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Abstract Although tremendous efforts have been devoted to the structural and functional tailoring of natural polyphenol-functionalized
nanoparticles, preparing ultrasmall sized (< 6 nm) particles with precisely-defined structures has remained a grand challenge. In this work, we
reported the preparation of ultra-small and precisely structured polyhedral oligomeric silsesquioxanes (POSS)-based polyphenol nanoparticles
(Tg-, Tqo- and T;,-GAPOSS) by accurately functionalizing the POSS surface with plant polyphenol gallic acid units via thiol-Michael “click”
reactions. Those polyphenol nanoparticles exhibited strong free radical scavenging capacity, good biocompatibility and ability to resist cell
oxidative damage, which demonstrated great potentials in inhibiting oxidative stress induced pathologies.
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INTRODUCTION

Oxidation stress is a crucial factor causing a series of
pathological states due to irreversible oxidative damage of
biological macromolecules and cell membranes.!'3 When
suffering illness or injury, the accumulation of reactive oxygen
species (ROS) often exceeds the antioxidant capacity of the cells
which need exogenous antioxidants to maintain the balance of
redox in cells. Antioxidant nanoparticles with excellent free
radical scavenging capacity have been regarded as the main
therapeutic agents against oxidative stress damage over the
past few decades. Nature can offer the sources and inspirations
of antioxidants towards creating various nanomaterial ROS
scavengers. For example, ubiquitous natural polyphenols could
exhibit excellent antioxidation and free radical scavenging
features, which could inspire the further design of biomimetic
antioxidant materials based on a large variety of natural
polyphenol building blocks.*~ One convenient way relied on
the surface fabrication of established nanomaterials with natural
polyphenol elements to construct nanoantioxidants with strong
free radical scavenging capacity for inhibiting oxidative stress-
induced diseases.!'>'® It was found that their antioxidant
capacities highly depended on the specific surface area and
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surface density of polyphenol elements!'7'92%  Although
tremendous efforts have been devoted to the size tailoring of
natural polyphenol-functionalized nanoparticles, preparing
ultrasmall sized (< 5 nm) particles with ultrahigh polyphenol
surface density has remained challenging. In addition, it was
anticipated that achieving the structural precision might lead to
antioxidant nanomaterials with finely tunable functions, but the
conventional fabrication strategies usually lost the reliable con-
trol over the structures. Therefore, the construction of ultrasmall
antioxidant nanoparticles with precisely-controlled structures
remained a grand challenge towards more explorations of this
class of biomaterials.

To address this issue, herein the polyhedral oligomeric
silsesquioxanes (POSSs) with accurate structures were selec-
ted as the core blocks and gallic acid as the antioxidant func-
tional element to construct ultrasmall sized nanoparticles
with precisely-defined structures via a series of efficient
chemical synthesis methods. There are several advantages to
adopt this approach. Firstly, it is well known that POSS with
an individual nanocage structure usually consists of an intern-
al inorganic core and multiple peripheral organic functional
groups, which is widely recognized as the smallest particle
(~1 nm) available.2'-251 The use of POSSs as the building
blocks to prepare the targeted materials allows the good
control of the ultrasmall size of the resulting antioxidant
nanoparticles. Secondly, POSS nanocages usually possess
precisely defined chemical structures and multisite active
groups that can be further transferred into a large variety of
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functionalities via several efficient and precise chemical reac-
tions like “click” chemistry.[26-341 |n this study, we employed
thiol-functionalized gallic acid (SH-GA) and different commer-
cially available acrylo POSS structures (Tg-, T;o-, T;,-ACPOSS)
to synthesize a series of ultrasmall polyphenol nanoparticles
(Tg~ Tq0- T12-GAPOSS) (Scheme S1 in the electronic supple-
mentary information, ESI) via thiol-Michael “click” reactions.
All the resulting polyphenol nanoparticles possessed < 5 nm
sizes, precisely-defined molecular structures, as well as strong
antioxidant capacity and free radical scavenging ability

(Scheme 1).
o~ & ]

POSS-based @

polyphenol particle

+/ Precise structure  +/ Excellent scavenger

+/ Ultrasmall size

Scheme 1  Material design and synthetic scheme toward POSS-
based antioxidant nanoparticles.

