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Exosome-hydrogels loaded with metal-organic framework improve skin 
aging by inhibiting oxidative stress
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Solvothermal reactions of Ba(NO3)2 with 1,3,5-benzenetricarboxylic acid gave rise to a new coordination 
polymer of [Ba6(BTC)4(H2O)9]}n (1 H3BTC = benzenetricarboxylic acid). The complex 1 was characterized 
soundly by Fourier transform infrared (FT-IR) spectroscopy, elemental analysis (EA), single-crystal X-ray 
diffraction (SCXRD), and thermogravimetric analysis (TGA). The framework of 1 has high thermal stability 
and shows intense luminescence at room temperature. Hyaluronic acid (HA) and carboxymethyl chitosan 
(CMCS) have good biocompatibility, based on the chemical synthesis method, the HA/CMCS hydrogel was 
prepared. With exosomes as drug models, we further synthesized novel exosome-loaded metal gel particles 
and evaluated their effects on oxidative stress in human dermal fi broblasts. 
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INTRODUCTION

The exosome is an extracellular vesicle secreted by 
a cell. They are less than 150 nm, have a phospholipid 
bilayer similar to that of cells, and are distributed with 
transmembrane proteins, cytoplasmic proteins, and 
RNAs. the interior of exosomes contains a series of 
proteins (cytoplasmic, growth factors, etc.) and miRNAs 
that convey specifi c functional cues. exosomes have im-
portant applications in dermatology based on their high 
biocompatibility and bioactivity1, 2. As active substances 
and carriers, exosomes can play an important role in the 
fi elds of scar removal, skin barrier tissue repair, wound 
healing, whitening, and anti-hair loss.

Oxidative stress (OS) is a condition in which the body 
produces excessive amounts of highly reactive molecules, 
such as reactive oxygen radicals (ROS) and reactive ni-
trogen radicals (RNS), when the body needs to remove 
aging cells from the body or when it is subjected to 
a variety of deleterious stimuli. The degree of oxidation 
exceeds that of oxidative removal, and the oxidative and 
antioxidative systems become imbalanced, resulting in 
tissue damage3. Thus, the nature of oxidative stress is 
a negative effect produced by free radicals in the body. 
Free radicals produced by oxidative stress can directly or 
indirectly oxidize or damage DNA, proteins, and lipids. 
They can induce mutations in genes, protein denatura-
tion, and lipid peroxidation, resulting in physiological 
and pathological responses in cells and tissues.

Recently, too many effects have been invested in design-
ing and constructing metal-organic frameworks (MOFs) 
with charming topological architectures. As newly emerg-
ing hybrid materials, MOFs reveal great application 
prospects in heterocatalysis, luminescence, magnetism, 
non-liner optics, gas separation and storage, and other 
fi elds4–7. Most of the reported interesting carboxylate-
based MOFs indicate that polycarboxylic acid ligands are 
the effective organic frameworks for producing the MOFs 
on account of the diversifi ed coordination modes of car-
boxylate groups and strong coordination affi nity to metal 
ions8–11. 1,3,5-benzenetricarboxylic acid (H3BTC) features 
a C3-symmetry and has three carboxylate groups that 
can deprotonated into three different forms of H2BTC2-, 
HBTC2- and BTC3- under different basic conditions. The 
unique C3-symmetry, various coordination modes, and 

different deprotonated forms make them widely used 
to construct functional MOFs12, 13. Until now, most of 
the BTC-based MOFs are constructed from rare earth 
metal ions or transition metal ions, seldom of which are 
constructed from the alkaline earth metal ions14–16. In 
comparison with the transition metal ions, Ba(II) ion, 
as an alkaline earth metal ion, reveals a higher affi nity 
to O-donors along with a larger ion radius. Thus, the 
Ba(II) ions can be easily bridged by the polycarboxylate 
ligands into ordered crystalline MOFs under appropriate 
conditions17, 18.

With the rapid development of biotechnology, hydro-
gels have an epoch-making signifi cance in biomedical 
tissue engineering19. Hydrogels are three-dimensional 
network structures formed by crosslinking of hydrophilic 
polymers, which have the advantages of low toxicity and 
high permeability and have been widely used as drug 
carriers20, 21. Hydrogels can be divided into natural hy-
drogels and synthetic hydrogels. The biocompatibility of 
synthetic hydrogels is poor and there may be toxicity in 
the degradation process, which limits their further applica-
tion22. Hydrogels prepared from natural materials, such 
as hyaluronic acid, chitosan, cellulose, sodium alginate, 
etc., have good biocompatibility and biodegradability 
and have little stimulation to patients during use23. Yang 
et al. prepared multifunctional chitosan hydrogel based 
on the sol-gel method, which has good biocompatibility, 
antibacterial activity, and self-healing ability, and has an 
obvious improvement effect on skin aging24.

