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a b s t r a c t 

Interfacial modular assemblies of versatile polyphenols have attracted widespread interest 

in surface and materials engineering. In this study, natural polyphenol (tannic acid, TA) 

and nobiletin (NOB) can directly form binary carrier-free spherical nanoparticles (NT NPs) 

through synergistically driven by a variety of interactions (such as hydrogen bonding, 

oxidative reactions, etc.). The synthesis involves polyphenolic deposition on hydrophobic 

NOB nanoaggregates, followed by in situ oxidative self-polymerization. Interestingly, the 

assembled NT NPs exhibit controllable and dynamic changes in particle size during the 

initial stage. Ultimately, uniform and spherical NT NPs appear stable, with high loading 

capability, enabling incorporated NOB to preserve their function. Furthermore, in vitro 

evaluations demonstrate that the rational combination of polyphenol module and NOB can 

induce apoptosis and inhibit tumor metastasis for both lung cancer H1299 and human 

fibrosarcoma HT1080 cell lines. Notably, the optimized NT48 NPs were then verified in 

vivo experiments to achieve a promising synergistic anti-tumor efficacy. These findings 

not only provide new opportunities for the streamlined and sensible engineering of future 

polyphenol-based biomaterials, but also open up new prospects for the design of small- 

molecule nature phytochemicals. 
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. Introduction 

olyphenols, due to their unique structural properties ( e.g.,
atechol or pyrogallol units) [ 1 ], have long been considered 

deal precursors in materials engineering [ 2 ,3 ]. Indeed,
lant polyphenols have received broad attention because 
f their ability to deposit onto various substrate surfaces 
pontaneously [ 4–7 ]. The deposition occurs preliminarily due 
o the strong interfacial bonding between polyphenols and 

ubstrate surfaces. It is noteworthy that polyphenols are 
rone to be embedded in specific ligands (such as proteins 
 7 ,8 ], small molecule compounds [ 9 ,10 ], and multivalent 

etal ions [ 11 ,12 ]), which further facilitates the deposition 

rocess. For example, Polyphenols interacting with PEG 

r proteins through hydrogen bonding are capable of 
romoting deposition [ 13 ,14 ]. The coordination interaction 

ccurs between TA and metal ions can facilitate the deposition 

rocess as well [ 11 ]. In the design of molecular building 
locks for anchoring surface decoration, the construction 

f polyphenol-containing assembly is being extensively 
nvestigated for several applications, including biosensing,
atalysis, drug delivery, etc. 

Recently, efforts have been focused on polyphenol- 
erived self-assembly through coordination bonding between 

olyphenols and multivalent metal ions [ 11 ]. Nano- or 
icro-capsules with hollow metal-polyphenol structures can 

e obtained after removal of the template, and employed 

s drug delivery carriers to control cargo release [ 15 ].
oreover, another assembly potential of plant polyphenol was 

ound when exposed to polyphenol-rich beverages, involving 
nadulterated tea and wine. A more detailed investigation 

eported that plant polyphenol-inspired oxidative aggregates 
ormed spontaneously at mildly alkaline pH (around 7–
) in the presence of oxygen [ 16 ]. Further research found 

hat polyphenolic deposition offered a simple and versatile 
pproach for surface modification [ 17 ], which has aroused 

road interest in material engineering, biomedical science,
tc. A recent study has applied oxidative self-polymerization 

roperties to controlled drug delivery, using mesoporous 
ilica nanoparticles as template materials to encapsulate 
rugs, yielding polyphenol-coated drug-loaded nanoparticles 
ia autoxidation [ 18 ]. However, when used as delivery 
arriers, capsules with hollow structures must perform 

elective removal of templates after substance deposition.
irect deposit and in situ assemblies on the surface of 
ydrophobic drugs or nutraceutical nanoaggregates without 
ny template, using polyphenol as the sole coating precursor,
ave been elusive, despite new opportunities for carrier- 

ree nanostructured engineering materials to improve the 
oading capacity and bioavailability of targeted substances 
ignificantly. 

Citrus polymethoxylated flavones is a unique class of 
atural bioactive substances. Among them, NOB has always 
eceived extensive attention due to its multi-functional 
harmaceutical activities, including anti-inflammatory [ 19 ],
nti-cancer [ 20 ], neuroprotection [ 21 ], etc. Notably, anti- 
ancer activity has received the most attention. Up to now,
esearchers have found that NOB has the potential to induce 
poptosis with different signal pathways, especially for lung 
ancer [ 22 ], colon cancer [ 23 ], breast cancer [ 24 ], etc. Of
ote, the sensitivity of NOB varies with distinct cancer cell 

ines. Similar to inducing apoptosis, NOB can induce cell 
ycle arrest as well, including lung cancer [ 25 ]. It is worth
oting that NOB shows anti-tumor invasion and metastasis 
ctivity with various cancer cells. For example, NOB can down- 
egulate the expression of MMP or up-regulate the expression 

f TIMP-1 in HT-1080 cells (human fibrosarcoma) to inhibit 
he migration and invasion tumor cells [ 26 ,27 ]. Interestingly,
revious studies have proved that the combination of NOB 

ith other bioactive substances endows complex a significant 
ynergistic effect [ 28–30 ]. 

