAAGAAAGTGTTGC, reverse: GCCGGATCCT
CAGCAACTGCAGCTTTCTG; for LAMP1, forward: GCCGAATT
CTATGGCGGCCCCCG, reverse: GCCGGATCCCTAGATAGTCT
GGTAGCCTGCGT; for Rab11A, forward: GCCGAATTCATGGG
CACCCGCGAC, reverse: GCCGGATCCTTAGATGTTCTGACAG
CACTGCACC; for TfR, forward: cgcGAATTCGCCACCATGATG
GATCAAGCTAGATCAGCA, REVERSE: CGCGGATCCGCGCCG
GTGGAGCCGGTGGAGCCGGTGGAGCCAAACTCATTGTCAA
TGTCCCAAA). Then, the Rab5B, Rab7A, LAMP1, and Rab11A
genes were inserted into the pmCherry plasmids with restriction en-
donucleases (BamH1 and EcoR1) for mammalian expression
plasmid pmCherry-Rab5B, pmCherry-Rab7A, pmCherry-LAMP1,
and pmCherry-Rab11A construction. The TfR genes were inserted
into pEGFP plasmid with restriction endonucleases (BamH1
and EcoR1, a gift from Professor Ming Wang) for mammalian
expression plasmid pEGFP-TfR construction. For plasmids transfec-
tion, 2 � 105 HeLa cells were seeded in glass bottomed confocal
dishes; after incubation for 24 h, the cells were transfected with
plasmids using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s manual. After transfection for 6 h, the cells were
grown for another 48 h in new, fresh media, and the cells were
used for live cell imaging.

Comparison of uptake rate of aptamer HG1-9 and transferrin

To compare the speed of internalization of aptamer HG1-9 and
transferrin mediated by TfR in HeLa cells, the amount of TfR on
the cell surface at a series of internalization times was measured.
3 � 105 Jurkat or HeLa cells were respectively incubated with
sgc8c (200 nM), transferrin (200 nM), or unlabeled HG1-9
(200 nM) at 37�C for a series of incubation times (0, 2, 4, 6,
8 min). After incubation, cells were immediately fixed by 4% form-
aldehyde at 4�C for 10 min, and fixation was terminated by glycine.
After being carefully washed, the cells were blocked by 1% BSA, and
then cells were subsequently incubated with anti-TfR antibody
(1:50) for 30 min at 4�C and PE labeled secondary antibody
(1:100) for 30 min at 4�C. After being labeled with antibody, cells
were analyzed by flow cytometry.

Identification of internalizationmechanism of aptamer HG1-9 by

endocytosis inhibitors

To investigate the initial internalization mechanism, chemical inhib-
itors that can disturb endocytosis pathways were used to inhibit the
cell uptake of HG1-9. HeLa cells were seeded in a 24-well plate
with a concentration of 2� 105 cells in each well for 24 h. After being
pre-treated with 50 mM inhibitors (amiloride, genistein, and CPZ)
and 5 mM MbCD for 30 min, the cells were respectively incubated
with 200 nM AF647-HG1-9 and AF647-transferrin in the binding
buffer containing inhibitors for 60 min at 37�C, and then the cells
were monodispersed under the digestion by trypsin. After being
washed, the cells were analyzed by flow cytometry. Each cell sample
contained three repeats.
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Dynamic cell imaging by spinning disk confocal microscopy

For spatiotemporal dynamic imaging of internalization of aptamer
HG1-9 in live cells, two-dimensional time-lapse images were acquired
by spinning disk confocal microscopy. HeLa cells that expressed
mCherry fused protein Rab5B, Rab7A, or Rab11A were seeded in
the glass bottomed confocal dishes. After being cultured for at least
24 h, the cells were washed and incubated in a CO2 chamber at
37�C, then the cells were stained with AF488-aptamers for 5 min in
DMEM medium, and then the cells were imaged on a rotary disc
confocal microscope system (UltraViewVox, Olympus IX83) with
100� objective oil lens. For AF488 dye, a 488-nm laser was used,
and the emission was collected at 500–550 nm with an exposure
time of 150 ms; for mCherry protein, a 561-nm laser was used and
the emission was collected at 580–650 nm with an exposure time of
60 ms. For two-dimensional time-lapse imaging, the scan mode was
set to high speed, and images of mCherry-Rab5B HeLa cells were ac-
quired approximately every 16.8 s, images of mCherry-Rab7A HeLa
cells were acquired approximately every 9.9 s, and images of
mCherry-Rab11A HeLa cells were acquired approximately every 9.1
s. The videos made from collected images were processed by Imaris
9.3.1 software (Oxford Instruments, UK).