In this paper, the H3BTC was chosen to fi nish the 
assembly with the Ba(II) ions under conditions of 
solvothermal, creating a new coordination polymer in 
success, namely, [Ba6(BTC)4(H2O)9]}n (1 H3BTC is 
benzenetricarboxylic acid). The complex 1’s generation, 
crystal architecture, luminescent performance, and ther-
mal behavior will be reported in the following. Based 
on chemical synthesis, HA/CMCS hydrogels were pre-
pared and their internal microstructure was measured 
by SEM. Using it as a drug carrier, we further designed 
and synthesized exosome-loaded metal gel particles and 
investigated their regulatory role in skin aging. Treatment 
of human dermal fi broblasts with increasing concentra-
tions of exosome-loaded metal gel particles signifi cantly 
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up-regulated cellular SOD levels and down-regulated 
MDA levels, thereby inhibiting oxidative stress.

EXPERIMENTAL 

Materials and instrumentation
In this paper, the chemical reagents applied were 

provided by commercial sources and they can be uti-
lized directly. To analyze the elements of carbon and 
nitrogen together with hydrogen, elemental Vario EL 
III was employed. PANalytical X’Pert Pro diffractometer 
was applied to conduct the characterization of PXRD 
utilizing 1.54056 Å Cu Kα radiation at 0.05° step size. 
With the temperature between 30 and 800 oC, by utiliz-
ing NETSCHZ STA-449C, TGA was implemented at 
10 oC per min increasing rate with N2 fl ow. The Edin-
burgh Analytical instrument FLS920 was employed to 
determine the compounds’ luminescent performance. 
The microstructure of the samples was characterized 
by a fi eld emission Scanning electron microscope (FE-
SEMS4800, Hitachi).

Hyaluronic acid (HA) carboxymethyl chitosan (CMCS), 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 
N-Hydroxysuccinimide (NHS) were purchased from 
Sinopod Chemical Reagents Co., LTD.

Synthesis of compound  [Ba6(BTC)4(H2O)9]}n (1) 
The mixture generated from 0.200 mmol Ba(NO3)2, 

0.15 mmol H3BTC, 0.5 mL DMF, and 4.0 mL H2O was 
placed into the small glass vial (20.0 mL) and then it 
was heated for 36 hours under a temperature of 110 oC. 
After cooling the above mixture to RT at 2 oC/min 
rate, the colorless massive crystals of complex 1 were 
produced with 37 percent yielding based on H3BTC. 
Elemental analysis calcd. for the C36H29O33Ba6: H, 1.60 
and C, 23.82. Found: H, 1.63, and C, 23.78. IR(KBr 
pallet, cm-1): 3421(m), 2930(m), 1543(s), 1502(s), 1428(s), 
1105(m), 1028(s), 926(s), 806(m), 735(s), 706(s), 679(s), 
608(w), 548(w), 515(s).

X-ray crystallography
With the Oxford Xcalibu E diffractometer controlled 

by computer, the compound’s single crystal X-ray dif-
fraction study could be implemented at RT by applying 
graphite-monochromatized Mo-Kα radiation (where 
λ is 0.71073 Å). The complex’s architecture could be 
solved by applying direct approaches and subsequently 
refi ned using full-matrix least-squares strategies through 
the program of SHELXL-2014 based on F2 25. The 1’s 
crystallographic data are concluded in Table 1. 

Preparation and characterization for exosome-loaded 
metal gel 

First, 1 g HA powder and 3 g CMCS powder dissolved 
in deionized water were weighed to form 1 wt% HA 
solution and 3 wt% CMCS solution. The EDC/NHS 
solution was added drop by drop to the HA solution 
and stirred rapidly for 30 min. Then, the HA solution 
and CMCS solution were added to the mold according 
to the same volume and stirred quickly. After that, the 
solution was placed at 4 oC overnight. Finally, after the 
chemical cross-linking was completed, the gel was formed, 
and the HA/CMCS hydrogel was prepared after cleaning 

with deionized water. The Ba(II) coordination polymer 
was immersed in the exosome solution after ultrasonic 
dispersion and added to the CMCS solution to prepare 
the exosome-loaded metal gel.