Herein, a natural carrier-free binary tannic acid- 
obiletin nanoparticles (NT NPs) is self-assembled with 

reen chemistry, which includes polyphenolic interfacial 
eposition and autoxidative self-polymerization, forming 
table assemblies on NOB surfaces for controlled drug 
elivery. Interface assembly occurs immediately when 

ixing NOB nanoaggregates and TA in the aqueous solution 

uccessively. Dynamically changeable particle sizes appear,
ainly regulated by hydrogen bonding and oxidation reaction,

rior to reaching a steady state. Owing to the matched 

hysicochemical properties, NT NPs induce apoptosis and 

nhibit tumor metastasis, ultimately displaying synergistic 
nti-tumor therapeutic effects. Overall, NT NPs have the 
road potential to be designed as a valuable and versatile 
nti-tumor drug and provide a new vision to design binary 
arrier-free NPs in biological and pharmaceutical fields. 

. Material and methods 

.1. Materials 

OB (purity ≥98 %) was purchased from the Shanxi HuiKe 
otanical Development Co., Ltd. (Xi’an, China). TA and 3- 

4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide 
MTT) were obtained from the Sigma-Aldrich. (St. Louis,
SA). Acetonitrile (HPLC grade), acetic acid (HPLC grade),
ead Cell Apoptosis Kits and Cell Cycle Kit were procured 

rom Thermo Fisher Scientific (Waltham, MA, USA). 3- 
orpholinopropanesulfoinc acid (MOPS) was purchased from 

enview (Houston, Texas, USA). Other chemicals of analytical 
rade were all purchased from Sinopharm Chemical Reagent 
o., Ltd. (Shanghai, China). A Milli-Q water purification 

ystem (Millipore, USA) was used to prepare all aqueous 
olutions. In terms of cell culture, RPMI 1640 and DMEM/F12 
ere obtained from Life Technologies (Paisley, UK). Fetal 
ovine serum (FBS), trypsin, phosphate buffered saline (PBS),
nd penicillin-streptomycin (PS) were all purchased from 

nvitrogen (Carlsbad, CA, USA). H1299 cell was obtained 

rom the Shanghai Institute of Biological Sciences (Shanghai,
hina) and cultured in RPMI-1640 media. HT1080 cell was 
urchased from the China Center for Type Culture Collection 

Wuhan, China) and cultivated with DMEM/F12 medium. Both 

ell lines were incubated in a humidified incubator (Thermo 
cientific, USA) with a humidified atmosphere of 5 % CO2 and 

7 °C. 
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2.2. Synthesis of NT complex particles 

NOB stock solution (7 mg/ml, absolute ethanol) was added
into 0.01 M MOPS buffer under vigorous stirring to obtain the
final solution at pH 7.2. TA (24 mM, 150 μl) was then added
with constant stirring for 10 s. The freshly prepared samples
were put under 30 °C at a ventilated location for 0, 12 and
48 h prior to further use, and named NT0, NT12 and NT48,
respectively. Correspondingly, blank T0, T12 and T48 solutions
were fabricated with the same procedure, except that NOB
was replaced with an equivalent amount of MOPS buffer. 

2.3. Characterization of NT complex particles 

Size distributions and zeta potential were measured by
a Nano-ZS 90 Nanosizer (Malvern, UK). UV–vis absorption
spectrum was determined by a UV–vis spectrophotometer
(UV-2910, Japan). X-ray diffraction (XRD) spectrum was
examined with an XRD diffractometer (D8-Advance, USA).
Data were collected from 5 ° to 60 ° under 40 mA and 40 kV.
Cu K α was set as the pattern radiation. Fourier transform
infrared (FTIR) spectrum was detected using a Jasco 4100
series (Jasco, Inc., USA). Polarizing microscope images were
collected using a polarized light microscopy (Nikon d -Eclipse
C1 80i, Japan). Morphological and structural characterizations
were conducted with transmission electron microscope (TEM)
(JEM-2100F, Japan) with a 100 kV accelerating voltage, scanning
electron microscope (SEM) (S-4800, Japan) with a 5 kV
accelerating voltage, and atomic force microscopy (AFM)
(Bruker Multimode 8, USA). Coumarin-6 (0.2 mg/ml) was an
alternative to NOB for confocal laser scanning microscope
(CLSM) (Zeiss LSM 710, Germany) tests. 

