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ABSTRACT:  Transferrin (Tf) is known to induce transcyto-
sis, which is a consecutive endocytosis/exocytosis event.  We 
developed a Tf-appended nanocaplet (TfNC⊃siRNA) for the 
purpose of realizing siRNA delivery into deep tissues and 
RNA interference (RNAi) subsequently.  For obtaining 
TfNC⊃siRNA, a macromonomer (AzGu) bearing multiple 
guanidinium (Gu+) ion units, azide (N3) groups, and trityl 
(Trt)-protected thiol groups in the main chain, side chains, 
and termini, respectively, was newly designed.  Because of a 
multivalent Gu+–phosphate salt-bridge interaction, AzGu can 
adhere to siRNA along its strand.  When I2 was added to a 
preincubated mixture of AzGu and siRNA, oxidative polymer-
ization of AzGu took place along the siRNA strand, affording 
AzNC⊃siRNA, the smallest siRNA-containing reactive 
nanocaplet so far reported.  This conjugate was converted 
into Glue/BPNC⊃siRNA by the click reaction with a Gu+-
appended bio-adhesive dendron (Glue) followed by a ben-
zophenone derivative (BP).  Then, Tf was covalently immo-
bilized onto Glue/BPNC⊃siRNA by Gu+-mediated adhesion 
followed by photochemical reaction with BP.  With the help 
of Tf-induced transcytosis, TfNC⊃siRNA permeated deeply 
into a cancer spheroid, a 3D-tissue model, at depth of up to 
nearly 70 µm, unprecedentedly. 

Tissue-permeable nanocarriers for small interfering RNA 
(siRNA) are essential for the realization of RNA interference 
(RNAi)-based gene therapy1 for diseases that develop in 
deep tissues at depth of >40 µm from the vascular endotheli-
um.2  For instance, metastatic cancers often spread over tis-
sues at depth of up to ~300 µm from blood vessels.3  For the 
tissue permeation of nanocarriers, paracellular and transcellu-
lar pathways are considered.4  However, paracellular siRNA 
delivery is unlikely since intercellular gaps (5–10 nm)5 are 
not large enough for siRNA (~5 nm)6 to pass through.  For 
the purpose of achieving transcellular delivery of siRNA into 

deep tissues, the carrier is preferred to be as small as possible7 
and needs to be reductively cleavable in cytoplasm.  Fur-
thermore, it should be active for transcytosis (consecutive 
endocytosis/exocytosis events).  Although a few carriers that 
bear particular ligands for activating transcytosis such as 
transferrin (Tf),8 Tf-receptor binding peptides,9 and RGD 
peptides10 have been reported, successful examples of siRNA 
delivery feature the best delivery depth of only 20–40 µm,9a,10a 
most likely due to their large dimensions.  Namely, siRNA 
delivery into tissues deeper than 40 µm still remains a big 
challenge. 

Herein, we report a siRNA-containing nanocaplet append-
ed with Tf units (TfNC⊃siRNA, Figure 1e), which can deeply 
deliver siRNA into tissues at depth of up to nearly 70 µm, 
unprecedentedly (Figure 2).  Prior to the present work, we 
developed water-soluble molecular glues11 bearing multiple 
guanidinium (Gu+) ion units that can strongly adhere to pro-
teins,12 nucleic acids,13 phospholipid membranes,14 and even 
clay nanosheets15 through multiple salt-bridge interactions 
with their oxyanionic functionalities.16  We found that a siR-
NA strand can template oxidative polymerization of a Gu+-
appended telechelic macromonomer carrying four Gu+ units 
as well as thiol (SH) termini, affording a siRNA-containing 
nanocaplet NC (NC⊃siRNA) with a hydrodynamic diame-
ter (Dh) of <10 nm.13a  NC is the smallest nanocaplet for 
siRNA so far reported.  The disulfide (SS) bonds forming the 
NC part are readily cleaved off under reductive conditions.17  
Hence, in cytoplasm that contains glutathione (GSH) abun-
dantly (Figure 1d), NC⊃siRNA is possibly disrupted to lib-
erate siRNA that causes RNAi.13a  We envisioned that its Tf-
appended version (TfNC⊃siRNA) may deliver siRNA into 
deep tissues.18  In the present study, we synthesized a siRNA-
containing reactive nanocaplet AzNC⊃siRNA (Figure 1e) by 
oxidative polymerization of AzGu, an azide (N3)-appended 
telechelic macromonomer (Figure 1a).  Then, AzNC⊃siRNA 
was allowed to react with a Gu+-appended bioadhesive den-
dron (Glue-alkyne) followed by a benzophenone (BP) deriv-
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ative (BP-alkyne) to obtain Glue/BPNC⊃siRNA (Figure 1e).  
Subsequently, this conjugate was incubated with Tf, and the 
mixture was exposed to UV light for covalent immobilization 
of the attached Tf units by reacting with the BP units, afford-
ing TfNC⊃siRNA (Figure 1e).  As highlighted in this com-
munication, TfNC⊃siRNA deeply permeated into a cancer 
spheroid, a 3D tissue model, at depth of up to nearly 70 µm.  
This unprecedented achievement possibly takes advantage of 
the small dimensional aspect of TfNC⊃siRNA and its 
transcytosis activity mediated by the surface Tf units. 

