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ARTICLE INFO ABSTRACT

Keywords: Osteoporosis is majorly caused by an imbalance between osteoclastic and osteogenic niches. Despite the
Osteoporosis development of nationally recognized first-line anti-osteoporosis drugs, including alendronate (AL), their low
nanoadjuvants

bioavailability, poor uptake rate, and dose-related side effects present significant challenges in treatment. This
calls for an urgent need for more effective bone-affinity drug delivery systems. In this study, we produced hybrid
structures with bioactive components and stable fluffy topological morphology by cross-linking calcium and
phosphorus precursors based on mesoporous silica to fabricate nanoadjuvants for AL delivery. The subsequent
grafting of -PEG-DAspg ensured superior biocompatibility and bone targeting capacity. RNA sequencing revealed
that these fluffy nanoadjuvants effectively activated adhesion pathways through CARD11 and CD34 molecular
mechanisms, hence promoting cellular uptake and intracellular delivery of AL. Experiments showed that small-
dose AL nanoadjuvants effectively suppress osteoclast formation and potentially promote osteogenesis. In vivo
results restored the balance between osteogenic and osteoclastic niches against osteoporosis as well as the
consequent significant recovery of bone mass. Therefore, this study constructed a drug nanoadjuvant with
peculiar topological structures and high bone targeting capacities, efficient intracellular drug delivery as well as
bone bioactivity. This provides a novel perspective on drug delivery for osteoporosis and treatment strategies for
other bone diseases.
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G. Zhang et al.
1. Introduction

Osteoporosis is a common bone disease that affects over 200 million
individuals globally with a prevalence rate of 18.3 % [1-3]. It is pri-
marily caused by an imbalance between the osteoclastic and osteogenic
niches. The excessive osteoclast activity and reduced osteogenesis cause
decreased bone mass, bone microstructure deterioration, and increased
susceptibility to fractures. The cost of treatment of osteoporosis and its
associated fragility fractures present a substantial challenge to public
health and government economies [4,5]. Several anti-osteoporosis drugs
have been developed, among which Alendronate (AL) is a
third-generation bisphosphonate and an internationally recognized
first-line treatment [6-8]. Nevertheless, their clinical applications have
been restricted due to poor absorption after oral administration, low
uptake efficiency, and limited bioavailability arising from systemic
distribution before reaching the target site [9,10]. Consequently,
long-term administration at high doses is often required to achieve
therapeutic effects. Although AL may inhibit osteogenesis, it causes
adverse reactions including gastrointestinal toxicity, mandibular
osteonecrosis, atypical fractures, and other problems [11-15]. There-
fore, there is an urgent need to develop more effective drug delivery
systems with enhanced affinity towards bones (see Scheme 1).

To achieve the therapeutic efficacy of drugs while minimizing side
effects, it is important to improve the drug-delivering efficiency and
uptake rate, prevent clearance by the mononuclear phagocyte system, as
well as reduce application dosage. In recent years, mesoporous silica
nanoparticles have gained significant attention due to their high specific
surface area and pore volume. These characteristics allow for significant
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drug loading, while simultaneously maintaining controlled release ki-
netics. This extends the in vivo half-life of the drug, potentially reducing
the need for long-term high dosage administration [16-19]. Further-
more, these nanoparticles have excellent biocompatibility and are
amenable to surface modifications, rendering them suitable for drug
nanoadjuvants [20-25]. Nonetheless, their applications in drug delivery
still face major challenges due to insufficient biological activity, poor
endocytosis efficiency, and simple biological function due to a lack of
bioactive ingredients and their basic structures. Thus, additional studies
are essential to investigate the design of their chemical components and
structural modification [26].

Recent studies have shown that the unique surface morphology of
nanomaterials can significantly improve their intracellular uptake ca-
pacity. Moreover, nanospikes can manipulate the recruitment of myosin
IIA on the cell membrane during cellular uptake, thereby improving
absorption efficiency [27]. Additionally, virus-mimicking nano-surfaces
promote biomolecule binding and subsequently increase cellular up-
take. This mechanism may leverage the natural interaction between
viruses and host cells [28]. Furthermore, these mesoporous silica
nanoparticles with unique surface morphology act as nanoadjuvants in
tumor treatment to induce apoptosis and necrosis of tumor tissue after
drug delivery. However, limited studies have been conducted on oste-
oporosis and orthopedic disease therapies, specifically for promoting
osteogenesis and bone regeneration [29-33]. Inspired by previous
research and the special phenomenon that fluffy and prickly balls can
easily adhere and be absorbed by cells, we hypothesized that incorpo-
rating bioactive chemical components and designing unique morpho-
logical structures could effectively enhance the intracellular delivery
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Scheme 1. Fluffy hybrid nanoadjuvants for restoring osteoclastic and osteogenic balance in osteoporosis. SMSN, smooth mesoporous silica nanoparticles. rMSN,
rough mesoporous silica nanoparticles. fMBG, fluffy mesoporous bioactive-glass-like nanoparticles. CNT, Ca(NO3),-4H20. TEP, triethyl phosphate. Ca, calcium
element. P, phosphorus element. MAL-PEG2000-NHS, Maleimide-Pegylaoo-NHS ester. SH-D-Aspg, mercapto-dextro-aspartate octapeptide. fPD, fluffy bone targeting
mesoporous bioactive-glass-like nanoparticles. AL, Alendronate. @fPD, fluffy bone targeting mesoporous bioactive-glass-like AL nanoadjuvants. HA, hydroxyapatite.
BMMs, bone marrow-derived macrophages. M-CSF, macrophage colony-stimulating factor. RANKL, Nuclear factor kappa B receptor activator ligand. CARD11,
caspase recruitment domain 11. CD34, differentiation antigen cluster 34. C-FOS, Fos proto-oncogene. CTSK, cathepsin K. TRAP, tartrate-resistant acid phosphatase.
DC-STAMP, dendritic cells express seven transmembrane proteins. BMSC, bone marrow mesenchymal stem cells. OCs, osteoclasts. OBs, osteoblasts.



G. Zhang et al.

efficiency and biological function of nanoadjuvants in orthopedic dis-
ease treatments.

A unique topologically fluffy mesoporous bioactive nanoadjuvant
(fMBG) was synthesized by incorporating Ca(NO3)-4H20 (CNT) and
triethyl phosphate (TEP) into silica nanoparticles. Through the syner-
gistic action and cross-linking of Si, O, Ca, and P systems, fluffy topo-
logical surface structures were formed and developed by changing a
simple Si-O network supported by the oil-water biaxial epitaxial growth
technique. fMBG was further integrated with -PEG-DAspg as fPD to
improve biocompatibility and bone targeting. Subsequently, nano-
adjuvants @fPD were prepared by encapsulating with AL. The @fPD had
excellent bioactivity, biocompatibility, bone targeting capacity, and
high treatment efficiency at lower AL dosage. RNA sequencing revealed
that @fPD significantly improved uptake rate and intracellular delivery
by activating adhesion pathways involving CARD11 and CD34 molecule
mechanisms. Both in vitro and in vivo experiments showed that @fPD
effectively restores the balance of osteoclastic-osteogenic niches. It also
promotes bone formation by significantly suppressing the osteoclastic
activity of bone marrow-derived monocytes (BMMs) while potentially
boosting the osteogenic capacity of bone marrow mesenchymal stem
cells (BMSC). This work constructs a topologically fluffy bioactive drug
nanoadjuvant with increased uptake rate and intracellular delivery
while providing a new perspective for developing drug treatments for
osteoporosis and other bone diseases.

2. Experimental section/Methods
2.1. Materials

Hexadecyltrimethylammonium bromide (CTAB), alendronate (AL),
and ninhydrin was purchased from Sigma-Aldrich. Tetraethylorthosili-
cate (TEOS), triethyl phosphate (TEP) and cyclohexane were bought
from Shanghai Adamas Reagent Co., Ltd. Sodium hydroxide (NaOH),
sodium bicarbonate (NaHCO3), calcium nitrate tetrahydrate (CNT, Ca
(NO3)2-4H20), ethanol and methyl alcohol were purchased from
Shanghai Chemical Co., Ltd. (3-Aminopropyl) triethoxysilane (APTES)
were procured from Aladdin Industrial Inc. PBS and SBF with different
pH values were obtained from Shanghai yuanye Bio-Technology Co.,
Ltd. Maleimide-PEGyp0o-NHS ester (MAL-PEGp00-NHS) and dextro-
rotation aspartic octapeptide (D-Aspg-SH) from Guangzhou Tanshui
Technology Co. Ltd. (Guangzhou, China). Fluoresceine isothiocyanate
(FITC) was purchased from XI’AN QIYUE BIOLOGY Co. Ltd. Ultra-pure
water with a resistivity of 18.2MQecm was used throughout the
experiment.

2.2. Preparation of sMSN, rMSN and fMBG

1.0g CTAB and 0.8 mL NaOH (0.1 M) were added to 50 mL deionized
water, stirred gently at a 60 °C circular bottom for 2 h. Next, 20 mL (20
% v/v) TEOS solution of cyclohexane was added to the mixture. If stirred
at 60 °C at 120 rpm for 24 h, smooth mesoporous silica nanoparticles
sMSN were obtained. The rough mesoporous silica nanoparticles rMSN
were prepared by stirring at 30 rpm for 48 h under the same reaction
temperature. The preparation procedure of fluffy mesoporous silica
nanoparticles fMBG was similar to that of rough mesoporous silica
nanoparticles. The difference was that after addition of 20 mL (20 % v/
v) TEOS cyclohexane solution, 0.298 g (0.28 mL) triethyl phosphate was
added to the above solution after stirring at 60 °C for 30 min. It was
further stirred for 30 min to ensure complete and uniform mixing, and
2.318 g Ca(NO3)2-4H20 was added, and stirred at 30 rpm for 48 h. This
was followed by centrifugation to collect the pellet that was washed with
water and ethanol several times. Subsequently, the dried nanoparticles
were heated at 5 °C/min and reacted in Muffle furnace at 550 °C for 6 h
to remove the CTAB template. Finally, the samples were washed with
ethanol and deionized water and dried under vacuum at 45 °C for 8 h.
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2.3. The mesoporous nanoparticles were functionalized to obtain @sPD,
@rPD and @fPD

2.3.1. Amination modification

50 mg nanoparticles were activated by vacuum drying for 2h at
110 °C, mixed with 10 mL 99 % ethanol solution and ultrasonically
dispersed. They were then mixed with 25 pL. APTES solution, condensed
under nitrogen protection at 70 °C for reflux for 6 h. It was then
centrifuged and the resultant white products were collected, washed
three times with ethanol, dried and preserved.