2.4. Simulations 

Solute molecule parameters were generated from the General
Amber Force Field (GAFF) [ 31 ], and the TIP3P water model
[ 32 ] was employed. All simulations were performed with
GROMACS (version 5.1.1) [ 33 ]. Periodic boundary conditions
and the PME method were also applied in the simulations.
The reference temperature was set at 303.15 K using a
Nose-Hoover extended ensemble thermostat [ 34 ,35 ], and
the reference pressure was set at 1 atm, coupled semi-
isotropically using the Parinello-Rahman barostat [ 36 ,37 ] and
a time constant of 5 ps. Bonds with H-atoms were constrained
using the LINCS algorithm [ 38 ]. The simulation was carried out
with a minimum of 50,000 steps, an equilibrium of 5 ns, and
followed by production of 500 ns. 

2.5. Determination of EE and LC 

NOB was collected by ultrafiltration (8,000 rpm, 30 min).
The separated liquid (free NOB) was mixed with
DMSO and determined using high performance liquid
chromatography (HPLC) (LC-2010C, Japan) with a mobile
phase of acetonitrile/water containing 0.2 % of acetic acid at
70/30 (v/v). The UV detection wavelength was 329 nm with
an optimal run duration of 20 min. NOB linear regression
equation further calculated data, as shown in Fig. S10. Drug
encapsulation efficiency (EE) and loading capacity (LC) were
calculated as follows: 

E (%) = 

(Amount of total added NOB − Free amount of NOB in NPs ) / 
mount of total added NOB ] 
100 % 

C (%) = 

(Amount of total added NOB − Free amount of NOB in NPs ) / 
mount of total NPs ] 
100 % 

2.6. Release kinetics studies 

The following steps investigated the cumulative release of
NOB from NT48 complex particles: NT48 or blank NOB
solution (9 ml) was put into a dialysis bag (3.5 kDa) and
immersed into 150 ml PBS buffer (pH 7.4, containing 2 % (w/v)
Tween 80). At predetermined time intervals, 1 ml dialysate was
tested by an HPLC with the same chromatographic conditions
above. An equal volume of corresponding fresh media was
added to maintain the sink condition. 

2.7. MTT assay 

Briefly, the targeted cells were plated at 1 × 104 cells/well in a
96-well plate and equilibrated for 24 h. The medium was then
replaced by a fresh medium containing several experimental
groups (naked NOB, NT48, and T48 complexes) under different
concentrations. After another incubation of 24 h. MTT reagent
was added before being cultured for another 4 h. DMSO was
used to dissolve MTT-formazan, and the results were recorded
by a microplate reader (Thermo Fisher Scientific, USA) at
490 nm. Cell viability was calculated as follows: 

Cell viability ( %) = OD sample − OD 0 

OD control − OD 0 
× 100% 

where ODsample , ODcontrol and OD0 represented the absorbance
of tested, control and blank wells, respectively. Data were
calculated as average ± SD ( n = 6). 

2.8. Cell apoptosis study 

Briefly, cells were seeded into 6-well plates with 3 × 105

cells per well and incubated overnight. After treating different
formulations for another 24 h, cells were harvested, washed
3 times by centrifugation, resuspended by Annexin V/FITC
and propidium iodide (PI), and incubated for 15 min in the
dark. Apoptosis was assessed using a flow cytometry (BD
Biosciences, USA). 

2.9. Cycle analysis 

Cell processing protocol was similar to cell apoptosis study.
The harvested cells were fixed and permeabilized with cold
ethanol (75 %, v/v) overnight after washing with cold PBS three
times. Cells were then harvested and stained with PI in the
dark (15 min) before the measurement (flow cytometer, BD
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Fig. 1 – (A) Schematic illustration of NT0 and NT 48 NPs preparation process; (B) size distribution of NT0, NT12, and NT48 
NPs; (C-E) TEM images of NT0, NT12, and NT48 NPs; (F-H) SEM images of NT0, NT12, and NT48 NPs; (I-J) non-cross section 

and cross section of SEM images of NT12 particles; (K) ethanol-etched T48 film; (L-P) CLSM images of coumarin-6-labelled 

NT0, NT12, and NT48 NPs; (Q) polarizing microscope images of NOB, NT0, NT12 and NT48 NPs; (R-S) XRDs of NOB and NT48 
NPs; insert: photographs of NT0 and NT48 NPs. 
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iosciences, USA). Each experimental group was conducted in 

riplicate. Data were analyzed by ModFit software. 

