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Purpose: Based on nanomedicine strategies, this study employed cucurbit[7]uril (Q[7]) as the macromolecular carrier to synthesize
nanocomplex drug delivery system for chlorogenic acid (CGA). The nanocomplex drug delivery system is intended to overcome the
unsatisfactory biocompatibility and bioavailability of CGA and realizing its potential role in long-term osteoporosis (OP) medication.
Methods: The nanocomplex was synthesized by the reflux stirring method. The chemical structure of the nanocomplex was
characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction analysis
(XRD), UV-visible spectrophotometry (UV-vis), zeta potential analysis and transmission electronic microscope (TEM). The Cell
Counting Kit-8 (CCK-8) assay, Live/Dead staining assay, and cytoskeleton staining were conducted to testify the biocompatibility of
the nanocomplex. The release assay, Ferric Reducing Ability of Plasma (Frap) assay and Reactive oxygen species (ROS) staining were
implemented to evaluate the release profile of CGA as well as its remaining antioxidative levels.

Results: CGA and Q[7] formed hydrogen bonding through an exclusion interaction, with the binding ratio more than 1:1. The
nanocomplex had a crystalline and spherical-like structure and improved thermal stability. The nanocomplex demonstrated better
biocompatibility than free CGA. The release profile of CGA from the nanocomplex was much steadier, and 70% of CGA was released
in 5 days. The CGA released from the nanocomplex maintained its antioxidative properties at high levels and effectively eliminated
the accumulated ROS in MC3T3-E1 cells under oxidative stress.

Conclusion: Q[7] has been demonstrated to be an ideal nanocarrier for CGA and the nanocomplex delivery system holds the potential
for the long-term medication strategy of OP.
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Introduction

Osteoporosis (OP) is a chronic and progressive skeleton disorder that severely impacts people’s quality of life. OP is
characterized by increased bone adsorption, decreased bone mineral density, deterioration of bone tissue microstructure,
and increased risks of bone fracture.! OP is the result of bone remodeling imbalance in which the new bone matrix fails
to replace the removed old bone. At the tissue level, bone formation is dependent on the recruitment of sufficient
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Graphical Abstract
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bioactive osteoblasts. The reduced osteoblastic bone formation was caused by a decrease in the quantity and activity of
individual osteoblasts, resulting in fewer newly produced bone trabeculae. Therefore, drugs that directly target osteoblast
processes are particularly effective in treating OP and strengthening bones.*> Attention has been drawn to the curative
effects of natural compounds on OP.* Chlorogenic acid (CGA; Scheme 1, left), a polyphenolic compound formed from
the esterification of caffeic acid and quinic acid,” possesses multiple biochemical functions such as anti-inflammation,®
antioxidation,” immunological modulation,® antivirus,” etc. It is acknowledged as a potential therapeutic agent for various
degenerative diseases. CGA also exhibits modulations for bone homeostasis, as previous research has demonstrated that
CGA can promote adhesion and proliferation of osteoblasts.'” All the evidence reveals that CGA is a promising bone-
inducing drug, and may be more suitable for long-term medication than traditional pharmacological methods due to its
natural characteristics.''"'> Nevertheless, developments in CGA-based therapeutic drugs are faced with challenges in
biocompatibility and bioavailability.'>'* Reactive oxygen species (ROS) accumulating in the microenvironment is
considered as a great threat. Overproduction of ROS cause lipid and protein oxidation as well as damage the integrity
of mitochondrial and nuclear DNA, thereby becoming a key player in OP. High levels of ROS generate oxidative stress in
osteoblasts, resulting in decreased adhesion, inferior differentiation, and increased apoptosis. This highlights the
necessity of effective antioxidant strategies in recovering mitochondrial dysfunction, enhancing the OP microenviron-
ment, and encouraging osteoblastic repair.'>'® The biochemical effects of CGA are mainly determined by its phenolic
hydroxyl groups, and the reducibility of hydroxyl groups endows CGA with antioxidant capacity, which can effectively
eliminate excessive ROS in the microenvironment. However, the application of CGA is also limited by the instability of
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its hydroxyl groups, and premature oxidation of hydroxyl groups (caused by pH value, temperature, light, and oxidants)
can weaken the antioxidant capacity of CGA.'” In addition, the high-dose toxicity of CGA cannot be ignored. Research
has found that CGA at high doses of 200 uM and 400 uM leads to varying degrees of cytotoxicity in MC3T3-El cells at
48 hours.'®!'? A corresponding delivery system should therefore be developed.