The microscopic morphology of the sample was obse-
rved by scanning electron microscope. Before the test, 
the sample was freeze-dried and sprayed with gold.

Exosome preparation
Fresh cow’s milk was centrifuged at 4000 rpm for 

30 min at 4 oC. Subsequently, sucrose density gradient 
centrifugation was performed, and the resulting MK-
-Exo was aseptically fi ltered through a 0.22-μm fi lter 
and stored at –80 oC. MK-Exo was fi xed with 2% (w/v) 
paraformaldehyde at room temperature. samples were 
subsequently examined by transmission electron micro-
scopy (TEM) (Hitachi, Japan).

Determination of SOD and MDA levels in cells
Human dermal fibroblasts (HDF) were obtained 

from Procell (Wuhan, China) and cultured in Dulbec-
co’s Modifi ed Eagle Medium (DMEM, Gibco, USA) 
supplemented with 10% of fetal bovine serum (FBS, 
Gibco, USA). The cells were plated into 96-well plate 
and cultured for 24 h. Subsequently, cells were treated 
with increasing concentrations of exosome for 24 h. 
After washing three times with PBS, the SOD and MDA 
levels of HDF were determined by WST-8 and MDA 
kits (Beyotime, Shanghai, China) according to the ma-
nufacturer’s instructions. The OD value at 450 nm was 
determined using a microplate reader (BioRad, USA). 

RESULTS AND DISCUSSION 

Crystal structure of complex 1 
The architectural study of X-ray displayed that the 

complex 1 was crystallized in a monoclinic space group 
of C2/c, revealing a 3-dimensional skeleton with 2D 
-Ba-O-Ba- inorganic connectivity. Each of the funda-
mental unit of the complex 1 is composed of 3 Ba(II) 
ions, 2 BTC3-, four and a half aqua ligands. As shown 
in Figure 1a, Ba1 and Bas ions display nine-coordinated 
monocapped square prismatic geometries, while Ba2 
shows an eight-coordinated square prismatic geometry. 

Table 1. The complex 1’s crystal data
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The coordination polyhedron of {Ba1O9} is defi ned 
through six carboxylic acid O atoms belong to 4 individual 
ligands of BTC3- and three terminal aqua ligands. The 
coordination polyhedron of {Ba3O9} is defi ned via seven 
carboxylic acid O atoms offered by fi ve distinct BTC3-, 
a terminal ligand of aqua, as well as one μ2-aqua ligand. 
The coordination sites of Ba2 ion are taken over via 
seven carboxylic acid O atoms originate from a terminal 
ligand of aqua and 6 distinct BTC3-. The bond distances 
of Ba-O around Ba(II) centers range from 2.702(9) Å 
to 3.043(8) Å that are all comparable with those of 
reported Ba(II)-based compounds18. In this framework, 
the BTC3- ligand shows two different coordination modes 
of μ6-O, (η2-O, O’), (η2-O’’, O’’’), O’’’, (η2-O’’’’, O’’’’’), 
O’’’’’ and μ7-(η2-O, O’), O’, O’’, O’’, O’’’, O’’’’, (η2-O’’’’, 
O’’’’’). Through careful checking the structure, it can be 
found that three edges was shared by each polyhedron 
{Ba1O9} with two polyhedrons {Ba3O9} and another 
polyhedron {Ba1O9}, three edges was shared by each 
polyhedron {Ba2O8} with two polyhedrons {Ba3O9} 
together with another polyhedron {Ba2O8}, and four 
edges was shared by each polyhedron {Ba3O9} with two 
polyhedrons {Ba3O9} and two polyhedrons {Ba2O8}. As 
shown in Figure 1b, such edge-shared connections of 
these polyhedrons further lead to the 2-dimensional -Ba-
O-Ba- layer extending along plane ac. Eventually, these 
neighboring 2-dimensional inorganic -Ba-O-Ba- layers 
are connected through the BTC3- into a 3-dimensional 
structure (Fig. 1c). 

 Powder X-ray diffraction pattern (PXRD) and thermo-
gravimetric analysis (TGA)

As displayed in the Figure 2a, there exists a great con-
sistency in the pattern of PXRD between polycrystalline 
samples and simulated pattern acquired from the data 
of single crystal diffraction data, confi rming the complex 
1’s high purity of polycrystalline samples. 

