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Dynamic assembly of DNA-ceria
nanocomplex in living cells generates
artificial peroxisome

Chi Yao1,2,3 , Yuwei Xu1,3, Jianpu Tang1,3, Pin Hu1, Hedong Qi1 &
Dayong Yang 1,2

Intracellular accumulation of reactive oxygen species (ROS) leads to oxidative
stress, which is closely associated with many diseases. Introducing artificial
organelles to ROS-imbalanced cells is a promising solution, but this route
requires nanoscale particles for efficient cell uptake and micro-scale particles
for long-term cell retention, which meets a dilemma. Herein, we report a
deoxyribonucleic acid (DNA)-ceria nanocomplex-based dynamic assembly
system to realize the intracellular in-situ construction of artificial peroxisomes
(AP). The DNA-ceria nanocomplex is synthesized from branched DNA with
i-motif structure that responds to the acidic lysosomal environment, trigger-
ing transformation from the nanoscale into bulk-scale AP. The initial nanoscale
of the nanocomplex facilitates cellular uptake, and the bulk-scale of AP sup-
ports cellular retention. AP exhibits enzyme-like catalysis activities, serving as
ROS eliminator, scavenging ROS by decomposing H2O2 into O2 and H2O. In
living cells, AP efficiently regulates intracellular ROS level and resists GSH
consumption, preventing cells from redox dyshomeostasis. With the protec-
tion of AP, cytoskeleton integrity,mitochondrial membrane potential, calcium
concentration and ATPase activity are maintained under oxidative stress, and
thus the energy of cell migration is preserved. As a result, AP inhibits cell
apoptosis, reducing cell mortality through ROS elimination.

Reactive oxygen species (ROS) are vital signaling molecules in cellular
metabolism that are generated from numerous enzymatic reactions as
by-products1,2. Generally, the intracellular content of ROS maintains a
dynamic balance between production and scavenging2. The excessive
production or deficient scavenging of ROS leads to oxidative stress,
which is closely associated with the pathogenesis and progression of
many diseases3, including cancers4, cardiovascular diseases5, and
neurodegenerative diseases6. The intracellular balance of ROS is
maintained by various organelles, including cytoplasm, endoplasmic
reticulum, mitochondria, and peroxisome7. Peroxisome is a multi-
functional organelle that virtually exists in all eukaryotic cells, which

contains redox enzymes for the elimination of ROS8,9. In pathological
regions, the over-generated ROS or the impaired scavenging ability of
disordered organelles will lead to cellular damage10. Under oxidative
stress of ROS, the structural integrity and organelle functions of cells
are damaged, and consequently the cell proliferation, differentiation
and metabolism are influenced10. The introduction of artificial orga-
nelles, such as the analogs or substitutes of peroxisome to ROS-
imbalanced cells, is an promising route to deal with this ROS damage11.

Artificial organelles, which canbe regarded as active nanoreactors
in cells, are designed to mimic or over-take the function of specific
natural organelles12,13 and control the cell fates14,15. Rationally designed
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artificial organelles require proper size for cell-uptake, but relatively
large structures for long-time cellular retention16–18. To overcome this
dilemma, dynamic systems are desired to achieve intracellular con-
trolled assembly19,20 and perform the function of organelle21. As a
natural biomacromolecule, deoxyribonucleic acid (DNA) exhibits
precise programmability and thus has been employed as a building-
block to realize controlled assembly/disassembly22,23. In particular,
functional DNA sequences can respond to specific intracellular stimuli
such as enzymes24, ions25, and pH26, facilitating topological transfor-
mation and self-assembly in living cells. Recently, wedeveloped aDNA-
based pH-responsive dynamic system that successfully achieved
topological transformation from nanoparticles to organelle-like
hydrogel architectures specifically mediated by lysosomal acidic con-
dition inside living cells27. Moreover, DNA molecule can be easily
hybridized with additional components to introduce more functional
modules, suchas ceria as redoxenzymemimetics, enablingDNA-based
materials with organelle-like activities28.

Herein, we design a DNA-ceria nanocomplex (DCNC) to achieve
intracellular dynamic assembly, and thus realize the in situ construc-
tion of artificial peroxisomes, which performs one function of per-
oxisomes to efficiently scavenge intracellular high-level ROS.
Branched-DNA building units are rationally designed with com-
plementary sticky ends to construct DNA assembler (DAS). Ceria
interacts with the phosphate backbone of DNA29 and assembles with
the DAS to formDCNCwith proper nanoscale size for efficient cellular
uptake. Upon the acidic lysosomal condition30, i-motif sequences in
branched-DNA can drive the nanoscale DCNC to assemble into stable
microscale architecture, termed artificial peroxisome (AP), for

improved cellular retention. In a typical AP, ceria exhibits catalyst
activity, mimicking the active centers of superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD) in natural peroxisomes; DNA
provides the materials system for assembly, and then serves as the
matrix of peroxisomes. The dynamic assembly of DCNC plays a key
role in improving the function of artificial organelles. In living cells
under high ROS conditions, this dynamic material system can effi-
ciently eliminate ROS, thus protecting cells from ROS damage and
realizes cell protection.

Results and discussion
Design, synthesis, and characterization of DCNC
The synthesisofDCNC included three steps (Fig. 1a): (i) the synthesisof
X- and Y-shaped branched DNA (X-DNA and Y-DNA). X-DNA contained
four sticky ends (SEs), and Y-DNA contained two SEs as well as one
i-motif sequence; (ii) the formation of DAS via complementary base
pairing of sticky ends (SE1 and SE2) betweenX-DNA andY-DNA; (iii) the
formation of DCNC based on electrostatic interaction and coordina-
tion between ceria and the phosphate acid skeleton of DAS. Ceria has
been reported to be the mimetics of enzymes due to its unique redox
properties31. In particular, ceria-based nanoparticles can serve as ROS
eliminator to scavenge excessive intracellular ROS32; by decomposing
H2O2 into O2 and H2O, ceria-based materials can provide cellular pro-
tection and alleviate cell damage33. In our design, after being inter-
nalized by cells, nanoscale DCNCs first partially dissociated in early
endosomal slight acidic condition (pH ~6.5), and then reassembled into
microscale aggregates through crosslinkingof i-motif sequence in late-
endosomal/lysosomal acidic condition (pH ~5.5). The aggregates

i-motif: CCCCTAACCCC

SE1: GGAGAGAGGAGG 

SE2: CCTCCTCTCTCC
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transferred into cytoplasm via lysosomal escape, becoming long-term
retained APs, and served as intracellular ROS regulator to achieve the
reduction of oxidative stress, the maintenance of redox homeostasis,
and the protection of cells (Fig. 1b).