2.3.2. Bone targeting modification

10 mg each of the aminated mesoporous nanoparticles was dispersed
in 5 mL PBS to obtain liquid A, dissolve 0.018 mmol MAL-PEG0o-NHS
in 5 mL PBS to obtain liquid B. Liquid A and B were mixed and stirred
under the protection of nitrogen at room temperature in the dark for 1 h.
0.028 mmol D-Aspg-SH solution dissolved in 10 mL PBS was then added
into the solution, and centrifuged. The resulting products were washed
with PBS, stirred under the protection of nitrogen at room temperature
in darkness for 24 h, and lyophilized to obtain sPD, rPD and fPD,
respectively.

2.3.3. Determination of AL loading and release

The prepared PEG-D-Aspg-targeted and modified mesoporous
nanoparticles were ultrasonically dispersed in 15 mL PBS, from which 5
mL PBS were dissolved in 10 mg AL and mixed. The reaction was per-
formed at room temperature for 24 h in the dark. The products were
centrifuged and washed with PBS, and the supernatant and PBS washing
solution were collected. The final products @sPD, @rPD and @fPD were
collected after precipitation and lyophilization. The drug loading of AL
was calculated depending on the ninhydrin color reaction method that
was described in previous studies, and the precipitates were lyophilized
and stored at —20 °C. Briefly, the AL standard stock solution with
different equal gradient concentrations and the above-mentioned drug
loading supernatant and washing solution after dilution to a series of 10
mL volume bottles, in which 0.5 mL aqueous solution of 0.05 mol/L
sodium bicarbonate and 2.5 mL methanol solution of 0.2 % ninhydrin
are added. The mixture was heated in a water bath at 90 + 5 °C for 20
min and then allowed to cool. Deionized water was used to prepare
equal volume reach the mark, measure the absorbance at 568 nm, draw
a standard curve, and compare the sample concentration. For the release
of AL, nanoadjuvants 20 mg loaded with AL were evenly dispersed in 10
mL PBS with pH levels at 7.4 or 6.0, respectively, at a temperature of
37 °C. After the preset duration, 2 mL of the medium was extracted from
the release buffer. The same method was employed to quantify the
release at several time intervals including 10 min, 30 min, 60 min, 2 h, 4
h, 6 h, 24 h, and 48 h.

2.3.4. FITC fluorophore modification

10 mg each of the prepared mesoporous nanoparticles were
dispersed in 5 mL ethanol and 0.5 mg fluorescein isothiocyanate (FITC)
was added. The mixture was stirred in darkness for 24 h. The product
was then centrifuged and washed with ethanol. It was vacuum dried at
45 °C to obtain the target product.

2.4. Invitro cytology experiments

2.4.1. Cell culture

The human bone marrow mesenchymal stem cells (BMSC cells,
Oricell, HUXMA-01001) were induced to differentiate into osteoblasts
(OBs). In addition, mouse bone marrow-derived macrophages (BMMs)
were induced to differentiate into osteoclast (OCs) (Vitonlihua Com-
pany). They were then cultured in the minimum essential medium o
(Alpha-MEM, Gibco), containing10 % fetal bovine serum (FBS, Oricell),
and 1 % penicillin-streptomycin - amphotericin B (Beyotime). Mouse
mononocytic macrophage leukemia cells (raw264.7 cells, Shanghai
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Institute of Cell Research, Chinese Academy of Sciences) were cultured
under similar conditions as above except that the base medium was
Dulbecco’s modified Eagle medium (DMEM, Gibco). The cells were
cultured at 37 °C in an incubator with 5%CO».

2.4.2. Measurement of cellular uptake rate

Three types of FITC-labeled mesoporous nanoparticle drug carrier
systems were mixed at a concentration of 100 pg/mL. They were incu-
bated with the cells, washed with cold PBS for more than three times,
and then lyzed with 0.5 % (w/v) sodium dodecyl sulfate (SDS, pH 8.0).
The lysates were measured using fluorescence spectrometry for FITC and
by Lowry method to measure the protein content. The uptake level was
expressed as the amount of FITC-labeled mesoporous nanoparticle drug
carrier systems associated with 1.0 mg of cellular protein.

2.4.3. Osteogenic differentiation, intervention, and ALP and ARS staining

2 x 10* BMSC cells per well were seeded in a 24-well plate for
osteogenic induction. DMEM medium containing 10%FBS, 1 % antibi-
otics, 0.1 pM dexamethasone, 50 pM vitamin C and 10 mM p-glycerol
phosphate was changed every 3 days. On the 14th day of induction, the
cells were fixed in 4%PFA and stained with ALP (alkaline phosphatase)
staining kit and ARS (Alizarin Red S) staining on the 21st day of in-
duction. The cells were imaged, 10 % cetylpyridine chloride was added
to the cells, and incubated at room temperature for 30 min. Finally, the
OD value was read at 562 nm to detect the OD values using the enzy-
moscope. The OD value was analyzed to determine the ARS.

2.4.4. Osteoclastic differentiation, intervention and TRAP staining

The harvesting and culture of BMMs were performed as previously
described. C57BL/6 mice (8 weeks old, male) were euthanized with 4 %
pentobarbital sodium, they were immersed in 75 % ethanol for 10 min.
The musculature of the hind limb was extracted to obtain the femur and
tibia. The long bone was cut to expose the bone marrow cavity. The
entire cavity was washed with PBS using a sterile 5 mL syringe. It was
centrifuged at 1200 rpm for 3 min, and the supernatant was discarded.
Next, 5 mL of red cell lysis buffer was added to the cells and incubated on
ice for 10 min to allow cell precipitation. It was then centrifuged and
cells were re-suspended in 10 mL alpha-mem complete culture medium
and inoculated in 100 mm cell culture dishes for further proliferation.
After 24 h, the cells were collected and re-suspended in 10 mL alpha-
Mem medium containing 30 ng/mL macrophage colony-stimulating
factor (M-CSF, Peprotech) and re-inoculated for 3 days in 100 mm cell
culture dishes. The adherent cells at the bottom of the flask were BMMs.
The cells were allowed to grow to reach a confluence of 90 % while
being digested by trypsin (Gibco) for 15 min. They were then centri-
fuged to remove supernatant and re-suspended in a a-MEM complete
medium containing 30 ng/mL M-CSF and 60 ng/mL NF-kB receptor
activator (RANKL, Peprotech). 2 x 10° cells were incubated in 24-well
plates and treated with PBS and various concentrations (10, 30, 50,
100 pg/mL) of @sPD, @rPD, and @fPD. For each group, three replicates
were prepared. The BMMs groups without M-CSF and RANKL served as
the negative controls. On day 5 of induction, 4 % paraformaldehyde
(PFA) was added to the cells and incubated at room temperature for 10
min and then maintained with a TRAP kit (Sigma) working solution at
37¢ for 60 min.

2.4.5. Bone slices

To simulate the effect of bone absorption in vivo, freeze-dried bovine
bone slices (@6 mm x 0.5 mm) were placed at the bottom of a 96-well
plate, BMMs (10 x 103/well) were seeded on the surface of the bone
slices and incubated for 7 days under the same conditions described
above. The bone plates were fixed with 4 % paraformaldehyde (PFA) for
30 min, and the surface cells of the bone plates were collected through
ultrasound with 3 % ammonia. The surface of the bone fragments was
sprayed with Au-Pd and observed with a scanning electron microscope
(JEOL JCM-7000).
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2.4.6. RT - qPCR

Total RNA was extracted from cultured target cells using EZ-press
RNA Purification Kit and quantify RNA purity and its concentration
was determined using NanoDrop 2000 (Thermo Fisher Scientific). gDNA
was digested using a 4 x EZscript Reverse Transcription Mix II kit and 1
pg of cDNA for each sample was subjected to Real-time PCR using 2 x
Color SYBR Green qPCR Master Mix in CFX96 real-time system (Bio-
Rad). The mRNA levels of target genes was calculated using 2724¢T
method. Results were normalized to the expression of GAPDH. See
Supplemental Materials for primers used in the qPCR.

2.4.7. Cellular immunofluorescence

Cells were cultured on 24-well plate and fixed with 4 % para-
formaldehyde at room temperature for 10 min. The cells were perme-
ated with 0.1 % Triton X-100 on PBS at 4 °C for 10 min and osteoclast
(OCs) were stained with TRITC Phalloidin (40734ES75, YEASEN,
1:200). This step was omitted due to the membrane composition char-
acteristics of CARD11 and CD34. The cells were incubated with 4%BSA
under PBS at 37 °C for 30 min to block non-specific interactions. They
were then incubated with primary antibody at 4 °C overnight. The pri-
mary antibodies used in this study were as follows: CARD11 (#sc-
166910, SCBT, 1:200), CD34 (#sc-74499, SCBT, 1:200). The next day,
the cells were rinsed with PBS for 5 min to remove primary antibodies.
The cells were then incubated with the corresponding secondary anti-
body (AB_2338478, Jackson Immuno Research, 1:200) at room tem-
perature for 1 h and then washed three times with PBS. Finally, 500 pL
DAPI staining reagent was added to each well and treated at room
temperature for 10 min. The fluorescence of cells was recorded and
images were obtained using a Leica DMi8 inverted microscope.

