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Abstract: Inhaled gene therapy poses a unique potential of
curing chronic lung diseases, which are currently managed
primarily by symptomatic treatments. However, it has been
challenging to achieve therapeutically relevant gene transfer
efficacy in the lung due to the presence of numerous biological
delivery barriers. Here, we introduce a simple approach that
overcomes both extracellular and cellular barriers to enhance
gene transfer efficacy in the lung in vivo. We endowed
tetra(piperazino)fullerene epoxide (TPFE)-based nanoparti-
cles with non-adhesive surface polyethylene glycol (PEG)
coatings, thereby enabling the nanoparticles to cross the airway
mucus gel layer and avoid phagocytic uptake by alveolar
macrophages. In parallel, we utilized a hypotonic vehicle to
facilitate endocytic uptake of the PEGylated nanoparticles by
lung parenchymal cells via the osmotically driven regulatory
volume decrease (RVD) mechanism. We demonstrate that this
two-pronged delivery strategy provides safe, wide-spread and
high-level transgene expression in the lungs of both healthy
mice and mice with chronic lung diseases characterized by
reinforced delivery barriers.

Current standards-of-care for chronic lung diseases, such as
cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD) and asthma, manage disease symptoms at best,[1]

except for a few daily administered oral tablets available to
genetically defined subpopulations of CF patients.[2] Discov-
ery of numerous genetic targets or therapeutic nucleic acids
has promoted gene therapy as a broadly applicable thera-
peutic strategy to potentially cure patients with these
notoriously refractory lung diseases.[3] In particular, localized
gene therapy via an inhaled route provides a unique oppor-
tunity to exert therapeutic impacts directly on the lung, while
mitigating the risk of systemic adverse effects by minimizing
extra-pulmonary gene transfer.[4] However, both airways and
alveolar sacs, two primary compartments of the lung, harbor

challenging biological barriers that hamper efficient delivery
of inhaled gene therapy to target lung parenchymal cells.[5]

Specifically, lung airways are covered with a highly adhesive
and nano-porous mucus gel layer that readily traps inhaled
foreign matters and rapidly removes them from the lung via
physiological mucus clearance mechanisms.[6] On the other
hand, an army of alveolar macrophages populated throughout
the alveolar sacs (12–35 cells per alveolar sac[7]) are speci-
alized in engulfing and subsequently degrading foreign
particulate matters.[8]

A cationic carbon nanocluster, TPFE, is an attractive gene
transfer agent that provides robust DNA compaction, endo-
cytic cellular uptake, protection against endosomal nuclease
and cytoplasmic DNA release.[9] Further, individual fullerene
molecule can be cleared from human body due to its small
particle diameter of 1 nm (i.e., smaller than the size cutoff of
glomerular filtration).[10] However, TPFE-based gene deliv-
ery nanoparticles were previously shown to mediate highly
efficient transgene expression in the liver and spleen, but not
in the lung, following systemic administration.[11] Although
the administration via an inhaled route might change this
reality, TPFE per se is unlikely to do so due to its positively
charged and hydrophobic nature that makes it prone to mucus
entrapment and/or macrophage uptake.[12] Thus, we here
implemented a simple strategy of endowing TPFE-based gene
delivery nanoparticles with non-adhesive surface PEG coat-
ings by chemically conjugating PEG polymer chains to the
piperazine component of TPFE. Of note, we and others have
demonstrated that nanoparticles densely coated with PEG
are capable of efficiently penetrating the airway mucus,[13] and
resisting macrophage uptake,[12] thereby increasing the prob-
ability of particle access to target lung cells.

Despite the aforementioned benefits, PEGylation might
interfere with nanoparticle interactions with, and subsequent
uptake by, target cells (i.e., PEG dilemma).[14] We thus
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employed an additional strategy of modulating vehicle
osmolality to enhance endocytosis of nanoparticles, the
process called RVD.[15] The RVD is initiated by hypotonically
driven cell swelling that stimulates fusion of intracellular
vesicles with plasma membrane to prevent cell lysis.[16]

Subsequent activation of P2 receptors triggers the osmoti-
cally-driven release of intracellular ions and water, followed
by internalization of plasma membrane to homeostatically
reform the lost vesicles.[17] During this process, small partic-
ulate matters that successfully reach the vicinity of target cell
membrane would be endocytosed. We thus have investigated
here whether a hypotonic vehicle facilitates the uptake of
PEGylated TPFE (TPFE-PEG)-based gene delivery nano-
particles by lung epithelial cells in vivo via the RVD
mechanism.