Nanonization is considered to be a promising approach to improving the biocompatibility and bioavailability of drugs
and achieving controlled release simultaneously.”*' Nanodrugs have enhanced drug loading capacity, higher stability,
and significantly prolonged blood half-lives.”> The modifiable forms and diverse surface features allow them to target
multiple tissues.>>** Moreover, these nanodrugs can be directly applied or incorporated into macromaterials like
scaffolds, implants, hydrogels, etc. to solve more complicated osteoporotic bone defects.>> Nanocomposites consist of
two or more materials, in which macromolecular polymers act as main molecules or carriers to accommodate the activity
of small molecules.?®*® This is a widely used nanonization strategy. Macrocyclic main molecules have been widely used
in chemistry and medicine due to their unique cavity structure, molecular recognition ability, and drug delivery ability
since their first appearance in the 1960s. The first-generation macrocyclic molecule, crown ether, is highly toxic, and its
application in medicine is limited.”® Cyclodextrin is the second-generation macrocyclic main molecule with good water
solubility, but it still has low toxicity, and the opening size at both ends of the cavity is inconsistent, which has certain
spatial structure requirements for guest molecules.*

Therefore, cucurbit[n]urils (Q[n]) (Scheme 1, right), was introduced as the main body for CGA delivery. Q[n] is a cage
compound consisting of different glycosidic urea units linked by a methylene unit.*' The openings at both ends are hydrophobic,
small, and surrounded by carbonyl groups of the same size.>* The host-guest effect of Q[n] can be easily realized,” and Q[n] is
reported to have good biocompatibility.>**> Cucurbit[6]uril (Q[6]) has a cavity volume of 164 A* and is known to form stable
complexes with fatty amines.>® Q[7], with a cavity volume of 279 A, has a cavity size suitable for encapsulating rather large
guest molecules and a greater water solubility relative to other members of the Q[n] family, making it compatible with peptides,
proteins, and other biomolecules.’” Both Q[6] and Q[7] are thus speculated to have the potential to carry CGA.

In the study, the nanocomplexes were synthesized by combining Q[6] or Q[7] with CGA, wherein the concentration
of CGA was determined based on the concentration-dependent analysis of CGA cytotoxicity. Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction analysis (XRD), UV-visible spectrophoto-
metry (UV-vis), zeta potential analysis and transmission electronic microscope (TEM) were employed to characterize the
nanocomplexes and the form of chemical bond between CGA and Q[n]. The bioactivity of the CGA released from the
nanocomplexes was determined using Ferric Reducing Ability of Plasma (FRAP) method. The biocompatibility of the
nanocomplexes on MC3T3-E1 cells were evaluated using the Cell Counting Kit-8 (CCK-8) assay, Live/Dead staining
and cytoskeleton staining. The intracellular ROS levels were evaluated to further confirm the improved bioavailability of
the nanocomplex. The hypothesis was that stable chemical bonds can be formed between Q[n] and CGA, thus endow the
advantages of improving the release kinetics, bioavailability and biosafety of CGA.
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Scheme | The structures of chlorogenic acid (CGA; left) and cucurbit[6, 7]uril (right).
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Materials and Methods
Concentration-Dependent Analysis of CGA Cytotoxicity

Mouse MC3T3-E1 cells (Chinese Academy of Sciences, China) were cultured in a-minimum essential medium (oa-MEM;
Gibco, USA) supplemented with 10% fetal bovine serum (Cell Sciences, USA) and 1% penicillin/streptomycin solution
(Gibco, USA), and placed in an incubator containing 5% CO, at 37°C.

Different concentrations of CGA solutions were filtered using 0.2 pum filters to remove bacteria. The MC3T3-E1 cells
were inoculated into 96-well plates at a density of 2000 cells/well (treated with CGA concentrations of 50 uM, 100 uM,
150 pM, 200 pM, 250 uM, and 300 M) and one control group (treated with the medium), and five replicates were set.
The stimulation solution was supplemented after 8 hours of cell attachment. After 24 h, 72 h, and 120 h of culture, the
CCK-8 kit (Dojindo Molecular Technology, Kumamoto, Japan) was used to detect the cell proliferation rate and evaluate
the cytotoxicity. Absorbance values at 450 nm were measured using a micro-plate spectrophotometer (PerkinElmer,
Waltham, MA, USA).