.10. Wound healing assay 

ells were seeded in 6-well plates for 24 h with an initial 
ensity of 5 × 105 cells per well. Next, the monolayer cells 

almost 90 % of confluence) were scratched by pipette tips,
ollowed by washing 3 times with PBS. Fresh serum-free 

ediums containing different treated groups were added to 
lates. The group only with fresh serum-free mediums was 
erved as a control. The images were captured by an inverted 

ptical microscope (Olympus, Japan), and results were further 
alculated by Image J software. The final NOB dosage was 
.75 mg/ml. 

.11. Cell migration and invasion assay 

o evaluate cell migration and migration, we plated 5 × 104 

1299 and HT1080 cells in the serum-free medium into 
he top chamber of 24-well transwell chambers (pore size: 
 μm, Corning Costar, USA) with or without the pre-coating 
f Matrigel (BD Biosciences, USA). A complete medium (800 
l) containing 10 % (v/v) FBS was first added into lower 
hambers as a chemoattractant. After 24-h incubation with 

ifferent treated formulations, cells that remained on the 
pper surfaces were carefully removed by a cotton swab.
he migrated or invaded cells were fixed and stained with 

rystal violet (0.5 %, v/v) for 30 min, and further dissolved by 
cetic acid. Absorbance was measured by a microplate reader 
Thermo Fisher Scientific, USA). The cell migration or invasion 

ate of different treatment groups was calculated by setting 
he control as 100 %. 

.12. High-content imaging and elisa analysis 

e plated 5 × 103 H1299 cells per well in a 96-well plate and 

ncubated them for 24 h. Different formulations were added 

or another 24-h treatment. The Opera Phenix High-Content 
creening System (PerkinElmer, USA) recorded the real-time 
ell trajectory at predetermined time points. The data were 
urther analyzed by Harmony software (PerkinElmer, USA).
ells were captured by staining cell nuclei with Hoechst 33342.
he quantitative determination of protein levels was tested 

y the human ELISA kit according to the manufacturer’s 
nstructions. 

.13. Western blot 

he cell pretreatment process was similar to the cell apoptosis 
tudy. The harvested cells were lysed with RIPA buffer.
ubsequently, protein lysates were separated using SDS- 
AGE (Beyotime, China), followed by a transfer to the PVDF 
embrane. The membrane was then blocked with 5 % non-fat 
ilk for approximately 1 h prior to incubation with primary 

ntibody (1:1,000 dilution, Invitrogen) at 4 °C overnight.
fter washing, the membrane was incubated with secondary 
ntibodies (1:4,000, Invitrogen) for an additional 1 h. According 
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Fig. 2 – (A) UV–Vis spectrum of NT0 and NT48 NPs; (B) XPS analysis of NT0, NT12, and NT48 NPs; (C) molecular structure 
formula of tannic acid before and after oxidation; (D) hydrogen bonds and binding sites of TA on NOB (blue) coarse grains; 
(E) schematic diagram of the mechanism of changeable particle sizes with prolonged oxidative time; (F) encapsulation 

efficiency and loading capacity with different volume of TA; (G) NOB release curve from NT48 NPs at pH 7.4; (H) TEM images 
of degradable NT48 NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the manufacturer’s protocol, a chemiluminescence system
finally detected the signals (Thermo Scientific, MA, USA). β-
actin (1:4,000, Invitrogen) served as the control. 

2.14. In vivo anti-tumor activity 

Ethical approval was obtained from the Lab of Animal
Experimental Ethical Inspection of the Laboratory Animal
Centre, Huazhong Agriculture University with the assigned
approval number: HZAUMO-2020–0076. BALB/c nude mice
(male, 3–4 week) were obtained from the Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All
mice were randomly assigned to four groups (Control, NOB,
N48 NPs, and T48 complexes), raised under SPF conditions,
and received care according to the guidelines of the
Committee on Animal Research and Ethics. A subcutaneous
transplantation tumor model was established by injecting
5 × 106 H1299 cancer cells into the right flank of each mouse.
Different formulations were intratumorally injected with a
final NOB dosage of 35 μg/ml in PBS. All treatments (0.1 ml)
were performed 2 d per time. Tumor volume and body weight
in all cases were monitored every day during the experiment,
and tumor volume was calculated by the following formula: 

Tumor volume = Length × Widt h2 / 2 

At 30-d post-injection, mice were euthanized. The tumor
and other main organs were excised, weighed, and fixed in
10 % formalin for further TUNEL assay, hematoxylin and
eosin (H&E) staining, and immunohistochemical analysis. The
tumor inhibition rate (TIR) was calculated by the following
equation: 