EXPERIMENTAL

General Considerations

Gallic acid (J&K Scientific, 99%), MA0736-Acrylo POSS cage
mixture (Hybrid Plastics, cage content > 90%), hexylamine (J&K
Scientific, 98%), polyethylene glycol monomethyl ether 2k
(Tokyo Chemical Industry, TCl), tosyl chloride (Kelong Chemical,
reagent grade), potassium bicarbonate (KHCO;, J&K Scientific,
99.5%), 4-carboxyphenylboronic acid (Energy Chemical, 98%
(contains of anhydride)), 2,2"-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS, Tokyo Chemical
Industry (TCl), =98.0%), 2,2-diphenyl-1-picrylhydrazyl (DPPH,
Alfa Aesar, 95%), 1-hydroxybenzortiazole (HOBT, J&K Scientific,
98%), 2-aminoethanethiol (Energy Chemical, 95%), N,N'-diiso-
propylcarbodiimide (DIPC, J&K Scientific, 99%), trifluoroacetic
acid (TFA, J&K Scientific, 98%), phosphorus trichloride (Kelong
Chemical, 99%), sodium hydroxide (NaOH, Kelong Chemical, =
98.0%), sodium sulfate anhydrous (Na,SO,, Kelong Chemical, =
99.0%), sodium chloride (Kelong Chemical, = 98.0%), acetone
(Kelong Chemical, anhydrous, 99%), ethyl acetate (EtOAc,
Kelong Chemical, reagent grade), dichloromethane (DCM
Kelong Chemical, reagent grade), and petroleum ether (PE,
Kelong Chemical, reagent grade).

Characterization

All 'H-, 13C-, and #Si-nuclear magnetic resonance (NMR) spectra
were acquired in methanol-D, (Aldrich, 99.8% D) using a Bruker
AV Il HD 400 MHz spectrometer. Electrospray ionization-time
of flight (ESI-TOF) was operated in positive or negative-ion
mode on quadrupole orthogonal acceleration time-of-flight
mass spectrometer (Q-TOF Premier, Waters Corporation, USA)
using electron spray ionization as an ion source. Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass

spectroscopy (MS) was conducted on an UltrafleXtreme MALDI-
TOF mass spectrometer (Bruker Daltonics, Germany) equipped
with a 1 kHz smart beam-ll laser. The instrument was calibrated
prior to each measurement with external PMMA at the
molecular weight under consideration. The compound trans-2-
[3-(4-tert-butyl-phenyl)-2-methyl-2-propenylidene]malono-
nitrile (DCTB, Aldrich, > 98%) served as the matrix and was
prepared in CHCl; at a concentration of 20 mg/mL. The
cationizing agent sodium trifluoroacetate was prepared in eth-
anol at a concentration of 10 mg/mL. The matrix and cationizing
salt solutions were mixed in a ratio of 10/1 (V/V). All samples
were dissolved in CHCl; at a concentration of 10 mg/mL. After
sample preparation and solvent evaporation, the target plate
was inserted into the MALDI-TOF mass spectrometer. The
attenuation of the laser was adjusted to minimize undesired
polymer fragmentation and to maximize the sensitivity. Infrared
spectra were obtained on a NICOLET iS50 FTIR spectrometer
(Thermo Scientific) by grinding samples with specially purified
potassium bromide (KBr) in the quartz mortar to remove
scattering effects from large crystals, then pressed in a mech-
anical press to form a translucent round thin slice. The spec-
troscopic data were processed using OMINC software. Dynamic
light scattering (DLS) data were measured on a Malvern Nano-
ZS ZEN3690 at 25 °C. Samples were dispersed in ultra-pure
dimethylsulfoxide (DMSO) by ultrasound.