Preparation and Characterization of the CGA-Q[N] Complexes

Self-synthesized Q[6] and Q[7] were separately weighed with a molar ratio of 1:1 to CGA (98%; Aladdin, China). Q[n]
(20 mg) was first dispersed in 40 mL of deionized water, and CGA was added to the Q[n] dispersion system, followed by
reflux stirring for 8 h at 85°C. Unbound CGA was removed via triplicate washes with anhydrous ethanol, and the
obtained wet products denoted as Q[6@CGA] and Q[7]@CGA, were freeze-dried using an LSC Basic freeze-dryer
(CHRIST, Germany). A sample with a Q[7] to a chlorogenic acid molar ratio of 1:2 was prepared using the same method
and denoted as Q[7]@2CGA. The combination model of Q[7] and CGA is shown in Scheme 2.

FTIR (Nicolet 6700, Thermo Scientific, Waltham, USA) was used to verify the changes in the characteristic peaks of
the chemical bonds for CGA, Q[6], Q[7], Q[6]@CGA, and Q[7]@CGA. The infrared spectra were recorded between the
4000 cm ' and 500 cm ™' spectral ranges, with the attenuated total reflectance set at 4 cm™ ' resolution and 32 scans.

In the TGA (TGA-4000, PerkinElmer, Waltham, USA) test, approximately 5 mg of each dried powder sample was
placed in a platinum crucible and heated from 28°C to 700°C at a rate of 15°C-min . Six samples, CGA, Q[6], Q[7], Q
[6]@CGA, Q[7]@CGA, and Q[7]@2CGA, were determined; the sample residual mass percentage (weight%) was
calculated and the mutation inflection point was analyzed.

Q[7]@CGA and Q[7]@2CGA were submitted to XRD, host-guest titration UV-vis, DLS analysis, Zeta potential
analysis, and TEM. Using XRD (DSADVANCE, Bruker, Karlsruhe, Germany), the Q[7]@CGA and Q[7]@2CGA
complexes trace powders were characterized at room temperature (target, Cu-Ka; scanning speed, 2 °/min; sampling
time, 1 s; scanning range, 4-54 °/min). UV titration was performed using a UV-vis (LAMBDA1050+, PerkinElmer,
USA). The DLS and Zeta potential were detected using a laser particle sizer (Zetasizer NANO ZS90, Malvern, UK) and
phosphate-buffered saline (PBS) to configure the powder samples into a 10~* M solution. TEM (Talos f200s 200 kV, FEI,
USA) was used to observe the morphology of the samples at an accelerating voltage of 200 kV.
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Scheme 2 The potential mechanism of action of Q[7] and CGA.
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Slow-Release and Antioxidant Properties of CGA

Phosphate Buffered Saline (PBS; Bioshark, China) was used as a solvent to configure the CGA solutions (concentrations
of 10, 20, 40, 60, 80, 100, 120, 160, and 200 uM). A micro-ultraviolet spectrophotometer (NanoDrop One, Thermo,
USA) was used to determine the absorbance value of the sample at 329 nm, and the absorbance-concentration standard
curve of CGA was obtained.

The Q[7]@CGA, Q[7]@2CGA powders (25 mg each) and physically mixed CGA (11.6 mg)-Q[7] (19.2 mg) powder
were dissolved in 5 mL PBS respectively and placed in dialysis bags (Spectrum, In Biotech CE,100-500 Da, USA). The
dialysis bag was placed in 200 mL PBS, and 1 mL of liquid was removed from the solution outside the bag every
24 h and 1 mL of PBS was added. The absorbance value of the sample at 329 nm was determined for 20 consecutive
days, and the corresponding CGA concentrations were obtained using the standard curve.

The FRAP (Ferric Reducing Ability of Plasma) kit (Beyotime, China) was used to determine the antioxidant activities
of the samples in parallel with the sustained release. 100 pL of the above-mentioned extracted liquid was mixed with
200 pL of the FRAP working solution and reacted for 5 min. The absorbance of the mixture was measured using
a microplate spectrophotometer (PerkinElmer, USA) at 593 nm. The antioxidant activities were calculated based on
a standard curve of absorbances of aqueous FeSO, at various concentrations (0.15-1.5 mm).