2.4.8. Western blot

The cells were treated with IP cell lysis solution (beyotime) to extract
proteins on ice. with the protein samples were separated by 4 %-12 %
gradient SimplePAGEBis-Tris denaturing gel electrophoresis. This was
followed by electrotransfer to 0.22 pm PVDF membrane by wet transfer
method and blocked with 5%BSA at room temperature for 1 h. The
membrane was incubated at 4 °C with CARD11 (#sc-166910, SCBT,
1:500), CD34 (#sc-74499, SCBT, 1:500) and PKP3 (#sc-166655, SCBT,
1:500), GAPDH (#5174, CST, 1:1000). It was then probed with sec-
ondary antibody (#7076, CST, 1:2500) (#ab205718, Abcam, 1:3000)
conjugated with horseradish peroxidase (HRP) at room temperature for
1 h. Finally, the antibody-antigen complex was visualized using ECL
reagent (Millipore). The uncropped staining image of Primrose is shown
in Supplementary Figure 24A.

2.4.9. RNA - seq

Total RNA was extracted from the samples and subjected to agarose
gel separation to determine RNA integrity. The extracted RNA was
reverse-transcribed to construct cDNA library which was then
sequenced on Illumina platform. Bioinformatic analysis of differentially
expressed genes (DEGs) was performed using OmicShare Tools.
Sequence information is presented in the Supplementary Figure 19-25.

2.5. Animal experiments

2.5.1. Animal feeding

C57BL/6J mice and Sprague-Dawley rats were purchased from
Vitonglihua Laboratory Animal Co., LTD. The animals were randomly
assigned into groups and housed in a pathogen-free house under 12-h
light and 12-h dark cycles. The temperature (23 + 2 °C) and humidity
(55 %) were kept constant, to allow all animals free access to food and
clean water. All animal experiments were approved by the Animal Ethics
Committee of the Sixth People’s Hospital Affiliated to Shanghai Jiao
Tong University (Anmal Experiment Registration number No:
DWSY2022-0189. Animal Welfare Ethics acceptance number No:
DWLL2024-0592).
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Fig. 1. fMBG has bioactivity and stability in vitro. (A) Flow chart showing the synthesis process of smooth mesoporous silica nanoparticles (sMSN), rough mesoporous
silica nanoparticles (rMSN), and fluffy mesoporous bioactive-glass-like nanoparticles (fMBG). CNT, Ca(NO3),-4H,0. TEP, triethyl phosphate. (B-D) The represen-
tative TEM image of sMSN, rMSN and fMBG (scale = 150 nm). (E) Distribution map of elements of fMBG (scale = 150 nm). (F) Quantitative composition of fMBG
compounds (n = 5). Data are presented as the mean + SEM. (G) XRD images of sMSN, rMSN and fMBG soaked for three days in SBF. (H) Representative SEM images
corresponding to day 0 and day 3 (scale = 50 nm) of fMBG soaked in SBF for different days. Red arrows indicate the hydroxyapatite (HA) peaks and images. (I and J)
Changes in the P content in the soaking PBS at different time points at pH = 7.4 and pH = 6.0 and TEM images corresponding to day 1 and day 3 (scale = 50 nm).
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2.5.2. Cyclic experiments

Blood samples were collected from 6-8-week-old rats through eye-
balls into tubes containing ethylenediamine tetraacetic acid (EDTA).
The blood was centrifuged at 2000 rpm for 5 min, and the supernatant
was discarded. The obtained red blood cells were further washed with
PBS and 20 pL red blood cells was diluted with 1 mL PBS. The diluted red
blood cell suspension (0.2 mL) was mixed with 0.8 mL of different
nanoparticles at the concentrations of 25, 50, 100, 200, 300, and 500
pg/mL. PBS and deionized water were used as negative (—) and positive
(+) controls, respectively. It was mixed gently by rotating and incubated
at room temperature for 1 h. This followed by centrifugation at 2000
rpm for 5 min, the absorbance of the supernatant was determined at 541
nm using an ultraviolet-visible spectrophotometer. The hemolysis rate
of red blood cells was calculated as follows. Percentage of hemolysis (%)
=(sample absorbance - negative control absorbance)/(positive control
absorbance - negative control absorbance) x 100.

2.5.3. Live imaging of small animals

Rats treated with total depilation were anesthetized via intraperi-
toneal injection of chloral hydrate (4 %, intraperitoneal injection). They
were then administered with three types of FITC-grafted mesoporous
nanosphere delivery systems (20 mg/kg) via a caudal vein. After injec-
tion, the rats were imaged using an IVIS spectrum (PerkinElmer) and
specific tissues were isolated 24 h later to quantitatively analyze fluo-
rescence using in vivo imaging system (IVIS).

2.5.4. Construction and treatment of ovariectomized rat model of
osteoporosis

Female experimental rats aged 6-8 weeks were anesthetized with 2
% pentobarbital sodium injected into the abdomen at the dose of 40 mg/
kg body weight. A 1-2 cm incision was made in the side abdomen, and
the skin, fascia and muscle were cut or bluntly separated with scissors.
Next, pink and bright cauliflower-shaped ovaries were ligated and
placed back into the abdominal cavity, and sterilized with penicillin to
prevent infection. The osteoporosis model was verified after 12 weeks of
feeding on normal diet. The rats were then administered through caudal
intravenous route at a dose of 1 mg/kg/2 week in accordance with the
nanoadjuvants [34,35].

2.5.5. Micro-CT

To evaluate the microstructure of the distal femur and the L3~L4
vertebrae as representative sites, samples were scanned using micro-CT
(Siemens, Erlangen, Germany) and set as: 8.85 pm isotropic resolution,
450 pA current, 80 kV voltage, 360° rotation for 2000 ms per degree
exposure time. Scanning was initiated at 0.5 mm away from the growth
plate with a scan slice thickness of 18 pm. 140 cross-sectional long bones
and vertebrae were scanned. Three-dimensional (3D) reconstructed
bone structure images were collected using CTvox software with a CT
threshold of 255. In the 3D reconstruction area, the structural parame-
ters of bone trabeculae and cortical bone were semi-automatically
determined using Skyscan, NRecon, Data Viewer, CTAn and Batman
software. The following parameters were calculated: bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.
N), trabecular separation (Tb.Sp) and cortical bone thickness (T.Ar).

2.5.6. HE staining, TRAP staining and immunohistochemistry

Rat femur and vertebrae samples were immersed in 10%EDTA for
decalcification, the solution was changed every 5 days. It was then
dehydrated through a series of gradient concentration alcohols, and
exposed to xylene solution for clarity. They were the embedded in
paraffin wax for 1 h and paraffin blocks were obtained along the long
axis of the femur and the maximum sagittal plane of the vertebra. They
tissue blocks were stained with hematoxylin and eosin (H&E) kits, TRAP
staining kits, and osteocalcin OCN immunohistochemical kits. Positive
TRAP staining of polykaryotic cells on the bone surface were considered
OCs. Quantification of BV/TV and No.OC/BS was performed using
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ImageJ software.
2.6. Statistics

Data were expressed as mean + SEM. Two groups were compared
using the unpaired double-tailed student T-test. The Tukey ANOVA post
hoc test was performed for one-way ANOVA. Sidak’s multiple compar-
ison test was performed for two-way ANOVA. P value < 0.05 was
considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001,
*EExP < 0.0001; #P < 0.05, # #P < 0.01, # # #P < 0.001, # # # #P <
0.0001, vs. Control group (default is group 1 in the corresponding
experiment). In all groups, data were analyzed from at least three
separate experiments.

3. Results
3.1. fMBG has bioactivity and stability in vitro

The synthesis process of fluffy mesoporous bioactive-glass-like
nanoparticles (fMBG) is shown in Fig. 1A. Smooth mesoporous silica
nanoparticles (sMSN) and rough mesoporous silica nanoparticles
(rMSN) act as intermediate products with different surface topological
morphology in the synthesis reaction, which were also collected.
Fig. 1B-D illustrates the representative transmission electron micro-
scopy (TEM) images of the three nanoparticles. As reported in previous
studies [33], the silicon source TEOS underwent hydrolysis in a NaOH
alkaline environment, causing the assembly of Si-O network silica
nanoparticles. With the extension of the reaction time, the originally
relatively smooth mesoporous silica nanoparticles (Fig. 1B) developed
numerous protrusions on their surface under the synergistic action of the
oil-water biaxial interface of cyclohexane and deionized water, along
with the surfactant CTAB; this resulted in a relatively rough morphology
(Fig. 1C). When Ca(NO3)2-4H20 (CNT) and triethyl phosphate (TEP)
were introduced into the system as calcium and phosphorus sources,
respectively, the original pure Si-O network structure was further
modified to Si, O, Ca, and P cross-link network [36,37], which contin-
ually promoted the rough structure growth into fluffy morphology. The
particle sizes of the three particles, measured using the Dynamic Light
Scattering (DLS) method (Supplementary Figure 1A), were approxi-
mately ~150 nm for sMSN, ~200 nm for rMSN, and ~300 nm for fMBG.
These findings are consistent with the continuous growth of the struc-
tures after the oil-water biaxial epitaxial growth method as well as
calcium and phosphorus modification. The nitrogen adsorption results
of the three nanoparticles (Supplementary Fig. 2A and B) revealed that
the pore volumes of the three nanoparticles successively decreased with
surface protrusion growth and doping as well as a modification with
calcium and phosphorus. The pore volumes measured by the
Barrett-Joyner-Halenda (BJH) method were 0.793 cc/g for sMSN, 0.636
cc/g for rMSN, and 0.481 cc/g for fMBG, respectively. However, the
isotherm curves of the three nanoparticles were similar to those of the
H1 type with hysteresis, indicating the consistent presence of relatively
uniform cylindrical open mesoporous pores. Moreover, there was a
decrease in specific surface areas of sMSN (86.244 mz/g), rMSN (53.581
m?/ g), and fMBG (53.102 m?/ ), also using the Brunauer-Emmett-Teller
(BET) method.