TIR ( %) = 

C0 − Csample 

C0 
× 100% 

where C0 and Csample represented the average tumor volume
of the control group and the experimental group, respectively.
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Fig. 3 – In vitro anti-cancer activity assay. (A-B) Cell viability (MTT assay); (C-F) Cell apoptosis; (G-J) Cell cycle assay of H1299 
(A, C-D, G-H) and HT1080 (B, E-F, I-J) cell lines with formulation of Control, NOB, NT48 and T48 complex NPs for different NOB 

dosages after the incubation time of 24 h. The measurements were conducted in triplicate ± SD. 
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.15. Immunohistochemical staining 

mmunohistochemical analysis of caspase-3, PARP1, Ki-67 and 

CNA were performed using rabbit monoclonal antibodies 
gainst caspase-3 and C-PARP1 (Abcam, USA), and mouse 
onoclonal antibodies against Ki-67 (Novus, USA) and 

CNA (Boster, China), followed by incubation with biotin- 
abelled secondary antibody. Immunohistochemical images 
ere captured by an optical microscope (CX-21, Olympus). 

.16. Statistical analysis 

ll data are presented as mean ± SD. Statistical analysis 
as conducted by IBM SPSS Statistics 24 software. ANOVA 

nd Student’s t -test were used for multiple comparisons.
tatistical differences were defined as follows: ∗P < 0.05,
∗P < 0.01, and ∗∗∗P < 0.001. 

. Results and discussion 

.1. Synthesis and characteristics of NT NPs 

ydrophobic NOB nanoaggregates are engineered by 
ropping NOB solution (dissolved in ethanol) into MOPS 
queous solution to undergo an antisolvent step, which 

rovides sufficient space for polyphenolic deposition and the 
ubsequent in situ self-assembly of NPs ( Fig. 1 A). Unexpectedly,
hen the fabricated NPs are put under 30 °C at a ventilated 

ocation, the color change phenomenon occurs. To explain 

his phenomenon, a more systematic and in-depth study is 
onducted in Fig. S1. Results showed that the color changes 
rom white to brown with increasing incubation time (0–
8 h). Meanwhile, the initial white solution becomes opaque 
ith increasing incubation time to 12 h. Then, the opaque 

olution gradually becomes transparent during 12 to 48 h.
ltimately, a brown but transparent solution is formed after 
8 h. Specifically, we select three critical time points of 0, 12 
nd 48 h in the following experiment, and the corresponding 
Ps are termed NT0, NT12 and NT48, respectively. 

Analysis of the assembled nano-dispersions shows similar 
onomodal distributions in all treated time points ( Fig. 1 B).
otably, the diameter of NT0 NPs (247 ± 20 nm) increases 
radually and reaches the maximum value of ∼1,818 nm at 
12 h. On the contrary, an opposite decreasing trend occurs 
ith continuously incubating time until a steady-state after 

8 h (206 ± 5 nm) ( Fig. 1 B). In addition, a similar size tendency
ppears again, irrespective of changes in TA or NOB dose (Fig.
2-S3). Interestingly, three NT particles display predominantly 
ound and full spheres with different dimensions ( Fig. 1 C-1H).
he differences, however, are that NT0 and NT48 particles 
xhibit monodisperse nanospheres, while NT12 is more likely 
o aggregate. Confocal laser scanning microscopy (CLSM) 
mages ( Fig. 1 L-1P) also verify this phenomenon. It is worth 

oting that the rough surface of NT12 particles seems to be 
omposed of considerably small, but round, spheres ( Fig. 1 J).
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Fig. 4 – Wound healing assay and the corresponding quantitative analysis of H1299 (A-C) and HT1080 (D-F) cell lines with 

formulation of Control, NOB, NT48 and T48 complex NPs for different NOB dosages after the incubation time of 0, 12, 24 and 

36 h. Data shown as mean ± SD, n ≥ 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A highly similar cross-section topography is also observed
in Fig. 1 I. Therefore, it is determined that a large number
of small particles make up the whole NT12 complexes. To
further explore the existing state of the polyphenol module
on the drug surface, we attempt to remove NOB from NT48
NPs and obtain an obvious intact hollow nanocapsule at the
end ( Fig. 1 K). Clearer confirming observations about this intact
hollow capsule are further captured, with PS microspheres as
a substitute for NOB nanocores to avoid intermolecular forces
(Fig. S4C- S4E). These findings indicate that our assembled NPs
possess a unique core-shell structure. 