Cell Proliferation and Cytotoxicity Evaluation
The complexes were soaked in 75% ethanol in the cell workbench for 2 h to be sterilized, and the CGA solution were
filtered using 0.2 pm filters to remove bacteria as before.

MC3T3-El cells were inoculated in 96-well plates at a density of 2000 cells/well, and five replicates were set up in
the experimental (200 uM Q[7]@CGA and 200 pM Q[7]@2CGA) and control group (200 pM free CGA). The
stimulation solution was replaced after 8 hours of cell attachment. After 24, 72, and 120 h, the CCK-8 kit was used to
detect the cell proliferation rate and evaluate the cytotoxicity. The absorbance was measured at 450 nm using a micro-
plate spectrophotometer.

MC3T3-El cells were inoculated in 24-well plates at a density of 2x10* cells/well. The experimental and control groups
were set up as described for the CCK-8 experiment, with three wells in each group. The stimulation solution was replaced
after 8 hours of cell attachment. After 72 h of culture, the cell morphology was observed under an inverted fluorescence
microscope (LSM 780, CalZeiss AG, Germany) after fluorescent staining with 4, 6-diamino-2-phenylindole (Apexbio, USA)
and Ghost Pen Cyclic Peptide (Cytoskeleton, USA). Similarly, the cell viability was observed under an inverted microscope
after fluorescent staining with Calcein-AM (Beyotime, China) and propidium iodide (PI; Beyotime, China).

Intracellular ROS Evaluation

MC3T3-El1 cells were inoculated in 96-well plates at a density of 4000 cells/well. 300 uM H,0, was added to the culture
medium to induce oxidative stress. After 72 h of coculture, the intracellular ROS levels were evaluated using the DCFH-
DA probe kit (Beyotime Institute of Biotechnology, China). The cells were washed three times and incubated with
DCFH-DA solution for 20 minutes. ROS fluorescence signals were observed using an inverted fluorescence microscope
(ZEISS).

Statistical Analysis

All the experiments were performed at least in triplicate in the study. Statistical analyses were conducted by the
GraphPad software (San Diego, CA). One-way analysis of variance (ANOVA) was performed and values of p < 0.05
indicated a significant difference. Data were expressed as the mean + standard deviation.

Results

Concentration-Dependent Analysis of CGA Cytotoxicity
Figure 1 shows the CCK-8 results of MC3T3-E1 cells treated with different concentrations of CGA for 24-120 h. Cell
proliferation was enhanced at a concentration of 50 uM for 24 h, with no significant differences between the control
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Figure | The optical density (OD) values were measured using the CCK-8 Cell Counting Kit after treatment of MC3T3-El cells with different concentrations of CGA for
24, 72 and 120 hours. *p < 0.05 and **p < 0.01 indicate significant differences compared to the blank group.

group and groups at higher concentrations. Cell proliferation increased in the 50 uM and 100 uM groups after 72 h but
was inhibited dramatically at concentrations over 150 uM. After 120 h of culture, only the 50 uM group demonstrated an
improvement in OD value, whereas concentrations beyond 200 uM negatively impacted cell growth. Based on the above
results, 200 uM CGA was selected as the toxic concentration for CGA in subsequent experiments.

Characterizations of the CGA-Q[7] Complexes

The results of the infrared analysis are shown in Figure 2A. CGA demonstrated an O-H stretching vibration at
2954 ¢cm ', Q[7] demonstrated an O-H stretching vibration at 2931 and 3001 cm ™', and the O-H stretching vibration
of Q[7]@CGA was observed at 2927 cm™'. The dual vibration peaks of Q[7] fused into a single vibration peak similar to
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Figure 2 FTIR, TGA, XRD, and UV-vis results of CGA, Q[7], and the complexes. (A) FTIR spectra of CGA, Q[7], and Q[7]@CGA. (B) TGA curve of CGA, Q[7], and Q[7]
@CGA. (C) XRD patterns of Q[7]J@CGA and Q[7]@2CGA. (D) UV standard curve of CGA; the host-guest titration UV analysis of CGA, Q[7], and Q[7]J@CGA.
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CGA. The hydroxyl vibration peak of Q[7]@CGA was slightly higher than that of Q[7], indicating that Q[7] and CGA
may chemically bind by changing the hydroxyl group.