The Energy-Dispersive X-ray Spectroscopy (EDS) mapping was used
to quantify and analyze the contents of oxygen(O), silicon(Si), calcium
(Ca), and phosphorus(P) in fMBG (Fig. 1E and Supplementary Fig. 3A
and B). These values differed from the previously reported contents of
traditional bioactive glass with 60-90 mol% SiO and 0-40 mol% of CaO
and P5Os [36]. The content of SiOp in our fluffy mesoporous
bioactive-glass-like nanoparticles, fMBG, was 97.16 %, whereas the
contents of CaO and P;0s were 2.23 % and 0.61 % (in average form),
respectively (Fig. 1F). These values are attributed to our specific feeding
sequence, feeding time, and feeding ratio, as our objective was to further
modify the surface structure while maintaining the rough topological
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Fig. 2. Bone targeting ability of @fPD and sustained-release performance of AL. (A) Schematic diagram and chemical reaction of functionalized modification of
-PEG-DAspg represented by aminated fMBG. (B and C) Imaging and quantification of FITC-modified @fMBG and @fPD in vivo and organs of rats (n = 3, two-way
ANOVA by Sidak’s multiple comparison test). Data are presented as the mean + SEM. (D and E) Hemolysis analysis and quantification of @sPD, @rPD and @fPD at
different concentrations of nanoadjuvants (n = 3). (F) AL release curves of @sPD, @rPD and @fPD under pH = 7.4 and pH = 6.0 conditions (n = 3). Data are
expressed as mean + SEM. (G) Changes in blood levels over time after administration of the three systems via the tail vein, calculated as Si content percentage of the
injected dose remaining in the blood (n = 3). Data are expressed as the mean + SEM. (H) Blood circulatory half-life (t1/2) of the three nanoparticles (n = 3). Data are
shown as the mean + SEM. P values < 0.05 are considered statistically significant, and other symbols and their meanings are: *P < 0.05, **P < 0.01.
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Fig. 3. @fPD has a high cellular uptake rate and intracellular delivery capacity. (A) Representative fluorescence images (scale = 100 pm) and schematic diagram
showing the uptake of three FITC-modified nanoadjuvants by BMMs over time. (B) Representative fluorescence images (scale = 100 pm) and schematic diagram
illustrating the uptake of three FITC-modified nanoadjuvants by BMSC over time. (C) Transmission electron microscopy (scale = 2 pm) and local magnification (scale
= 100 nm) photos and schematic diagram of the co-culture of BMSC with @fPD after 2 h. The cell boundaries are indicated by pink lines.
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morphology [33] and eventually obtain the fluffy morphology. Our
calcium-phosphate doping fMBG revealed good biological activity in
vitro [38]. On day 0 and day 1 of simulated body fluid (SBF) soaking,
SiO, was only detected between 15 and 35°. On day 3 of soaking, Hy-
droxyapatite (HA) deposition was observed on the surface (Fig. 1H and
Supplementary Figure 4A). HA deposition (Fig. 1G) which can be
assigned to (211), (310), and (222) reflection peaks [38-40] of
bioactive-glass-like fMBG, following Ca—P cross-linking, remains supe-
rior to that of SMSN and rMSN owing to more intensive and sharper
peaks. This suggests a stronger HA formation capacity, or in other words,
enhanced bioactivity, which could be more conducive to promoting the
bone formation process in vivo [41].

Additionally, maintaining a relatively lower Ca/P ratio can effec-
tively circumvent the issues previously reported, including the release of
Ca ions, a decrease in MBG network connectivity, and surface topog-
raphy damage caused by hydrolysis [42]. As shown in Fig. 1J, our fMBG
can retain its surface fluffy morphology under PBS immersion at pH
levels of 7.4 or 6.0, respectively. The contents of the P element (Fig. 1I)
and Si element (Supplementary Figure 5) in the immersion solution
remain relatively stable. The Ca element in the immersion solution,
soaked for 1-16 days, consistently remained below the detection line of
ICP-AES. This also confirms the structural stability of fMBG, which will
be beneficial for long-term maintenance of morphology, drug loading,
transportation, and reaction in vivo.

3.2. Bone targeting ability of @fPD and sustained-release performance of
AL

We introduced MAL-PEG20o-NHS for PEG grafting after the amino
functionalization of mesoporous nanoparticles to develop bone-
targeting nanoadjuvants with high bioaffinity. This modification im-
proves the bioaffinity of the drug delivery system and reduces its
endocytosis by the reticuloendothelial system (RES), which includes
organs like the liver and spleen. This, in turn, extends its blood circu-
lation time [18,19,25]. Additionally, asparagine octapeptide with a
right-handed structure can rapidly bind to hydroxyapatite, acting as a
bone biomimetic peptide. This allows it to specifically target bone tissue
[43-46]. SH-D-Aspg was used to graft D-Aspg to achieve bone targeting
of the drug delivery system. Fig. 2A shows the one-pot reaction synthesis
technique and its chemical formula. As the intermediate product of
fMBG synthesis, sMSN and rMSN were also modified and treated with AL
loading to maintain consistency with fMBG. Ultimately, sSMSN, rMSN,
and fMBG were presented as @sPD, @rPD, and @fPD respectively. The
FT-IR in the modification process is shown in Supplementary Fig. 6A-C,
with arrows indicating the characteristic peaks of each component. The
original SiO, characteristic peaks are at 1040 cm ™! and 800 cm ™}, and
the —-NHj characteristic peaks are at 1659 em ! and 1503 ecm ™. The
characteristic peaks at 3400 cm™! are attributed to the O-H contraction
vibration following targeted modification. The peak at 1660 cm™! cor-
responds to the stretching vibration of yN-H and the bending vibration of
S8N-H in the amide [17,18,36]. We also assessed the effects of the entire
modification and drug-loading process on the properties of the nano-
particles. Based on TEM images (Supplementary Figures 7-9) and par-
ticle size distribution maps (Supplementary Figure 10A), the
modification and drug loading did not significantly influence the surface
morphology and particle size of the three types of mesoporous nano-
particles. Zeta potential changes are shown in Supplementary Figure 11.
To further validate the success of the modification and bone targeting
capacity in areas prone to osteoporosis i.e., the femur and vertebrae
[6-8], we grafted FITC fluorophores into the nanoadjuvants using FITC
non-activator dependent high reactivity to react with exposed —-NHy
[33]. The nanoadjuvants size and potential results modified by FITC are
presented in Supplementary Fig. 12A-C. As represented by @fPD, the in
vivo imaging and organ fluorescence results at 1 h and 24 h after in-
jection into the tail vein of rats (Fig. 2B-C) showed that @fPD grafted
with -PEG-DAspg significantly improves the targeting capacity of the

362

Bioactive Materials 39 (2024) 354-374

femur (p = 0.0301) and vertebrae (p = 0.0389), at the same time rela-
tively reducing the uptake by crucial organs including the liver (p =
0.0486) and kidney (p = 0.0351). This is unlike the non-modified
@fMBG control group. Furthermore, the hemolysis rate of the three
nanoadjuvants was less than 5 % (Fig. 2D-E). Therefore, @sPD, @rPD,
and @fPD are considered to have successfully undergone targeted bone
tissue modification, while ensuring biosafety.

Since the surface grafting modification may affect the pore size, pore
volume, and specific surface area, this could in turn influence the drug
loading capacity of the drug delivery system [47,48]. The respective
pore volumes for sPD, rPD, and fPD were 0.631 cc/g, 0.437 cc/g, and
0.340 cc/g. The BET technique was used to compute the specific surface
area of the isotherm, with sPD at 157.308 mz/g, rPD at 116.931 mz/g,
and fPD at 71.676 mz/g (Supplementary Figure 13). Consequently, we
hypothesized that the drug loading capacity of the three nanoadjuvants
would also decrease. Notably, AL is loaded into the nanoadjuvants by
simple physical adsorption [49-51] as described above. The AL encap-
sulation rate/drug loading capacity of the three was quantified using the
ninhydrin method [52].

MO — M1
=(=——_—— 0,
EE ( 0 >><100/0

(EE is the encapsulation rate; MO is initial drug quality; M1 is the
amount of drug in the supernatant)

The encapsulation rates of @sPD, @rPD, and @fPD were computed
respectively (since the initial mass of our nanoparticles is equal to the
initial mass of AL, the numerical encapsulation rates in this case are
equivalent to the drug loading) (Supplementary Figure 14). The rates,
average of 48.3 %, 27.4 %, and 16.8 % respectively, and the successively
reduced encapsulation rate/drug loading rates are consistent with our
prediction. Considering the in vivo action, there may be differences in
drug release under various pH conditions [16,33,53]. We also monitored
the release process of @sPD, @rPD, and @fPD in a PBS immersion
environment with pH values of 7.4 and 6.0, respectively (Fig. 2F). We
found that the release process of @sPD, @rPD, and @fPD improved due
to the effect of the environmental solution potential [51]. Under acidic
conditions, AL is released to a greater extent; however, the release speed
significantly slows down with time at both pH levels, reaching a plateau
period for almost 48 h in our experiments. Additionally, the drug release
process was unaffected by different characteristics of nanoadjuvants; no
significant difference was noted in the release modes of @sPD, @rPD,
and @fPD. Fig. 2G-H shows the in vivo half-life of the three nano-
adjuvants, which varies from about 0.5 h for @sPD and about 2 h for
@rPD to about 9 h for @fPD. The extended duration of @fPD can ensure
a more prolonged in vivo action, providing a theoretical basis for stable
and long-acting nano-drug delivery treatment. Thus, all our @sPD,
@rPD, and @fPD have slow-release properties, with @fPD displaying a
longer in vivo half-life.