X-DNA and Y-DNA as building units were rationally designed and
synthesized (Supplementary Table 1). Polyacrylamide gel electro-
phoresis (12% PAGE) was performed to verify the synthesis of DAS and
DCNC (Fig. 2a). Lane 1, 2, 3, and 4 represented Y-DNA (Supplementary
Fig. 1a), X-DNA (Supplementary Fig. 1b), DAS, and DCNC, respectively.
In lane 3, an intense band with smear was observed, validating the
formation of DAS; in lane 4, a band was observed in the loading well,
confirming that the DCNC was assembled from copies of Y-DNA and
X-DNA. Ceria was synthesized by the chemical precipitationmethod34.
According to the high-resolution transmission electron microscopy
(HRTEM) images, ceria showed spherical morphology and mono-
dispersed size of ~5 nm, with a lattice spacing of 0.2 nm (Supplemen-
tary Fig. 2). The size of DAS was measured to be ~43.8 nm by dynamic
light scattering (DLS) analysis (Supplementary Fig. 3a). Driven by
electrostatic interaction and coordination, ceria (+7.32mV) easily
integratedwith DAS (−41.37mV) to formDCNC (−31.77mV) (Fig. 2b, c).
Transmission electron microscopy (TEM) image suggested that DCNC
was spherical, with a mono-distributed size of ~100nm (Fig. 2d). Ele-
mental mapping images showed that Ce element from ceria and P/N
elements from DNA were homogeneously distributed in the nano-
complex (Fig. 2e). When pH changed from 7.4 to 5.5, DCNC assembled

into aggregates (Fig. 2f); DLS analysis and scanning electron micro-
scopy (SEM) confirmed that the average size of nanocomplex
increased from nanoscale into microscale (Fig. 2g–i). From circular
dichroism (CD) spectra analysis, the characteristic peak at 272 nm red-
shifted to 276 nm due to the formation of i-motif structure (Supple-
mentary Fig. 4). In contrast, the CD spectra analysis of DniCNC (without
i-motif sequence) did not show significant shift at different pH (Sup-
plementary Fig. 5), and the DLS analysis confirmed that the average
size of nanocomplex did not increase (Supplementary Fig. 3b), indi-
cating no acid-responsive assembly mediated by the formation of
i-motif structure. According to the calibration curve of absorbance vs.
concentration of ceria, the loading capacity of DCNC towards ceria at
100μM was calculated to 88.1% (Supplementary Fig. 6 and 7), and
there was no significant difference between the loading capacity of
DniCNC and DCNC (Supplementary Fig. 8).

To explore the assembly behaviors at different pH conditions,
DCNCs were incubated in pH 7.4, 6.5, and 5.5 buffer for 4 h, respec-
tively. The result of agarose gel electrophoresis showed that the smear
bandof pH6.5wasmoreobvious than that of pH7.4 and 5.5, whichwas
probably due to the weakened interactions between DAS and ceria, as
well as the inefficient formation of i-motif structure at pH 6.5 (Sup-
plementary Fig. 9a). These results also supported the proposed
mechanism that the DCNC firstly dissociated in early endosome and
then reassembled in late endosome/lysosome (Fig. 1b). Then, DniCNC
and DCNC were incubated in pH 5.5 solution for 4 h, respectively. A
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Fig. 2 | The synthesis and characterization of DCNC. a 12% polyacrylamide gel
electrophoresis (PAGE) for verifying the synthesis of Y-DNA, X-DNA, DAS, and
DCNC. b Zeta potential measurement of ceria, DAS, and DCNC. Bars represent
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smear band in 2% agarose gel electrophoresis image showed the dis-
assembly of DniCNC, while DCNC still remained in the loading well
(Supplementary Fig. 9b). It was inferred that in acid environment DNA
was protonated, and thus the electrostatic interaction of DNA-ceria
was weakened, leading to the dissociation of DniCNC and DCNC. In
DCNC, the dissociatedDNA immediately reassembled into larger-sized
aggregates through crosslinking of i-motif sequence; in DniCNC, the
dissociated DNA would not form aggregates due to the lack of i-motif
sequences. After pH being tuned from 5.5 to 7.4, the band of DniCNC
appeared in the loading well, indicating that the assembly of DniCNC
recovered in neutral buffer (Supplementary Fig. 9c); the aggregates
formed by DCNC still retained in the loading well, which was further
confirmed by TEM (Supplementary Fig. 10). It was supposed that
during the reassembly progress, DNA further assembled by inter-
strand entanglement and ceria-DNA coordination, which maintained
the aggregation state27. Notably, limited by the resolution of agarose
gel electrophoresis, the nano-structuredDniCNC andDCNC (~100nm),
and the micro-sized aggregates both remained in the loading wells.

Verification of the catalysis activity of DCNC
The elimination effect of DCNC towards ROS was then explored, dur-
ing which DCNC catalyzed ROS into nontoxic H2O andO2 (Fig. 3a). The
performance of the catalytic activity of DCNC depends on the Ce3+/
Ce4+ ratio35. X-ray photoelectron spectroscopy (XPS) of cerium in
DCNC showed that the chemical valence of cerium in DCNC was a
mixed state of trivalence and tetravalence, and the Ce3+/Ce4+ ratio was
1/9. The relatively high level of cerium in +4 oxidation state endowed
the DCNC with enzyme-like activity (Fig. 3b).