The results of the thermogravimetric analysis (Figure 2B) and heat release (Figure S4) for CGA, Q[7], Q[7]@CGA,
and Q[7]@2CGA showed that 16% of the first segment weight loss of CGA occurred at 0-59°C and 68% of the rapid
weight loss occurred at 221-401°C, which was due to the collapse of the long carbon backbone in CGA. In the case of Q
[7], 14% weight loss in the first segment occurred at 0—105°C, and 44% rapid weight loss occurred at 237-350°C. An
11% weight loss in the first segment of Q[7]@CGA occurred at 0-123°C, and 54% rapid weight loss occurred at
366-481°C. Likewise, a 10% weight loss in the first segment of Q[7]@2CGA occurred at 0-124°C, and 50% rapid
weight loss occurred at 368-490°C. The second segment weight loss inflection points of the complexes were significantly
higher than those of CGA and Q[7]. The TGA images of Q[7]@CGA and Q[7]@2CGA almost overlapped, indicating
that the results of both methods of Q[7]@CGA and Q[7]@2CGA are Q[7]@2CGA.

Figure 2C shows the wide-angle XRD patterns of Q[7]@CGA and Q[7]@2CGA. Q[7]@CGA exhibited a non-
crystalline structure, suggesting an amorphous phase, while Q[7]@2CGA exhibited a crystalline structure.

Figure 2D shows the UV standard curve of CGA and the host-guest titration UV analysis of CGA, Q[7] and Q[7]
@CGA. When CGA was titrated with Q[7], the characteristic peak of CGA was always observed within the UV
spectrum; thus, the interaction between Q[7] and CGA may be considered as an exclusion interaction rather than an
inclusion interaction.

As seen in Figure 3A, the particle size of CGA was distributed within the range of 122.4-133.8 nm, and that of Q[7]
was mainly distributed within the range of 162.2-175.8 nm. The particle sizes of the Q[7]@CGA and Q[7]@2CGA
complexes were distributed within the ranges of 229.5-243.9 nm and 399.5-411.8 nm, respectively. The particle size of
Q[7] combined with CGA was slightly larger than that of Q[7] or CGA alone, and the particle size of Q[7]@2CGA was
larger than that of Q[7]@CGA.

The Zeta potential is a measure of the strength of the mutual repulsion or attraction between particles, and the bigger the
absolute value of the Zeta potential, the better the stability of the particle. The Zeta potential distribution of CGA, Q[7], Q
[71@CGA, and Q[7]@2CGA is shown in Figure 3B. The Zeta potential values for CGA, Q7, Q[7]@CGA, and Q[7]
@2CGA were —2.17 mV, +30.9 mV, +26.2 mV, and +19.7 mV, respectively.

The powdered appearances of Q[7], CGA, Q[7]@CGA, and Q[7]@2CGA, which can be distinguished by the naked
eye, are shown in Figure 4A. Q[7] was yellowish-white in color, CGA was light yellowish-brown, Q[7]@CGA was
yellowish-brown, and Q[7]@2CGA was similar in appearance to Q[7]@CGA. The TEM images of Q[7], Q[7]@CGA,
and Q[7]@2CGA at different magnifications (Figure 4B) showed that the Q[7] particles were unevenly dispersed and
mostly irregular and spherical, with a diameter of about 50 nm. The Q[7]@CGA particles were also dispersed and
irregular in shape, with a diameter ranging from 11 to 80 nm. The Q[7]@2CGA particles were nearly circular with
uneven surfaces and a diameter of about 100 nm.

Release Profile and Antioxidants of CGA from the Complexes

Figure 5A shows the cumulative CGA release percentage from free CGA, Q[7]@CGA, and Q[7]@2CGA within 20 days. The
release rate of free CGA was fast, reaching 90% at 12 h, and the release amount did not significantly change over the following
20 days. In the Q[7]@CGA and Q[7]@2CGA complexes, the release of CGA can be divided into three phases. In the first 5
days, 69% and 70% of CGA was released, respectively; the release amount then reached 77% and 79%, after a stable and slow
release within 6-9 days; the final release reached 80% and 82%, respectively, after 1020 days. The FRAP method was used to
evaluate the remaining antioxidant activities of per mg CGA with Fe*" as a reference. The antioxidant activity of CGA began
to decrease on day 10 in group free CGA, but was maintained in the Q[7]@CGA and Q[7]@2CGA groups (Figure 5B).