3.3. @fPD has a high cellular uptake rate and intracellular delivery
capacity

To study and compare the cellular uptake of different nanoadjuvants
with unique topologies, FITC-modified @sPD, @rPD, and @fPD were co-
cultured with bone marrow-derived monocytes (BMMs) (Fig. 3A) and
bone marrow mesenchymal stem cells (BMSC) (Fig. 3B), respectively.
Immunofluorescence composite images and quantitative results of
cellular uptake rates (Supplementary Fig. 15A and B) showed that both
BMMs and BMSC had a certain level of uptake of the three nano-
adjuvants. As the time extended, there was an increase in the uptake of
cells in each nanoadjuvants (unit: pg/mg protein). Nevertheless, after
10 min of treatment, @fPD (BMMs: 3.11 + 0.78; BMSC: 5.80 + 2.05)
demonstrated a higher cellular uptake rate than @sPD (BMMs: 2.61 +
0.22; BMSC: 2.79 + 0.53) and @rPD (BMMs: 2.71 + 1.23; BMSC: 3.55
+ 0.82), and continued to lead @sPD and @rPD for at least further 4 h.
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Fig. 4. Adhesion pathway activation participants in the differences of cellular uptake rate. (A) Subcluster heat map of differential genes in BMMs group compared
with @rPD. (B) Subcluster heat map of differential genes in BMMs group compared with @fPD. (C) Venn diagram of the upregulated differential gene set in @rPD vs
BMMs and @fPD vs BMMs. (D) Bubble map of GO pathway enrichment involving upregulated differential genes in @rPD vs BMMs. (E) Bubble map showing the GO
pathway enrichment for the upregulated differential genes in @fPD vs BMMs. (F) Sankey analysis diagram of the upregulated differential genes in @rPD vs BMMs,
@fPD vs BMMs and their intersection. (G) Combined Venn analysis for @fPD vs BMMs involved in significantly upregulated five adhesion pathways. (H) Sequenced
heat maps of the significance of upregulated differential genes in @fPD with BMMs as the control for results shown in (G). (I) Sequencing heat maps of the sig-
r‘liﬁcance of upregulated differential genes in @fPD with @rPD as control for results in (G).

Considering the 60-min representative BMMs uptake images presented
in the paper as an example, compared with @sPD (p = 0.0077) and
@rPD (p = 0.0276), BMMs had a significantly higher uptake rate of
@fPD. Finally, at the endpoint of our experiment, i.e., 240min (4h), we
can see the results of a similar trend, whether BMMs (@sPD 5.19 =+ 0.46,
@fPD 11.35 £ 0.94 (P = 0.0067)) or BMSC (@sPD 5.04 + 0.59), @fPD
13.95 + 0.93 (P = 0.0148)), @fPD had obvious advantages in cellular
uptake. The uptake of @rPD by cells was consistently and slightly higher
than that of @sPD. Summarily, our Ca-P cross-linked fluffy nano-
adjuvants, @fPD/fMBG, have a more significant benefit in cellular up-
take. Unlike the previous physicochemical characterizations including
particle size and Zeta potential and related literature reports [27,28,33],
we speculate that the difference in cellular uptake rate is majorly asso-
ciated with the unique topological morphology of the nanosphere
surfaces.

For further insight into the cellular action process of the nano-
adjuvants, cells were observed under a transmission electron microscope
after their ingestion. As represented by @fPD/fMBG (Fig. 3C), the fluffy
surface morphology with a stable structure during the previous days of
immersion was interfered with following cellular uptake. The special
fluffy surface morphology disappeared, and the mesoporous pore
channels became blurred, indicating degradation. A similar phenome-
non was also observed in the @sPD and @rPD two groups (Supple-
mentary Figure 17). These structural disruptions and changes are
conducive to the complete release of drugs into the cell [48], and the
effect of drugs can be significantly exerted.

While studying the cellular uptake rate, CCK-8 experiments were
carried out to further validate the biocompatibility of the three nano-
adjuvants. After co-culturing the nanoadjuvants at a concentration of
500 pg/mL with BMMs (Supplementary Fig. 17A and B) or BMSC
(Supplementary Fig. 18A and B) for different durations and concentra-
tions for 24 h, the cell survival rate for both BMMs and BMSC treated
with the three materials consistently exceeded 80 %. No significant
difference was observed between the groups. This suggests that our
nanoadjuvants have relatively consistent compatibility.

These preliminary results demonstrate that @fPD or fMBG, with
their unique fluffy surface morphology, exhibit a stronger cellular up-
take capacity. Our nanoadjuvants effectively deliver nano-drugs and
release AL into the cells. Additionally, they exhibit good cell biocom-
patibility. These factors collectively make them promising candidates
for further comprehensive research.

3.4. Adhesion pathway activation participants in the differences of
cellular uptake rate

After observing the differences in cellular uptake rate caused by
nanoadjuvants, we sought to understand the underlying mechanism.
Previous studies indicate that a rough surface or spiky structure can
decrease the interaction energy between nanoparticles and the cell
membrane, which is helpful for endocytosis [28]. However, given that
cellular molecules are important drivers of life processes [54], the spe-
cific molecular biological mechanisms, particularly the alterations in the
cellular signaling pathways, involved in the nanoparticle uptake process
warrant further investigation. As such, we used RNA-seq to probe into
the possible molecular biological mechanisms underpinning the high
cellular uptake rate caused by the Ca-P cross-linked fluffy surface to-
pological morphology of nanoadjuvants.

We performed a comprehensive analysis of the up-regulated gene
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sets in the @rPD and @fPD treatment groups, using untreated BMMs as
controls. The main subcluster heat map (Fig. 4A-B) showed that the part
of gene sets was significantly upregulated in both experimental groups
treated with @rPD and @fPD systems (Supplementary Figure 23).
Moreover, the Venn diagram (Fig. 4C) demonstrated a significant
overlap between the upregulated gene sets in the experimental groups,
suggesting a common regulatory mechanism during the cellular uptake
of different nanoadjuvants. Furthermore, Gene Ontology (GO) analysis
was used to assess the pathways involved in the upregulated genes. As
illustrated in the bubble diagram (Fig. 4D-E), within different analyses,
pathways associated with "adhesion" repeatedly appeared with sub-
stantial gene counts and significant differences. These pathways include
homophilic cell adhesion via plasma membrane adhesion molecules,
cell-cell adhesion via plasma-membrane adhesion molecules, cell-cell
adhesion, cell adhesion, and biological adhesion. Although the first
three pathways did not rank among the top 20 in the GO analysis for the
@fPD treatment group, the Sankey analysis (Fig. 4F) revealed that these
five pathways are involved in the upregulation differential clusters. This
implies that yet again adhesion pathways i.e., similar regulatory
mechanisms, are involved in the uptake of different nanoadjuvants. We
firmly propose that the changes in the adhesion pathways represent the
common mechanism. Consequently, we compared the BMMs, @rPD,
and @fPD sequencing groups on a pairwise basis. To investigate the co-
regulatory mechanism of the adhesion pathways, we focused on
homophilic cell adhesion via plasma membrane adhesion molecules,
cell-cell adhesion via plasma-membrane adhesion molecules, cell-cell
adhesion, cell adhesion, and biological adhesion. A Venn analysis was
used to artificially enrich the upregulated differential genes involved in
all the aforementioned five pathways (Fig. 4G, Supplementary Fig. 24A-
E). Subsequently, the consolidated differential genes were sequenced
using the Gene Set Enrichment Analysis (GSEA) tool on the online
platform, OmicShare Tools, for Gene Ontology (GO) analysis. CARD11,
KIT, PKP3, PARVG, and CD34 were the top according to the heat-map
arrangement results of the "biological adhesion" pathway-associated
differential genes annotated by the platform (Fig. 4H-I). These find-
ings were obtained with the Ca-P cross-linked specific topological
morphology of @fPD as the primary subjects of observation.

Intriguingly, previous studies identified CARD11 as a molecular
scaffold in a specific region of the plasma membrane. CD34 is a highly
glycosylated type I transmembrane protein belonging to the family of
sialomucins [55-58]. Considering the interaction between the nano-
adjuvants and the cell membrane system during the phagocytosis pro-
cess, validation experiments specifically targeting CARD11 and CD34
are necessary. As the intermediate filament that links cadherin to the
cytoskeleton [59,60], PKP3 also occupies a leading position in the
enriched concentration. Relevant wet-lab experiments for its verifica-
tion (Supplementary Fig. 29) showed no significant difference in each
group. Additionally, the proto-oncogene KIT and actin-binding protein
PARVG also showed significant performance [61,62]. However, the
relevance of these experiments warrants future research.

Summarily, RNA-seq technology was employed to predict the causes
behind the variations in the cellular uptake of nanoadjuvants. We ulti-
mately hypothesize that adhesion pathway activation is the key
contributing factor to these cellular uptake differences. We selected
CARD11 and CD34 representative molecules, implicated in these path-
ways for subsequent validation experiments.
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Fig. 5. CARD11 and CD34 as the regulatory factors involved in adhesion pathways activation. (A) RT-qPCR analysis of the relative mRNA expression levels of
CARD11 in BMMs treated with @rPD or @fPD (n = 5, one-way ANOVA using Tukey ANOVA post hoc test). (B-C) Representative immunofluorescence images of
BMMs treated with FITC-modified nanoadjuvants (scale = 25 pm) and quantification. (D-E) Western blot results and the corresponding quantification of CARD11
protein relative expression levels in BMMs treated with @rPD and @fPD (n = 3, one-way ANOVA using Tukey ANOVA post hoc test). (F) The schematic diagram
illustrating the endocytosis of @fPD by BMMs. (G) RT-qPCR analysis of the relative mRNA expression levels of CD34 in BMSC treated with @sPD, @rPD and @fPD (n
= 5, one-way ANOVA using Tukey ANOVA post hoc test). (H-I) Representative immunofluorescence images of BMSC treated with FITC-modified nanoadjuvants
(scale = 100 pm) and quantification. (J-K) Western blot results and the corresponding quantification of relative expression levels of CD34 protein in BMSC treated
with @sPD, @rPD and @fPD (n = 3, one-way ANOVA using Tukey ANOVA post hoc test). (L) The schematic diagram illustrating the endocytosis of @fPD by BMSC.