We first synthesized TPFE using a previously established
method.[18] Briefly, C60 was reacted with 1-tert-butyloxycar-
bonyl piperazine to yield 1-tert-butyloxycarbonyl-protected
TPFE (Boc-TPFE), followed by deprotection to obtain TPFE
(Figure S1). We confirmed successful synthesis of Boc-TPFE
and TPFE using nuclear magnetic resonance (1H-NMR)
spectroscopy and mass spectroscopy (Figure S2–S5). Subse-
quently, 5 kDa PEG polymers were chemically conjugated to
TPFE via covalent coupling of N-hydroxysuccinimide of PEG
and secondary amine of piperazine to yield PEGylated TPFE
(TPFE-PEG). 1H-NMR analysis revealed the PEG to TPFE
molar ratio of TPFE-PEG to be 2.96 (Figure 1 A).

We next went on to prepare DNA-loaded nanoparticles
by condensing plasmid DNA using either TPFE only or
a blend of TPFE and TPFE-PEG at a molar ratio of 5:1 (N/P
ratio is 20; Figure S6). To confirm successful DNA compac-
tion, we employed two different experimental methods.
Leveraging the unique fluorescence quenching property of
C60 of TPFE, we monitored fluorescence spectra of carboxy-
X-rhodamine (CXR)-labeled plasmid DNA encoding fluo-
rescent Zsgreen protein (pZG hereafter) condensed by either
TPFE or the blend. We found that the fluorescence of CXR-
pZG was completely quenched by TPFE or the blend
(Figure 1B), indicating successful compaction of CXR-pZG.
We then conducted the more conventional electrophoretic
migration assay to validate this observation. The DNA band
was invisible when (unlabeled) pZG was condensed by TPFE
or the blend, an indicative of full compaction, whereas naked
pZG (lane 2) migrated away from the well (Figure 1C).
Collectively, the findings here underscore that inclusion of
PEG does not compromise the ability of TPFE to form stable
nanocomplexes with plasmid DNA.

We next conducted fundamental physicochemical charac-
terization of these TPFE-based gene delivery nanoparticles
carrying either pZG or plasmid DNA encoding luciferase
(pd1GL3-RL; pGL3 hereafter). Transmission electron mi-
croscopy and dynamic light scattering revealed that both non-
PEGylated (plasmid DNA/TPFE hereafter) and PEGylated
(plasmid DNA/TPFE-PEG hereafter) nanoparticles exhib-
ited similar cluster-shaped morphology and hydrodynamic
diameters ranging from 73 to 90 nm based on z-average
(number mean: 32–59 nm), respectively (Figure 1D,E, Fig-
ure S7–8). However, while non-PEGylated nanoparticles,
including pZG/TPFE and pGL3/TPFE, exhibited highly

positive z-potential values (> 25 mV), PEGylated nanopar-
ticles, including pZG/TPFE-PEG and pGL3/TPFE-PEG,
possessed near-neutral surface charges (< 3.5 mV)
(Table S1), suggesting that the otherwise positively charged
particle surfaces were efficiently shielded by PEG. It is critical
to retain desired particle properties in physiologically rele-
vant conditions for in vivo application,[5a] and thus we assessed
colloidal stability of pZG/TPFE and pZG/TPFE-PEG in
mouse bronchoalveolar lavage fluid (BALF). The size and
polydispersity index (PDI) of pZG/TPFE increased instanta-
neously upon incubation in BALF, whereas pZG/TPFE-PEG
exhibited excellent colloidal stability, as evidenced by unper-
turbed size and PDI at least up to 5 hours (Figure 1F).