Investigationof integrity of endocyticHG1-9by denatured-PAGE

gel

To investigate the fate of aptamer HG1-9, the integrity of HG1-9 after
being internalized within cells needs to be measured. HeLa cells were
cultured in 100-mm dishes with a density of 1 � 106 cells/mL. After
being cultured for 24 h, the cells were washed and incubated with
50 nM of TAMRA labeled HG1-9 or ctr-sq (control sequence) in
binding buffer at 37�C for 3.5 h; then the cells were washed and
further incubated with new, fresh medium at 37�C for 0.5 h. After in-
cubation, the cells were carefully washed four times by PBS with 0.5%
EDTA to remove the bound aptamer on the cell surface, and later the
cells were dissociated. The endocytic HG1-9 was extracted according
to proteinase-K-chloroform method: the cell pellets were lysed with
lysis buffer (500 mM NaCl, 100 mM Tris-HCl, 50 mM EDTA, 0.5%
SDS, 0.1mg/mL proteinase K, pH 8.0) at 50�C for 2 h. After lysis,
the lysed cells were extracted with phenol-chloroform buffer, and su-
pernatant containing total DNA was separated after centrifuge
(4,000 rpm, 10 min). DNA was then acquired by ethanol precipita-
tion. The endocytic HG1-9, ctr-sq, and their shortened sequences
were captured by their corresponding complementary whole long se-
quences (c-HG1-9 and c-ctr-sq) that were labeled with biotin, which
could be captured by streptavidin-coated magnetic beads. Then, the
beads were washed and directly denatured by 7 M urea at 95�C for
10 min. 15% denatured-PAGE gel was used to analyze the endocytic
HG1-9 and ctr-sq. And the gel was imaged by Typhoon Trio (GE
Healthcare Life Sciences).

Determination of the recycling of hTf and HG1-9 within cells

HeLa cells were seeded in a 24-well plate with a concentration of 3 �
105 cells in each well. After culturing for 24 h, the cells were washed
and incubated with 50 nM of AF488 labeled HG1-9 or AF647 labeled
hTf in DMEM buffer (containing 10% heat-inactivated FBS and
5 mM MgCl2) at 37�C for 15 min. Then the cells were washed and
further incubated with new, fresh medium at 37�C for 15 min, and
the cells were subsequently incubated in medium only, or with unla-
beled HG1-9 (500 nM) or hTf (500 nM) for 30, 60, and 90 min. After
incubation, the cells were dissociated by trypsin and analyzed by flow
cytometry.

Synthesis of YNNA and YNNA-HG1-9

YNNA (2-(prop-2-yn-1-yl)pyrido[3,4,5-gh][1,2,4]triazolo[1,5-a]peri-
midine-1,3(2H,6H)-dione) was synthesized in a way similar to our pre-
viously reported method.41 4-Bromo-1,8-naphthalic anhydride
(300 mg, 1.08 mmoL) was added into ethanol and refluxed for
10min; then the temperature dropped down to 50�C, and propargyl-
amine (150 mL, 2.3 mmoL) was slowly added, and the mixture was
further refluxed for another 1 h. The product BNPY (6-bromo-2-
(prop-2-yn-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione) was ac-
quired as a grayish-white powder after being water washed and filtered.
BNPY (90 mg, 0.29 mmoL), 3-amino-1,2,4-triazole (80 mg,
0.95mmoL), and sodium hydroxide (28mg, 0.7mmoL) were dissolved
in 2 mL of DMSO. The mixture was stirred at 135�C for 12 h under N2

atmosphere. Then hydrochloric acid was added into the mixture, and
the solvent was evaporated under reduced pressure to acquire product
YNNAas a reddish-brown powder. The crude product was dissolved in
dichloromethane and purified by silica gel chromatography (CH2Cl2/
MeOH, v/v, 40:1). Then, compound YNNA was confirmed by mass
spectra (MS), MS(ESI) calculated for YNNA (C38H31N7O4): m/z
315.1, found, 314.1 (M-H)–.