Data are presented as the mean + SEM. P values < 0.05 are considered statistically significant, and other symbols and their meanings are: *P < 0.05, **P < 0.01.

3.5. CARDI11 and CD34 as the regulatory factors involved in adhesion
pathways activation

To verify our prediction that the differences in uptake observed in
RNA-seq are due to the activation of adhesion pathways molecules
CARD11 and CD34, RT-qPCR was performed to confirm CARD11 and
CD34 expression at the RNA level, both in BMMs and BMSC of their
@rPD and @fPD treatment groups (Fig. 5A and Supplementary Fig. 27).
As expected, the @fPD-treated group consistently had high expression
intensity. The mRNA expression level of CARD11 in the @fPD treated
group was significantly higher than that in the control group (P =
0.0392 for BMMs, P = 0.0009 for BMSC). Similar results were also ob-
tained in CD34 mRNA expression (P = 0.0045 for BMMs, P = 0.0157 for
BMSC). Further, Western blot experiments demonstrated that the in-
tensity of CARD11 expression was significantly higher than that of
BMMs and @rPD treated group (P = 0.0056). While in the series of
validation experiments at BMSC, the protein level presented an incon-
sistent result with BMMs. Specifically, CD34 expression in the @fPD
treated group was higher than that in the BMSC control group (P =
0.0458) in Western blot assays (Fig. 5J-K). Regarding the above results,
CARD11 and CD34 are significantly up-regulated when treated with
nano-adjuvant. However, in the process of specific translation into
protein, different specific major carriers exist in different cells which
might be attributable to post-transcriptional regulation [63]. CARD11
plays a major adhesion and uptake-related processes in the
BMMs-related treatment group, whereas in BMSC, this role is largely
assumed by CD34.

To further verify the involvement and instant expression of CARD11
and CD34 in BMMs and BMSC during the uptake of nanoadjuvants, we
directly co-cultured different FITC-modified systems with BMMs
(Fig. 5B-C) and BMSC (Fig. 5H-I) for 1 h each before performing
immunofluorescence experiments. In line with previous experimental
results, FITC-labeled @fPD consistently had the highest cellular ab-
sorption rate. Simultaneously, the signal intensity of CARD11 in BMMs
was highly consistent with the merged signal of ingested FITC-labeled
nanoadjuvants. In BMSC however, the signal intensity of CD34
strongly corresponded with the FITC signal of the systems. Moreover, we
also observed the highest uptake of @fPD and the highest signal in-
tensity of protein molecules, with the location and intensity of the two
showing significant correlation. These results further confirm that @fPD
can more effectively activate the CARD11-involved adhesion pathways
in BMMs for high cellular uptake, whereas the high uptake of @fPD in
BMSC and the differences in uptake of other nanoadjuvants are associ-
ated with CD34 activation.

In summary, we verified the RNA-seq prediction results in BMMs and
BMSC, respectively. The validation outcomes demonstrated that
CARD11 and CD34 are the regulatory factors involved in adhesion
pathway activation and the uptake differences of nanoadjuvants,
particularly mediating the high uptake of @fPD.

3.6. @fPD effectively inhibited osteoclasts and potentially promoted
osteogenesis

To ascertain the actual inhibitory effect of the three AL nano-
adjuvants on the osteoclast process, we intervened with BMMs during
the osteoclasts (OCs) formation. Based on R.A.B. Silva and S. Hu et al.
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[64,65], we established the concentration gradients of the three systems
at 10, 30, 50, and 100 pg/mL (Supplementary Fig. 30) for experiments.
Based on the TRAP staining results of treated osteoclasts, a concentra-
tion of 50 pg/Ml was selected to investigate the inhibitory effect on
osteoclasts by co-culturing. This concentration was selected as the pos-
itive rate of TRAP staining significantly decreased in the @fPD group at
50 pg/mL, despite the @sPD and @rPD treatment groups at the same or
higher concentration (100 pg/mL) not showing a significant decrease in
the positive rate of TRAP. Thus, we performed TRAP staining with
quantification (Fig. 6A-C), and TRITC Phalloidin fluorescence staining
with quantification (Fig. 6D-E and Supplementary Fig. 31-A) on the OCs
after co-culturing with three nanoadjuvants at 50 pg/mL concentration.
The results revealed that although the drug loading rate of @fPD was
16.8 % at a similar concentration, lower than that of @sPD (48.3 %) and
@rPD system (27.4 %), @fPD still had a stronger inhibitory capacity on
osteoclast formation. Unlike the OCs control group, @fPD significantly
reduced the number of osteoclasts, the proportion of osteoclasts, and the
area of F-actin rings; the effect was superior to that of the @sPD and
@rPD treatment groups. In addition to the above morphological detec-
tion, we implanted BMMs treated with AL nanoadjuvants onto bone
slices and continued osteoclast differentiation induction to further
confirm the highly effective osteoclast inhibition effect of @fPD,
particularly the functional status of osteoclasts. After 7 days, SEM im-
aging was performed to observe the situation of bone resorption lacunas
(Fig. 6F) and quantification (Fig. 6G and Supplementary Fig. 31-B).
Consequently, unlike the OCs control group, the @fPD system out-
performs @sPD and @rPD in inhibiting the bone resorption capacity of
osteoclasts, as shown by the percentage of bone resorption lacunas and
the number of lacunas. Since TRAP, C-FOS, CTSK and DC-STAMP are
osteoclast-related markers [66-69], which can be used to test the oste-
oclast activity, RT-qPCR results (Fig. 6H-I and Supplementary Fig. 31C
and D) demonstrated that @fPD could still more effectively
down-regulated the expression of these markers despite the expression
of osteoclast markers in the induce BMMs not being reduced to the same
level as in the negative control group. This further confirms that @fPD is
superior to @sPD and @rPD in suppressing the osteoclast activity.

These findings indicate that, despite a lower drug loading rate owing
to an increase in particle size and decrease in specific surface area as well
as pore volume during @fPD synthesis, the fluffy bioactive glass nano-
adjuvants formed by Ca-P cross-linking have a higher cellular uptake
and intracellular delivery features, presenting a more efficient treatment
effect. This also clarifies why only the @fPD treatment group exerts a
substantial decrease in the TRAP staining positive rate at a lower con-
centration (50 pg/mL).

Considering the unbalanced bone niches of over-activated osteo-
clasts, inadequate osteogenesis in osteoporosis, and reports from other
studies indicating that high AL concentration inhibits osteogenesis [70,
711, osteogenic differentiation was induced using BMSC with osteogenic
differentiation potential while adding @sPD, @rPD, and @fPD at similar
concentrations (also 50 pg/mL as mentioned before). The ALP staining
results on the 14th day of induction (Fig. 6J) and ARS staining results on
the 21st day (Fig. 6K) were observed macroscopically and microscopi-
cally, respectively. The absorbance of ARS was quantified (Fig. 6N),
showing no significant difference among all groups. Since OPN and ALP
can be used as RNA markers of osteogenesis to evaluate osteogenic ac-
tivity, RT-PCT was used to detect mRNA expression levels of OPN and
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Fig. 6. @fPD effectively inhibited osteoclasts and potentially promoted osteogenesis. (A) Representative macroscopic and microscopic TRAP staining images of
@sPD, @rPD, @fPD co-cultured with osteoclasts (scale = 100 pm), and their corresponding quantification (B-C) (n = 3, one-way ANOVA using Tukey ANOVA post
hoc test). (D) TRITC Phalloidin fluorescence staining and enlarged images of @sPD, @rPD, and @fPD co-cultured with osteoclasts (scale = 100 pm), and their
corresponding quantification (E) (n = 3, one-way ANOVA using Tukey ANOVA post hoc test). (F) A representative bone slice absorption SEM image and enlarged
images (scale = 50 pm), and the corresponding quantification analysis (G) (n = 3, one-way ANOVA using Tukey ANOVA post hoc test). (H-I) Comparison of mRNA
expression levels associated with osteoclast in each group (n = 5, one-way ANOVA using Tukey ANOVA post hoc test). (J) Representative ALP staining (scale = 100
pm) and (K) ARS staining macroscopical and microscopical images (scale = 100 pm) of BMSC treated with @sPD, @rPD and @fPD after osteogenic induction. (L-M)
The mRNA expression levels of osteoblast-related genes after osteogenic induction of BMSC (n = 5, one-way ANOVA using Tukey ANOVA post hoc test). (N)
Absorbance quantification of the staining results of ARS represented by (K) (n = 3, one-way ANOVA using Tukey ANOVA post hoc test). (O) The schematic diagram
illustrating the mechanism of @fPD-induced inhibition of osteoclasts while maintaining osteogenesis. Data are expressed as mean + SEM. P values < 0.05 are
considered statistically significant, and other symbols and their meanings are: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, # #P < 0.01, # #

#P < 0.001, # # # #P < 0.0001, vs. Control group (default is group 1 in the corresponding experiment).

ALP (Fig. 6L-M). Although there was no statistically significant differ-
ence between the @rPD and @fPD treatment groups compared to the
normally-induced positive osteoblast OBs, we found that the expression
level of ALP in the @fPD treatment group was significantly higher than
that of @sPD (P = 0.0173). Additionally, all osteogenic indicators in the
@sPD treatment group were lower than the normal level, among which
OPN expression was significantly lower than that in the normal induc-
tion OBs group (P = 0.0160), suggesting the possibility of osteogenic
inhibition. Previous investigations have shown that the Si element is
conducive to osteogenesis [72,73]; although @sPD contains the Si
element, our findings are inconsistent with this. We believe this may be
attributed to osteoblast activity inhibition due to the high AL drug load
of @sPD in the culture system [70,71].