As observed in Fig. 1 Q and S5, the pure NOB sample exhibits
a prominent needle crystal structure, while crystallization
is not visible in NT48 particles. More convincing results are
found in the XRD pattern. The naked NOB displays numerous
sharp Bragg peaks, attributed to the highly crystalline
property [ 39 ]. These peaks, however, almost disappear after
being incorporated into NT48 particles ( Fig. 1 R and 1S).
Classical nucleation and growth theory reveals that some
small crystalline nuclei can form at first prior to growing and
agglomerating into final crystalline particles. Nevertheless,
if the system reaches a high supersaturation level before
crystallization, the crystallizable molecule can precipitate
as metastable nanoclusters directly [ 40 ]. Here, NOB acts
as a crystalline nucleus and tends to interact with TA
molecules via their strong anchoring, eventually leading to
imperfect crystallization. This conclusion is further verified
by DSC measurement, accompanied by broadened and shifted
endothermic and crystallization peaks (Fig. S6), corresponding
to the imperfect crystallinity of NOB. 

3.2. Structural mechanism for the formation of NT NPs 

Insight into the structural organization and formation
mechanism can provide necessary guidance for optimal
designing and engineering nanoscale delivery systems. The
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Fig. 5 – In vitro anti-metastasis ability evaluation. (A-H) Transwell migration assay and invasion assay and their 
corresponding quantitative analysis of H1299 (A-D) and HT1080 (E-H) cell lines. High-content imaging analysis of cell 
number (I), accumulated (J), mean migratory distance (K), and migratory speed (L) of H1299 cell line with the formulation of 
Control, NOB, NT48, and T48 complex NPs for different NOB dosages after an incubation time of 24 h. Data shown as mean 

± SD, two-way ANOVA, ∗∗∗P < 0.001, n ≥ 3. 
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V–Vis results reveal that the characteristic absorption band 

f TA at 276 nm is transformed into another two new 

eaks (253 and 275 nm) after incubating for 48 h ( Fig. 2 A),
orresponding to the formed benzoquinone via oxidation 

eaction [ 41–43 ]. Therefore, the oxidation reaction appears 
resumably in the final system, which is further confirmed 

y determining the C 1 s and O 1 s photoelectron spectra 
sing XPS ( Fig. 2 B). The diminished hydroxyl group peak,
ynchronously accompanied by the increasing carbonyl peak,
roves the successful conversion from the catechol or galloyl 
roup into quinone during the autoxidation reaction of TA 

 18 ,44 ]. These results suggest that phenolic deprotonation via 
utoxidation is a primary interaction force in our system 

 Fig. 2 C) [ 45 ]. 
In addition, the existence of hydrogen bonding in NT0 NPs 

s verified by the FTIR spectrum, with the characteristic peak 
ydroxyl groups shifting from 3346 cm−1 to 3423 cm−1 (Fig.
7), which is also further confirmed by the fact that urea can 

reak the NT0 system (Fig. S8) [ 46–49 ]. Notably, simulation 

erifies that the number of hydrogen bonds decreases during 
he oxidative process ( Fig. 2 D and S9). Taken together, we 
ostulate that the formation process of NT NPs not only 
rimarily relies on the autooxidation reaction of TA, but also 
equires a certain degree of hydrogen bond cross-linking.
ore importantly, it is plausible that the hydrogen bonding 

auses NT particles to aggregate, accompanied by a gradually 
ncreasing particle size during the first 12 h. Meanwhile, the 
utoxidation reaction forms a stable film to prevent NOB 

rom crystallizing ( Fig. 2 E). The weak alkaline environment 
ontinuously weakens hydrogen bonding forces between 

articles and finally leads to the depolymerization of NT12 
Ps. 

EE and LC are essential in effective drug delivery and anti- 
ancer therapy [ 50 ]. In our case, all EE values are > 90 % ( Fig. 2 F),
nd even up to 98.5 % with the initial TA volume of 200 μl. EE
s used to evaluate the proportion of loaded drugs to totally 
dded drugs. This high EE is vital for improving the solubility 
nd stability of poor-soluble drugs [ 51 ]. LC values are even up
o 160 % in the NT48 complex NPs, depending on the initial TA
oncentration ( Fig. 2 F). Of note, LC represents the proportion 

f loaded drugs to other ingredients. This high LC corresponds 
o a better economy, with less embedding material, and has 
he potential to endow our fabricated NPs with promising 
herapeutic effects along with minimized side effects in drug 
elivery [ 52 ]. A burst release profile is found in the pure
OB group, as drug particles close to the surface are easily 
ccessible by hydration [ 53 ]. In contrast, NT NPs exhibited a 
elatively slow release phase, during which the NOB molecule 
iffuses slowly through a few existing pores of the dense 
A oxidative layer, accompanied by carrier degradation and 

ydration [ 54 ] ( Fig. 2 G). Besides, this good dissolution behavior,
resumably also ascribed to the mesocrystal nature of NOB 
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Fig. 6 – Elisa assay (A, C) and Western blot analysis (B, D) of H1299 (A-B) and HT1080 (C-D) cell line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

when incorporated into the complex NPs, is also beneficial in
improving their bioavailability [ 55 ]. Capsule-like topography
with drugs incorporated is confirmed again at the end of the
release ( Fig. 2 H). 