To synthesize YNNA conjugated aptamer HG1-9, a click reaction was
conducted. TBTA and CuSO4 and sodium ascorbate were dissolved in
DMSO/water (70%/30%, v/v) and stirred for 10 min, then YNNA and
azide-HG1-9 were added into the mixture and stirred at 40�C for
20 min to acquire YNNA-HG1-9. The crude product was purified
by high-performance liquid chromatography (Shimadzu DGU-
20A3R Prominence HPLC System, Kyoto, Japan) with C18 column:
Agela, 5 mm, 100 Å, 4.6 � 250 mm; mobile phase A: 20 mM triethyl-
amine acetate (pH 7.0), B: acetonitrile; the gradient program: 0–
3 min, 5% B; 3–28 min, 5%–35% B; 28–33 min, 35%–60% B; 33–
43 min 95% B, flow rate: 1 mL/min, UV detection at 260 nm and
455 nm, room temperature). YNNA-HG1-9 (93%, purity) was
confirmed by MS. MS calculated for YNNA-HG1-9: m/z 11805.7,
found, 11808.3 (M + H).

pH response of YNNA and YNNA-HG1-9 in buffer

YNNA was diluted in HEPES buffers (125 mM KCl, 20 mM NaCl,
0.5 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose, and 20 mM HEPES)
with different pH values (3.64, 4.04, 4.42, 4.85, 5.11 5.41 5.82, 6.52,
6.44, 6.77, 7.09, 7.32, 7.60, 7.99, and 9.09) to dilute a final concentra-
tion of 1 mM. YNNA-HG1-9 was diluted in HEPES buffers (125 mM
KCl, 20 mMNaCl, 0.5 mMCaCl2, 0.5 mMMgCl2, 5 mM glucose, and
20 mM HEPES) with different pH values (3.92, 4.37, 4.68, 5.09, 5.46,
5.65, 6.34, 6.45, 6.64, 7.26, 8.12, 8.65, and 8.94) to dilute a final con-
centration of 200 nM. Then the fluorescence emission spectra were
collected from 470 nm to 600 nm with excitation at 455 nm on a
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Hitachi F-4600 fluorescence spectrofluorometer. The curves of fluo-
rescence intensity ratios (F480 nm/F510 nm) to corresponding pH values
in buffers were plotted by Origin 8.5.
Ratiometric fluorescence imaging and measurement of nano-

environmental pH along the endocytosis of HG1-9 in live cells

To realize ratiometric fluorescence imaging and quantitative mea-
surement of nano-environmental pH along the endocytosis of
HG1-9-YNNA conjugates in live cells, the fluorescence ratio-pH
curve in cells needed to be acquired. HeLa cells were seeded in
confocal dishes; after being cultured for 24 h, cells were fixed by
cold methanol at �20�C overnight and treated with 0.05% Triton
X-100; then the fixed cells were carefully washed by HEPES buffers
with different pH values (4.39, 5.11, 5.63, 6.28, 6.42, 7.26, and 7.56)
and incubated with YNNA-HG1-9 HEPES buffers with different
pH values (4.39, 5.11, 5.63, 6.28, 6.42, 7.26, and 7.56) for 30 min. After
incubation, the cells were imaged by CLSM. A 445-nm solid laser was
used, and the fluorescence emission images were collected at two
channels: 455–495 nm (green channel) and 505–600 nm (red chan-
nel). The pseudo-color ratiometric images (Fgreen/Fred) were pro-
cessed by cellSense imaging software (Olympus, Japan), and fluores-
cence ratio values were calculated by dividing the fluorescence
intensity of the green channel by that of the red channel after back-
ground subtraction, where at least seven ROIs in every image were
chosen to acquire the average fluorescence ratio. The curve of fluores-
cence intensity ratios (Fgreen/Fred) to corresponding pH values in cells
was plotted by Origin 8.5.