Therefore, @fPD can more effectively suppress osteoclasts, even at
low AL loading levels. Simultaneously, due to its Ca-P cross-linked fluffy
topological morphology, small-dose AL delivery capacity and the char-
acteristics of bioactivity, @fPD exhibits certain bone-promoting poten-
tial without interfering with the osteogenesis process of BMSC.

3.7. @fPD reverses osteoclastic-osteogenic imbalance in ovariectomized
rats

To confirm the treatment efficacy of @fPD in vivo, we used the
broadly accepted ovariectomized rat model, which is a standard model
for studying osteoporosis. This model mimics postmenopausal osteo-
porosis, allowing us to investigate the effect of @fPD on bone formation
and remodeling under estrogen deficiency-induced bone loss [74-76].
After three months of inducing osteoporosis through ovariectomy, tail
vein therapy was administered biweekly. Before the onset of treatment,
the successful establishment of the osteoporotic model and the efficacy
of AL therapy were confirmed via imaging and histological analysis
(Supplementary Figure 33-34). In brief, unlike the sham surgery group,
the ovariectomized (OVX) group demonstrated substantial bone lesions
in terms of cancellous bone mass (BV/TV), trabecular number (Tb.N),
and trabecular separation (Tb.Sp) after three months of regular feeding.
After the standard dose AL treatment, the above indicators can return to
the sham surgery group. The above results confirm the successful in-
duction of osteoporosis and the efficacy of AL therapy, setting the stage
for subsequent nanoadjuvants therapeutic interventions presented in the
Supplementary Information.

After confirming the success of the osteoporosis model, we validated
the tail vein injection therapy in ovariectomized rats. The control group
was the OVX group treated with PBS, whereas the intervention groups
were treated with three nanoadjuvants: @sPD, @rPD, and @fPD. To
further study the contribution of bone targeting to the therapy, we
incorporated the @fMBG group, which carried AL without modification
for bone-targeting biological activity. The TRAP staining results
(Fig. 7B-F) revealed that the @fPD group significantly reduced the
relative perimeter of osteoclasts (OC.N/BS in mm™ 1) and the area ratio
of osteoclasts (OC.S/BS in %). For instance, taking OC.S/BS in femur
TRAP staining as an example (Fig. 7C-D), the OVX control group was
56.655 + 6.045. The @sPD was 35.995 =+ 3.485 (p = 0.0442), the @rPD
was 28.865 =+ 2.835 (p = 0.0133), the @fMBG was 20.500 =+ 1.700 (p =
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0.0042), and the @fPD was 13.575 + 1.575 (p = 0.0019). Among them,
the @fMBG treatment group had a good inhibitory effect on osteoclasts;
however, due to the lack of bone targeting, its capacity to suppress os-
teoclasts was still inferior to that of @fPD. Thus, @fPD exerted the best
osteoclast inhibition effect, consistent with in vitro cell experiments. This
was attributed to the Ca-P cross-linked fluffy topological morphology of
@fPD, its superior cellular uptake and intracellular AL delivery capacity,
effective bone targeting, and longer in vivo half-life unlike @sPD and
@rPD.

To further validate the effect of the nanoadjuvants on the osteogenic
activity in osteoporotic rats, we performed OCN immunohistochemical
staining (Fig. 7G) as well as quantification on the femur (Fig. 7H) and
the vertebrae (Fig. 71) of rats in each group. Consequently, we found no
statistically significant difference in the relative positivity of OCN across
all groups. This suggests that each drug delivery system did not influence
the osteogenic activity in osteoporotic rats during the experimental
observation period. Combined with clinical practice, the osteogenic in-
hibition in the @sPD group with high AL drug loading might take a
longer time to become observable, while the osteogenic potential of the
@fPD treatment group remains the same. This further supports the
candidature of @fPD as a promising therapeutic agent due to its
balanced role in both osteoclast inhibition and osteogenic activity.

Therefore, the in vivo experiments regarding osteoclast activity and
osteogenesis have yielded results consistent with the in vitro cell ex-
periments. @fPD can more effectively inhibit osteoclasts in the tissues of
ovariectomized osteoporotic rats due to its Ca—P cross-linked fluffy to-
pological morphology, high cellular uptake rate, bone targeting, and
extended half-life. Importantly, it accomplishes this without disrupting
the overall level of osteogenesis, hence achieving an efficient AL treat-
ment effect at a small dose. This demonstrates the potential of @fPD as a
therapeutic approach for managing osteoclastic-osteogenic balance in
osteoporosis.

3.8. @fPD restores the bone niches and bone mass

After evaluating the effects of various nanoadjuvants on osteoclastic
and osteogenic activities, @fPD exhibited the most effective osteoclast
inhibition without interfering with osteogenesis. Previous studies indi-
cate that postmenopausal osteoporosis causes bone mass loss due to the
imbalance between overactive bone resorption mediated by osteoclasts
and insufficient bone formation. Therefore, to further assess the overall
effect of each nanoadjuvant on a bone mass following treatment of
ovariectomized osteoporotic rats, micro-computed tomography (micro-
CT) was used to measure the bone mass of femur and vertebrae in
ovariectomized osteoporotic rats. Additionally, Hematoxylin and Eosin
(H&E) staining was employed to further observe and quantify bone mass
at the histological level. This combination of imaging and histological
techniques provides a comprehensive understanding of the efficacy of
these nanoadjuvants in mitigating bone mass loss associated with
0steoporosis.

The micro-CT results of the femur (Fig. 8A) and vertebrae (Fig. 8F)
revealed that the bone volume fraction (BV/TV) of cancellous bone in
the OVX group was 2.332 + 1.024 in the femur and 15.092 + 0.869 in
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Fig. 7. @fPD reverses osteoclastic-osteogenic imbalance in ovariectomized rats. (A) Schematic diagram showing the construction and treatment process of the
ovariectomized osteoporosis rat model. (B) Representative femur and vertebrae images in the TRAP staining assay (scale = 100 pm). (C-D) Quantification of the
results of TRAP staining of the femur (n = 4, one-way ANOVA using Tukey ANOVA post hoc test). (E-F) Quantification of TRAP staining results for vertebrae (n = 4,
one-way ANOVA using Tukey ANOVA post hoc test). (G) Representative images (scale = 100 pm) of immunohistochemical staining of OCN in femur and vertebrae
samples of ovariectomized rats with osteoporosis. (H) The degree of OCN positive staining in femur in (G) (n = 4, one-way ANOVA using Tukey ANOVA post hoc
test). (I) Quantification of degree of OCN positive staining in vertebrae in (G) (n = 4, one-way ANOVA using Tukey ANOVA post hoc test). (J) Schematic diagram of
osteoclastic-osteogenic balance and bone mass recovery in osteoporosis. Data are presented as the mean + SEM. P values < 0.05 are considered statistically sig-
nificant, and other symbols and their meanings are: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, # #P < 0.01, # # #P < 0.001, # # # #P <

0.0001, vs. Control group (default is group 1 in the corresponding experiment).

the vertebrae. The trabecular number (Tb.N) was 0.252 + 0.112 in the
femur and 1.245 + 0.097 in the vertebrae. The trabecular separation
(Tb.Sp) was 1.517 + 0.042 in the femur and 1.221 + 0.134 in the
vertebrae. In contrast, @fPD consistently held a dominant position in
therapy. It significantly improved the BV/TV of ovariectomized osteo-
porotic rats (15.314 + 0.678 in the femur; 20.860 + 1.215 in the
vertebrae), the Tb.N (1.730 £ 0.077 in the femur; 1.759 £ 0.182 in the
vertebrae), and the Tb.Sp (0.351 + 0.014 in the femur; 0.650 + 0.160 in
the vertebrae). This was superior to other treatment groups, reaffirming
the importance of efficient nanodrug delivery and bone tissue targeting.
Interestingly, in multiple datasets, the therapeutic effect of @fMBG was
superior to that of @sPD, demonstrating a therapeutic effect similar to
the @rPD group. Although the trabecular thickness (Tb.Th) did not
show significant changes in either the normal group, the pine bone
group (Supplemental Fig. 33E and I), or during treatment (Supplemental
Fig. 35A and B), similarly, no significant differences were observed in
cortical bone (Supplemental Fig. 36A and B). This could be related to the
osteoporosis development stage in this work. Previous studies have
shown that it takes a longer time for the pathological process of osteo-
porosis to produce differences in these two indexes [77]. Therefore, the
above results underscore the significance of our bone-targeting fluffy
bioactive glass nanoadjuvants.

Histologically, H&E staining and quantitative analysis were con-
ducted on the distal femur and the vertebrae, respectively (Fig. 8E and
J). The results were consistent with the micro-CT findings, indicating
that @fPD had the most beneficial impact on improving bone mass in
ovariectomized osteoporotic rats (femur 72.285 + 3.470, p < 0.0001;
vertebrae 78.600 + 2.509, p < 0.0001). This further underscores the
therapeutic potential of @fPD in treating osteoporosis. The quantitative
histological analysis aligns with the imaging results, suggesting a robust
improvement of bone mass after treatment with @fPD, thereby
providing a promising strategy for osteoporosis management.

The carboxy-terminal cross-linked telopeptide of type 1 collagen
(CTX-1) and procollagen type 1 N-terminal propeptide (PINP) are
serological markers of osteoclastic and osteogenic activities, respec-
tively [53]. We also measured the levels of CTX-1 and PINP in osteo-
porotic rats and treatment groups (Supplementary Figure 37). Although
the results varied among different groups, the CTX-1 and PINP levels in
the nanoadjuvants treatment groups tended towards those of the normal
control group. This suggests that the treatments are effective in restoring
the balance between bone resorption and formation, which is disrupted
in osteoporosis. The larger differences observed in the results could be
attributed to changes in the dynamic balance of osteoclasts and osteo-
genesis during bone mass regulation. This informs the complexity of
bone remodeling and the need for meticulous monitoring of these
markers during treatment.