AzGu, Glue-alkyne, and BP-alkyne (Figures 1a–c) were syn-
thesized according to the procedures described in the Sup-
porting Information and characterized unambiguously using 
a variety of analytical methods.19  AzNC⊃siRNA (Figure 1e) 
was prepared in the presence of siRNA by deprotection of the 
Trt groups of AzGu using I2 and subsequent oxidative 
polymerization of the deprotected macromonomer (Figure 
1d).  Glue/BPNC⊃siRNA was obtained by the copper-catalyzed 
successive ‘click’ reactions of Glue-alkyne (Figure 1b) and 
BP-alkyne (Figure 1c) with the azide groups of AzNC⊃siRNA 
(Figure 1e), where the ratio of Gu+/BP/N3 in 
Glue/BPNC⊃siRNA was estimated as 23/5/22 by MALDI-

TOF mass spectrometry (Figure S5)19 after the reductive 
depolymerization of Glue/BPNC⊃siRNA using dithiothreitol 
(DTT). 

TfNC⊃siRNA was successfully obtained by 10-min UV ir-
radiation (λ = 310 nm) of a mixture of Glue/BPNC⊃siRNA 
([siRNA] = 0.2 µM) and Tf (1.1 µM; Figure 1e).  Dynamic 
light scattering (DLS) analysis indicated that TfNC⊃siRNA 
has a Dh value of 15.8 ± 5.0 nm (Figure 3c, blue), which is 
reasonable considering that the Dh values of 
Glue/BPNC⊃siRNA and Tf are 6.1 ± 0.7 nm (Figure 3c, red) 
and 7.1 ± 0.2 nm (Figure S6),19 respectively.  Accordingly, 
cryogenic transmission electron microscopy (cryo-TEM) 
allowed for visualizing TfNC⊃siRNA as spherical objects with 
a diameter of ~20 nm (Figure 3d).  For the purpose of char-
acterizing its charge density by means of agarose gel electro-
phoresis, we carried out the above reaction (Figure 1e, right) 
using rhodamine-attached fluorescent Tf (RhdTf).  As shown 
in Figure 3a (right), TfNC⊃siRNA migrated toward a nega-
tive electrode side, whereas, in the absence (Figure 3a, left) 
and presence (Figure 3a, center) of Glue/BPNC⊃siRNA, nega-
tively charged RhdTf migrated toward a positive electrode side.  
Accordingly, TfNC⊃siRNA displayed a positive zeta-

 
Figure 1. Molecular structures of (a) AzGu, an azide (N3)-appended telechelic macromonomer bearing guanidinium (Gu+) ions and 
trityl (Trt)-protected thiol (STrt) termini, (b) Glue-alkyne bearing Gu+-appended dendron (Glue) and an alkyne group at the focal 
core, and (c) BP-alkyne (alkyne-appended benzophenone).  (d) Iodine (I2)-mediated disulfide formation between Trt-protected 
thiols and reductive cleavage of a disulfide bond into thiols by glutathione (GSH).  (e) Synthesis of a siRNA-containing nanocaplet 
appended with transferrin (Tf) units (TfNC⊃siRNA): AzGu is oxidatively polymerized using siRNA as a template to yield a siRNA-
containing N3-appended nanocaplet (AzNC⊃siRNA).  Then, Glue-alkyne and BP-alkyne are allowed to react successively with 
AzNC⊃siRNA (click reactions) to yield Glue/BPNC⊃siRNA.  At the initial stage, Tf is noncovalently attached to the surface of 
Glue/BPNC⊃siRNA through a multivalent salt-bridge interaction with the dendritic Gu+ pendants and then immobilized covalently by a 
photochemical reaction with BPs. 
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potential (ζ) of 5 ± 2 mV (Table S1).19  TfNC⊃siRNAA488 
incorporating Alexa Fluor 488-labeled siRNA (siRNAA488; 1 
µM) displayed the same electrophoretic tendency as 
TfNC⊃siRNA (Figure 3b, center).  As described above, the 
SS bonds in NC are readily cleaved off in a reductive envi-
ronment.  In fact, when TfNC⊃siRNAA488 was incubated with 
DTT (10 mM) for 1 h at 25 °C in HEPES buffer, the electro-
phoretic profile of the reaction mixture became broadened 
toward a positive electrode side (Figure 3b, right), indicating 
the occurrence of reductive breakdown of the TfNC part 
(Figure S8).19 