Free Radical Scavenging

DPPH free radical scavenging

We use standard 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay to
evaluate the radical scavenging activities of different samples. A
fresh DPPH/ethanol (1 mmol/L) solution was used for the
measurements. The samples (Tg-GAPOSS, T,,-GAPOSS, and T-
GAPQSS) were configured into ethanol solution (0.5, 1.0, 1.5,
and 2.0 yg/mL). Ethanol (2.6 mL) was mixed with DPPH solution
(300 L), and then 100 PL of sample solution was added into it.
The scavenging activity was evaluated by measuring the
absorbance at 517 nm after mixing the sample with DPPH
solution at different time.

ABTS** free radical scavenging

ABTS®** radical preparation: 82.3 mg of ABTS (10 mmol/L) was
dissolved in 15 mL of aqueous solution and 14.19 mg of
potassium persulfate (3.5 mmol/L) was added, and then the
solution was stirred in the dark for 16 h. In detail, deionized
water (2.83 mL) was mixed with ABTS®** solution (70 pL), and
then 100 pL of sample solution (Tg-GAPOSS/PBA-PEG, T;o-
GAPOSS/PBA-PEG and T,,-GAPOSS/PBA-PEG) was added to it.
The scavenging activity was evaluated by measuring the
absorbance at 734 nm after mixing the sample with ABTS®**
solution at different time.

Cell Culture

The third generation of NIH 3T3 cells were used as the cell line
for test and cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum, maint-
aining at 37 °Ciin 5% CO, and a humidified atmosphere.

Cytocompatibility Testing

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay was performed to evaluate the cell viability of
each sample. Briefly, NIH 3T3 cells were incubated in 96-well
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plates at a density of 1000 cells per well for 24 h. The cells were
treated with different samples at different concentrations for
another 24, 72 and 120 h. The corresponding cell viability was
evaluated by the MTT assay. For the live/dead viability staining,
the NIH 3T3 cells were cultured with each sample and incub-
ated for 1, 2 or 3 days before the staining with calcein-AM as
well as ethidium homodimer (Thermo Fisher Scientific Inc. USA).
After staining the cells were observed on the Zeiss Axio
Observer Z1 (Germany) and the fluorescent images were
recorded.

Intracellular Oxidative Stress of NIH 3T3 Cells

The level of ROS was measured by DCFH-DA staining. Briefly, the
NIH 3T3 cells with a density of 5 x 10* cells per well were
incubated in 24-well plates for 12 h, and pre-treated with Tg-
GAPOSS/PBA-PEG, T;,-GAPOSS/PBA-PEG, and T,,-GAPOSS/PBA-
PEG (50 pg/mL) for another 24 h, and then were treated with
100 ymol/L H,0, at 37 °C for 24 h. Cells were stained with DCFH-
DA (10 pymol/L) for 10 min at 37 °C in the dark. Samples were
analyzed by flow cytometer and fluorescence microscope
(Carl Zeiss, Germany). In addition, the oxidative stress
indicators (GSH/GSSG and SOD) were measured by using
assay kits (Beyotime, China) according to the manufacturer’s
instructions.

RESULTS AND DISCUSSION

The detailed material design and chemical reactions were
proposed to prepare the ultrasmall antioxidant nanoparticles
(Tg-, T1o9~ T12-GAPOSS, Fig. 1A) according to Scheme S1 (in ESI).
Note that the polyphenol structure might also undergo Michael
addition or Schiff base reactions with functional amino or thiol
groups under basic conditions, so we used the thiol-modified
acetonide protected gallic acid (AP-GA-SH) (see the detailed
characterizations and Figs. S1-S3 in ESI) and three kinds of
ACPOSSs (Tg-, Tig~ T1,-ACPOSS) (see the detailed characteriz-
ations and Figs. S4 and S5 in ESI) to perform the conjugation
reaction. The successful thiol-Michael “click” conjugation of
AP-GA-SH with ACPOSSs was evident from the disappearance
of signals at 6 6.38-5.81 ppm —CH=CH,) and the appearance
of new signals of at 6 6.95 ppm (—CH=), § 6.78 ppm (—CH=)
and 6 1.66 ppm (—CH,) in the "H-NMR spectra (Figs. S6-S8 in
ESI). Moreover, the peaks observed at m/z 3497.1, 4365.4 and
5234.7 (Na* adduct) in the MALDI-TOF mass spectra agreed well
with the calculated monoisotopic molecular mass of Tg-
APGAPOSS ([M:Na]*: 3496.8), T,,;-APGAPOSS ([M-Na]*: 4365.0)
and T;,-APGAPOSS ([M:Na]*: 5234.2), also confirming the
chemical structure, respectively (Fig. 1B). Finally, the desirable
final products Tg-GAPOSS, T,,-GAPOSS and T,,-GAPOSS (Fig. 1A)
were then obtained by directlydeprotecting the acetonide
groups from APGAPOSS samples using trifluoroacetic acid. The
complete cleavage reactions were confirmed by the disappear-
ance of methyl group signal at 6 1.66 ppm and the emergence
of a new signal at 6 6.86 ppm in the "H-NMR spectra (Figs.
S9-511 in ESI and Fig. 1Q). Further analysis was carried out by
2Si-NMR and the spectra results showed the corresponding
chemical shifts at 6 -66.88 ppm (Tg-GAPOSS), 6 -68.76 ppm
(T1-GAPOSS), 6 -68.51 ppm and & —71.22 ppm (T;,-GAPOSS),
respectively (Fig. S12 in ESI). All the above results clearly