To quantitively measure the nano-environmental pH along the endo-
cytosis of HG1-9 in live cells, the cultured HeLa cells were incubated
with 500 nM YNNA-HG1-9 for 1 h at 37�C. After incubation, the live
cells were carefully washed and imaged by confocal microscopy, and
the data were analyzed by cellSense. The pH values in live cells were
determined based on the fluorescence ratios of different ROIs and
calculated according to the fluorescence ratio-pH curve. The total
151 ROIs were randomly selected from six images.
Statistical analysis

The data, needing to be quantified, were acquired from the experi-
ments that were repeated at least two times and expressed as the
means ± SE. Statistical analysis was performed by Origin 8.5.1. The
statistical significance was estimated by Student’s t test, and two-sided
p values were calculated. For the colocalization analysis, the Mander’s
colocalization analysis was done by JACop plugin46 in NIH ImageJ
software (http://rsbweb.nih.gov/ij).
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Supplemental Table 

Table S1. DNA sequences used in this paper.  

name Sequences (5’-3’) 

HG1-9 GGATAGGGATTCTGTTGGTCGGCTGGTTGGTATCC 

ctr-sq AGAGCAGCGTGGAGGATAGTTGGGGTTTGGCAAGTATTG 

sgc8c ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGA 

c-HG1-9 GGATACCAACCAGCCGACCAACAGAATCCCTATCC 

c-ctr-sq CAATACTTGCCAAACCCCAACTATCCTCCACGCTGCTCT 

mGC TTCCATAGCCATTCTGTTCGTCGCCTGGTTCCTATCC 

Note: Fluorophores, biotin or azide group were modified at the 5‘ end of DNA sequences, and a thymic 

nucleotide was added to link the modified functional group and the DNA sequence in the table.



Table S2. The Mander’s colocalization coefficients (MCC) in TfR-EGFP /Rab 5B-mCherry and TfR-

EGFP /Rab 11A-mCherry HeLa cells after incubation with HG1-9. 

in TfR-EGFP /Rab 5B-mCherry co-expressed HeLa cells 

Mander’s 

colocalization 

coefficient 

(MCC) 

M1 

(HG1-9 / 

TfR) 

M2 

(TfR/ HG1-

9) 

M1 

(HG1-9 / 

Rab5B) 

M2 

(Rab5B / HG1-

9) 

M1 

(TfR / 

Rab5B) 

M2 

(Rab5B/ 

TfR) 

 0.642±0.125 0.609±0.234 0.636±0.223 0.577±0.193 0.446±0.197 0.637±0.128 

 

  

in TfR-EGFP /Rab 11A-mCherry co-expressed HeLa cells  

Mander’s 

colocalization 

coefficient 

(MCC) 

M1 

(HG1-9 / 

TfR) 

M2 

(TfR/ HG1-

9) 

M1 

(HG1-9 / 

Rab11A) 

M2 

(Rab11A / 

HG1-9) 

M1 

(TfR / 

Rab11A) 

M2 

(Rab11A/ 

TfR) 

 

 0.812±0.0573 0.639±0.0852 0.828±0.023 0.585±0.0643 0.813±0.151 0.792±0.158 
 

 

note: (HG1-9 /TfR) means the fraction of HG1-9 overlapping TfR, and all that. 

 



 

Supplemental Figures 

 
Figure S1. (A) Representative confocal images of cellular uptake of aptamer HG1-9. HG1-9 (labeled by 

rhodamine, 200 nM ) was incubated with HeLa cells at 37°C for 10 min, 30 min and 2 h. Incubation at 

4°C for 30 min was as beginning of cellular uptake. After incubation, cells were stained by membrane 

probe-FITC conjugated wheat germ agglutinin (WGA, 5 μg/mL) at 4°C for 10 min. (B) The enrichment 

of aptamer HG1-9 within cells along with incubation time. Three images of each time point were chosen, 

and quantification of fluorescence intensity was measured by ImageJ. The uptake ratio was calculated by 

F(37°C, t)/ F(4°C, 30min). Scale bars: 15 or 20 μm. 



 

Figure S2. Flow cytometry analysis of the uptake of aptamer HG1-9 and hTf (200 nM, labled by AF647) 

by cells pre-treated with endocytosis inhibitors (50 μM Amiloride, 50 μM Genistein and and 5 mM 

Methyl-β-cyclodextrin (MβCD); Chlorpromazine (CPZ, 10, 30 and 50 μM)); the uptake by untreated cells 

was as positive control; at least two independent experiments were done.  