TfNC⊃siRNA enters living cells via endocytosis:  Human 
hepatocellular carcinoma Hep3B cells (1.0 × 104 cells/well) 
were incubated for 4 h at 37 °C in a serum-free minimal es-
sential medium (MEM, 200 µL) containing TfNC⊃siRNAA488 
([siRNAA488] = 50 nM).  Then, the sample was rinsed with 
Dulbecco’s phosphate buffered saline (D-PBS, 100 µL × 2), 
and subjected to confocal laser scanning microscopy (CLSM; 

λext = 488 nm).  As shown in Figure 4a, the cells became fluo-
rescent, indicating the incorporation of fluorescently labeled 
siRNAA488 into the cells, whereas the cells incubated with 
AzNC⊃siRNAA488 (Figure 4c) or naked siRNAA488 (Figure 
4d) ([siRNAA488] = 50 nM) did not fluoresce.  When the Tf 
units in TfNC⊃siRNAA488 were replaced with bovine serum 
albumin (BSA; BSANC⊃siRNAA488), the fluorescence emis-
sion from Hep3B cells was again negligibly weak (Figure 4b), 
although BSANC⊃siRNA has a comparable size (Dh = 18.2 ± 
0.3 nm; Figure 3c, green) and surface charges (ζ = 3 ± 0.4 
mV; Table S1)19 to those of TfNC⊃siRNA (Dh = 15.8 ± 5.0 
nm and ζ = 5 ± 2 mV; Figure 3c, blue and Table S1, respec-
tively).19  It should be noted that at 4 °C, where endocytosis is 
known to be suppressed,20 Hep3B cells barely took up 
TfNC⊃siRNAA488 (Figure S7).19  Hence, the cellular uptake of 

 
Figure 2.  Permeation of TfNC⊃siRNA into cells located in a 
deep tissue via Tf-mediated transcytosis.  Once TfNC⊃siRNA 
escapes from the endosomes in a cell, glutathione (GSH), 
abundantly present in the cytoplasm, liberates siRNA to cause 
RNAi by reductive depolymerization of the nanocaplet part 
(TfNC). 

 
Figure 3. (a) Agarose gel electrophoretic profiles (λext = 495 
nm) of rhodamine-attached fluorescent Tf (RhdTf, 1.1 µM) be-
fore and after being mixed with Glue/BPNC⊃siRNA ([siRNA] = 
0.2 µM), followed by 10-min photoirradiation at 310 nm.  (b) 
Agarose gel electrophoretic profiles (λext = 495 nm) of siRNA 
fluorescently labeled with Alexa Fluor 488 (siRNAA488, 0.5 µM) 
and TfNC⊃siRNAA488 ([siRNAA488] = 0.5 µM) before and after 
1-h incubation at 25 °C in the presence of dithiothreitol (DTT, 
10 mM).  (c) Dynamic light scattering histograms in HEPES 
buffer (20 mM, pH 7.3) at 25 °C of Glue/BPNC⊃siRNA ([siRNA] 
= 2 µM, red), TfNC⊃siRNA ([siRNA] = 2 µM, blue) and 
BSANC⊃siRNA ([siRNA] = 2 µM, green).  (d) A cryogenic 
transmission electron microscopy (cryo-TEM) image of a 
HEPES buffer (20 mM, pH 7.0) solution of TfNC⊃siRNA 
([siRNA] = 3 µM).  Inset: a magnified image of (d). 
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TfNC⊃siRNA occurs most likely via endocytosis, and this 
process is mediated by the Tf units in TfNC⊃siRNA. 

The above observations prompted us to investigate wheth-
er TfNC⊃siRNA indeed activates transcytosis or not.  For this 
purpose, we prepared a 3D-cultured Hep3B spheroid with an 
average diameter of ~500 µm (Figure 4e) by using 96-well 

cell-repellent plates,19 and incubated with TfNC⊃siRNAA488 
([siRNAA488] = 100 nM) in MEM (100 µL, 10% FBS) for 3 
days at 37 °C.  After being rinsed with D-PBS buffer (100 µL 
× 2), the resultant spheroid was subjected to CLSM (λext = 
488 nm).  Fortunately, we found that the spheroid fluoresced 
throughout its cross sections at depth of 10, 30, and 50 µm 
(Figure 4f).  Notably, even at depth of 70 µm, 
TfNC⊃siRNAA488 reached the central part of the cross section 
(Figure 4f), indicating the deep permeation of 
TfNC⊃siRNAA488.  In sharp contrast, the spheroid barely flu-
oresced when incubated with AzNC⊃siRNAA488 (Figure 4g) 
and siRNAA488 (Figure 4h) ([siRNAA488] = 100 nM), in con-
sistency with their poor cellular uptake behaviors (Figures 4c 
and 4d, respectively).  All these observations indicate that 
TfNC⊃siRNA activates transcytosis. 