confirmed the macromolecular structures and purity of the
desirable POSS-based polyphenol antioxidant nanoparticles.

Additionally, the resulting products were further character-
ized by FTIR and UV-Vis to confirm their polyphenol features.
For instance, the FTIR spectra of ACPOSSs and GAPOSSs in
Fig. S13(a) (in ESI) displayed several characteristic bands at-
tributed to the aromatic benzene ring and phenolic hydroxyl
groups from the pyrogallol unit. In detail, compared with the
FTIR spectra of ACPOSSs, the spectra of GAPOSS all showed
strong and broad absorption bands at 3400 cm~', and new
absorption bands were also observed at 1600 and 1523 cm~,
which could be attributed to the stretching vibration of the
phenol hydroxyl and benzene ring, respectively. Meanwhile,
the absorptions were observed at 1120 cm~' for all samples
due to the stretching vibration band of Si—O—Si in the
skeleton of POSS cage. In addition, the existence of catechol
structure within the GAPOSS was again confirmed by the
UV-Vis absorption spectra, which all exhibited the character-
istic bands at around 270 nm (Fig. S13b in ESI). All the above
evidence supported the existence of multiple polyphenol
units within the GAPOSSs, which enabled the promising free
radical scavenging capabilities of those antioxidant nano-
particles.

The ultrasmall sizes of those POSS-based antioxidant nano-
particles were fully confirmed by both of dynamic light scat-
tering (DLS) and computer simulation (CS). The DLS results re-
vealed that the diameters of single particles (Tg-, T;o-, and T;,-
GAPOSS) in DMSO were measured as 4.0, 4.4, and 5.8 nm, re-
spectively (Figs. 2a—2c). In addition, the CS section was per-
formed via the DMol3 module in Materials Studio 7.0 soft-
ware package, which also showed the theoretical sizes of
those samples (Tg-, T~ and T,,-GAPOSS) in DMSO are 4.3,
4.3, and 4.4 nm, respectively (Fig. 2d). Both DLS and CS res-
ults clearly demonstrated the ultrasmall sizes (< 5 nm) of
those antioxidant nanoparticles (Fig. 2e). Moreover, accord-
ing to the simulation results, it can be further estimated that
the surface of those antioxidant nanoparticles (Tg-, T4-, and
T,,-GAPOSS) possesses 8.7, 8.3, and 7.8 gallic acid units/nm?,
again confirming their high surface density of polyphenol ele-
ments.