Cell Proliferation and Cytotoxicity Evaluation

According to the CCK-8 results in Figure 6, the free CGA group showed obvious cytotoxicity from 24 h to 120 h. Both Q
[71@CGA and Q[7]@2CGA promoted the proliferation of osteoblasts, and the effect was more prominent with Q[7]
@2CGA. Q[7] did not exhibit any cytotoxicity at 24—120 h.
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A

B Q[7] Q[7]@CGA Q[7]1@2CGA

Figure 4 Appearance and TEM results of CGA, Q[7], and the complexes. (A) Solid and liquid appearances of CGA, Q[7], Q[71@CGA, and Q[7]@2CGA; (B) TEM images
of Q[7], Q[7]@CGA, and Q[7]@2CGA at different magnifications.

Figure 7A exhibited the results of cytoskeleton staining of MC3T3-E1 cells after 3-day coculture. In the CGA group,
the cells were fusiform in shape with no obvious cell pseudopods; additionally, they were not well spread out. In the
blank, Q[7], Q[7]@CGA, and Q[7]@2CGA groups, the cells were spread out and presented as round-shaped structures
with many filaments. The cells in the blank and Q[7]@2CGA groups were the most well-spread.
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Figure 5 The release profile and antioxidant activity of CGA. (A) The absorbance-concentration standard curve and release percentage of CGA from free CGA, Q[7]
@CGA, and Q[7]@2CGA; (B) Fe?* Reducibility - concentration standard curve and antioxidant activity of the released CGA from free CGA, Q[7]@CGA, and Q[7]
@2CGA.
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Figure 6 The OD values were measured using the CCK-8 Cell Counting Kit after the treatment of MC3T3-E| cells with free CGA, Q[7], Q[7]@CGA, and Q[7]@2CGA
for 1/3/5 days. *p < 0.05 and **p < 0.0 represent significant differences compared to the blank group.
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Figure 7 Cell adhesion and comparison of survival and death after treatment with CGA, Q[7], Q[7]@CGA, and Q[7]@2CGA. (A) Fluorescence staining of 4, 6-diamino-
2-phenylindole with phloxine cyclic peptide and DAPI (Red represents the cytoskeleton, and blue represents the nucleus). (B) Fluorescence staining of Calcein-AM and PI
(Green is for living cells, red is for dead cells).

The results of Live/Dead cell staining were depicted in Figure 7B. The number of living cells was highest in the Q[7]
@2CGA group and lowest in the CGA group. The number of dead cells was highest in the CGA group; the remaining
groups presented with low numbers of dead cells.

Intracellular ROS Evaluation
The intracellular ROS levels were shown in Figure 8. In groups blank control and Q[7], strong signals of intracellular

ROS triggered by oxidative stress were observed. ROS signals was significantly decreased in groups free CGA, Q[7]
@CGA and Q[7]@2CGA. Group Q[7]@2CGA showed the weakest ROS signals among the five groups.

Discussion

The study employed the MC3T3-E1 mouse calvaria-derived pre-osteoblast cell line, which has stable expression patterns
of bone-related proteins during osteoblast differentiation and has been extensively studied in investigations over
osteoblasts’ role in bone formation.’® The CCK-8 results comparing various concentrations of CGA revealed its
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Blank Control Q[7] Free CGA

Q[7]@CGA Q[7]@2CGA

Figure 8 ROS fluorescence signals of cells after treatment with CGA, Q[7], Q[7]@CGA, and Q[7]@2CGA for 3 days under oxidation stress. Scale bar = 100 pm.

concentration-dependent cytotoxicity on MC3T3-El cells. High doses will certainly bring stronger bioactivity while
inevitably increasing cytotoxicity at the same time, thus impairing the curative effects of CGA in the clinic. 200 uM of
CGA (toxic concentration) was selected as the control to evaluate the progress the nanocomplexes made in biocompat-
ibility, since CGA higher than this concentration exhibited significant inhibition on cell proliferation.