The enzyme-like catalysis activities of DCNC, including SOD-,
CAT-, and POD-like activity were evaluated. The SOD-like activity of
DCNC was determined via nitroblue tetrazolium (NBT) assay by
monitoring the decomposition of superoxide anion (O2

·−). O2
·− was

produced by the system of riboflavin, methionine, and NBT under UV
irradiation, andO2

·− level was evaluated bymeasuring the absorbance

at 560 nm. The results showed that O2
·− level decreased significantly

with the increase of DCNC concentration, presenting SOD-like
activity of DCNC (Supplementary Fig. 11). CAT-like activity was
detected via ammonium molybdate (AMT) spectrophotometric
method, in which H2O2 interacted with AMT to form stable yellow
complex, whose absorbance at 405 nm was proportional to the
concentration of H2O2 (Supplementary Fig. 12). POD-like activity was
evaluated via colorimetric assay using 2, 2’-Azinobis-(3-ethyl-
benzthiazoline-6-sulfonate) (ABTS) as substrate. In the presence of
H2O2 and DCNC, ABTS was oxidized into green-colored ABTS·+

, with
the characteristic absorption peaks around 405 nm (Supplementary
Fig. 13). As shown in Fig. 3c, with the increase of DCNC concentration,
H2O2 elimination percentage improved significantly. In 300 μMH2O2

solution, 72.8% of H2O2 was eliminated by 8 μM DCNC at pH 7.4
in 60min.

The CAT-like activity of DCNC at varied pH was further evaluated
by monitoring H2O2 decomposition and O2 production. DCNC was
confirmed to decompose H2O2 at both acidic and neutral conditions;
the decomposition percentage reached 85.8% at pH 7.4 in 150min
(Fig. 3d), and there was no significant difference on the catalytic
activity between DniCNC and DCNC (Supplementary Fig. 14). The O2

production at varied time points were then detected by using dis-
solved oxygen meter. When pH was changed from 7.4 to 4.5, the
generation efficiency of O2 decreased from 3.22 to 1.73mg/L, indicat-
ing that DCNC possessed the strongest CAT-like activity at pH 7.4
(Fig. 3e). These results indicated that the endogenous ROS can be
efficiently transformed to O2 by DCNC at physiological condition. Due
to the CAT-like activity of decomposing H2O2, DCNC was potential to
serve as antioxidant to prevent glutathione (GSH) from being oxidized
into oxidized glutathione (GSSH) by H2O2. PBS buffer, DAS, and DCNC
were added to the mixture of GSH and H2O2, respectively, and then
GSH consumption were monitored at varied time points (Fig. 3f). PBS
group showed 44.4% GSH consumption by H2O2, while GSH con-
centration in DCNC groupmaintained 90.6%, verifying that DCNCwas
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an efficient protector against GSH oxidization under high H2O2

concentration.

Intracellular dynamic assembly of DCNC
The stability of DCNC was tested by incubating DCNCs with 10% FBS
for varied timedurations. According to the results of PAGE, no obvious
degradation was observed during 60-h incubation (Supplementary
Fig. 15). These results showed the strong interactions between DNA
and ceria, and indicated that ceria particles stably stayedwith DNA and
would not leak out from the complex. In addition, the acid-responsive
assembly of DCNCmediated by the formation of i-motif structure still
occurred in cell culture medium (Supplementary Fig. 3c). To investi-
gate the elimination effects of DCNC towards ROS, the cellular uptake
behavior of Cy5-labeled DCNC by MCF-7 cells was then evaluated.
Uptake efficiency was analyzed by flow cytometry (FCM) at varied time
points. The fluorescence signal intensity of Cy5 increased with time in
12 h, indicating that DCNCwas efficiently internalized (Supplementary
Fig. 16). The cellular uptake pathway of DCNC was studied by treating
MCF-7 cells with specific endocytic inhibitors36. Compared with the
control group, the cellular uptake of DCNC was significantly inhibited
by low temperature, amiloride (micropinocytosis inhibitor), nystatin/
genistein (caveolae-mediated endocytosis inhibitor), and chlorpro-
mazine (clathrin-mediated endocytosis inhibitor), indicating that the
cellular uptake was an ATP-dependent process, which relied on
micropinocytosis, caveolae-mediated endocytosis, and clathrin-
mediated endocytosis (Fig. 4a, Supplementary Fig. 17). This inter-
nalization pathway indicated that DCNC was internalized to early
endosomes (pH ~6.5), and then translocated to the late endosome/
lysosome (pH ~5.5). The colocalization between Cy5-labeled DCNC and
lysosomeswas tracked by confocal laser scanningmicroscopy (CLSM).
DCNC entered cells, and the fluorescence signals of Cy5 and Lyso-
Tracker were not overlapped at 2-h incubation (Fig. 4b). After 4-h
incubation, the intracellular fluorescence intensity of Cy5 increased,
co-localized with the fluorescence of LysoTracker, indicating that
DCNC had translocated into late endosome/lysosomes. In late endo-
somal/lysosomal acidic environment, DCNC tended to dissociate and
reassemble into larger aggregates through acid-responsive i-motif
structure. At the time point of 6 h, less fluorescence signal of DCNC
coincided with that of late endosome/lysosomes, suggesting that the
aggregates began to escape from lysosomes. In the magnified images,
the red fluorescence presented as clusters, reflecting that DCNC
remained aggregation after escaping from lysosomes. At the time
point of 8 h, most of the aggregates had translocated into cytoplasm
and became APs.