 TfNC⊃siRNA successfully induced RNAi to suppress the 
expression of a target gene.  Thus, mutant Hep3B cells stably 
expressing luciferase (Hep3B-luc) were incubated for 72 h at 
37 °C in MEM (10% FBS) containing TfNC⊃siRNA ([siR-
NA] = 50 nM).  Then, the sample was subjected to the lucif-
erase activity assay using PicaGene LT 2.0 as a luminescence 
reagent (TOYO INK).  As shown in Figure 5a, the cells incu-
bated with TfNC⊃siRNA exhibited a much lower luciferase 
activity (purple bar, 30%) than the reference cells incubated 
with naked siRNA (black bar).  Similarly, siRNA conjugated 
with DharmaFECT 1 (DFECT), a commercially available 
transfection agent, suppressed the luciferase activity as ex-
pected (Figure 5a, green bar, 7%).  As a control, 
TfNC⊃siRNAmis, obtained with mismatched siRNA (siR-
NAmis) that is incapable of inducing RNAi for the luciferase 

 
Figure 4. (a–d) Confocal laser scanning microscopy (CLSM; λext = 488 nm, λobs = 510–590 nm) images of Hep3B cells after a 4-h in-
cubation at 37 °C in MEM with (a) TfNC⊃siRNAA488 ([siRNAA488] = 50 nM), (b) BSANC⊃siRNAA488 ([siRNAA488] = 50 nM), (c) 
AzNC⊃siRNAA488 ([siRNAA488] = 50 nM), and (d) siRNAA488 ([siRNAA488] = 50 nM).  Scale bars = 25 µm.  (e) Schematic illustration 
of the experimental setup for obtaining cross-sectional CLSM images of a Hep3B spheroid.  (f–g) Cross-sectional CLSM (λext = 488 
nm, λobs = 510–590 nm) images of Hep3B spheroids at depth of 10, 30, 50, and 70 µm from the surface after a 3-day incubation at 
37 °C in MEM (10% FBS) in the presence of (f) TfNC⊃siRNAA488 ([siRNAA488] = 100 nM), (g) AzNC⊃siRNAA488 ([siRNAA488] = 100 
nM), and (h) siRNAA488 (100 nM).  Scale bars = 100 µm. 

 
Figure 5. (a) Normalized luciferase activities of Hep3B-luc cells 
using the PicaGene LT 2.0 luciferase assay kit.  Here, Hep3B-luc 
cells were incubated at 37 °C for 72 h in MEM (10% FBS) in the 
presence of siRNA (50 nM, black bar), siRNAmis (50 nM, gray 
bar), TfNC⊃siRNA ([siRNA or siRNAmis] = 50 nM; siRNA and 
siRNAmis, purple and light purple bars, respectively), and 
DFECT⊃siRNA ([siRNA or siRNAmis] = 50 nM; siRNA and 
siRNAmis, green and light green bars, respectively).  (b) Normal-
ized cell viabilities of Hep3B cells using Cell Counting Kit-8.  
Hep3B cells were incubated at 37 °C for 24 h in MEM (10% 
FBS) in the presence of TfNC⊃siRNA ([siRNA] = 25, 50, 100, 
and 200 nM). 
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gene, was used instead of TfNC⊃siRNA for the above exper-
iment.  As shown in Figure 5a, the luciferase activity of 
Hep3B-luc cells remained substantially unchanged (light 
purple bar, 87%).  Hence, the decrease in the luciferase activi-
ty observed in Figure 5a (purple bar) indicates the occur-
rence of RNAi.  Fortunately, TfNC⊃siRNA did not show any 
appreciable cytotoxicity with its concentration up to 200 nM 
(Figure 5b). 

In conclusion, we developed a transferrin (Tf)-appended 
siRNA nanocaplet (TfNC⊃siRNA) capable of delivering 
siRNA into deep tissues at depth of up to ~70 µm.  As 
demonstrated with a cancer spheroid, TfNC⊃siRNA perme-
ates into deep areas of tissues via transcytosis (Figure 2).  
TfNC⊃siRNA eventually transfers siRNA into cytoplasm and 
causes RNAi and gene knockdown (Figure 2).  Because brain 
endothelial cells are known to express high level of Tf-
receptors,21 TfNC⊃siRNA has the potential for overcoming 
the blood-brain barrier (BBB).  Thus, an in vivo study on 
siRNA delivery to brain tissues using TfNC⊃siRNA is a sub-
ject worthy of further investigation. 
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