It is well known that the phenolic hydroxyl groups of natur-
al or synthetic polyphenol materials are easily oxidized to
quinones structure, which can rapidly consume the oxygen
and ROS in the environment. Therefore, we believed that
those GAPOSSs containing plant polyphenol units with high
surface density could demonstrate strong free radical scaven-
ging and antioxidant capacity.3>-39 The popularly used 2,2-
diphenyl-1-picrylhydrazyl (DPPH) testing was performed to
measure the free radical scavenging activities of Tg-, T;o-, T15-
GAPOSS nanoparticles in the organic phase (Scheme S2 in
ESI). In detail, their free radical scavenging activities were
measured by detecting the decrease in absorbance at 517 nm
from 0.1 mmol/L DPPH ethanol solution (3 mL) after incuba-
tion with 50, 100, 150 and 200 ug of samples at different time
points, respectively. For example, Fig. 3(a) shows the UV-Vis
absorption spectra of DPPH solution (0.1 mmol/L, 3 mL) after
the addition of Tg-GAPOSS nanoparticles, and it was found
that the absorption peak intensity at 517 nm was decreasing

https://doi.org/10.1007/510118-020-2486-7
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Fig. 1 (A) Schematic illustration of POSS-based polyphenol antioxidant nanoparticles; (B) MALDI-TOF-MS spectra of Tg-APGAPOSS,
T10-APGAPOSS and T,,-APGAPOSS; (C) "H-NMR spectra of samples before and after deprotection (APGAPOSS and GAPOSS samples).

gradually. The free radical scavenging capabilities of the
GAPOSSs were increasing with the increase of sample con-
centration and incubation time (Fig. S14 in ESI). As shown in
Fig. 3(b), all the samples exhibited excellent free radical scav-
enging performances and their radical scavenging rates were
all quite fast. For instance, when the incubation time was
close to 30 min, the free radical scavenging efficiency could
reach more than 90% for all antioxidant samples, which was
consistent with the rapid color change of DPPH solution. In-
terestingly, note that those polyphenol nanoparticles all
demonstrated better radical scavenging activities than poly-
dopamine (PDA) nanoparticle (~200 nm), a well-known and
widely used nanoantioxidant, in the DPPH testing array. Simil-

ar results were also obtained by the 2,2"-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid)diammonium salt (ABTS) testing
performed in the aqueous solution using ABTS radical cations
(ABTS**) as the radical donor (Scheme S2 in ESI). In order to
improve the solubility of polyphenol nanoparticles, the POSS-
GA/PBA-PEG (Mposs.ga/Mpeg = 1/2) complex samples were dir-
ectly prepared by means of the acid-sensitive dynamic chem-
ical bond formed between the catechol structure on the sur-
face of polyphenol nanoparticles and methyl terminated
polyethylene glycol phenylboric acid (PBA-PEG) (Fig. S15 in
ESI),9 which can be dissociated under the inflammatory
acidic microenvironment induced by oxidative stress and
completely exposing the polyphenol structure of nano-

https://doi.org/10.1007/510118-020-2486-7
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Fig. 2 DLS results of (a) Tg-GAPOSS, (b) T;,-GAPOSS and (c) T,,-GAPOSS; (d) Calculation of particle size of Tg-GAPOSS,
T10-GAPOSS and T,,-GAPOSS by CS; (e) Particle size data of antioxidant nanoparticles by DLS and CS.
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Fig.3 (a) UV-Vis absorption spectra of DPPH solution after the addition of 100 pg of Tg-GAPOSS nanoparticles; (b) DPPH radical
scavenging activities of Tg-GAPOSS, T;,-GAPOSS, T,,-GAPOSS and PDA incubation with 100 pg at different incubation time. The
inserted image is the color contrast before and after adding 100 pg of Tg-GAPOSS and incubating for 30 min; (c) UV-Vis
absorption spectra of ABTS®** solution after the addition of 100 pg of Tg-GAPOSS nanoparticles; (d) ABTS®** scavenging activities
of Tg-GAPOSS/PBA-PEG, T,,-GAPOSS/PBA-PEG and T,,-GAPOSS/PBA-PEG (100 pg/200 pg). The inserted image is the color
contrast before and after adding 100 pg of Tg-GAPOSS/PBA-PEG and incubating for 30 min.
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particles. According to Fig. 3(c), the absorption peak at
735 nm can be obtained as the characteristic absorption peak
for detecting ABTS** free radical scavenging. Their free radic-
al scavenging activities could be measured by monitoring the
change trend of the absorbance of ABTS®*+ and GAPOSS/BPA-
PEG aqueous solutions within 30 min. As shown in Fig. 3(d),
the free radical scavenging efficiency can reach more than
55% when incubated for 30 s. And when the incubation time
reached 30 min, the free radical scavenging rate was more
than 70% for all antioxidant samples, which matched well
with the color change of the APTS solutions. However, the
ABTS*+ free radical scavenging capacity of PDA nanoparticle
was only 35% under the same test conditions. The promising
radical scavenging properties of those POSS-based polyphen-
ol nanoparticles are due to the high density of gallic acid
units on the particle surface and the ultrasmall size of the
particle, suggesting their potentials as highly efficient ROS
scavengers for biomedical applications.