To perform the role of artificial organelles, the APs were required
to present long-time retention in complex biological and remained the
function of cellular metabolism regulation. Thus, the intracellular
retention of APs was studied. Fluorophore-labeled DCNC was incu-
bated with MCF-7 cells for 12 h to adequately enter cells, and then the
culture medium was changed into fresh medium for incubation.
According to the CLSM images and corresponding quantitative ana-
lysis, the intracellular fluorescence intensity of DCNC was significantly
higher than that of DniCNC (Fig. 4c, d). In addition, the escape kinetics
of DCNC and DniCNC was monitored by measuring the fluorescence
intensity of the cell culture supernatant. The results showed that the
intensity in DCNC group was significantly lower than that in DniCNC
group during 60-h incubation (Supplementary Fig. 18). These results
indicated that the assembly of DCNC from monomers to aggregates
improved intracellular retention time. The process of dynamic
assembly was further observed at the subcellular level. DniCNC and
DCNC were incubated with MCF-7 cells for 12 h, respectively, in which
half DniCNC and DCNC were Cy5-labeled and the other half were black
hole quencher (BHQ)-labeled. Upon the assembly behavior, Cy5
fluorophores were supposed to be quenched by BHQ, leading to the
decrease in fluorescence intensity, and this process was verified via the

analysis of fluorescence intensity by CLSM.Compare to DniCNC group,
the fluorescence intensity of DCNC group significantly decreased,
indicating that the assembly depended on the formation of i-motif
structures (Supplementary Fig. 19). The assembly of DCNC in lyso-
somes was further observed by TEM. In DniCNC group, the magnified
image of a lysosome showed that spherical nanoparticles with the size
of ~100nm distributed in the lysosome (Fig. 4e, Supplementary
Fig. 20a), indicating that DniCNCs did not form aggregates due to the
lack of i-motif sequences. In DCNC group, the images showed amor-
phous aggregates in the lysosome (Fig. 4f, Supplementary Fig. 20b),
confirming the assembly of DCNC in lysosomes.

The biocompatibility of DCNC was further evaluated via cell
counting kit-8 (CCK-8) assay. DCNC showed good biocompatibility
over a wide range of concentrations from 0.25 to 4μM, and even
promoted the proliferationofMCF-7 cells (Supplementary Fig. 21). The
concentration of 1μM was chosen for the following experiments. The
biocompatibility of other groups (DniAS, DAS, and DniCNC) at varying
concentrations was also tested. The intracellular catalytic activities of
ROS elimination were then measured through the change of intracel-
lular ROS level. The ROS level was evaluated by the fluorescence
intensity of a ROS probe, 2’−7’dichlorofluorescin diacetate (DCFH-DA),
which was a fluorogenic dye that interacted with ROS and showed
green fluorescence. After incubating DCNCwithMCF-7 cells for varied
time, fluorescence microscopy images showed that the green fluor-
escence intensity began to decrease at 4-h incubation, indicating that
DCNC effectively reduced the intracellular ROS level (Supplementary
Fig. 22a and 22b). On the other hand, the ability ofDCNC toproduceO2

in living cells was investigated. Tris (4, 7-diphenyl-1, 10-phenanthro-
line) ruthenium (II) dichloride ([Ru(dpp)3]

2+Cl2) was used as the
quenchable indicator for O2 generation. The fluorescence images
showed that the red fluorescence intensity decreased obviously in 4 h
(Supplementary Fig. 22c and 22d). These results demonstrated the
intracellular catalytic activity of DCNC to decompose ROS into O2.

Intracellular effects of artificial peroxisome
Intracellular high ROS concentration can interfere cell metabolism and
induce oxidative stress, causing cell damage and even apoptosis37. To
verify that DCNC was able to regulate the intracellular ROS level and
protect cells, H2O2 was introduced to simulate the oxidative stress
condition (Fig. 5a, b). MCF-7 cells were incubated with a series of
materials (PBS, DniAS, DAS, DniCNC, and DCNC) for 12 h to ensure the
sufficient internalization of materials. Then the medium was replaced
with fresh one and cultured for another 24 h to complete intracellular
assembly process and the formation of AP. The cells were treated with
high-concentration H2O2 (1mM) and cultured at normal conditions to
observe the subsequent biological effect. The intracellular ROS level
was measured with ROS probe. After being treated with high-
concentration H2O2, the green fluorescence intensity in PBS group
was 4.17 times of that in blank group, confirming the rise of intracel-
lular ROS level (Fig. 5c, d). DniAS and DAS groups showed 3.74- and
3.66-times fluorescence intensity of blank group, indicating that DNA
as only component was not able to effectively eliminate ROS. In con-
trast, the fluorescence intensity of DniCNC and DCNC groups
decreased to 1.99 and 1.22 times of blank group; remarkably, DCNC
group showed significant elimination of ROS via the formation of AP.
The fluorescence intensity in cells was then analyzed by FCM, which
was consistent with the results of fluorescencemicroscopy, thatDCNC
effectively regulated intracellular ROS level (Fig. 5e). The ROS elim-
ination was further monitored with time-variation. MCF-7 cells were
treated with high-concentration H2O2 (1mM) and incubated with
DCNC. According to the results of fluorescence microscopy, intracel-
lular ROS level gradually decreased with DCNC incubation in 48 h
(Supplementary Fig. 23). These results demonstrated that the
intracellularly-constructed AP via the dynamic assembly of DCNC
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possessed strong ability of ROS elimination, and maintained redox
homeostasis via the regulation of intracellular ROS level.

GSH is a predominant intracellular antioxidant, and also acts as
cofactors of many detoxifying enzymes38. In the redox reaction
between GSH andH2O2, GSH donates electrons to H2O2 and catabolize
H2O2 into H2O andO2. The excessive consumption of intracellular GSH
leads to increased oxidative stress, reduced supply of oxygen and
nutrients to the cells, and eventually cell apoptosis. The intracellular
GSH contents of cells incubatedwith variedmaterials and then treated

with H2O2 were measured. The concentration of GSH in PBS group
reduced 38.1% compared to that of blank group, confirming that ROS
increase caused GSH depletion, and led to the dyshomeostasis of cells
(Fig. 5f). The GSH concentration in DniAS and DAS groups reduced
31.3% and 26.1% respectively, indicating that pure DNAmaterials could
not decompose excessive H2O2. Remarkably, the GSH level in DCNC
group recovered to equal to that in PBS group, indicating the resis-
tanceof GSH consumptionby AP throughROS elimination. To validate
the preservation effects of DCNC toward cells at molecular level,
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western blot on the expression of Bcl-2 protein was performed. Under
oxidative stress, the expression level of Bcl-2 would be inhibited by the
high-concentration ROS. According to the results, H2O2 significantly
decreased the expression level of Bcl-2, while the Bcl-2 expression
maintained at the normal level after DCNC treatment, indicating the
preservation effects of AP to cells through ROS elimination (Supple-
mentary Fig. 24).