The next rational step was to investigate whether our
PEGylation strategy endowed TPFE-based gene delivery

Figure 1. Physicochemical properties of TPFE-based gene delivery
nanoparticles. A) 1H-NMR spectrum of TPFE-PEG. B) Fluorescence
spectra of CXR-labeled pAAV-ZsGreen1 plasmid (CXR-pZG) and CXR-
pZG-loaded TPFE (CXR-pZG/TPFE) and TPFE-PEG (CXR-pZG/TPFE-
PEG). Fluorescence quenching indicates successful compaction of
CXR-pZG. C) Electrophoretic migration assay demonstrating efficient
compaction of pZG by nanoparticles: DNA ladder (1), naked pZG (2),
pZG/TPFE (3) and pZG/TPFE-PEG (4). D) Representative TEM images
(scale bars = 100 nm) and E) hydrodynamic diameter profiles of pZG/
TPFE and pZG/TPFE-PEG (n = 3). F) Colloidal stability of pZG/TPFE
(solid squares) and pZG/TPFE-PEG (solid circles) in BALF at 37 8C
over time (n = 3), based on the changes in hydrodynamic diameter
(black) and PDI (red). Hydrodynamic diameters and PDI values of
pZG/TPFE and pZG/TPFE-PEG were measured by dynamic light
scattering (DLS).

Angewandte
ChemieCommunications

15226 www.angewandte.org � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 15225 –15229

http://www.angewandte.org


nanoparticles with abilities to resist adhesive interactions with
mucus and/or phagocytosis by alveolar macrophages. To do
this, we incubated pZG/TPFE and pZG/TPFE-PEG in
a mucin solution and monitored the changes in their particle
sizes. Of note, we prepared the mucin solution by dissolving
porcine gastric mucin in ultrapure water to assess exclusively
the impact of mucin (without being affected by electrolytes in
an ionic solution). We found that the mucin solution mediated
rapid (within 15 minutes) and significant aggregation of pZG/
TPFE. However, hydrodynamic diameters of pZG/TPFE-
PEG were unchanged upon the incubation at least up to an
hour (Figure 2A), suggesting that the surface PEG coatings
efficiently prevented adhesive interactions with mucin. In
parallel, we compared uptake of pZG/TPFE and pZG/TPFE-
PEG by mouse alveolar macrophages in vitro where we found
that our PEGylation strategy markedly reduced phagocytosis
of TPFE-based gene delivery nanoparticles; quantitatively,
macrophage uptake was � 80% and � 20 % for pZG/TPFE
and pZG/TPFE-PEG, respectively (Figure 2B).

Encouraged by our in vitro observation, we investigated
the ability of TPFE-based gene delivery nanoparticles to
mediate reporter transgene expression in the lungs of wild-
type C57BL/6 mice following intratracheal administration.
Here, we engineered nanoparticles to carry pZG or pGL3 to
evaluate distribution or overall level of transgene expression,
respectively, and used ultrapure water as a vehicle to
potentially exploit the hypotonically driven RVD effect. As
shown by representative confocal images of lung tissue
sections, pZG/TPFE-PEG mediated widespread and uniform
transgene expression throughout airways and alveolar sacs
(> 65% coverage), unlike naked pZG and pZG/TPFE that
exhibited negligible fluorescence (< 2% coverage) (Figure-
s 3A,B). In parallel, lung homogenate-based luciferase assay
revealed that pGL3/TPFE-PEG provided approximately two
orders of magnitude greater luciferase activity compared to
naked pGL3 and pGL3/TPFE in the lungs of C57/BL/6 mice
(Figure 3C). The findings here agree with our previous

observations that dense surface PEG coatings markedly
enhance gene transfer efficacy of polymer- and peptide-
based gene delivery nanoparticles following localized admin-
istration.[12, 19] Of note, we confirmed that meaningful lucifer-
ase activity was not detected in mononuclear phagocyte
systems, including liver and spleen, and kidney (Figure S9),
suggesting that the plasmid payload (i.e., pGL) was unlikely
translocated to extra-pulmonary organs.