 

Figure S3. The flow cytometry analysis of the fluorescence of anti-TfR antibody on HeLa cell surface 

(representing the content of TfR on cell surface) after incubation with unlabeled hTf (200 nM), HG1-9 

(200 nM) and sgc8c (200 nM) at 37°C for a series of incubation times (0, 2, 4, 6, 8 min). The median 

fluorescence intensity of cells before incubation (0 min) was as 100%. 



 

Figure S4. Confocal imaging of distribution of HG1-9 (AF488 labeled, 50 nM, shown in green) and 

Rab5B (shown in red) after incubation with Rab5B-mCherry transfected HeLa cells at 37°C for 30 min 

and 60 min. Scale bars: 10 μm. 

  



 

Figure S5. The enrichment of aptamer HG1-9 and hTf within cells along with incubation time. Jurkat 

cells were incubated with 150 nM AF488-HG1-9 or AF647-hTf at 37°C for a series of incubation time 

(5, 15, 30, 60, 90, and 120 min). After incubation, the cells were washed and analyzed by flow cytometry, 

each sample repeated twice.



 

Figure S6. The enrichment of aptamer HG1-9 and aptamer sgc8c within cells along with incubation time. 

Jurkat cells were incubated with 150 nM AF488-HG1-9 or AF488-sgc8c at 37°C for a series of incubation 

time (5, 15, 30, 60, 90, and 120 min). After incubation, the cells were washed and analyzed by flow 

cytometry, each sample repeated twice.



 

Figure S7. The enrichment of aptamer HG1-9 and aptamer sgc8c within cells along with incubation time. 

Jurkat cells were incubated with 150 nM AF488-HG1-9 or AF488-sgc8c at 37°C for a series of incubation 

time (5, 15, 30, 60, 90, and 120 min). After incubation, the cells were washed and analyzed by flow 

cytometry. The uptake ratios were measured by dividing the fluorescence intensity of cells after 

incubation for a certain time by that after incubation for 5 min. 

 



 

Figure S8. Nuclease resistance of 5’-end labeled HG1-9 and the control sequence mGC. Denaturing-

polyacrylamide gel (20%) electrophoresis assay of 5’-FITC labeled HG1-9 (2 μM) and mGC (2 μM) after 

incubated in RPMI 1640 medium with 10% FBS at 37°C for different time (0, 30, 60, 90, 120, 180, and 

240 min), gels were exposed photographed by Typhoon V.  



 

Figure S9. Confocal imaging of distribution of HG1-9 (AF488 labeled, 50 nM, shown in green) and 

Rab7A (shown in red) after incubation with Rab7A-mCherry transfected HeLa cells at 37°C for 30 min 

and 60 min. Scale bars: 10 μm. 



 
Figure S10. Confocal imaging of distribution of HG1-9 (AF488 labeled, 50 nM, shown in green) and 

LAMP-1 (shown in red) after incubation with LAMP-1-mCherry transfected HeLa cells at 37°C for 30 

min and 120 min. Scale bars: 10 μm.



 
Figure S11. confocal imaging of the binding and distribution of aptamer HG1-9 (AF647 labeled, 50 nM) 

to TfR-EGFP and Rab7A-mCherry co-transfected HeLa cells after incubation for 60 min at 37°C. 

Confocal images showed that internalized HG1-9 co-located well with TfR-EGFP both on cell membrane 

and within cell; neither HG1-9 nor TfR-EGFP overlaid with Rab7A-mCherry, suggesting that HG1-9 

accompanied with its target transferred along the way without late endosomes. Scale bars: 10 μm. 



 
Figure S12. Confocal imaging of distribution of HG1-9 (AF488 labeled, 50 nM, shown in green) and 

Rab11A (shown in red) after incubation with Rab11A-mCherry transfected HeLa cells at 37°C for 30 min 

and 60 min. Scale bars: 10 μm. 



N3

 
Scheme S1. The synthetic route of YNNA and YNNA-HG1-9. Reagents and conditions: (1) ethanol, 

reflux, 1 h; (2) NaOH, DMSO, 135°C, 12 h; (3) TBTA, CuSO4, sodium ascorbate in DMSO/water 

(70%/30%, v/v), 40°C, 20 min. 