Cytoskeleton is a network to maintain cellular morphology and
important cell functions, which is susceptible to oxidative stress. Evi-
dences have supported that the perturbation of cytoskeletal proteins
is the initial step of oxidant-induced cell damage39. To investigate the
influence of oxidative stress to cytoskeleton, MCF-7 cells were incu-
bated with varied materials and treated with H2O2, and β-actin were
stained with FITC-labeled phalloidin. As shown in CLSM images, the
fluorescence intensity of cytoskeleton in PBS group was notably
decreased, and the cells exhibited shrunkenmorphology (Fig. 5g). This

phenomenonwas due to the production of ·OH in the process of H2O2

metabolism, inducing the remodeling of actin cytoskeleton and
reducing the formation of stress fibers. The cytoskeleton in DCNC-
treated group showed clear actin filaments in CLSM images, suggest-
ing that with the protection of AP, cells maintained the structural
integrity under oxidative stress.

Preservation effects of DCNC towards cells
The accumulation of H2O2-induced oxidative stress would cause oxi-
dative damage to mitochondria, leading to the decrease in mito-
chondrial membrane potential and the rise of calcium concentration
(Fig. 6a). Mitochondrial membrane potential (ΔψM) is one of the key
parameters ofmitochondrial function. JC-10mitochondrialmembrane
potential assay was used to test the change of mitochondrial mem-
brane potential upon the treatment of a series of materials and H2O2.
Greenfluorescencewas from JC-10monomers and the redwas from JC-
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10 aggregates; the decreased red intensity represented the drop of
mitochondrial membrane potential. According to Fig. 6b, red fluor-
escence intensity in PBS group was significantly lower than that in
blank group, reflecting the oxidative damage to mitochondria. The
mitochondrialmembranepotential inDCNCgroupmaintained normal
level, indicating that DCNC assembled into AP, effectively eliminating
ROS and protecting cells from mitochondrial damage. The change of
mitochondrial membrane potential of cells protected by DCNC was
further monitored in 48h. According to the CLSM images, mitochon-
drial membrane potential increased regularly after the addition of
DCNC, indicating the resistance toward oxidative stress by AP (Sup-
plementary Fig. 25).

H2O2-induced oxidative would cause the increase of intracellular
calcium (Ca2+) concentration, and thus Ca2+ concentration duringH2O2

accumulation and elimination was detected. The presence of AP in
DCNC group effectively regulated H2O2 level and maintained Ca2+

concentration (SupplementaryFig. 26). In a continuedmonitoringwith
time duration, where cells were damaged by high-concentration of
ROS, DCNC eliminated the overdosed H2O2 and decreased calcium
concentration in 48 h (Supplementary Fig. 27). In addition, H2O2

accumulation influenced ATPase activity and cause the decrease of
ATP content in cells. Relative ATP content of PBS group decreased
46.4% compared to that of blank group, while the ATP level of DCNC
group showed negligible change (Fig. 6c). Since mitochondria are the
“power plant” of cell that produce energy, mitochondrial damagemay
influence the ATP-dependent cell migration. Transwell assay was used
to detect the invasion ability of cells mediated by cell migration. The
presence of H2O2 significantly weakened cell invasion; the level of cell
migration and invasion in DCNC group was equal to that observed in
blank group (Fig. 6d, Supplementary Fig. 28).

H2O2 can be transported through cell membrane and induce
concentration-dependent cytotoxicity; high concentration can cause
cell apoptosis and death. The cytotoxicity of varied H2O2 concentra-
tions to MCF-7 cells was confirmed by CCK-8 assay (Supplementary
Fig. 29). Then the protection effect of AP on cells was investigated.
After incubation with a series of materials, MCF-7 cells were treated
with 1mM H2O2 (Fig. 6e). Compared to the blank group, the cell via-
bility in PBS group decreased 45.9%. Groups of pure DNA materials
DniAS and DAS showed negligible protection toward mortality. In the
presence of ceria, cell viability in DniCNC group rose to 83.6%.
Remarkably, cell viability in DCNC group remained 92.1%, due to the
prolonged retention time of assembled AP in cells. To visually evaluate
the protection on cells, living/dead cell analysis was then performed to
test the viability ofMCF-7 cells incubatedwith a series ofmaterials and
treated with H2O2. As shown in the fluorescence microscopy images,
after treated with H2O2, PBS, DniAS, and DAS groups contained 36.2%,
33.5% and 21.9% of PI-stained dead cells, respectively, reflecting the
cytotoxicity of H2O2 and inefficient protection by pure DNA materials
(Fig. 6f, Supplementary Fig. 30). In contrast, DniCNC andDCNC groups
contained 21.9 and 10.7% dead cells respectively, due to the decom-
position of H2O2 and protective effect by the materials, especially by
AP assembled from DCNC. Besides, apoptosis level of cardiomyocytes
was determined by the FITC-annexinV/PI (FITC, fluorescein iso-
thiocyanate; PI, propidium iodide) double-staining flow cytometry
assay (Supplementary Fig. 31). DCNC showed the highest inhibition
effect of cell apoptosis, demonstrating an effectively reduced cell
mortality via inhibiting apoptosis.

In conclusion, we developed a DNA-ceria nanocomplex that
responds to intracellular conditions, realizing the in-situ construction
of artificial peroxisome via dynamic assembly. The nanocomplex was
synthesizedwith the correct size for cellular uptake; where in response
to late-endosomal/lysosomal acidic conditions, the nanocomplex is
transformed into bulk-sized artificial peroxisomes to achieve
enhanced retention. The artificial peroxisome performed one function
of peroxisomes to efficiently scavenge the high-concentration ROS

and prevent cells from oxidative stress. Compared with other strate-
gies for constructing artificial organelles, our strategy achieved the in-
situ dynamic assembly to form functional artificial peroxisomes in
living cells.