Figure 2. The ability of TPFE-based gene delivery nanoparticles to
overcome biological delivery barriers in the lung. A) Colloidal stability
of pZG/TPFE (solid squares) and pZG/TPFE-PEG (solid circles) in
a mucin solution at 37 8C over time (n =3), which indicates the ability
of nanoparticles to resist adhesive interactions with mucin. Hydro-
dynamic diameters and PDI values of pZG/TPFE and pZG/TPFE-PEG
were measured by DLS. B) In vitro uptake of pZG/TPFE and pZG/
TPFE-PEG by mouse alveolar macrophages (MH-S) after a 2-hour
incubation (n = 5). Error bars represent SEM. **p<0.01.

Figure 3. In vivo reporter transgene expression mediated by TPFE-
based delivery nanoparticles following intratracheal administration.
A) Representative confocal images demonstrating distribution of trans-
gene expression mediated by naked pZG (Left), pZG/TPFE (Middle)
and pZG/TPFE-PEG (Right) in the lungs of wild-type C57BL/6 (Upper)
and Scnn1b-Tg mice (Lower). Scale bar = 100 mm. Image-based analysis
demonstrating the percentages of cells with reporter transgene expres-
sion in the lungs of B) wild-type C57BL/6 and D) Scnn1b-Tg mice
(n = 3). Overall level of transgene expression mediated by naked
pd1GL3-RL (pGL3), pGL3/TPFE and pGL3/TPFE-PEG in the lungs of
C) wild-type C57BL/6 and E) Scnn1b-Tg mice, determined by homoge-
nate-based luciferase assay (n = 5). *p<0.05, **p<0.01, ***p<0.005
and **** p<0.001.
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To establish clinical relevance, we next repeated these
studies using a transgenic mouse model of chronic lung
diseases, specifically the mice overexpressing epithelial
sodium channel (ENaC) b subunit, backgrounded on
C57BL/6 (Scnn1b-Tg mice). Scnn1b-Tg mice exhibit key
pathologies of CF and COPD, including mucus accumulation/
stasis and chronic lung inflammation.[20] These pathological
features essentially reinforce biological delivery barriers to
inhaled gene transfer to lung epithelial cells in both airways
and airspace.[5a] Nevertheless, pZG/TPFE-PEG provided
remarkably widespread transgene expression (� 35 % cover-
age) in the lungs of Scnn1b-Tg mice (Figure 3A,D), although
the coverage was reduced compared to what we observed in
in healthy mouse lungs (Figure 3B). We also found that
pGL3/TPFE-PEG retained the ability to mediate high-level
overall transgene expression in the lungs of Scnn1b-Tg mice
regardless of the more challenging delivery barriers (Fig-
ure 3E). Overall, our in vitro and in vivo studies collectively
demonstrated that effective surface shielding by PEG renders
TPFE-based gene delivery nanoparticles highly efficacious in
transfecting parenchymal cells in the lungs of both healthy
and diseased mice, most likely due to the ability to breach the
aforementioned delivery barriers.

We next sought to validate our hypothesis that a hypotonic
vehicle could enhance gene transfer efficacy in the lung by
facilitating endocytosis of gene delivery nanoparticles via the
RVD effect. We first confirmed that physicochemical proper-
ties (i.e., hydrodynamic diameter, PDI and z-potential) of
PEGylated nanoparticles, including pZG/TPFE-PEG and
pGL3/TPFE-PEG, were virtually identical when suspended in
vehicles of varying osmolality (Table S2). The finding
excludes the possibility that gene transfer efficacy might be
affected by the alteration of particle characteristics in vehicles
with varying ionic strengths. We then compared reporter
transgene expression mediated by pZG/TPFE-PEG intra-
tracheally administered in a hypotonic (i.e., ultrapure water),
a mildly hypotonic (0.45 % saline) or an isotonic (0.9%
saline) vehicle. As shown by representative confocal images,
reporter fluorescence signal attenuated with increases in
vehicle osmolality both in airways and airspace (Figure 4A).
We also repeated the experiment with pGL3/TPFE-PEG to
quantify the overall level of transgene expression and
observed a similar trend where the luciferase activity was
greatest when a hypotonic vehicle was used, followed by
mildly hypotonic and isotonic vehicles (Figure 4B). Quanti-
tatively, pGL3/TPFE-PEG administered in ultrapure water
provided an order of magnitude greater transgene expression
compared to the identical nanoparticles administered in 0.9%
saline. To investigate whether the enhanced transgene
expression was indeed driven by the RVD effect, we dosed
mice with pGL3/TPFE-PEG suspended in water containing
a P2 antagonist (i.e., suramin, 100 nM), a potent inhibitor of
the RVD effect.[15, 16] We found that the luciferase activity was
significantly reduced to the level observed with pGL3/TPFE-
PEG administered in 0.9% saline when the RVD was
inhibited by suramin (Figure 4B). In contrast, luciferase
activity was virtually identical when pGL3/TPFE-PEG was
administered in 0.9% saline irrespective of suramin treatment
(Figure 4B). We also confirmed the RVD-mediated enhance-