3.3. Synergistic anti-cancer activity in vitro of NT48 NPs 

MTT assay results from Fig. 3 A-B illustrate that individual TA
has some anti-cancer effects at high NOB dosages of 35 μg/ml
(cell viability: 73 % for H1299 cells and 77 % for HT1080
cells), mostly due to its excellent biological functions. It is
noteworthy that the naked NOB group exhibits slight toxicity
only at high dosages, because the biological efficacy is limited
by its strong hydrophobicity. Whereas, the NT48 formulation
exhibits severe cytotoxicity in a dosage-dependent manner,
presumably illustrating a predominant combination efficacy
of NOB and T48 complexes in both H1299 and HT1080 cell
lines. Annexin V-FITC/PI staining assay is further conducted
to examine the tumor suppressive ability ( Fig. 3 C for H1299
cell line, Fig. 3 E for HT1080 cell line). The treatment with NOB-
loaded NT48 NPs remarkably upregulates cell apoptosis. To
quantify these differences, the apoptosis and necrosis rates
are also calculated in Fig. 3 D and 3 F, confirms superior cell
apoptosis of NT48 NPs again. The apoptosis mentioned above
is presumably due to the fact that some apoptotic body protein
complexes (cytochrome C, caspase-9 protein precursors, etc.)
and apoptosis initiation enzymes (caspase-9) are activated,
followed by the initiation of downstream effector enzymes
(such as caspase-3), which eventually leads to apoptosis [ 56 ].
Cell cycle results indicate that the NOB-based system arrests
cells at the G1 phase due to NOB biological activity (Fig. 3G-H
and 3I-3 J). 

More important, results point out our NT48 NPs lead to a
significant inhibitory effect on tumor metastasis, even under
a non-toxic NOB concentration (8.75 μg/ml), in comparison
with the corresponding free NOB ( P < 0.001) in both H1299 and
HT1080 cell lines. We first carry out transwell assay to evaluate
their anti-migration and invasion behaviors. Interestingly,
compared to the control group, ∼42.7 % H1299 cells and
∼48.7 % HT1080 cells are arrested by NT48 NPs, superior to
those treated with the corresponding free NOB ( P < 0.001)
( Fig. 5 A-5B and 5E-5F). Results from Fig. 5 C-5D and 5G-
5H also highlight the superior anti-invasion effect of NT48
NPs. Wound-healing assay ( Fig. 4 ) and high-content imaging
analysis confirm the limited migratory distance and speed
under this non-toxic concentration ( Fig. 5 I) of NT48 NPs,
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Fig. 7 – In vivo anti-tumor activity evaluation. (A) Schematic illustration of the establishment of H1299 lung xenograft tumor 
model; (B) tumor volume change; (C) final tumor volume; (D) images of resected tumors; (E) TIR; (F) histology images of 
tumors (H&E staining); (G) Western blot analysis of BALB/c nude mice against H1299 lung xenograft tumors receiving 
different treatments (Control, NOB, NT48 NPs and T48 NPs). Data shown as mean ± SD, two-way ANOVA, ∗P < 0.05; 
∗∗P < 0.01; ∗∗∗P < 0.001 vs. NOB group, n ≥ 5. 
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ith naked NOB as a control ( Fig. 5 J-5L). This was probably 
ttributed to the fact that our fabricated NT48 NPs can 

nhibit the expression of MMP2 and MMP9, and promote the 
xpression of TIMP1 and TIMP2, as determined by both Elisa 
ssay and Western blot analysis ( Fig. 6 ). Previous studies 
ave reported that MMPs family are closely related to cancer 

nvasion, due to their degradative capacity for extracellular 
atrix. Such capacity enables cancer cells to migrate and 

olonize host tissues [ 57 ]. In particular, MMP9 has the great 
otential to degrade basement membrane components, which 

s associated with cancer metastasis and invasion [ 56 ].
otably, the expression of MMPs can be effectively restrained 

y its natural inhibitor called TIMPs [ 58 ]. Hence, it is worth 

entioning that downregulating the expression of MMPs and 

pregulating the expression of TIMPs are crucial for anti- 
igration and anti-invasion effects. 