This chemical material system can be further expanded, as dis-
cussed below. (1) The dynamic assembly of DCNCwas triggered by the
acidic condition in late endosome/lysosome, and the capability of
DCNC on ROS scavenging was also proved effective in more cell lines,
such as H9C2 cell and BEAS-2B cell (Supplementary Fig. 32). (2) For
DNAmaterial itself, many functionalmodules can be obtained through
DNA sequence design, which can be integrated to DNA nanostructures
to achieve more abundant chemical properties and biological func-
tions, facilitating the intracellular dynamic assembly of artificial orga-
nelles; (3) For the hybridization of DNA with other materials, DNA
molecules can be coupled with many other functional units including
organic and inorganicmaterials, and thus the artificial organelles could
be endowed with more biological activities.

In the current work, the feasibility of the intracellular in-situ
construction of artificial peroxisome from DNA-ceria nano complex
has been demonstrated, and the capability of this artificial peroxisome
onROS scavenging has been validated in vitro. For in vivo applications,
challenges including the influence of complicated conditions, such as
the acidic extracellular microenvironments and intracellular com-
partments, would need to be considered. (1) Since the aggregation of
DCNC is irreversible, the delivery strategy of DCNC would be impor-
tant to ensure assembly in the target region. For example, liposomes
could be potential carriers for the efficient loading and delivery of
DCNC. (2) In the design of DNA materials, targeting modules such as
aptamers could be introduced to improve the specificity of materials
to tumors or targeted organs. (3) Complicated conditions including
acid, metal ions, and other biological stimuli could potentially provide
additional possibilities for dynamic assembly and construction of
artificial organelles. We could exploit these complicated biological
conditions, as well as the differences of biological stimuli at cellular
and subcellular levels, to achieve dynamic assembly in targeted sites.

Methods
Synthesis of ceria
The monodispersed ceria was synthesized via the alkaline-based pre-
cipitation method published by Perez et al. 10mL of an aqueous
solution of 1M cerium nitrate and 0.1M dextran T-10 were prepared
and mixed by vortex. The solution was then added to 30mL of 25%
ammonium hydroxide dropwise, and the mixture was stirred at 25 °C
for 24 h. The particles were centrifuged three times at 1500 × g for
10min to remove debris and unattached dextran. Finally, the particles
were suspended in PBS and stored at 4 °C.

Synthesis of DAS
For the synthesis of Y-shaped and X-shaped DNA (Y-DNA and X-DNA,
20μM), three (Y1-, Y2-, and Y3-DNA) or four components (X1-, X2-, X3-,
and X4-DNA) were mixed together at the equal molar ratio in 1 × TAE/
Mg2+ buffer (Tris–acetic–EDTA, 40mM Tris base, 20mM acetic acid,
2mM EDTA, and 12.5mMmagnesium acetate, pH 8.0) and then added
to the Eppendorf (EP) tube. Themixture was heated up to 95 °C for 1 h
and slowly annealed to 10 °C. For the preparation of DAS, Y-DNA and
X-DNA were mixed together at the molar ratio of 2:1 in TAE/Mg2+

buffer. The mixture was first incubated at 35 °C for 1 h with the vibra-
tion speed of 1000 rpm, and then heated to 95 °C as well as slowly
annealed to 10 °C. The molar concentration of DAS is determined on
the basis of the concentration of X-DNA.

Synthesis of DNA-ceria nanocomplex (DCNC)
DCNC was synthesized by adding extra concentration of ceria in the
DAS. 20μM X-DNA was mixed with 20μM Y-DNA at the molar ratio of
1:2 in TAE/Mg2+ buffer, forming into DAS. The obtained DAS was
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furthermixedwith 100μMceria suspension at the volume ratio of 3:17.
After ultrasound for 10min, the mixture was heated up to 95 °C for 1 h
and slowly annealed to 10 °C, forming into DCNC. The concentration
of DCNC was determined on the basis of the final concentration of
X-DNA (1μM).

The synthesized DCNC were centrifuged at 12,000 × g for 5min
and washed three times by 1 × TAE/Mg2+ buffer (pH 8.0) to achieve the
purification step. Then the loading capacity of ceriawasdeterminedby
the difference between the concentration of original ceria, and ceria
remained in the supernatant after centrifugation.

The absorbance value at 300 nm (A300) of ceria at different ceria
concentration (Cceria) was first determined.

A300 =0:0006443*Cceria � 0:002103 R2 =0:9922

The loading capacity of DCNC towards ceria at different con-
centrationwere then tested, and the loading capacity ofDCNC towards
ceria at 100μM reached 88.1%.

Acidity-triggered formation of aggregates from DCNC
The synthesized DCNC were centrifuged at 12,000 × g for 5min and
then suspended in 1 × TAE/Mg2+ buffer (pH 5.5) to form aggregates.

Polyacrylamide gel electrophoresis (PAGE) and agarose gel
electrophoresis
The construction of Y-DNA, X-DNA, DAS, and DCNC was verified by
using 12% PAGE. Each sample (X, Y-shaped DNA, DAS, and DCNC, 5μL)
was mixed with 6× loading buffer (1μL) and analyzed by 12% PAGE gel
at 120 V for 45min in 1 × TBE buffer. The bands were stained with
ethidium bromide (EB), visualized by UV illumination (302 nm), and
photographed by the JS-680B gel imaging analysis system. The reas-
sembly of DCNC at pH 5.5 was verified by 2% agarose gel
electrophoresis.

Circular dichroism (CD) spectra measurement
The samples were diluted to 0.5μM. 200μL samples were loaded into
circular cuvette. The absorbance values of the samples weremeasured
at wavelength ranging of 220~320 nm by a CD chiroptical spectro-
meter (J-810, Jasco, Japan) at room temperature.

H2O2 decomposition assay
The H2O2 concentrations at series of time points were measured by
using AMT spectrophotometric method. Different concentrations of
DCNC (0.125, 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 µM) and 300μM H2O2

were mixed in PBS (pH 7.4) at 37 °C or a total of 300μM of H2O2 and
DCNC (8μM) were mixed in PBS (pH 4.5, 5.5, 6.5, and 7.4) at 37 °C,
followed by measuring the absorbance at 400 nm (A400) using a
microplate reader every 10min until 150min to evaluate the H2O2

concentration.