ment of transgene expression in vitro using human lung
epithelial cell lines (Figure S10–11). The findings here under-
score that the hypotonically driven RVD effect played
a significant role on mediating efficient transgene expression
by pGL3/TPFE-PEG following intratracheal administration.

We finally conduced comprehensive in vitro and in vivo
safety assessments. We first confirmed in vitro that cell
viability was unperturbed by pGL3/TPFE-PEG at a broad
plasmid DNA concentrations (Figure S12). We then evalu-
ated local and systemic safety profiles of mice intratracheally
received pGL3/TPFE-PEG (in ultrapure water). Tissue
sections of primary organs harvested from the treated mice,
including lung, heart, liver, spleen and kidney, stained with
hematoxylin and eosin did not exhibit any sign of acute
inflammation or tissue damage, similar to the observation
with untreated mice (Figure S13). We also confirmed that T
helper type 1 and 2 cytokine levels and immune cell counts in
BALF were not altered by the treatment (Figure S14–15). In
addition, blood biochemistry parameters quantified from
untreated control and treated mice were virtually identical
and fell in normal ranges (Table S3). The findings here
suggest that our pulmonary gene delivery approach presents
excellent local and systemic biocompatibility and safety.

In conclusion, we here demonstrate that a marriage of
PEGylated TPFE-based gene delivery nanoparticles and
osmotically driven RVD effect synergistically enhances gene
transfer efficacy in the lung. We conducted a panel of in vitro
and in vivo studies to confirm that the enhancement was
attributed to the ability to overcome numerous biological
barriers present in the lung. Specifically, our PEGylation
strategy endows TPFE-based gene delivery nanoparticles
with abilities to overcome key extracellular barriers, even in
a pathological condition characterized by the reinforced
barrier properties. We also discovered that a hypotonic
vehicle facilitated endocytic uptake of the PEGylated nano-
particles by lung cells via the RVD effect, presumably

Figure 4. The effect of vehicle osmolality on TPFE-PEG-mediated trans-
gene expression following intratracheal administration. A) Representa-
tive confocal images demonstrating distribution of transgene expres-
sion mediated by pZG/TPFE-PEG administered in water- or saline-
based vehicle solutions with varying osmolality, including hypotonic
(Hypo, water), mildly hypotonic (Mildly Hypo, 0.45% saline) and
isotonic (Iso, 0.9% saline) vehicles in the airway (AW) and alveolar
sacs (AS) of wild-type C57BL/6 mice. The cell nuclei are stained with
DAPI (blue). Scale bars = 100 mm. B) Overall level of transgene expres-
sion mediated by pGL3/TPFE-PEG administered in hypotonic
(�100 nM suramin), mildly hypotonic and isotonic vehicles (�100 nM
suramin) in the lungs of wild-type C57BL/6 mice (n = 3). Error bars
represent SEM. *p<0.05, **p<0.01 and ****p<0.001.
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providing a means to overcome the PEG dilemma if any. The
elegantly simple combinatorial delivery strategy introduced
here may pave a way for clinical development of pulmonary
gene therapy.
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