We further evaluated the antioxidant performances of
those POSS-based polyphenol nanoparticles in protecting
cells from oxidative stress. Before that, the good biocom-
patibility of those polyphenol nanoparticles was verified by
MTT colorimetric (samples concentration 1-500 pg/mL par-
ticle, incubated 24, 72 and 120 h, respectively) and Calcein-
AM/PI staining method (Figs. S16a and S16b in ESI). NIH 3T3
cells were first exposed to 100 ymol/L H,0, for oxidative

Tg-GAPOSS/PBA-PEG

T,0-GAPOSS/PBA-PEG

T,,-GAPOSS/PBA-PEG

GSH/GSSG

Blank  Positive Tg Tio Tz

stimulation, and then treated with Tg-, T;y-, and T;,-GAPOSS/
PBA-PEG (GAPOSS and PBA-PEG sample concentrations were
16.7 and 33.3 ug/mL) for 24 h. As expected (Figs. 4a and 4b), it
could be seen that after 24 h of incubation, the ROS level of
NIH 3T3 cells in the control group increased significantly,
while the level of ROS could be significantly inhibited by
treating with these ultrasmall and precisely regulated nano-
particles. Furthermore, the ratio of glutathione and gluta-
thione disulfide (GSH/GSSG) and the contents of superoxide
dismutase (SOD) in the cytoplasm of NIH 3T3 cells were
quantitatively analysed to confirm the antioxidant behaviour
of these nanoparticles. As shown in Figs. 4(c) and 4(d), the
ratio of GSH/GSSG and concentration of SOD in the cells
treated with those polyphenol nanoparticles were remark-
ably higher than the control group, indicating that poly-
phenol nanoparticles showed a better effect in preventing
ROS oxidative damage of the cells. All the above results
clearly showed that those POSS-based polyphenol nano-
particles can effectively alleviate the oxidative stress injury of
the cells, which is due to the scavenging effects of multiple
ROS in the intracellular environments for preventing cell
oxidative damage. Above all, those antioxidant polyphenol
nanoparticles exhibit good biocompatibility and excellent
ROS scavenging capacity on the cellular level, and the fine-
turning of intracellular antioxidant index (GSH/GSSG and
SOD) can be realized by accurately regulating the number of
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Fig. 4 (a) Fluorescent microscope images of ROS levels in H,0,-treated NIH 3T3 cells incubated with different POSS-based polyphenol
nanoparticles (50 pg/mL) for 1 day; (b) Quantitative detection of active oxygen. DCFH-DA was used as the fluorescence. (c) GSH/GSSG
and (d) SOD contents of H,0,-treated cells with 50 pg/mL sample treatment after 1 day. PC: positive control. **p < 0.01, ***p < 0.001,

*exkpy < 0.0001.
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gallic acid units on the particle surface. Compared with the
traditional polyphenol antioxidant nanoparticles with un-
controllable structure and function, the ultra-small nano-
particles with precise structural regulation are of great signi-
ficance for the future study of the mechanism of polyphenol
antioxidant materials inhibiting oxidative stress in vivo.

CONCLUSIONS

In summary, we reported the preparation of ultra-small and
precisely structured POSS-based polyphenol nanoparticles
(Tg-, Tho~ and T,,-GAPOSS) by accurately functionalizing the
POSS surface with plant polyphenol gallic acid units. Those
polyphenol nanoparticles exhibited strong free radical scav-
enging capacity, good biocompatibility and ability to resist cell
oxidative damage, which demonstrated great potentials in
inhibiting oxidative stress induced pathologies.
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