Oxygen generation
In order to verify the capability of H2O2 decomposition and O2 pro-
duction, PBS, DAS, and DCNC (8μM) were mixed with 10mL PBS
containing 1mMH2O2 at 37 °C. Catalyst capability at different (pH 4.5,
5.5, 6.5, and 7.4) were also conducted. The dissolved O2 concentration
was real-time monitored by a dissolved oxygen meter (P903, YOKE
instruments, China).

GSH consumption
To confirm that the addition of materials could protect GSH from
being oxidized into GSSH by H2O2, PBS, DAS (8μM), and DCNC (8μM)
were incubated with 25 µL GSH (1mM) and 25 µL H2O2 (1mM) at 37 °C
for different time points (range from 30 to 180min). After the incu-
bation, materials were separated by centrifugation, and the super-
natant was collected for GSH measurement by GSH kit. 10 µL of

supernatant was added into 100 µL of GSH kit reaction mixture, and
measured by UV-vis to determine GSH concentration after 25min’s
reaction.

TEM of cell samples
ForTEM imaging,MCF-7 cellswerefirst treatedwithDASandDCNC for
6 h, respectively. Cells were washed three times with PBS and then
collected for further fixation and ultrathin sections. TEM images of
MCF-7 cells were observed using a transmission electron microscope
(JEM-1400 Flash, Japan).

Cell culture
MCF-7 cells (CVCL_0031), H9C2 cells (CVCL_A0TS), and BEAS-2B cells
(CVCL_0168) were purchased FENGHUISHENGWU Technology Co.,
Ltd. The human breast carcinoma cell line MCF-7 cells were routinely
cultured with Dulbecco’s modified eagle medium/high glucose
(DMEM-H) (4.5 g/L glucose, 4.0mM L-glutamine) supplemented with
10% (v/v) FBS, 100U/mL penicillin, 100mg/mL streptomycin and
50mg/mL gentamycin sulfate under the condition of 5% CO2 at 37 °C.

Cellular uptake test
MFC-7 cells were seeded into six-well cell culture dish and cultured
overnight to allow the cells to attach onto the glass bottom. After-
wards, Cy5-labeled DCNC was added at different time points respec-
tively to each well with the final concentration of 100 nM. Before the
endof incubation, the cellswere stainedby LysoTrackerGreenDND-26
for 2 h, and fixed with 4% fixative solution (paraformaldehyde) for
20min, and thenwashed by PBS for three times. The cells were stained
with Hoechst 33342 (5μg/mL) for another 15min. Finally, the fluores-
cencewasobservedby confocal laser scanningmicroscope (CLSM800
with Airyscan, Zeiss).

Escape kinetics
DniCNC and DCNC were stained by SYBR Green I for 1 h and then
washed by TAE/Mg2+ buffer for two times. MCF-7 cells were incubated
with different materials (PBS, DniCNC, and DCNC) for 12 h, respec-
tively. The culture medium was changed into fresh one and the cells
were cultured continuously. The culture medium was collected after
incubation for 12, 24, 36, 48, and 60 h, respectively. The fluorescence
intensity of the collected media was measured by a microplate reader
(BioTek, SYNERGY H1). Excitation: 490nm; Emission: 530 nm.

Intracellular O2 levels measurement
Intracellular O2 levels of MCF-7 was indicated with [Ru(dpp)3]

2+Cl2 (tris
(4, 7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride). DCNC
were incubated with MCF-7 cells at different time points, respectively.
The O2 indicator [Ru(dpp)3]

2+Cl2 and Hoechst 33342 was added, with
the final concentration of 10μg/mL and 5μg/mL, respectively. Then
the intracellular fluorescence was observed by CLSM.

Intracellular ROS imaging
MCF-7 cells were first incubated with different materials (PBS, DniAS,
DAS, DniCNC, and DCNC) for 12 h, ensuring that materials can enter
cells sufficiently. And then the culturemediumwas changed into fresh
one and cultured for another 24 h to ensure the intracellular dynamic
assembly process. MCF-7 cells were then incubated with high con-
centration H2O2 (1mM) for 2 h and cultured at normal condition for
another 12 h. After the culture, MCF-7 cells were incubated with DCFH-
DA for 20min and washed before fluorescence microscopy. Fluor-
escent imaging of DCFH-DA was performed with 488nm excitation
and 510~540 nm emission.

Western blot
Protein concentrations of samples were determined by BCA protein
quantification kit. The samples with 30μg protein were separated by
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%
sodium dodecyl-sulfate polyacrylamide gel electrophoresis) and
transferred onto polyvinylidene fluoride membranes. The membranes
were washed three times with Tris-buffered saline containing 0.1%
Tween-20 (TBST), blocked by 5% skimmed milk for 1 h, washed again
with TBST, and finally incubated with anti-Bcl-2 (Abcam, ab219608,
diluted to 1:2000) and anti-β-actin (Cell Signaling Technology, #4970,
diluted to 1:1000) at 4 °C overnight. After washing with TBST, the
membranes were incubated with horseradish peroxidase-labeled sec-
ondary antibody (Yeasen, 33201ES60, 33101ES60, diluted to 1:5000) at
37 °C for 1 h. Themembranes were washed three times with TBST. The
protein bands were detected using enhanced chemiluminescence
reagent (Yeasen, 36208ES60*) and observed by using a gel image
system.

Flow cytometry
In the experiment of cell uptake, MCF-7 cells were seeded and incu-
bated overnight. 100μL of Cy5-labeled DCNC were added into each
well and incubated with cells for 2, 4, 6, 8, and 12 h, respectively. After
incubation, the supernatant was discarded, and MCF-7 cells were
digested by trypsin-EDTA solution and terminated for digestion by
adding DMEM-H medium. The cell suspension was washed twice with
PBS, filtered with 70-μm sieves, and collected into flow tubes in dark.

In the experiment of ROS levels, MCF-7 cells were seeded and
incubated overnight. PBS, DniAS, DAS, DniCNC, and DCNC were incu-
bated with cells for 12 h, respectively. The medium was replaced with
fresh DMEM-H, and the cells were cultured for another 24 h. The cells
were treated with high concentration H2O2 (1mM) for 2 h and then
cultured at normal conditions for another 12 h. Cells were then col-
lected and stained with DCFH-DA. The cell suspension was washed
twicewith PBS,filteredwith 70μmsieves, and collected intoflow tubes
in dark.