In conclusion, our experimental results indicate that @fPD efficiently
restores the imbalanced niches of osteoclastic-osteogenic in osteopo-
rosis, resulting in bone mass recovery.

4. Discussion

To improve efficacy while minimizing drug side effects in the
treatment of osteoporosis, we developed fluffy hybrid nanoadjuvants for
enhancing the bioavailability of Alendronate (AL) as a treatment of
osteoporosis. The use of nanoadjuvants improved the efficient
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intracellular delivery of AL at low doses while maintaining biocompat-
ibility, bone targeting, and prolonged half-life in vivo. Moreover, the
molecular mechanisms, particularly those of cellular uptake during
therapy. The application of the nano-adjuvant optimized the therapeutic
efficacy of AL by ameliorating the imbalance in osteoclastic-osteogenic
niches in osteoporosis and preserving bone mass in ovariectomized rats.

The capacity of the @fPD to load small-dose AL may be due to its
reduced specific surface area and pore volume during preparation.
Based on this property, the synthesized materials exhibited distinct
morphologies and fluffy surface topology. This was achieved through
the oil-water biaxial epitaxial method and the introduction of calcium
and phosphorus elements [33,37]. Initially, the results exhibited out-
ward growth with a rough morphology on silica nanosphere surfaces
when TEOS was used as a raw material. Subsequently, it transitioned to
a Ca-P cross-linked fluffy morphology after doping with Ca(NO3)-4H20
(CNT) and triethyl phosphate (TEP) to modify the original Si-O struc-
ture and achieve a rough morphology to Si, O, Ca, and P cross-link fluffy
topological structure. Traditional bioactive glass often has a high
calcium-phosphorus ratio, which can destabilize nanoparticles and
change their surface structure [36,38,42]. In contrast, our nano-
adjuvants, made from a bioactive-glass-like material, offer several ad-
vantages. First, their lower calcium and phosphorus content creates a
unique, fluffy surface morphology. Second, they remain stable in solu-
tion despite this difference in composition. Importantly, they retain their
strong biological activity and ability to promote hydroxyapatite
deposition.

Although this unique topological morphology decreases the drug
load capacity, it is a valuable factor when considering AL as the standard
treatment for osteoporosis. AL is linked to the occurrence of numerous
dose-related adverse reactions, that limit its clinical benefits [4,5,14,15,
70,71]. The results demonstrated that the utilization of @sPD with a
high AL loading rate partially suppressed osteogenic differentiation of
bone marrow stromal cells (BMSC) to some extent, whereas adminis-
tration of small doses of AL by @fPD did not compromise the osteogenic
activity of BMSC. Furthermore, the dynamic interplay between calcium
and phosphorus in our material (@fPD) contributes to its bone-building
potential by mimicking the natural osteogenic bioactivity. These find-
ings suggest that @fPD could serve as a safer and more effective alter-
native to osteoporosis treatment by reducing the harmful effects
associated with high doses of AL.

Despite exhibiting a lower drug loading capacity compared with the
pre-reaction products @sPD and @rPD, @fPD demonstrates superior
therapeutic efficacy in AL delivery. Specifically, it prevents the forma-
tion and functionality of osteoclasts, thereby mitigating bone loss in rats
with osteoporosis. The enhanced efficacy of low-dose therapy could be
due to the fluffy topological morphology of Ca-P crosslinks, which
promotes intracellular delivery of AL. Although they have larger particle
sizes relative to the intermediates SMSN and rMSN, the modified fMBG
and @fPD have high rates of cellular uptake. Notably, within 10 min
after treatment, fluffy @fPD showed increased cellular uptake compared
to @sPD and @rPD, which persisted for at least 4 h post-treatment. This
finding matches that reported in previous studies suggesting that the
rough morphology of nanoparticles improved the cellular uptake [27,
33,78]. In this study, we found that even though the rough surface
morphology of the material reduces its specific surface area and pore
volume, leading to a lower drug load, its effectiveness in delivering
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Fig. 8. @fPD restores the bone niches and bone mass. (A) Representative micro-CT and HE staining images of femur (scale = 1 mm). (B-D) Quantitative analysis of
micro-CT results of femur (n = 4, one-way ANOVA using Tukey ANOVA post hoc test). (E) Quantitative analysis of HE staining results of the femur (n = 4, one-way
ANOVA using Tukey ANOVA post hoc test). (F) Representative micro-CT images and HE staining of vertebrae (scale = 1 mm). (G-I) Quantitative analysis on the
micro-CT results of vertebrae (n = 4, one-way ANOVA using Tukey ANOVA post hoc test). (J) Quantitative analysis of HE staining images of vertebrae (n = 4, one-
way ANOVA using Tukey ANOVA post hoc test). The data are expressed as the mean + SEM. P values < 0.05 are considered statistically significant, and other
symbols and their meanings are: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, # #P < 0.01, # # #P < 0.001, # # # #P < 0.0001, vs. Control

group (default is group 1 in the corresponding experiment).

drugs intracellularly is significantly improved. This enhanced intracel-
lular delivery compensates for the reduced drug load and ultimately
leads to a stronger therapeutic effect. These findings align with obser-
vations made in oncology studies [33]. Notably, as anticipated, our
nanoadjuvants significantly enhanced bone targeting ability and pro-
longed in vivo half-life following the modification grafting [18,19,25].
These manipulations augmented the therapeutic effect of the drug
regardless of the dose and enhanced the therapeutic efficiency of lower
drug doses. Based on these, we infer that nanoadjuvants can decrease the
incidence of adverse reactions caused by excessive doses or long-term
drug accumulation following low-dose administration in clinical
settings.

Majority of previous have mainly investigated the physical models,
energy relationships, and lysosome-related clearance processes to
explore interactions between nanoadjuvants and cells [27,28,79].
However, few studies have elucidated the impact of changes in relevant
signaling pathways on the overall uptake process and the molecular
contributions of different uptakes induced by different topological
morphologies. In this study, high-throughput RNA-seq technology and
customized innovative protocols were employed to facilitate the
screening of differentially expressed genes (DEGs) thus predict potential
protein molecules. To confirm the sequencing and prediction results, we
performed experiments like RT-qPCR, Western blotting, and immuno-
cytochemistry (ICC/IF). These experiments revealed that the adhesion
gene ontology (GO) pathway plays a crucial role in how cells take up
nanoadjuvants with different surface shapes (morphologies). This pro-
cess appears to be mediated by two specific membrane proteins: CD34
and CARDI11. This finding expands our understanding of the cellular
uptake processes of nanoadjuvants from a molecular biological
perspective and provides valuable insights to guide future therapeutic
strategies based on the design of small molecule structures targeting
CARD11 or CD34. Our results indicate that drug intracellular delivery is
not only influenced by the design of the surface structure of nano-
particles, but also possibly by its molecular mechanisms.

However, our study also has some limitations. In vivo, we controlled
for consistent doses of different nanoadjuvants, and found that AL low-
load @fPD treatment group had better performance compared with
multiple nanoadjuvant groups in a rat ovariectogenous osteoporosis
model. We stained tissue sections using a technique called TRAP staining
and performed histological analysis related to osteoclastic-osteogenesis.
This analysis revealed that @fPD effectively inhibited bone resorption
by osteoclasts. This inhibition likely results from the material’s efficient
delivery of a molecule called AL. By regulating osteoclast activity, @fPD
helps restore a healthy balance in the bone microenvironment and
prevents bone loss. These findings are consistent with the results we
observed in our cell-based experiments in vitro. The Ca-P cross-linked
fluffy structure improved the drug delivery. However, we provided the
bone mass related section photos and data of the AL standard treatment
group in the supplementary materials. While the bone mass in the @fPD
group did not fully recover to the same level as the standard AL treat-
ment group, there was a clear and consistent trend of improvement
compared to the sham surgery group. This positive trend supports our
overall conclusion about the effectiveness of the @fPD treatment. Con-
cerning the inadequate therapeutic effect associated with multiple
nanoadjuvant groups, we postulate that the most important reason may
be the actual amount of AL utilized. Unlike previous studies where we
compared the overall effect of different nanoadjuvant amounts, this
study examined nanoadjuvants with varying capacities to load and
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release AL. This approach differs from the standard AL treatment group,
where the drug delivery method is different. In this case, analysis of
multiple nanoadjuvant systems revealed that @fPD promoted the ther-
apeutic effect of low-dose AL, which cannot be explained solely from the
perspective of AL. Generally, many drugs, including AL, have an effec-
tive dose range. This suggests that even though the amount of AL
delivered by the nanoadjuvants might not be enough to achieve the
same level of effectiveness as the standard treatment on its own, it might
offer other advantages. Particularly, the @fPD group achieved a good
therapeutic effect by delivering a lower dose of AL more efficiently. This
approach may widen the therapeutic window for AL, meaning it could
be effective at a broader range of doses and potentially reduce side ef-
fects. In general, dose-related issues are major limitations that should be
explored in gradient controlled studies in the future.

In summary, this study successfully synthesized calcium and
phosphorus-incorporated fluffy hybrid nanoparticles and employed
-PEG-DAspg to achieve bone targeting modification to fabricate low-
dose AL nanoadjuvants, referred to as @fPD. This fluffy @fPD pro-
moted the cellular uptake and intracellular delivery of AL by activating
the adhesion pathway via two representative adhesion proteins, namely
CARD11 and CD34 molecules. Moreover, @fPD enhanced the sustained
release of AL and extended its in vivo half-life. Consequently, low-dose
therapy with @fPD effectively reversed the imbalance between osteo-
clastic and osteogenic niches and mitigated bone loss in osteoporosis.
Our findings demonstrate a novel concept for developing a drug delivery
system with enhanced bioactivity and therapeutic effect at lower
administration dosages. This will expand the application of nano-
materials thereby treat osteoporosis and other bone diseases.
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