The CGA-Cucurbit[n]uril nanocomplexes were synthesized via the reflux stirring method. The diameters of both Q[7]
@CGA and Q[7]@2CGA were lower than the simple sum of the diameters of free CGA and free Q[7] in equal
proportions, suggesting the formation of nanocomplexes. The nanocomplexes showed no cytotoxicity and even promoted
cellular proliferation under inhibitive concentrations. Such a phenomenon can be partially attributed to the sustained-
release effect offered by Q[7], which maintained the level of CGA in the microenvironment at a low concentration
suitable for cell growth. CGA’s cytotoxicity at high concentrations stems from its catechol structure, which generates
superoxide anion radical from molecular oxygen by forming an electrophilic o-quinone counterpart, making it act as
a pro-oxidant rather than an antioxidant.*>* The outer space interaction between Q[7] and CGA at the location of catechol
structure may interfere with the above biochemical process, and the mechanism need to be investigated in future studies.
After 5 days of co-culture, it was found that cells in the Q[7]@CGA and Q[7]@2CGA groups exhibited the most
developed morphology, with stretched spindle shapes and wide-spread pseudopodia. It is widely accepted that cell
morphology plays a vital role in regulating the cell phenotype, and the elongated spindle shape implies better
performance in cell adhesion, proliferation, and osteogenic differentiation.*” Q[6]@CGA complexes were also synthe-
sized and characterized by FTIR and TGA (seen in Supplementary Data: Characterizations of CGA-Q[6] complexes).

A weak interaction between CGA and Q[6] was observed (Figures S1 and S2). However, the CCK-8 results (Figure S3)
indicated that they did not have the equivalent biocompatibility as Q[7]@CGA. Q[6] itself does not exhibit evident
cytotoxicity, but its insolubility in organic solvents and low solubility in water impose limitations on its application. The
process of forcefully dissolving Q[6]@CGA in culture medium may have caused damage to Q[6]’s structure and too-fast
release of CGA. In light of this, Q[7]@CGA was subjected to further study.

The sustained release of drugs can be realized through drug delivery systems (DDS). In most cases, drugs are
confined in carriers with no interactions between them, and the release of drugs is achieved through the degradation of

carriers, thereby slowing down the release rate and reducing the accumulative concentrations at target sites.*' It is
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noteworthy that interactions between drugs and carriers will improve carriers’ affinity for drugs, promote the stability of
DDS, and advance the sustained-release effect. FTIR results provided preliminary evidence for the chemical interactions
between the hydroxyl group in CGA and the carbonyl group in Q[7], as Q[7]@CGA demonstrated an enhanced hydroxyl
stretch peak at 2927 cm ™', On the other hand, TGA represents a more convincing characterization tactic. The 8% loss of
weight in Q[7]@CGA due to water evaporation indicated the occurrence of chemical changes related to OH and/or
H during the formation of Q[7]@CGA; thus, hydrogen bonds were formed, which greatly reduced the content of crystal
water in the sample. Compared to CGA and Q[7], the inflection point of the complex weight loss shifted significantly to
the right, indicating that Q[7]@2CGA was more stable and its main carbon chain could not be thermally decomposed
below 360°C. These findings confirmed that stable chemical binding could be formed between Q[7] and CGA through
hydrogen bonding, ion-dipole forces, and other chemical forces. Previous studies demonstrated that CGA had
a crystalline structure, whereas Q[7] had an amorphous phase.42’43 UV results revealed that Q[7]@CGA and Q[7]
@2CGA formed through exclusion rather than inclusion interaction, which explained the crystalline structure in Q[7]
@2CGA. Furthermore, TGA and FTIR data provided evidence that Q[7]@2CGA was more stable than Q[7]@CGA,
implying that the CGA linked to the outer wall of Q[7] was more likely to unbind during the washing step, resulting in
a non-crystalline Q[7]@CGA.The slow release effects of Q[7]@CGA complexes may be related to the hydrophilicity of
CGA; the hydrogen bond of the complex gradually weakens under the hydrophilic action of CGA, and the ion-dipole
effect becomes ineffective after the complex potential changes in solution, resulting in the re-release of CGA.**