In the experiment of cell apoptosis, MCF-7 cells were seeded and
incubated overnight. PBS, DniAS, DAS, DniCNC, and DCNC were incu-
bated with cells for 12 h, respectively. The medium was replaced with
fresh DMEM-H, and the cells were cultured for another 24 h. The cells
were treated with high concentration H2O2 (1mM) for 2 h and then
cultured at normal conditions for another 12 h. The cells were then
collected and stained with ANNEXIN V-FITC/PI. The cell suspension
was filtered with 70-μm sieves and collected into flow tubes in dark.

Gating process was shown in Supplementary Fig. 16a. All data of
flow cytometry was processed by FlowJo VX10.

Intracellular GSH level
MCF-7 cells were seeded into the six-well plate (2 × 105 cells per well),
and cultured overnight. MCF-7 cells were first incubated with different
materials (PBS, DniAS, DAS, DniCNC, and DCNC) for 12 h, ensuring that
materials can enter cells sufficiently. The culturemediumwas changed
into fresh one and cultured for another 24 h. MCF-7 cells were then
incubated with high concentration H2O2 (1mM) for 2 h and cultured at
normal conditions for another 12 h. After the culture, the cells were
collected to extract lysis. The concentration of GSH in lysis were
measured by GSH kit purchased from Beyotime.

Mitochondrial membrane potential (MMP) analysis
MMPwas analyzed byCLSMusingMMP assay kit (JC-10 kit).MCF-7 cells
were seeded into the six-well plate (2 × 105 cells per well), and cultured
overnight. MCF-7 cells were first incubated with different materials
(PBS, DniAS, DAS, DniCNC, and DCNC) for 12 h, ensuring that materials
can enter cells sufficiently. The culture mediumwas changed into fresh
one andcultured for another 24 h.MCF-7 cellswere then incubatedwith
high concentration H2O2 (1mM) for 2 h and cultured at normal condi-
tions for another 12 h. After the culture, MCF-7 cells were stained with
JC-10 kit, and then stained with Hoechst 33342 (5μg/mL) for another
15min. Finally, the intracellular fluorescence was observed by CLSM.

Cytotoxicity assay
MCF-7 cells were seeded into 96-well culture plates and cultured at
37 °C for 24 h. Then, cellswere incubatedwith differentmaterials (PBS,
DniAS, DAS, DniCNC, and DCNC) for 24 h, respectively. Each well was
washed with PBS, followed by the addition of 90 µL fresh medium and
10 µL CCK-8, and the plates were incubated for 4 h. The absorbance
intensity of each well was measured in a microplate reader at 450nm
wavelength.

F-actin staining
MCF-7 cells were seeded into the 6-well plate and cultured overnight.
MCF-7 cells were first incubated with different materials (PBS, DniAS,
DAS, DniCNC, and DCNC) for 12 h. Then the culture medium was
changed into fresh one and cultured for another 24 h.MCF-7 cellswere
then incubated with high concentration H2O2 (1mM) for 2 h and cul-
tured at normal condition for another 12 h. After the culture, cells were
washed three times with PBS, followed by fixation and permeabiliza-
tion. F-actin was stained with FITC-labeled phalloidin. Finally, the
intracellular fluorescence was observed by CLSM.

Transwell migration assays
Transwell migration assays were performed at 37 °C using 24-well
Transwell inserts (Corning). After incubation with PBS, DniAS, DAS,
DniCNC, and DCNC for 12 h and then treated with 1mM H2O2 for 2 h,
MCF-7 cells (3 × 104) suspended in 200μL of serum-free medium were
seeded into the upper chamber. 800mL ofmigration inducer (DMEM-
H with 10% FBS) was placed in the lower chamber. Cells were cultured
for another 24 h. After the culture, the cells were stained by 1% crystal
violet and observed by fluorescence microscope.

Cell apoptosis assay
MCF-7 cells were first incubated with different materials (PBS, DniAS,
DAS, DniCNC, and DCNC) for 12 h. Then the culture medium was
changed into fresh one and cultured for another 24 h.MCF-7 cellswere
then incubated with high concentration H2O2 (1mM) for 2 h and cul-
tured for another 12 h. The cells were stained with Annexin V-FITC and
PI. 1mL of pre-cooled PBS was added and gently vibrated to suspend
the cells. The suspension was then centrifuged at 156 × g, 4 °C for
5min, and the supernatant was discarded. The washing procedure was
repeated twice. The cells were resuspended in 200μL binding buffer.
10μL of Annexin V-FITC solution and 10μL of PI solution were then
added to cell suspension and incubated at room temperature for
15min. Finally, 300μL binding buffer was added and the samples were
analyzed by flow cytometry.

Calcein-AM/PI double-staining assay
Calcein-AM/PI staining reagents were applied to stain living cells as
green fluorescence (λex = 490nm, λem= 515 nm) and dead cells as red
fluorescence (λex = 535 nm, λem = 617 nm). MCF-7 cells were first incu-
bated with different materials (PBS, DniAS, DAS, DniCNC, and DCNC)
for 12 h. Then the culture medium was changed into fresh one, and
cultured for another 24h. MCF-7 cells were then incubated with high
concentration H2O2 (1mM) for 2 h and cultured at normal condition
for another 12 h. 5μL of 4mMcalcein-AM solution and 5μLof 16mMPI
solution were added to 10mL PBS to dilute into 2μM calcein-AM and
8μM PI. After 30min of incubation, staining solutions were removed
and washed by PBS twice. The samples were then observed by fluor-
escence microscopy.

Statistics and reproducibility
All data were reported as mean± standard deviation (SD) from at least
three independent runs. The two-tailed unpaired t test was used to
assess the two-group differences. In all cases, a P value <0.05 was
considered to be statistically significant. Analyses were performed
using GraphPad Prism 8.
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Figure treatment
Microsoft PowerPoint 2019 was used to organize figures. ImageJ Fiji
v1.52 v was used to process microscopy images.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting this manuscript are contained within themain text
and supplementary figures. Source data are provided with this paper.
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