As exhibited in the Figure 2b, the complex’s TGA curve 
reveals two major weightlessness processes between 30 
and 800 oC. 8.96% of the fi rst weightlessness appeared 
between 105 and 153 oC, which is associated with the 
loss of coordinated H2O molecules, and the second 
weightlessness appeared between 320 and 450 oC that 
was resulted from the organic ligand decomposition. 
After decomposition, the product of 50.83% corresponds 
to the formation of BaO (calcd: 50.73%). 

Photoluminescent property of 1 
The luminescent spectra in the solid state of free 

H3BTC and 1 have been detected at RT (Fig. 3). It can 
be discovered that the free ligand of H3BTC can emit 
the fl uorescence, at 441 nm, there exists the maximum 
wavelength of emission (where λex is 330 nm), which 
is associated with H3BTC π* to n or π orbital charge 
transitions26, and at 456 nm, the complex 1 exhibits an 
emission band under 330 nm excitation. The complex 1’s 
emission spectrum is similar to the emission spectrum 
of free H3BTC and reveals 15 nm red-shift in compari-
son with the red-shift of free H3btc. As a result, the 1’s 
emission may be mainly come from the π* to n or π 
charge transitions in the ligand27. 

Figure 1. The coordination surroundings of the Ba(II) ion in complex 1 (a), The 2-dimensional -Ba-O-Ba- layer extending along 
plane ac (b), The compound’s 3-dimensional structure viewing along the crystallographical axis a (c)
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Micromorphology of the hydrogels
Hydrogel is a rapidly developing new functional polymer 

material, which is a three-dimensional spatial network 
structure composed of hydrophilic polymers. It has good 
biocompatibility and biodegradability, can effectively load 
and control the release of drugs embedded in hydrogels, 
and is an excellent drug carrier. We freeze-dried the 
prepared HA/CMCS hydrogel and observed the inter-
nal microstructure of the gel with scanning electron 
microscope. As shown in Figure 4, the freeze-dried gel 
showed a three-dimensional spatial network structure 
with interconnected holes. The pore size of the gel was 
concentrated at 336.54 ± 7.97 μm, and the gel had 
a large surface area, which could effectively load drugs.

Metallic gel particles loaded with exosomes signifi cantly 
inhibit oxidative stress in skin cells

The morphological characteristics of exosomes were 
performed by TEM (Fig. 5). To verify whether exosome-
-loaded metal gel particles could improve skin aging, the 
levels of SOD and MDA, the main markers of oxidative 
stress, were detected after human dermal fi broblasts 

Figure 2. The complex’s PXRD modes (a), and its TGA curve (b)

Figure 3. The luminescent emission spectra of free H3BTC and 
the complex 1 at RT

Figure 4. Microstructure and pore size distribution of HA/CMCS 
hydrogels Figure 5. The characterization of exosomes by TEM
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were treated with different concentrations of drugs for 
24 hours. Cells treated with exosomes showed a signifi cant 
increase in SOD levels and a signifi cant decrease in MDA 
levels (Fig. 6), and the trend of these two metrics was 
drug concentration dependent. Our results suggest that 
exosome-loaded metal gel particles signifi cantly inhibit 
the level of oxidative stress in skin cells.

CONCLUSION

In conclusion, we prepared a new Ba(II)-based com-
pound via the self-assembly reaction of Ba(II) ions 
and 1,3,5-benzenetricarboxylic acid under solvothermal 
conditions. The BTC3- ligands show two different kinds 
of coordination modes and connect all Ba(II) ions into 
a 3D framework having 2-dimensional -Ba-O-Ba- in-
organic connectivity. The high thermal stability and 
intense luminescence emission of 1 indicated that it can 
be applied as an outstanding candidate for luminescent 
materials. HA and CMCS retain the biocompatibility of 
natural polysaccharides, and we successfully prepared 
HA/CMCS hydrogels based on chemical synthesis. The 
SEM results showed that the freeze-dried gel showed 
a three-dimensional porous structure, and the pores 
were connected with each other, and the pore size was 
concentrated in 336.54 ± 7.97 μm. Using exosomes as 
drug models, we further synthesized exosome-loaded 
metal gel and discussed their regulatory role in skin ag-
ing. Treatment of human dermal fi broblasts with different 
concentrations of exosome-loaded metal gel particles 
signifi cantly up-regulated SOD levels and down-regulated 
MDA levels, thereby inhibiting oxidative stress. Our re-
sults suggest that exosome-loaded metal gel particles can 
be developed into a novel drug for improving skin aging.
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