.4. In vivo anti-tumor efficacy of NT48 NPs 

otivated by the highly efficient in vitro anti-cancer activity 
f NT48 NPs, in vivo anti-tumor efficacy is evaluated by an 

1299 human tumor xenograft model ( Fig. 7 A). Results show 

hat the tumor volume of the Control group increases rapidly 
 Fig. 7 B). 30 d of free NOB or T48 treatment alone only slightly
nhibits the growth of the primary tumor ( Fig. 7 B and 7D),
ith a TIR of 8 % and 15 %, respectively ( Fig. 7 E). The NT48
Ps show striking anti-tumor activity, reaching a high TIR of 
70 % under a corresponding concentration of NOB, where the 

ignificant anti-tumor effect begins on Day 2 (Fig. S11), and it 
emains until the end of the experiment ( Fig. 7 B). Pathological 
nalysis of tumor tissues in Fig. 7 F is performed after the 
bservation period, treated with our formulation (Control,
OB, NT48 NPs and T48 NPs). Notably, Western blot results 

how that the protein expression levels in Fig. 7 G are in line
ith the results in Fig. 6 . No noticeable body weight change 

Fig. S12) is found in all treatment groups, indicating the low 

ystemic toxicity of our formations. Moreover, no significant 
esion is observed in the histopathological examination of 
he major organs (Fig. S13), indicative of negligible toxic side 
ffects of NT48 NPs. Immunohistochemical stainings reveal 
hat the number of TUNEL + and caspase-3 + cells in the 
T48 NPs group is dramatically elevated ( Fig. 8 ), indicative 
f enhanced apoptosis. Whereas, Control and NOB groups 
isplay a decrement in these positive cells. Likewise, cleaved 

ARP staining result confirms that, although a slight increase 
ccurs in the percentage of apoptosis in the T48 group,
he NT48 group still exhibits the largest area of apoptosis.
nalyses of Ki67 and PCNA show the cell proliferation index in 

ll treatment groups. Similar expressions of Ki67 + and PCNA + 

ells are displayed in both Control and NOB groups, indicating 
he minor inhibitory effects on tumor proliferation in vivo . By 
ontrast, NT48 NPs result in a significant decrease in Ki67- and 
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Fig. 8 – Immunohistochemical analysis of TUNEL, caspase-3, cleaved PARP1, Ki67 and PCNA of tumor tissue slices after 
various treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCNA-positive cells, due to the inhibition of cell proliferation.
Collectively, it can be concluded that the potent encapsulation
of hydrophobic drug (NOB) into NT48 NPs can indeed promote
its bioavailability, which endows NT48 NPs to be an efficient
agent to induce tumor apoptosis and suppress tumor growth
in vivo . 

4. Conclusion 

In this paper, high-loading capability and carrier-free
nanoparticles are self-assembled by natural compounds
TA and NOB. During the particle self-assembled process, an
interesting color change phenomenon occurs, accompanied
by controllably and dynamically changing particle sizes.
Briefly, the initial white and opaque solution becomes
brown but transparent in the end. Meanwhile, the diameters
of particle sizes increase gradually in the first 12 h. On
the contrary, an opposite decreasing trend occurs with
continuously incubating time from 12 to 48 h. Ultimately,
uniform and spherical NT48 NPs occur in a stable state,
enabling incorporated drugs to preserve their function and be
suitable for drug delivery. Comprehensive multi-spectroscopy
studies and molecular dynamics simulations reveal that
this assembly strategy includes interfacial deposition and
in situ self-polymerization among phenolic building blocks,
involving hydrogen bonding, oxidative reactions, etc. Results
showed that the formed NT48 NPs can effectively inhibit
NOB crystallization and further improve the bioavailability
of poorly water-soluble NOB. Moreover, the combination of
TA and NOB endows NT48 NPs with a synergistic anti-tumor
effect. In vitro and in vivo evaluations demonstrate that the
NT48 NPs impart an apparent cytotoxic effect and highly
efficient anti-metastatic effect on target cancer cells. Taken
together, our natural small molecule carrier-free NT48 NPs
are clinically promising as an effective anti-tumor therapy,
as they have appropriate size, extremely high drug loading
capacity and excellent biological activity. Moving forward,
further research is imperative to design our delivery NPs
with specificity to target cells and controlled drug release
at the target site. Meanwhile, our delivery material needs to
be further assessed in pharmacokinetics and biodistribution
for innovation and development of advanced functional
biomaterials. 
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