 
Figure S13. MS of azido-HG1-9 and YNNA-HG1-9.



 
Figure S14. The flow cytometry analysis of binding of HG1-9 (AF488 labeled) and human Transferrin 

(hTf, AF647 labeled) to fixed HeLa cells in HEPES buffers (125 mM KCl, 20 mM NaCl, 0.5 mM CaCl2, 

0.5 mM MgCl2, 5 mM glucose and 20 mM HEPES) with different pH values (pH 7.38, 6.74, 6.36, 6.01, 

5.63, and 5.34). 



 
Figure S15. The binding ability of HG1-9 (AF488 labeled) and human Transferrin (hTf, AF647 labeled) 

to fixed HeLa cells in HEPES buffers (125 mM KCl, 20 mM NaCl, 0.5 mM CaCl2, 0.5 mM MgCl2, 5 

mM glucose and 20 mM HEPES) with different pH values (pH 7.38, 6.74, 6.36, 6.01, 5.63, and 5.34). 



 

Figure S16. The binding ability of YNNA-HG1-9 to HeLa cells. HeLa cells were incubated with 100 nM 

YNNA-HG1-9, 100 nM YNNA-HG1-9 (containing 1 μM hTf), or 100 nM YNNA-HG1-9 (containing 1 

μM unlabeled HG1-9) on ice for 30 min, then the cells were washed and analyzed by flow cytometry. 

The blank is cell only without being stained. 



 

Figure S17. The pH response of YNNA and YNNA-HG1-9 in buffer. YNNA was diluted in 

HEPES buffers (125 mM KCl, 20 mM NaCl, 0.5 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose and 

20 mM HEPES) with different pH values (3.64, 4.04, 4.42, 4.85, 5.11 5.41 5.82, 6.52, 6.44, 6.77, 

7.09, 7.32, 7.60, 7.99, and 9.09) to dilute a final concentration of 1 μM, YNNA-HG1-9 was diluted 

in HEPES buffers with different pH values (3.92, 4.37, 4.68, 5.09, 5.46, 5.65, 6.34, 6.45, 6.64, 

7.26, 8.12, 8.65, and 8.94) to dilute a final concentration of 200 nM; then the fluorescence emission 

spectra were collected from 470 nm to 600 nm with excitation at 455 nm. As shown in the figure, 

the maximum emission wavelength of YNNA showed red shift from 480 nm to 510 nm with the 

buffer changed from acidic (3.64) to basic (9.09) (a). And the curve of ratios of the fluorescence 

intensities (F480 nm/ F510 nm) to pH values (Ratio-pH curve) showed that the ratios exhibited a linear 

response to pH from pH 4.89 to pH 7.05, indicating a pH-dependent response of YNNA in tube 

(b). Meanwhile, the pH response of YNNA after conjugation to aptamer HG1-9 in tube was also 

measured, the results showed that the fluorescence intensities of YNNA-HG1-9 in acidic and basic 

form were different from those of YNNA though, the ratios (F480 nm/ F510 nm) and pH still exhibited 

a linear relationship from pH 4.68 to pH 7.26, suggesting that YNNA-HG1-9 kept a pH response 

in a physiological pH range (c and d). 



 

Figure S18. The pseudo-color ratio images of live cells after incubation with 500 nM YNNA-

HG1-9 at 37°C for 1 h. The total 151 regions of interest (ROIs) were randomly selected and 

marked with white circles, and the ratios of ROIs were marked in the figure. Scale bars: 5 or 

10 μm; color bar represents fluorescence ratio (0-2.3).



Video Legends 

Video S1 and Video S2: real-time imaging of internalization process of HG1-7 

(AF488 labeled, 50 nM, shown in green) in Rab5B-mCherry (shown in red) 

transfected HeLa cell. 

 

Video S3 and Video S4: real-time imaging of internalization process of HG1-7 

(AF488 labeled, 50 nM, shown in green) in Rab7A-mCherry (shown in red) 

transfected HeLa cell. 

 

Video S5: real-time imaging of internalization process of HG1-7 (AF488 labeled, 50 

nM, shown in green) in Rab11A-mCherry (shown in red) transfected HeLa cell. 
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