Improving bioavailability is another target we tried to achieve by developing the nanocomplexes. The antioxidant
properties of CGA can combat the oxidative stress damage of cells and create an ideal microenvironment for bone
regeneration. Nevertheless, the instability of CGA deeply impairs its antioxidant properties and induces the inactivation
of CGA earlier than expected. The distribution of drugs in the microenvironment is influenced by their shapes, and the
well distribution can partially compensate for the instability of drugs. Evidence has shown that small and spherical
molecules can be well transported by blood flow, significantly extending their half-lives.*> The DLS analyses
demonstrated that both Q[7]@CGA and Q[7]@2CGA are nanoscale particles. TEM observations showed that the
gap between a single Q[7] particle became smaller in Q[7]@CGA, and the shape of Q[7]@2CGA was more regular
and closer to a sphere, which not only implied the binding ratio of CGA and Q[7] larger than 1:1, but also explained
the progress in CGA’s bioavailability. Q[7] exhibited formless agglomerates, which are typical of amorphous materials,
while pure CGA displayed irregular crystal particles with large dimensions.*® This morphology change from irregular
shape to approaching sphere can be explained by the packing meter, which is affected by the hydrophobic component
of the molecule. As the CGA content of the nanocomplex grew, so did the hydrophobic component, resulting in
a lower packing meter. As a result, greater spherical shape can be observed.*® The cyclodextrin family is the most
commonly used host to synthesize the inclusion of CGA. B-cyclodextrin (B-CD) as the host molecular only reached
79.86% of the inclusion rate for CGA, which is much smaller than that of Q[7]. Besides, the melting point of the
complex was lower than that of B-CD and chlorogenic acid, suggesting that the complex was more likely to be
thermally decomposed than free CGA, which is not beneficial for improving CGA’s bioavailability.*” The complexa-
tion behavior of a more hydrophilic derivative, hydroxypropyl-p-cyclodextrin (HP-B-CD), and CGA was also inves-
tigated, but the binding ratio was still limited to 1:1.** Both catechol hydroxyl groups of CGA are trapped inside the p-
CD cavity, with only the carboxyl moiety projecting outward.*> The B-CD cavity prevents hydroxyl groups from
directly reacting with free radicals and may decrease the efficiency of CGA in the antioxidation process. In cases of Q
[7], a different spatial relation was present: the outer surface connection between CGA and Q[7] allowed CGA to be
more easily released from the host and exert biochemical activities through its hydroxyl groups. More CGA was
released from Q[7]@2CGA at the same total mass as Q[7]@CGA, indicating that Q[7]@2CGA bound more CGA,
thus further verifying the structure of the Q[7]@2CGA complex. The absolute Zeta potential values of Q[7]@CGA
and Q[7]@2CGA were larger than that of CGA but smaller than that of Q[7], indicating that the stability of the
complex in solution was slightly lower than that of free Q[7] but significantly higher than that of free CGA. As
a result, CGA in the nanocomplexes may not be easily degraded under the influence of the local microenvironment.
Thus, Q[7]@CGA and Q[7]@2CGA were observed to preserve strong antioxidant properties in the FRAP assay and
effectively reduce the ROS level in MC3T3-E1 cells.
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Most applications of the cucurbit[n]urils family depend on its versatility to form dynamic complexes with various
chemicals; however, it is important to understand the binding strengths of the subject molecule and the target guest and
the kinetics of the complexation and decomplexation, and make use of those understandings for applications in specific
areas.*”° The wrapping or loading of cucurbit urea can aid in the specific recognition of molecules, wrapping of toxic
functional groups to reduce toxicity, and making of active substances that continue to play a role as a slow-release
subject.’’>? In the current study, cucurbit[r]urils were employed to improve the biocompatibility and bioavailability of
CGA for its applications in OP treatment. Due to the limitations of the current synthesis method, CGA demonstrated
improved biocompatibility, bioavailability, and sustained release via an outer space interaction with Q[7], and future
research should focus on allowing CGA to enter the Q[7] cavity to achieve the greatest improvements in the aforemen-
tioned aspects. Such nanocomplexes are also promising in bone tissue engineering, particularly when introduced into
scaffold material to enhance massive bone defect healing.”

It is noteworthy that the strategy of loading active ingredients on cucurbit[n]urils is not only suitable for CGA, but
universal for all molecules that can interact with the outer surfaces of cucurbit[n]urils.

Conclusion

Based on the present results, the hypothesis that chemical bonds can be formed between Q[n] and CGA, thus endow the
advantages of improving the release kinetics, bioavailability and biosafety of CGA, can be accept, and the following
conclusions can be drawn:

i. The novel CGA-Q[7] nanocomplex, based on macrocyclic main molecules, was successfully synthesized through
the formation of hydrogen bonds between CGA and Q[7];

ii. CGA can be sustainably released from CGA-Q[7] nanocomplex in vitro and maintain strong antioxidant activities
for over 20 days;

iii. The CGA-Q[7] nanocomplex promoted osteoblast proliferation at high CGA concentrations, reduced intracellular
ROS signals, and showed no increased cytotoxicity, highlighting its potential in osteoporosis treatment.
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